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Abstract 
 
To live and thrive in arid environments places enormous evolutionary pressure on 
processes of water conservation. These are epitomised by the numerous adaptations 
manifested in those mammals, such as the dromedary camel (Camelus dromedarius), 
that thrive in the scorching heat of the Arabian deserts. At the level of the kidney, the 
dromedary produces low volumes of highly concentrated urine, more so when water 
is scarce, to conserve body water. Two hormones, arginine vasopressin (AVP) and 
oxytocin (OXT), both produced in the supraoptic nucleus (SON), the core hypothalamic 
osmoregulatory control centre, are vital for this adaptive process. Studies on rats have 
shown that the rat SON transcriptome undergoes dramatic function-related plasticity 
during water deprivation, but the mechanisms that enable the camel SON to cope with 
osmotic stress remained unknown. Thus, to investigate the central control of water 
homeostasis in the camel, RNAseq transcriptome studies were performed on the SON 
under control (water ad libitum, n=5), dehydrated (DH: dehydration for 20 days, n=5) 
and rehydrated (RH: dehydration followed by water ad libitum for three days, n=5) 
conditions. The multiplex fluorescence in situ hybridization (RNAscope) was first used 
to build three dimensional models of the camel SON based on the expression of the 
AVP and OXT mRNAs in order to facilitate sampling. The transcriptomes of the SON 
under control and DH conditions were then compared and identified genes that 
change in expression due to hyperosmotic stress. The expression of these genes were 
quantified by qRT-PCR under control, DH and RH conditions. By comparing the camel 
and rat datasets, common elements of the DH transcriptomic response network have 
been identified, as well as elements that appear to be unique to the dromedary camel 
and that may be essential for adaptations necessary for life in the desert. 
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Chapter 1  

 

Introduction 
1.1 Water homeostasis and thirst 
1.1.1 Water homeostasis 

The establishment of life on earth is based on the existence of water (Gross, 1998; 

Mecawi et al., 2022). Water performs not only as a polar medium for dissolving 

hydrophilic substances, but also plays important roles in the organization of nonpolar 

and amphipathic molecules such as the construction of cellular membranes (Tanford, 

1978; Krimm, 1980). The evolutionary processes of the highly complex organisms 

essentially depended on the emergence of specialized body compartments to control 

and maintain the steady-state of the internal environment – the body fluids where the 

cells are bathed and nourished (Gross, 1998), especially the maintenance of body fluid 

content and osmolality (Mecawi et al., 2022). The terrestrial vertebrates gained great 

evolutionary success during their conquest of dry environments from the specialized 

physiological systems that enable the sensing of osmotic changes, coordinating 

adequate defensive responses to external stimulus, and efficiently regulate the fluxes 

of water and electrolytes across the plasma membrane, in order to keep the osmotic 

equilibrium between the extra- and intracellular compartments (Mecawi et al., 2022). 

 

1.1.2 Neural circuits underlying thirst  
The invasion of the land by vertebrate lobe-finned fish lead to emergence of the first 

amphibian tetrapods. This momentous occurrence necessitated the acquisition of 

homeostatic and behavioural mechanisms, such as thirst, the conscious sensation of 

the need for water and the motivation to drink (Robertson, 1991; Fitzsimons, 1979), 

that regulate the amount of water consumed and excreted. In terrestrial mammals, 

thirst is generated in conserved hypothalamic structures and integrated in the limbic 

system (Denton et al., 1999). An essential component for thirst is osmosensitivity, 
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characterized by the ability to couple changes in the cell volume, as consequence of 

osmotic water movement, to electrical responses (Bourque, 2008).  

        Within the brain, this process takes place in the neurons of the lamina terminalis 

(LT) that locates adjacent to the third ventricle (3V). Previous studies have identified 

neural circuits and functional subsets of anatomical structures associated with the 

thirst regulatory roles of LT (Figure 1.1). Two of the LT components are the densely 

vascularised circumventricular organs, including the subfornical organ (SFO) and 

organum vasculosum of the lamina terminalis (OVLT), which are located outside the 

blood-brain barrier and thus have direct access to the blood (Zimmerman et al., 2017; 

Leng and Russell, 2019). The locations of SFO and OVLT are ideal for monitoring the 

composition of the blood. Some of the interoceptive neurons in SFO and OVLT are 

intrinsically osmosensitive, meaning that the tonicity of the extracellular fluid (ECF) 

strongly influences their firing rate, and many of the interoceptive neurons are also 

activated by the hormone angiotensin II (ANG II) (Zimmerman et al., 2017). Some of 

the SFO/OVLT neurons might receive ascending neural signals from the peripheral 

blood pressure sensors known as baroreceptors (Babic et al., 2004; Ciriello, 2013). 

Additionally, another component of the thirst regulation hub in the LT is the median 

preoptic nucleus (MnPO), which does not have direct access to the circulation, 

however, is regarded as an integratory centre (McKinley et al., 2015).  

        Signals detected by SFO and OVLT are shared with each other and the MnPO 

(Figure 1.1) via an extensive bidirectional projection network (Miselis et al., 1979; 

Camacho and Phillips, 1981), by activating this network, a coordinated set of 

homeostatic responses that restores the water balance is triggered. The homeostatic 

responses include four predominant elements (Zimmerman et al., 2017):     

1) Changes in behaviours that motivate the consumption of water and sodium, 

i.e. the thirst and salt appetite (Simpson and Routtenbery, 1973; Buggy and 

Fisher, 1974; Robertson et al., 1983; Fluharty and Epstein, 1983); 

2) Autonomic nervous systems and its sympathetic arm that play important roles 

in regulating blood pressure and heart rate (Mangiapane and Simpson, 1980; 

Ishibashi and Nicolaïdis, 1981); 
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3) The modulation of water and sodium retention through kidney functions that 

is primarily mediated by the neuropeptide hormones vasopressin (AVP) and 

oxytocin (OXT) (Ferguson and Kasting, 1986; Ferguson and Kasting, 1987);  

4) The neuroendocrine mechanisms for AVP and OXT that are produced by the 

supraoptic (SON) and paraventricular (PVN) nucleus that are under direct 

control of the ascending signal input from the LT (Verney, 1947; Silverman and 

Zimmerman, 1983; Leng and Russell, 2019).  

 
Figure 1.1: Brain structures for the neural circuits underlying thirst and water balance. 

Brain sagittal scheme of the neural circuits involved in thirst and water homeostasis in mouse. 
The thirst regulatory centre LT consists of the circumventricular organs SFO, OVLT, and the 
integratory structure MnPO. Information of physiological cues related to fluid balance (plasma 
volume, plasma osmolality, pressure, etc.) received by the specialized interoceptive neurons 
of the SFO and OVLT. Signals detected by SFO and OVLT are shared between each other and 
the MnPO. Outside the LT, a glutamatergic population of SFO neurons that promote drinking 
and moderate sodium consumption project to the supraoptic (SON) and paraventricular (PVN) 
nucleus, and the ventrolateral part of the bed nucleus of the stria terminalis (BNSTvl). In 
contrast, the GABAergic SFO neurons that suppress drinking innervate only inside the LT, to 
the MnPO and OVLT, and the functions of these projections remained unknown. Projections 
from the OVLT and MnPO to SON and PVN are well-established. SON and PVN contains 
magnocellular neurons that project to the posterior pituitary gland (PP) where they secrete 
AVP and OXT into the circulation. Projections from the AVP neurons of SCN to the OVLT and 
SON to mediate circadian regulation on thirst and AVP release, respectively. Additionally, 
signals related to plasma sodium enters these circuits via the nucleus of the solitary tract (NTS), 
and the aldosterone-sensitive NTS neurons promote salt appetite and project to the BNSTvl, 
pre-locus coeruleus (pre-LC) and parabrachial nucleus (PBN). LT: lamina terminalis; SFO: 
subfornical organ; OVLT: organum vasculosum of the lamina terminalis; MnPO: median 
preoptic nucleus; SON: supraoptic nucleus; PVN: paraventricular nucleus; BNSTvl: the 
ventrolateral part of the bed nucleus of the stria terminalis; PP: posterior pituitary gland; SCN: 
superchiasmatic nucleus; NTS: nucleus of the solitary tract; pre-LC: pre-locus coeruleus; PBN: 
parabrachial nucleus. Figure source: Zimmerman et al. (2017). 

Neural circuits

PVN
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1.1.3 Homeostatic regulation on the thirst circuits 

Osmotic challenges, such as water deprivation (when animals are restricted from 

adequate water intake) and salt loading (when animals are orally administrated with 

excess amount of sodium chloride with food/water), lead to deviations of the blood 

composition, including the elevated levels of plasma osmolality and sodium, the 

decreased plasma volume, as well as the occurring of low blood pressure that 

stimulate renin release by the kidney and thus the ANG II production in the circulation 

(Abdelaal et al., 1976). These homeostatic signals are translated into 

counterregulatory responses in the brain, including thirst, anorexia (loss of food 

appetite, thus suppressing the intake of sodium and other osmolytes), AVP and OXT 

synthesis and release, sympathetic nervous activation, and the antidiuresis and 

natriuresis by kidney, in order to maintain fluid homeostasis until water can be 

ingested (Zimmerman et al., 2017). In response to osmotic stimulation, many AVP 

neurons fire phasically with long bursts of spikes, and the AVP secretion rate is 

determined by the duration of the bursts and the spike frequency within the bursts, 

whereas the OXT neurons show a continuous firing at an elevated rate (Poulain et al., 

1977).    

        When drinking is allowed in thirsty animals (rehydration), thirst and AVP release 

are rapidly suppressed before the deviation of blood composition is corrected by 

drinking (Thrasher et al., 1981; Arnauld and du Pont, 1982; Geelen et al., 1984; Huang 

et al., 2000). The inhibition of AVP release is controlled by the AVP neurons of the SON 

and PVN, which are the downstream targets of the LT. This explains why the AVP levels 

in circulation start to drop at the beginning of drinking in preparation for the 

restoration of fluid homeostasis (Zimmerman et al., 2017).  

 

1.1.4 The osmoresponsiveness of AVP and OXT neurons 

Neurons expressing AVP and OXT can be directly osmosensitive or respond to inputs 

from osmoreceptors somewhere else (Leng and Russell, 2019). Evidence for the direct 

osmosensitivity revealed that the rat SON neurons were excited by local applications 

of hypertonic saline in vivo (Leng, 1980), and were depolarised in vitro by increased 

extracellular osmotic pressure when all synaptic inputs were blocked (Mason, 1980). 
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The indirect osmosensitivity was evidenced by the facts that lesions of brain structures 

anterior to the SON abolished the osmotic regulation of AVP release (Gruber et al., 

1986; McKinley et al., 1984; Ramsay et al., 1983; Johnson, 1985). These lesions 

encompassed the MnPO, OVLT, and periventricular tissue caudal-lateral to the LT, and 

produced degeneration in the SFO and SON (Carither et al., 1980). Three factors of the 

fluid homeostasis: thirst, sodium excretion and urine production, were found to be 

largely impaired by lesions in the periventricular anteroventral third ventricle (AV3V, 

shares the OVLT and MnPO with LT) (Leng and Russell, 2019). Lesions in AV3V impair 

the osmotically-induced secretion of both AVP and OXT, and blocked the upregulation 

of the synthesis of both AVP and OXT in response to DH (Gruber et al., 1986; McKinley 

et al., 2004). Lesions in the SFO solely also reduced AVP release induced by osmotic 

stress (Mangiapane et al., 1984).  

 

1.2 Hypothalamic osmoregulation 
1.2.1 The hypothalamic-neurohypophysial system 

The hypothalamic-neurohypophysial system (HNS) is a crucial neuroendocrine system 

for controlling the water homeostasis in mammals. The HNS is composed of 

specialized osmosensitive magnocellular neurons (MCNs) that are responsible for the 

synthesis of osmoregulatory neuropeptide hormones (Mecawi et al., 2015). MCNs are 

located in SON and PVN. The SON MCNs are commonly classified as OXT- and AVP- 

synthesizing MCNs (cell type-specific expression) that account for a large proportion 

of the MCN population. But there is a small proportion of the SON MCNs that has been 

shown to co-express AVP and OXT at more comparable levels (Gainer, 2012). The 

axons of MCNs course through the internal zone of the median eminence (ME) and 

terminate on blood capillaries of the pituitary gland pars nervosa (PN) (Bargmann, 

1966). PN is a neuro-vascular interface by which the brain regulates peripheral organs 

to maintain homeostasis. It constitutes the majority of the posterior pituitary gland 

(PP, also known as neurohypophysis) where the antidiuretic hormone AVP and the 

natriuretic hormone OXT are stored before being released to the systemic circulation 

(Figure 1.2). Apart from the MCNs, AVP and OXT are also synthesized in parvocellular 

neurons (PCNs) located in the PVN, which project to the ME and to extrahypothalamic 
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areas. The neurosecretory peptides of PCNs are released from their nerve terminals 

into the pituitary portal circulation and are transported to the anterior pituitary gland 

(Sawchenko, 1987; Kovács and Sawchenko, 1996).       

 
Figure 1.2: Neurohypophysial control of vasopressin and oxytocin secretion.  

AVP- and OXT- synthesizing MCNs are located in the supraoptic (SON) and paraventricular 
(PVN) nuclei of the hypothalamus. Axons from these neurons project down the infundibular 
stalk to terminate along the veins and blood capillaries in the posterior lobe of the pituitary 
gland (PP). The neurosecretory products AVP and OXT are temporarily stored in the axon 
terminals of the PP, where they are released into the circulation upon neural stimulation that 
activates the neuron’s soma in the hypothalamus. AVP and OXT regulate the functions of 
organs including kidney, mammary gland and uterus. AVP regulates the antidiuretic functions 
by reducing water excretion via the kidneys. OXT stimulates natriuresis in kidney by increasing 
the sodium excretion, and also stimulates uterine contractions during parturition and milk 
ejection reflex (milk letdown), which is the ejection of milk from the mammary gland soon 
after suckling. AVP: arginine vasopressin, OXT: oxytocin. Figure adapted from Robinson et al. 
(2011), Baribeau and Anagnostou (2015), and Borrow et al. (2020). Figure created using 
BioRender.com.  

 
        Further, AVP is released within the hypothalamic SON from MCN dendrites and 

cell bodies. These mechanisms are usually independent of the axonal release into the 

circulation and induce somatodendritic secretion of AVP and OXT without electrical 
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firing of the neurones as a consequence of intracellular Ca2+ mobilisation. AVP in the 

extracellular space can exert both autocrine and paracrine effects by activating AVP 

receptors expressed on MCNs, or it can reach remote targets by spilling over through 

the extracellular space into the cerebrospinal fluid. 

        AVP and OXT are known to be multifunctional. As shown in Figure 1.2, they are 

classically involved in defence against water limitation and in reproduction, 

respectively (Burbach et al., 2001; Leng and Russel, 2019). Interestingly, it has recently 

been demonstrated that MCNs also send collateral projections to brain nuclei 

regulating salt appetite (Sakai et al., 2000), food intake (Klockars et al., 2018), pain 

perception (Eliava et al., 2016), affective/emotional states (Wahis et al., 2021; 

Hernández-Pérez et al., 2019), social behavior (Zhang et al., 2021; Tang et al., 2020), 

and fear (Hasan et al., 2019; Zhang et al., 2016). There are extensive changes to the 

MCNs in response to chronic DH and salt loading, as is apparent from the 

transcriptomic analyses of the SON in laboratory rats (Qiu et al., 2011; Johnson et al., 

2015; Greenwood et al., 2015; Pauža et al., 2021). These changes include hypertrophy 

of the MCNs, reorganization of the neurone-glial architecture, increased synthesis of 

the MCN products, intracellular machineries and transcription factors, and 

upregulated production of the gasotransmitters carbon monoxide and nitric oxide (NO) 

(Tasker et al., 2012; Reis et al., 2015).    

 

1.2.2 The synthesis, processing, transport and release of AVP 

and OXT 

AVP and OXT originated from the duplication event of the vasotocin gene in a jawless 

fish species that lived around 400 million years ago. After a gene duplication event, 

usually one copy maintains the original function, leaving the other copy to mutate and 

diverge freely, as happened for AVP and OXT, respectively (Murphy and Gainer, 2016; 

Leng and Russell, 2019; Sparapani et al., 2021). Related peptides of AVP and OXT are 

detectable in all vertebrate species (Baribeau and Anagnostou, 2015). Within these 

lineages, the genes encoding these peptides show close proximity on the same 

chromosome (Murphy and Gainer, 2016). The two hormones consist of nine amino 

acid residues in a cyclic structure and differ by only two residues: phenylamine and 
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arginine in AVP, and isoleucine and leucine in OXT at position 3 and 8 (from N- to C- 

terminal) (Figure 1.3a). The biosynthesis of the mature AVP and OXT peptides are 

derived from the translation of the respective mRNAs into large precursor 

preprohormones (Figure 1.3b). The organization of the two precursors are similar, 

both include a signal peptide, a hormone and a neurophysin, with the only exception 

being the presence of a glycoprotein (copeptin) in the AVP precursor but not in the 

OXT precursor (Figure 1.3b) (McEwen, 2004).  

       As established by Ando et al. (1988), McEwen (2004) and Qureshi et al. (2014), the 

AVP and OXT preprohormones undergo a series of post-translational processing 

events (Figure 1.3b-c). After the cleavage of the signal peptide and the glycosylation 

of copeptin, the N terminus of AVP fits into a binding pocket formed on the 

neurophysin II region. The remaining prohormone folds, dimerizes, forms multiple 

intrachain disulfide bonds and then routed unidirectionally to the trans-Golgi network. 

This protein is subsequently exported from the Golgi apparatus, targeted specifically 

into the large dense core granules of the regulated secretory pathway. The AVP 

prohormone is protected by neurophysin II from proteolytic cleavage during the 

transport (Qureshi et al., 2014). Whilst these secretory granules are anterogradely 

transported towards PP, the prohormone is processed by prohormone convertase to 

generate the separated AVP hormone, neurophysin II and copeptin, which can occur 

either in the soma or the axon. These resulting secretory products are temporarily 

stored in the neuronal terminals in PP and released upon electrical/chemical 

stimulation of the cell into the circulation (McEwen, 2004). In response to action 

potential invasion of the neurosecretory membrane, AVP is released by exocytosis of 

dense-core vesicles (Brown et al., 2013). OXT preprohormone follows almost same 

process but involves the participance of a different carrier protein (neurophysin I), 

different enzymes, and no copeptin (Ando et al., 1988). The neurophysins remain 

bound to the hormones during storage, which may protect the hormones from 

diffusing away from the storage granule prior to secretion (Norman and Litwack, 1987).  
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Figure 1.3:  The synthesis, processing, transport and release of AVP and OXT. 

a The peptide sequences are shown in one-letter amino acid code for AVP and OXT hormone 
in eutherian mammals. Disulfide bonds formed on the highly conserved cysteine residues 
(colored in yellow) assist in the formation of cyclic structure. Residues that are identical to 
vasotocin (the common ancestor of AVP and OXT) are colored in dark gray. Residues that have 
changed during the evolution of AVP and OXT are colored in red and dark blue, respectively. 
Figure source: Murphy and Gainer (2016). b Schematic illustrations of AVP and OXT 
preprohormones. For each precursor, the proteolytic maturation proceeds from top to 
bottom. The organization of the two precursors are similar, with the only exception being that 
a glycoprotein (copeptin, glycosylation site labelled by a lollipop symbol) is included in the AVP 
precursor. For the neurophysins, the conserved regions and variable regions are represented 
by dark and light stippled bars, respectively. AVP-gly (Lote et al., 1986) and OXT-gly (Guillou 
et al., 1992) are maturation intermediates. c Synthesis, processing, transport and release of 
AVP in the MCN (similar manners for OXT). Stimuli triggered the propagation of an action 
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potential to axonal terminals in the PP, leading the secretion. After transcription, AVP 
preprohormone is translated on rough ER, then transported and processed intracellularly. 
After the removal of signal peptide by signal peptidase, the resulting AVP prohormone is 
packaged into secretory granules. The neurophysin perform as carrier proteins that facilitate 
the neurosecretory granule packaging and transport of AVP prohormone via axon, protecting 
it from degradation. The secretory granule is the site of post-translational processing of the 
prohormone into AVP, neurophysin II, and copeptin by prohormone convertase. This can 
occur either in the cell body or in the axon during axonal transport. These smaller products, 
including the mature AVP, are secreted from the neuron terminals by depolarization with the 
presence of extracellular Ca2+. Figure 1.3b and 1.3c were adapted from McEwen (2004) and 
Fenske et al. (2018), respectively. Figure 1.3c was created using BioRender.com. 

 
        The release of AVP is primarily affected by altered blood volume, blood pressure 

and plasma osmolality (Zaffanello et al., 2012). The osmotic induction of OXT release 

includes increased plasma osmolarity and blood volume expansion (Caligioni and 

Franci, 2002). In the SON, the pattern and rate of the AVP and OXT release is 

determined by the pattern and frequency of action potentials (Figure 1.3c), which 

results from the overall excitatory and inhibitory synaptic inputs on the MCN soma 

(Brunton and Russell, 2015). AVP secretion is under the control of osmoreceptors in 

SFO, OVLT, SON and PVN (Sladek and Armstrong, 2009). At the cellular level, osmotic 

stimulation of AVP release is associated with the activation of the transient receptor 

potential cation channel subfamily V member channels – TRPV1 and TRPV4 (Bichet, 

2016; Janas et al., 2016). Inputs from multiple neurotransmitting and 

neuromodulating neurons secreting ANGs, ATP, glutamate, serotonin, histamine, 

acetylcholine, catecholamines, neuropeptide Y, substance P and orexins are received 

by the hypothalamic AVP-expressing neurons. AVP release is thought to be inhibited 

by administrations of GABA (gamma-aminobutyric acid), NO, natriuretic peptides, 

releaxin-3 and apelin (Szczepanska-Sadowska et al., 2018). Special attention is 

required for the functions of GABA on the AVP-releasing neurons when the organism 

is under different conditions, as it has been indicated that the inhibitory drive of GABA 

innervation might be replaced by an excitatory input under some pathological 

circumstances such as osmotic stress (Szczepanska-Sadowska et al., 2018).  

 

1.2.3 The AVP and OXT receptors 

The AVP and OXT receptor family consists of three AVP receptors (V1aR, V1bR and V2R) 

and one OXT receptor (OXTR). V1aR and V1bR are more similar to OXTR compared to 
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V2R (Murphy and Gainer, 2016). In mammals, the selectivity of the different receptors 

for AVP and OXT is not achieved by the ligands, since they are very similar in sequence 

and exhibit cross reactivities. The two hormones can active each other’s canonical 

receptors (cross-talk) in potentially important pathways (Song and Albers, 2018). AVP 

binds to OXTR with only 10x less affinity than OXT (Kimura et al., 1994). The selectivity 

of these receptors is mainly achieved via interplay of factors including the altered 

expression levels of the receptors, secretion of specific ligand-degrading enzymes, 

locally produced ligands and receptor clustering (Murphy and Gainer, 2016). 

        V1aR is present in various tissues and organs in rat and human, primarily on 

neurons, vascular smooth muscle, and in liver. V1aR primarily plays a role in the 

vasoconstrictive responses in vascular tissue, and also mediates platelet aggregation, 

the release of coagulation factor, glucose biosynthesis and cell proliferation (Tiwari 

and Ecelbarger, 2018). V1bR is distributed widely in the rat brain, especially in the 

hypothalamus, amygdala, cerebellum, and in the region adjacent to circumventricular 

organs excluding the blood-brain barrier (Hernando et al., 2001). These locations 

strongly support the roles of central V1bR in learning, memory, and various emotional 

and behavioural situations (Tanoue et al., 2004). V2R is primarily expressed on kidney 

tubule cells, where it mediates the antidiuretic effect of the peptide (Baribeau and 

Anagnostou, 2015; McKwen, 2004). V2R is responsible for a series of regulatory events 

aiming at increasing the permeability of the kidney tubular cells to water (Norman and 

Litwack, 1987). Distribution of OXTR is found in various tissues/organs such as uterus, 

mammary gland, pancreatic islet cells, liver, kidney, and many brain sites that have 

been implicated in both social behaviour and the regulation of the autonomic nervous 

system (Ostrowski et al., 1995; Li et al., 2008; Carter and Keverne, 2017).  

 

1.3 AVP and OXT functions in kidney 

The modulation of water and sodium retention by the kidney is primarily mediated by 

the actions of AVP and OXT. The increase in plasma osmolality following DH is detected 

by MCN (Bourque, 2008) and by specialised osmoreceptive neurons located in the 

OVLT, which generate excitatory inputs to shape the firing activity of MCNs for 

hormone release into the circulation (McKinley et al., 2004). After release, AVP 



30 
 

interacts with V2R located in the kidney to promote water (Breyer and Ando, 1994) 

and sodium reabsorption (Ares et al., 2011). OXT is thought to have natriuretic activity 

(Conrad et al., 1993) and antidiuretic functions (Li et al., 2008) in kidney. The roles of 

OXT in the kidney appears to be species-specific (Rasmussen et al., 2004), since no 

osmotic regulation of OXT secretion and no clear renal actions have been observed in 

humans (Williams et al., 1986; Conrad et al., 1993; Rasmussen et al., 2004), but sodium 

excretion was found to be mediated by OXT in dog (Brooks and Pickford, 1958), rat 

(Young and Van Dyke, 1968), and mouse (Sinclair et al., 2010).   

 

1.3.1 Water reabsorption mediated by AVP 

As shown in Figure 1.4, water reabsorption in the collecting duct is mediated by the 

interaction between AVP-dependent V2/Gs-coupled receptor (V2R coupled with G 

stimulatory protein) signalling and the water channel protein, aquaporins (AQPs), in 

the kidney. Activation of V2R triggers the Gs signaling pathway that further activates 

cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) downstream 

(Holmes et al., 2003). The enhanced level of cAMP in renal cells induces the 

translocation and fusion of AQP2-bearing vesicles to the collecting duct principal cell 

membranes (Boone and Deen, 2008; Thomsen et al., 2016). PKA phosphorylates the 

cAMP-responsive element-binding protein (CREB) which binds to the AQP2 promoter 

and upregulates AQP2 synthesis (Boone and Deen, 2008). Water from the tubular fluid 

(pre-urine) enters the principal cells through AQP2 and leaves via AQP3 and AQP4 on 

the basolateral membrane to return to the circulation. During antidiuresis, when the 

circulating AVP levels are high, the water permeability of the collecting duct is 

upregulated and hence aids fluid reabsorption in the collecting duct system (Breyer 

and Ando, 1994; Boone and Deen, 2008). AVP also modulates the expression of AQP3 

on the basolateral plasma membrane of the collecting duct (Terris et al., 1996).  

 

1.3.2 Sodium reabsorption mediated by AVP 

Another important function of AVP is to increase sodium reabsorption in the thick 

ascending limb (TAL) of the loop of Henle (Ares et al., 2011). The increased rate of 

active NaCl absorption was identified to be mediated by V2R that are coupled to 
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adenylated cyclase (AC) activation in the TAL (Kim et al., 1999). A more recent study 

(Golosova et al., 2016) in rat kidneys demonstrated that the in vivo administration of 

V2R agonist enhanced the reabsorptions of water and sodium simultaneously, V1aR 

underwent an upregulation in expression and reduced sodium reabsorption, whilst 

the simulation of V1bR did not affect sodium transport. The stimulation of the apical 

Na-K-2Cl cotransporter (also known as NKCC2) mediates the chief apical entry 

pathway of sodium and chloride ions into the TAL (Hebert and Andreoli, 1984; Molony 

et al., 1987; Jung et al., 2011). It has been reported that AVP strongly upregulates the 

expression of the Na-K-2Cl cotransportor of the TAL of Henle’s loop through a 

mechanism hypothetically analogous to the regulation of the AQP2 synthesis by AVP 

(Kim et al., 1999). In the kidney medulla, the osmotic force responsible for water 

reabsorption from the collecting duct lumen is attributed to the high concentration of 

solute in the kidney medullary interstitium as a result of countercurrent multiplication. 

The interstitial fluid of the kidney medulla is hence concentrated compared to the 

systemic plasma (Knepper et al., 1999).  

 

1.3.3 Natriuretic effects mediated by OXT 

There are accumulating evidence showing that osmotically stimulated OXT secretion 

contributes to natriuresis by indirect regulation on the release of atrial natriuresis 

peptide (ANP) from the heart (Haanwinckel et al., 1995) and by direct actions at the 

kidney level (Conrad et al., 1993). In the kidney, ANP acts to increase the glomerular 

filtration rate (GFR), inhibit the reabsorption of water and sodium (i.e. increase 

excretion of water and salt) at varying levels of the nephron (Cannone et al., 2019). 

The mechanism underlying the direct regulation of OXT is not as well-understood as 

AVP. A recent study (Natochin et al., 2020) reported that OXT can stimulate OXTRs 

located in the cells of the proximal segment of the nephron (proximal tubule), thereby 

downregulating proximal reabsorption of fluid. As a result, the isosmotic fluid is largely 

increased in volume and drains into the TAL of the Henle’s loop, where OXT stimulates 

the V1aR to downregulate reabsorption of sodium and enhances sodium excretion 

(Golosova et al., 2016; Natochin et al., 2020).   
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Figure 1.4: Water reabsorption mediated by AVP in the kidney collecting duct.  

Model of water permeability mediated by AVP, AQP2, AQP3 and AQP4 in kidney collecting 
duct (principal) cells. Interaction of AVP with a V2/Gs-coupled receptor in the basolateral 
membrane activates adenylated cyclase (AC), which further upregulates the cyclic adenosine 
monophosphate (cAMP) levels. Protein kinase A (PKA) is activated downstream and promotes 
the trafficking of AQP2 storage vesicles to the apical membrane. The water permeability of 
the apical membrane of the principal cell is hence upregulated. PKA also phosphorylates the 
cAMP-responsive element-binding protein (CREB) that increases the AQP2 transcription by 
binding to the AQP2 promoter. Water from the tubular fluid (pre-urine) enters the principal 
cell through AQP2 and leaves via AQP3 and AQP4 on the basolateral membrane to return to 
the circulating blood. AVP: vasopressin, AQP: aquaporin, V2R: vasopressin V2 receptor, Gs: G 
stimulatory protein, AC: adenylated cyclase, cAMP: cyclic adenosine monophosphate, PKA: 
protein kinase A, CREB: cAMP-responsive element binding protein. Figure adapted from 
Boone and Deen (2008). Figure created using BioRender.com. 
 

1.3.4 Antidiuretic effects mediated by OXT 

OXT is also involved in antidiuretic effects. An upregulation of AQP2 expression in the 

kidney cortex and medulla is found by the long-term regulation by OXT (Li et al., 2008). 

Additionally, the re-distribution of cytoplasmic vesicles harbouring AQP2 to both 

apical and basolateral plasma membranes in rat kidney has been revealed to be 

induced by intraperitoneal administration of OXT, which can be prevented by blockage 

of V2R (Boone and Deen, 2008). The phosphorylation of AQP2, which is important in 

the AQP2 trafficking was shown to be increased by OXT (Li et al., 2008). Interestingly, 
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OXT has been shown to exert an antidiuretic effect in AVP-deficient Brattleboro rats 

(Edwards and LaRochelle Jr, 1984; Pouzet et al., 2001) and to increase water transport 

in isolated kidney inner medullary collecting duct (IMCD) cells (Chou et al., 1995; 

Pouzet et al., 2001). These effects can be abolished by the application of a V2R 

antagonist (Pouzet et al., 2001). Together, these findings show that OXT triggers AQP2 

expression, translocation and perhaps AQP2-mediated water absorption through V2R 

signalling, and this can be achieved with constitutively synthesized OXT level in vivo.    

         

1.4 The Renin-Angiotensin-Aldosterone system 
The renin-angiotensin-aldosterone system (RAAS) is a physiological mechanism that 

also plays a key role in regulating water homeostasis in the body. It is a hormone 

system that regulates the amount of salt and water in the body and has a major 

influence on blood pressure. The activities of RAAS lead to the production of ANG II, 

which contributes to the conservation of salt and water at the level of kidney and 

stimulates the release of AVP and OXT from the MCNs at the level of brain (Phillips, 

1987).   

        When less water enters the circulation by osmosis, the blood sodium level, blood 

volume, and interstitial fluid level are decreased as a result, which leads to decreased 

blood pressure and triggers the RAAS. Upon stimulation, specialized cells in the kidney 

juxtaglomerular apparatus secrete renin (an enzyme) into the systemic circulation. 

The precursor of angiotensin, angiotensinogen, encoded by the AGT gene, is produced 

in many tissues/organs including the liver, brain, heart, blood vessels, adrenal glands, 

kidney, adipose tissues - predominantly in the liver (Al-Shura, 2021). In the circulation, 

renin converts the plasma angiotensinogen into its active form – angiotensin I (ANG I). 

The angiotensin-converting enzyme (ACE), which is mainly located in the vascular 

endothelium of the kidneys and lungs, is responsible for converting ANG I into ANG II 

(Allen et al., 2009). ANG II has effects on the adrenal cortex, arterioles, kidney and 

brain by binding to the ANG II type I (AT1) and type II (AT2) receptors (Bernstein et al., 

2018). ANG II increases blood pressure by constricting blood vessels and contributes 

to the conservation of salt and water in the kidney (Harrison-Bernard, 2009). ANG II 

also demonstrates various functions in the brain (e.g. stimulation of AVP release, 
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autonomic regulation, fluid and electrolyte balance, modulation of learning and 

memory, thirst, formation of blood-brain barrier) (Allen et al., 2009; de Kloet et al., 

2016).   

 

1.4.1 The kidney RAAS  

1.4.1.1 The direct effects of ANG II in kidney 

The RAAS is an important regulator of the water and sodium balance. A combination 

of the RAAS effects contributes to the maintenance of sodium, increases the osmotic 

pressure in the circulation, and decreases fluid loss from kidney tubules (Harrison-

Bernard, 2009). The amount of ANG II biosynthesis in the kidney is less than that of 

the liver. In the kidney, the effects of ANG II on the hemodynamic and tubular function 

are mediated by AT1 receptors. ANG II has direct effects on the kidney vascular 

smooth muscle cells, leading to vasoconstriction of both efferent and afferent 

arterioles. The kidney blood flow is hence reduced, which assist in urine concentration 

and water retention by the kidney (Harrison-Bernard, 2009). ANG II causes 

contractions of mesangial cells that make up the mesangium of the glomerulus, which 

is thought to decrease the GFR. In addition, upregulated ANG II levels in the kidney 

are responsible for increasing the sensitivity of the tubuloglomerular feedback 

mechanism, which leads to the reduced sodium excretion by the kidneys (Harrison-

Bernard, 2009).  

        ANG II also exerts several important direct tubular effects on the kidney. The 

locally produced ANG II and the circulating ANG II directly increase NaCl and water 

reabsorption in the proximal and distal nephron segments via binding to AT1 receptors. 

The activation of AT1 receptors results in elevated activities of the apical Na+/H+ 

exchanger in the proximal tubule, and of the basolateral sodium-bicarbonate 

cotransporter. In addition, ANG II also promotes the activity of the sodium-chloride 

cotransporter in the epithelial sodium channel in the collecting duct and the distal 

tubule (Harrison-Bernard, 2009).  

 

1.4.1.2 The indirect effects of ANG II in kidney via aldosterone and AVP 

ANG II triggers the secretion of the mineralocorticoid aldosterone from the adrenal 

cortex. This process is mediated by the AT1 receptors, and in turn enhances salt and 
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fluid retention by stimulating sodium transport mediated by the epithelial sodium 

channel (ENaC) expressed in the distal nephron (Terker et al., 2016; Harrison-Bernard, 

2009). Aldosterone enhances ENaC activity by promoting the transcription of α-ENaC 

(a subunit of ENaC) and redistribution of α-ENaC to an apical location in the connecting 

tubule and collecting duct (Terker et al., 2016). ANG II can also stimulate the 

expression of all ENaC subunits independent of aldosterone (Beutler et al., 2003). The 

sodium transport enhanced by aldosterone is also attributed to the stimulation of the 

Na+/H+ exchanger types 1 and 3 (NHE1 and NHE3) that leads to the increased 

intracellular sodium level (Pinto et al., 2008). Aldosterone also stimulates the activity 

of the Na+, K+ ATPase in the basolateral membrane (Salyer et al., 2013), and the 

resulting increase in the production of ATP can perform as an energy source for the 

Na+/K+ ATPase pump (Harrison-Bernard, 2009).  

        ANG II triggers the release of AVP from the PP. The resulting upregulation of AVP 

functions in the kidney, as introduced in Section 1.3.1 and 1.3.2, cause the increased 

water and sodium reabsorption from the kidney, which aids in the conservation of 

blood volume. Similar to aldosterone, AVP also serves as a vasoconstrictor hormone 

that reduces the kidney blood flow and GFR (Henderson and Byron, 2007; Harrison-

Bernard, 2009).    

 

1.4.1.3 The antagonistic effects of ANP on the ANG II pathways 

In response to increases in blood volume or pressure, ANP is released from the cardiac 

atria (Baxter et al., 1988). It acts as a vasodilator that decreases blood pressure and 

volume. Upon binding to its receptor NPR1, ANP increases GFR and reduces the 

reabsorption of sodium and water from nephrons (Clerico et al., 2006). ANP also 

inhibits the release of renin, aldosterone, and AVP (Baxter et al., 1988) and hence has 

antagonistic effects on the vasoconstriction mediated by these hormones.  

 

1.4.2 The brain RAAS  

1.4.2.1 The distribution of RAAS components in brain 

Angiotensinogen is expressed at relatively high levels in the brain, and the expression 

of the mRNA of AGT is approximately 1/3 of that of the liver (Allen et al., 2009). 

Interestingly, angiotensinogen expression level shows regional heterogeneity, with 
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highest levels found in some regions associated with known actions of ANG peptides, 

including the hypothalamus (Allen et al., 2009). Currently, renin is believed to be 

expressed in various brain regions known to be associated with the regulation of 

electrolyte and water balance as well as autonomic control by ANG II, primarily by 

neurons. ACE occurs in high concentrations in brain sites enriched with ANG II and AT1 

receptors, including some hypothalamic nuclei (such as SON and PVN in rat and 

human), the circumventricular organs, and the dorsal vagal complex in the medulla 

(Jöhren et al., 1997; Allen et al., 2009). In mice, high ACE2 expression is found in the 

PVN, SFO and area postrema (Ong et al., 2022). ANG II is found to colocalize with nerve 

terminals (from where it is secreted into the extracellular space) and AT1 receptors 

throughout the brain (Allen et al., 2009). 

 

1.4.2.2 Different actions mediated by AT1 and AT2 receptors 

The distribution of AT1 receptors is extensive in the brain. The AT1 receptors occur in 

many brain sites with high/moderate levels, including but not limited to the 

circumventricular organs, SON, PVN, piriform cortex, locus coeruleus, and 

ventrolateral medulla. Actions mediated via AT1 receptors including 1) alterations in 

autonomic activity to the cardiovascular system, which leads to increased heart rate 

and blood pressure; 2) increased fluid and salt intake; 3) stimulation of the secretion 

of some neuroendocrine hormones including AVP; 4) effects on learning and memory 

(Allen et al., 2009). The distribution of AT2 receptors is extensive in the brain during 

development. Notably, this distribution becomes more restricted to several sites 

associated with the sensory information processing, cognitive functions and memory 

in the adult brain (Allen et al., 2009).  

 

1.4.2.3 Direct and indirect functions of ANG II in SON and PVN 

The roles of ANG II in the SON and PVN have been implicated by many previous studies 

(Sladek and Joynt 1980; Jöhren et al., 1997; Qardi et al., 1998; Ozaki et al., 2004). ANG 

II induces cFOS expression in both AVP and OXT MCNs (Xu and Herber, 1994) and 

increases the release of both AVP and OXT (Phillips, 1987). ANG II increases the firing 

rate of the MCNs (Okuya et al., 1987) and potentiates the excitatory synaptic inputs 

into the MCNs via the AT1 receptors (Qardi et al., 1998). Because the neuronal activity 
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of SON neurons is majorly regulated by the excitatory glutamatergic and 

inhibitory/excitatory GABAergic inputs (Kim et al., 2011; Haam et al., 2012; Konopacka 

et al., 2015; Terunuma, 2018), the effects of ANG II on the altered release of these 

neurotransmitters (glutamate and GABA) in SON and PVN may play important roles in 

regulating AVP secretion (Ozaki et al., 2004; Gabor and Leenen, 2012). ANG II is 

suggested to increase spontaneous glutamate release in both SON (Ozaki et al., 2004) 

and PVN (Gabor and Leenen, 2012) from glutamate interneurons to activate adjacent 

MCNs. Increased ANG II release in the SON could decrease the local secretion of GABA 

and the activation of GABAA receptor. Collectively, ANG II contributes to the neuron 

excitation in these two hypothalamic nuclei.    

        Furthermore, an increase in circulating ANG II (Gabor and Leenen, 2012) and 

aldosterone (Natarajan et al., 2019) increase local aldosterone production in the SON 

and PVN, which participate in the aldosterone-induced increase in salt and water 

intake. The increased circulating ANG II level also activates neurons of SFO and OVLT, 

the increase neuronal activity is relayed to the MCNs of SON and PVN, resulting in 

elevated local production of aldosterone in MCNs.  

        More recently, Sandgren et al. (2018) have specifically focused on the roles of 

AT1A (an isoform of the AT1 receptor) in the SON. They demonstrated that the 

activities of ANG II via AT1A receptors expressed directly on AVP-producing cells 

contributes to AVP release. Further, genetic disruption of this receptor in AVP-

producing neurons leads to a change in water balance in response to osmotic stimuli. 

The finding that AT1A receptors are not found in AVP-expressing cells of PVN is 

intriguing (Sandgren et al., 2018). This (Sandgren et al., 2018) and other (Saxena and 

Little, 2015; Wang et al., 2016) published data support differences between the direct 

action of ANG II on AVP neurons of the SON and the polysynaptic communication from 

ANG II-sensitive cells in SFO to AVP neurons of the PVN, which may help explaining 

the regional divergence in the control of AVP release (Sandgren et al., 2018).  
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1.5 Dromedary camel: a desert-adapted 
livestock animal 

Camels are highly adapted to harsh environments. Amongst them, the dromedary 

camel is adapted to a wide range of desert and semi-desert conditions. Historically, 

the dromedary camels have played important roles in human culture. In recent years, 

they have regained interest as a production animal, mostly for dairy, with an 

increasing interest in its claimed health benefits from social preferences (Tibary and 

Allali, 2020). Scientific studies on camels progressively shifted their focus from 

considering this species a biological curiosity to more thorough investigations into its 

biological adaptation (Tibary and Allali, 2020). Current environmental issues like 

desertification and climate change are having a serious effect on the survival of 

mammals (Burger et al., 2019). It is important to study dromedary camels, as they 

serve as a model for heat/aridity stress resistance in large ruminants. Thus, the study 

of dromedary camels may reveal further specialized mechanisms of adaptation to 

water scarcity and extreme temperatures.   

 

1.5.1 The origin of dromedary camel 

Being well-known as the “ships of the desert”, camels play important roles in the 

human survival, especially in arid regions of African, Asian and Arabian deserts, due to 

their extraordinary adaptations to harsh conditions. The members of the Camelus 

species include two domestic species: Camelus dromedarius - the dromedary camel 

(one-humped camel) and Camelus bactrianus - the Bactrian camel (two-humped 

camel); and a wild species - Camelus ferus, the extremely endangered wild two-

humped camel. Figure 1.5 demonstrates the most widely accepted classification of 

the Camelidae family (Wu et al. 2014). The origin of the camelids traces back to the 

Eocene (40-45 million years ago) when the first common ancestors of them was found 

in North America (Burger, 2016). A splitting of the camelids into Camelini (the Old 

World camelids) and Lamini (the New World camelids), the former migrated through 

the Bering land bridge to the eastern hemisphere (known as the Old World). According 

to the molecular evolutionary studies, the divergence between the dromedaries and 
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the Bactrian camels occurred at about 5~8 million years ago (Ji et al., 2009; Wu et al., 

2014).  

 
Figure 1.5: Taxonomy of the Camelidae family.  

Figure adapted from Wu et al. (2014) and Ali et al. (2019).  

 

1.5.2 The use of dromedary camels as domestic animals 

Domestic camels had an important role in the development of ancient civilizations of 

the Old World (Burger, 2016). The dromedary camels (also known as Arabian camels) 

that have evolved to withstand high heat load, limited feed resources and long-term 

water deprivation, which makes them a prevalent sustainable livestock species 

throughout the Arab world (Gaughan, 2001; Richard, 2003). They have been used by 

human as multipurpose animals for physical labor, transport, racing, tourism, trading, 

fieldwork, and as a source of milk, meat, textile and leather (Bulliet, 1975). Historically, 

the dromedary camels were first domesticated in the Arabian region at around three 

to four thousand years ago (Almathen et al., 2016) and have been widely used in the 

trades across the vast deserts of Arabia for a very long time (Sapir-Hen and Erez, 2013). 

In the modern world, the demand of sustainable meat and milk production in the 

domestic dromedaries is continuously growing (Burger et al., 2019). Camel sport, 

which is an integral part of the Middle East region communities, has boosted the 

demand for special breeds of racing camels with outstanding resilience and endurance 
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(Saadeldin et al., 2018). Moreover, the naturally occurring antibodies discovered in 

the Camelidae family can be further developed into recombinant nanobodies, 

suggesting a promising application of the dromedaries in the medical field (Siontorou, 

2013).  

        Current environmental issues such as deteriorating desertification and climate 

change are influencing the survival of many mammalian species including the 

traditional ruminant livestock such as cow, goats, camels, etc (Burger et al., 2019). The 

dromedary camel is brought back into the concern of the scientific world to perform 

as a promising animal model for studying the genetic and physiological adaptation to 

the drought weather that enables the survival of mammals in the harsh desert area. 

Such studies will provide insights for answering the ultimate questions that we are 

currently face with the threat of heat stress and water shortage arising from global 

warming and desertification.   

 

1.5.3 The behavioural, anatomical, physiological and genetic 

adaptations of the dromedary camels to desert environment 

1.5.3.1 Adaptations to chronic DH in camels  

In the desert environment, water source is sparsely available from rainfed reservoirs 

and isolated oasis, which makes it important for desert animals to reduce the amount 

of water loss or to tolerate significant amount of water loss (Ezcurra and Mellink, 2013; 

Gebreyohanes and Assen, 2017). Whilst all terrestrial mammals assiduously control 

the amount of water consumed and excreted (Antunes-Rodrigues et al., 2004), this is 

particularly important in the one-humped dromedary camel, which has a remarkable 

capacity to survive extended periods of DH (Bengoumi and Faye, 2002; Gaughan, 

2011). Water loss is extremely well tolerated in the camel. The camels may go several 

months without drinking where green forage is available in mild climates or during the 

winter and cold seasons (Gebreyohanes and Assen, 2017). When the average ambient 

temperature reaches 30~35°C, dromedary camels can go around 10~15 days without 

water. However, when the temperature is higher than 40°C, more frequent drinking 

is necessary for survival (Kataria et al., 2002). 
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        Whilst 12% water loss would be fatal to non-desert mammals due to cardiac 

failure resulting from circulatory disturbance (Ingram and Mount, 1975), the camel 

can survive up to 30% (Schmidt-Nielsen, 1959). However, it is water economy that is 

particularly vital for survival in the desert, and in the dromedary camel, this is achieved 

by a number of mechanisms, such as minimal evaporative cooling (camels rarely 

sweat), water extraction from undigested food residues, and variation in body 

temperature from 34 °C at night up to 42 °C during the day (Schmidt-Nielsen et al., 

1967; Grigg et al., 2009). These mechanisms prevent the loss of about 5 litres of water 

per day by sweating.  

        Perhaps the most important water conservation mechanism in the dromedary 

camel is centred on the SON-kidney axis (Ben Goumi et al., 1993). In dromedary camel, 

water economy is achieved by the highly efficient reabsorption of water (Ben Goumi 

et al., 1993). This process is mediated by the actions of the antidiuretic hormone AVP 

to promote fluid reabsorption in the collecting duct (Breyer and Ando, 1994) and 

sodium reabsorption in the thick ascending limb of the loop of Henle (Ares et al., 2011). 

Following DH, the level of circulating AVP increases in the dromedary camel (Ben 

Goumi et al., 1993; Ali et al., 2012). The camel kidney reduces water loss by increasing 

water reabsorption in the collecting duct and decreasing the GFR, leading to the 

production of a low volume of highly concentrated urine following DH (Ben Goumi et 

al., 1993; Kataria et al., 2002). The dromedary hypothalamic neurohypophyseal tract 

that containing AVP and OXT fibers runs through the internal zone of ME and 

contributes to the regulation of water balance (El May et al., 1987).   

        Other unique features contribute to the survival of camels in desert have been 

observed in their blood, thermoregulation capacity and digestive system. The life span 

of an erythrocyte in a dehydrated dromedary camel is longer compared to that of 

hydrated camels, which saves water and energy for erythrocyte turnover (Ouaid and 

Kamel, 2009). The selective brain cooling by blood flow and bi-phasic respiratory 

patterns in camels helps to maintain a stable brain temperature, which is critical for 

survival under heat stress (Gaughan, 2011; Mulu and Awol, 2017). The digestive 

system of camel is also specialized for water economy. Cattle (Bos taurus) and camels 

are both large grazing ruminant livestock with similar digestive system structures and 

more comparable body weights than small ruminant farm animals (e.g. sheep, goats) 
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(Breulmann et al., 2007). The end part of the camel intestine absorbs more fluid from 

food residues to produce faeces with less water content compared to cattle 

(Breulmann et al., 2007).  

        The genetic basis underlying the desert adaptations in camels have been widely 

studied using the modern molecular genomic tools (Rocah et al., 2021). Evidence from 

a study identifying the nonsynonymous:synonymous substitutions ration (dN/dS) and 

gene family evolution revealed complex characteristics of adaptation in both 

dromedary and Bactrian camels, including strong selection in genes associated with 

the stress responses to head, fat and water metabolism, insulin-signaling pathway, UV 

radiation and airborne dust (Wu et al., 2014). Moreover, differences in copy number 

of CYP2 genes (encoding the cytochrome P450 CYP2 family of enzymes) between 

camels, cattle, and other mammals were shown by Bactrian Camels Genome 

Sequencing and Analysis Consortium (2012). This may contribute to the promoted 

synthesis of a vasodilater of kidney preglomerular vessels that induces water 

reabsorption in the kidneys (Bactrian Camels Genome Sequencing and Analysis 

Consortium, 2012). The extra copies of CPY2J2 gene (encoding the Cytochrome P450 

2J2) that is related to high-salt diets and blood pressure regulation (Bactrian Camels 

Genome Sequencing and Analysis Consortium, 2012; Ali et al., 2019) found in camels 

may explain the capacity of camels to tolerate high salt ingestion from halophytes 

plants, pastures and fluid (Faye et al., 2011) without developing hypertension (Ali et 

al., 2019). 

 

1.5.3.2 Adaptations to rapid RH in camels  

Maintaining water homeostasis during water deprivation and the following RH is 

critical for the survival of all mammals including the dromedary camel. There is 

extensive evidence showing the astonishing mechanisms of adaptations that allow the 

camels to thrive in desert environments, which include not only their endurance to 

survive for weeks without access to water, but also the capacity to quickly uptake 

vastly large amounts of fluid when available (such as water source from oasis) to 

compensate for pre-existing water deficiency without inducing apparently adverse 

effects (Irwin, 2010; Bekele et al., 2013; Etzion et al., 1984; Etzion and Yagil, 1986; 

Young and Schmidt-Nielsen, 1985; Ali et al., 2020). The rapid water intake in camel 
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reduces exposure to predators during drinking and allows the camel to leave the water 

source to browse over long distances searching for food source (Etzion and Yagil, 

1986). At a single session a DH camel can drink up to 110 litres of water within 10 

minutes (Schmidt-Nielsen et al., 1956; Irwin, 2010) and by doing so resume its 

hydromineral balance and replenish 30%~40% loss of its body weight (Schmidt-

Nielsen, 1997; Ben Goumi et al., 1993). Such rapid consumption of large quantities of 

water following DH could lead to over-hydration, which would be fatal in non-desert 

species (Gebreyohanes and Assen, 2017).  

        RH in camels is characterized by remarkable physical and physiological 

adaptations. The digestive tracts contribute to water conservation in hydrated 

ungulates, including camels. The foregut of a RH camel can contain a large volume of 

water, approximately equal to 20% of its body weight, which buffers short-term water 

deprivation that the animal may experience later (Willmer et al., 2006; Cain et al., 

2006). During the first few days of water deprivation after drinking, fluid stored in the 

rumen is used to maintain water balance of body tissues and circulation, representing 

a large proportion (50%~70%) of water loss by the water deprivation. The rumen is 

then involved in two conflicting necessities, one is the need to retain all ingested water 

until body tissues are fully rehydrated and the water homeostasis is restored, the 

other is to prevent haemolysis and osmotic shock to tissues that might be induced by 

generating a large osmotic gradient between the rumen fluid and the circulation due 

to the rapid water intake (Cain et al., 2006).  

        Although ingested water can be stored in the camel gut for up to 24 hours 

(Willmer et al., 2006), it can be rapidly absorbed into the bloodstream and tissue to 

restore the kidney function to almost pre-DH activity within 2 hours of drinking in RH 

camels (Etzion and Yagil, 1986; Crawford, 1978). Desert-adapted Bedouin goats, other 

mammals that also rapidly replace lost water, can drink large amount of water as quick 

as camels do, but their kidney function does not return to normal level within 48 hours 

because water is slowly absorbed from the rumen (Etzion and Yagil, 1986; Cain et al., 

2006). Such buffering capability of rumens are apparently lost in cattle living in hot 

environments, since the cattle often suffer from haemolysis after consumption of 

large volumes of water (Perk, 1966).  
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        Upon the rapid absorption of drinking water, how can camels manage to avoid 

severe adverse effects that could be caused by the rapid dilution of blood? The special 

features displayed by camel erythrocytes may provide solutions to this. Camel 

erythrocytes are in oval shapes and non-nucleated (Cohen and Terwilliger, 1979), 

which helps to resist osmotic variation without rupturing. These cells are also 

enormously expansible and can swell to twice of their initial volume following RH 

(Gebreyohanes and Assen, 2017). Previous studies showed that the erythrocytes in 

camel are considerably more osmotically resistant than that of human and other 

ruminants, which might be attributed to the shorter and less saturated fatty acid 

chains and the unique lipoprotein structure identified in the membrane of camel 

erythrocytes that increase their stretching capacity (Livne and Kuiper, 1973). The 

cytoskeleton of camel erythrocytes also differs from that of human erythrocytes and 

allows cell expansion with distilled water to 400% before rupturing. Compared to 

other domestic mammals like cattle and sheep, the maximum degree of swelling of 

camel erythrocytes in hypotonic sodium chloride solutions prior to haemolysis is 

largely higher (Perk, 1966). Indeed, the dilution of camel blood upon rapid RH does 

not lead to haemolysis, nor haemoglobinuria, a common occurrence caused by 

excessive intravascular haemolysis in cattle living in hot environments (Perk, 1966).  

        Interestingly, the secretion of hypotonic saliva in camels following RH recycles 

water back to the alimentary tract and transfers large amount of sodium from the 

circulation, assisting the return of elevated plasma osmolality (by DH) to normal levels 

(Silanikove, 1994). Storage of consumed water in the gut and saliva together buffers 

the amount rumen fluid in RH camels (Siebert and Macfarlane, 1975; Silanikove, 1994).   

 

1.5.3.3 Physiological studies on DH and subsequent RH in camels  

Many investigations were previously performed on dromedary camels subjected to 

DH and subsequent RH by researchers with great interests on the change of 

physiological cues in response to the changed osmotic conditions. A study (Ben Goumi 

et al., 1993) reported that, after 14 days of DH, each camel drank about 100 litres of 

water during the first day of RH period. This large initial water intake was followed by 

a reduced water consumption during the subsequent days of the 7-day RH period – 

about 13 litres water per animal per day. A different study (Bekele et al., 2013) 
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conducted on camels with repeated DH-RH cycles revealed that the camels challenged 

by DH for the first days, once offered with water, drank more than their previous body 

weight loss during DH. Meanwhile, the camels started to economize on water. Every 

time the DH-RH cycle was repeated, they drank sufficient water during the RH phase 

to last for coming days. By this special drinking pattern, some important features of 

water economy in camel can be combined, such as the continuous exchange of water 

and electrolytes between blood plasma and gastrointestinal tract, and the fact that 

water diuresis does not occur or is delayed after consuming large quantities of water 

(Siebert and Macfarlane, 1971), together contributing to the exceptional tolerance to 

osmotic variation.    

        As an important neuropeptide regulator of water economy, AVP was also 

monitored for its plasma concentration change in camels subjected to DH and 

subsequent RH. During the DH phase, an initial delay in AVP response to DH was 

observed in camel. The plasma AVP level sharply increased after 4-day DH in non-

lactating camels (Ben Goumi et al., 1993), or 8-day DH in lactating camels (Bekele et 

al., 2013), in contrast to 2 days in the DH black Bedouin goats (Maltz et al., 1984). In 

DH camels, hypovolemia was found to occur as indicated by the elevated plasma 

protein concentration. It is well acknowledged that hypovolemia performs as the 

baroreceptor for low blood pressure that signals directly to the hypothalamus and/or 

indirectly through the renin-angiotensin system to stimulate AVP release and thirst 

during DH (Andersson, 1977; McKinley and Johnson, 2004). Hypovolemia may 

contribute to the increase of plasma AVP concentration in DH camels to deliver both 

antidiuretic and vasoconstrictor effects. When RH begins, the camel plasma AVP 

concentration rapidly decreased after 2 hours and reached basal values after 7 days 

of RH (Ben Goumi et al., 1993).  

        In camels rehydrated for 2 hours, even though large volumes of water were 

absorbed, the significant fall of AVP was found to be accompanied with a virtually 

unchanged plasma osmolality, suggesting a non-osmotic inhibition of AVP release 

which could be mediated through gut receptors (Etzion and Yagil, 1986; Ben Goumi et 

al., 1993). In RH camels, it is crucial to maintain the plasma osmolality to avoid 

excessive dilution of body fluid. This could be achieved by several approaches. First, 

the alimentary tract of the camel contains by far the highest concentrations of salt 
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amongst ruminants, from where the salt can be absorbed into plasma. Second, the 

relative decline in insulin secretion during DH that result in hyperglycemia is reversed 

by RH in camel (Yagil and Berlyne, 1977), the influx of absorbed water will move into 

cells with glucose, which potentially adds to the plasma osmolality (Etzion and Yagil, 

1986). Water diuresis may also prevent the plasma osmolality from declining (Etzion 

and Yagil, 1986). Moreover, aldosterone, a mineralocorticoid hormone, contributes to 

the water and salt regulation in camels. Plasma aldosterone concentration was 

reported to be elevated upon RH in camels (Bekele et al., 2013). High aldosterone level 

causes an increase in salt reabsorption into the bloodstream from the kidney thereby 

restoring the salt level (Stillwell, 2016). Notably, RH period longer than 2 hours would 

decline the camel serum osmolality to basal levels, but not for the serum aldosterone 

concentration. This was proven by a study (Abdoun et al., 2010) monitoring the 

changes of multiple physiological parameters (serum osmolality, Na+, K+ and 

aldosterone concentrations) in camels subjected to 7-day DH and a following RH, all 

tested parameters elevated by DH returned to pre-DH levels on the second day of RH, 

with the only exception being serum aldosterone concentration that was maintained 

at a high level to prevent potential haemodilution.   

        Additionally, RH leads to the recovery of food appetite and respiratory rate. Food 

intake is severely decreased by 14-days DH in camels and is significantly elevated 

during the first day of RH compared to the last day of DH (Ben Goumi et al., 1993). The 

respiratory rate of DH camels is also significantly decreased compared to controls (this 

reduced water loss by pant) and is restored to control levels after 24 hours of RH (Ben 

Goumi et al., 1993).  

        The kidney functions are rapidly restored from DH following water intake in the 

camel. Etzion and Yagil (1986) reported that after 10 days of strict water deprivation, 

the GFR, renal plasma flow, and urine flow returned to normal within 30 min of 

drinking. The urine became highly diluted in appearance. Ben Goumi et al. (1993) 

reported that the urine osmolality during RH reached a level that was lower than the 

control values. The sodium excretion from camel was significantly elevated (> 20 times 

of the control values) on Day4 of DH and remained higher than the control values over 

the rest DH period. This natriuresis was returned to basal level by water intake on the 
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first day of RH (Ben Goumi et al., 1993), which could possibly serve as a homeostatic 

function to counterbalance any further decrease in plasma sodium.  

        It is worth mentioning that several studies focusing on the effects of osmotic 

challenge on the morphology, function, expression of key physiological cues of camel 

kidney were performed on the same animals used in the present study (chronic DH: 

20 days, rapid RH: 3 days). Abu Damir et al. (2022) found mild or moderate kidney 

lesions at histopathological and ultrastructural levels after chronic DH with a swift 

rectification of the degenerative changes by RH. Such lesions, including mild vacuolar 

degeneration and focal necrosis of some glomeruli and epithelium with casts in the 

tubular lumen, were observed by light microscopy. At the ultrastructural level, 

degenerative changes such as mitochondria swelling, condensation of nuclear 

chromatin, and degradation of brush borders of proximal tubules were evident in 

some cells of the kidney tubules during DH (observed by electron microscopy). Most 

of these changes were only temporary and returned to near normal levels by rapid RH. 

Ali et al. (2020) presented mild increase of some oxidative stress and apoptotic 

markers as well as pro-inflammatory cytokines primarily in the kidney cortex of the 

same camels (as studied by Abu Damir et al., 2022) during DH. The gene expression of 

a pro-inflammatory cytokine (interleukin-18) persisted after RH. Upregulation of 

oxidative stress markers was abolished by RH. Apoptotic markers were remarkably 

variable after RH, indicating that the animals did not recover from apoptosis within 

the 3-day RH period. In contrast to the camel kidney cortex, the examined biomarkers 

for oxidative stress and proinflammation did not increase in the kidney medulla. 

Consequently, the lesions were less marked in the kidney medulla (Ali et al., 2020; Abu 

Damir et al., 2022). Being largely benefited from state-of-the-art omics techniques, 

another study (Alvira-Iraizoz et al., 2021) catalogued the transcriptomes and 

proteomes of kidney cortex and medulla in the same animals. This study strongly 

implicated a role for cholesterol in the production of highly concentrated urine during 

DH. The expression of the steady-state mRNAs of cholesterol biosynthesis genes as 

well as some genes coding for aquaporins and ion channels returned to control levels 

during RH (Alvira-Iraizoz et al., 2021). Transcriptomic studies have also been carried 

out in the kidney of Bactrian camels, which further reveals unique features for water 

reservation mechanisms underpinned by high blood sugar levels (Wu et al., 2014).  
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1.6 Design of the present study 
There has been an increase in the neuroendocrine research exploring the genetic and 

genomic underpinnings of behavioural and physiological traits. Transcriptomic 

methods have been frequently utilized to explore genes of interest, to evaluate the 

differential gene expression levels, and to analyze gene ontologies. Analyses of 

transforming transcriptomes driving physiological adaptation are more commonly 

investigated in model organisms that possess well-established physiological, genomic 

and transcriptomic resources. In contrast, behavioural, ecological and physiological 

studies are often carried out in non-model organisms with environmental adaptations 

of interest. However, the work of evolutionary biologists that collected sufficient 

genetic data to bridge the informational gaps for the dromedary camel has enabled 

RNAseq studies to be executed. The present study is, for the first time, aimed at 

describing the changes of global gene expression profiles of the hypothalamic 

osmoregulatory centre – SON in response to long-term DH and subsequent RH using 

RNAseq.   

        The experimental protocol of the present study is summarized in Figure 1.6. 

Control camels were compared to DH and RH camels (n=5 for each group). 

Hypothalamic samples were used for detailed mappings of camel SON. The ribosomal 

depleted transcriptomes from the SON of the control and dehydrated animals were 

sequenced. Reads were processed using a RNAseq analysis pipeline. Complete profiles 

of basal genes and differentially expressed genes (DEGs) are comprehensively 

catalogued. Reverse transcription qPCR (RT-qPCR) was used to validate DEGs of 

interest. SON transcriptomes of camel and rat (DH vs. control) were compared to seek 

conserved core genes and divergent mechanisms involved in the DH responses for the 

two species. Details of the methodology are described in the Material and Methods 

sections in Chapter 2, 3, 4 and 5. 

        The dromedary camel is uniquely adapted to conserve water through its 

specialized peripheral systems. This study hence hypothesizes that there will be 

specific adaptations to the core neuroendocrine system that controls body water in 

the dromedary camel. The main objectives of this study are:  
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§ To study the homology of AVP and OXT genes and their encoded products 

between dromedary camel and other desert/non-desert species 

§ To map the SON of dromedary camel by visualizing the AVP and OXT mRNAs 

and to compare the dromedary SON structure to other species 

§ To compare the transcriptomes of the dromedary camel SON between control, 

DH and RH conditions  

 

 
Figure 1.6 Experimental groups and Methodology scheme. 

Experimental workflow studying the camel SON. After acclimatisation, hypothalamic samples 
were collected from 19 camels divided into 3 groups; control (water ad libitum, n = 5), DH 
(water deprivation for 20 days, n = 8) and RH (water deprivation for 20 days followed by water 
ad libitum for three days, n = 6). A tissue block containing the SON was collected from the 
camel brain and further dissected to facilitate slicing. Coronal hypothalamic sections were 
prepared for RNAscope or collection of the SON samples (n = 5 for each condition) for RNAseq 
and/or qRT-PCR. For RNAseq, the population of RNA molecules were converted to cDNA for 
the next generation sequencing workflow. RNAseq data were analysed using software 
packages or online databases for quality control (QC), differential expression analysis, 
functional classification, and gene ontology analysis. The camel SON transcriptomes were 
compared with the rat SON transcriptomic datasets (Pauža et al., 2021).   
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Chapter 2  

 

Interspecies comparison of key genes 
2.1 Introduction 
2.1.1 Water conservation in camels and other mammals 

Water economy strategies in desert mammals have shown evidence of conservation 

and/or convergence at multiple levels under similar evolutionary pressures – the 

osmotic challenges (Ezcurra and Mellink, 2013). In the dromedary camel, water 

economy is achieved by the highly efficient reabsorption of water (Ben Goumi et al., 

1993). This process is mediated by the actions of the antidiuretic hormone arginine 

AVP to promote water reabsorption in the collecting duct (Breyer and Ando, 1994) 

and sodium reabsorption in the thick ascending limb of the loop of Henle (Ares et al., 

2011). Circulating AVP significantly increases following DH in the camel (Ben Goumi et 

al., 1993; Ali et al., 2012), and the kidney response to AVP is known to be highly 

sensitive in the dromedary camel (MacFarlane et al., 1963). 

        Common elements of water economy mechanisms were observed in dromedary 

camels and other desert or semi-desert mammals. The tolerance of variation in body 

temperature from 34 °C at night up to 42 °C during the day (Schmidt-Nielsen et al., 

1967; Grigg et al., 2009) observed in the camel prevents the loss of about 5 litres of 

water per day by sweating. Similarly, eland (also known as antelope, capable of living 

in savanna, montane grassland, woodlands, and fringes of deserts) also exhibits this 

adaptive hyperthermia that allow them to reach 44°C during the day with no harmful 

consequences and preserve body water by not sweating (Ezcurra and Mellink, 2013). 

Moreover, both camels and the desert kangaroo rats can acquire water metabolically 

by fat combustion (Holzapfel, 2008). Presented with water, dromedary camels and 

wild asses (whose primary habitat is desert/semi-desert environment) both show 

remarkable traits of rehydrating with large amounts of water in a very short period 

(Ezcurra and Mellink, 2013). Rock hyrax (Procavia capensis) is a desert species well-
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known for its resistance to desiccation. With arid environment (deserts, savannas, 

scrub forests and rocky terrains) as their preferred habitat (Sale, 1966), rock hyraxes 

have kidneys with highly efficient functions in concentrating urine, where the 

maximum recorded urine osmolality (3088 mOsm/kg) is comparable to that of the 

camels (3178 mOsm/kg) (Elza Louw et al., 1972).  

        Interestingly, interspecific variations regarding adaptive responses to water 

deficiency were noticed between dromedary camels and mesic species. Upper Galilee 

mountains blind mole rats (Nannospalax galili) (UGMBMR) inhabiting the cool and 

humid Upper Galilee mountains in northern Israel (Mediterranean climate, 

characterized by hot and dry summers and rainy winters) are defined as a mesic 

species (Nevo et al., 1989; Šklíba et al., 2016). It evolved from a semi-desert species, 

the Middle East blind mole rat (Spalax ehrenbergi), via adaptive speciation driven by 

the geographical radiation of the Middle East blind mole rats into different climates. 

There are four chromosomal species (2n=52, 54, 58 and 60) displaying progressive 

stages of this speciation. Their adaptive radiation was closely associated with 

increasing savannization, deforestation and aridity. UGMBMR (2n=52) is challenged 

by the least, while 2n=60 is under the highest aridity stress, compared to other cryptic 

species derived from the common ancestor (Nevo et al., 1989), which makes the 

UGMBMR an engrossing model to study the adaptive variation of water conservation 

mechanisms after the transition from mesic to dry environment. These four 

chromosomal different species generally showed clear upper limits in the structural 

and functional capacities of the kidney, which prevented it from colonizing the real 

desert (Nevo et al., 1989). Best resistance to hyperosmotic stress (salt-loading) was 

observed in the xeric species n=60, while UGMBMR exhibit lower kidney concentrating 

capacity and diuresis under salt stress.  

        Lamini, the nearest relatives of camels, are adapted to living in the arid Andean 

high plateau of South America (Wu et al., 2014). These areas are characterized by high 

altitude, low oxygen level, and a range of different biomes including deserts, semi-

deserts, dry broadleaf forests, temperate grasslands, savannas and shrub lands (Marin 

et al., 2013). The Lamini consist of two wild species – vicuna (Vicugna vicugna) and 

guanaco (Lama guanicoe), and two domesticated species – alpaca (Vicugna pacos) and 

llama (Lama glama) (Kadwell et al., 2001). Some traits are shared between the Lamini 
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and the camels with regard to adaptation to water scarcity. The Lamini exhibit high 

efficiency in the metabolic use of water (Vilá and Arzamendia, 2022). Similar to the 

camels, voluminous drinking (15-20% of body weight) was also found in guanaco 

(Rosenmann and Morrison, 1963). A low drinking frequency was described in llama 

and vicuna (once per day or eventually twice on very dry days for vicuna) (Enke et al., 

2022). Anatomically, the llama and guanaco stomach were found to contains 

sacculated structures that might function as temporary water reservoirs, while similar 

structures in the camel are less numeric but larger (Vallenas et al., 1971). In terms of 

the water reabsorption capacity, the Lamini are able to produce highly concentrated 

urine (3,190 mOsm/L maximum urine concentration) and relatively dry, pelleted feces 

(Engelhardt, 1974). In addition, the similar elliptical erythrocyte structure shared 

across the Camelids allow the erythrocytes to continue circulating even during times 

of increased blood viscosity caused by DH (Fowler, 1989).    

        Unlike the Camelini, Lamini are unable to adapt to elevated ambient 

temperatures by increasing body temperature and avoiding evaporative cooling 

(Davis, 2005). The Lamini have an increased water demand during high ambient 

temperature. Therefore, they are considered to be less resistant to hot arid 

environment, given the evidence that they are more susceptible to hyperthermia/heat 

stress than the Camelini (Agnew, 2018). By considering the salt metabolism that has 

main effect on water balance, a comparative study on the genomes of dromedary 

camel, Bactrian camel (Camelus bactrianus) and alpaca revealed that the gene 

category associated with the voltage-gated potassium channel complex evolved 

rapidly in both camels compared to the alpaca (Wu et al., 2014). The NR3C2 and IRS1 

genes that play important roles in sodium reabsorption and water balance in the 

kidney have two copies in the Bactrian camel, but only a single copy in the alpaca, 

suggesting that the salt and water transport/reabsorption could be less efficient in 

alpaca than camels (Wu et al., 2014).  
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2.1.2 Identification of the genomic sequences of dromedary 

AVP and OXT genes 

Given the important roles played by AVP and OXT in osmoregulation, identification of 

the sequence variability of the AVP and OXT genes in dromedary camels and other 

desert/non-desert species will help to address the regulation of the expression of 

these two hormones at the genetic level. To achieve this, the nucleotide sequences of 

AVP and OXT genes in camels needed to be identified. For dromedary camel, the AVP 

gene was not available from the NCBI nucleotide or gene database (NCBI Resource 

Cooridnators, 2018) and was not characterized for its functional regions in previous 

studies. On the contrary, the dromedary OXT gene had been sequenced, fully 

characterized, and deposited in the NCBI database by Pauciullo et al. (2018).  

        Amongst the currently available dromedary genome assemblies, the full AVP 

genomic sequence including the regulatory region, coding and non-coding sequences 

is available in an assembly named PRJNA234474_Ca_dromedarius_V1.0 (Genbank: 

GCA_000767585.1) and another assembly named ASM164081v1 (Genbank: 

GCA_001640815.1), however, it cannot be retrieved (the second and third exons are 

missing) from more updated reference genomes such as Camdro2 (Genbank: 

GCA_000803125.2). The incompleteness of genome sequences is commonly observed 

from non-model organisms like the dromedary camel, which is supported by the 

evidence that gaps (represented by “N”s) in some genomic DNA regions were revealed 

by homology analysis or orthologous gene sequences within the dromedary camel 

genome assemblies (Wu et al., 2014). For example, the reference genome 

PRJNA234474_Ca_dromedarius_V1.0 (Genbank: GCA_000767585.1) was found to 

have 72775 gaps with the total length to be 22596073 bp, which consists of 1.13% of 

the entire genome length. This missing part of information is not negligible when it 

affects genes of great research interest, such as AVP.    

 

2.1.3 Interspecfic comparison of AVP and OXT genes and 

their encoded products 

Previous studies have characterized regulatory and functional regions of the OXT gene 

in the dromedary camel (Pauciullo et al., 2018), and the AVP gene in other species 
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(Greenwood et al., 2014; Greenwood et al., 2016; Coulson et al., 1999), but the 

variations between these genes in the dromedaries and other desert/non-desert 

species has remained unknown to date. To investigate the genetics underlying the 

regulation of two key genes involved in adaptation to deserts in the dromedaries, the 

genomic sequences of AVP and OXT genes were cloned and sequenced in this study. 

Gene structures were predicted by carrying out multiple alignments between 

dromedary AVP and OXT genes and their well-characterized orthologs in other species.          

        Though modern genetic tools such as whole genome sequencing have been 

applied to various non-model organisms, the genetic architectures underlying their 

osmoregulatory mechanisms, especially the genetic annotations of AVP and OXT, have 

been solely/both neglected for the vicuna, guanaco, llama, rock hyrax and UGMBMR. 

Their AVP and OXT genetic sequences were hence retrieved from the corresponding 

genome assemblies for making comparisons with the dromedary camel. Phylogenetic 

analyses were performed on the AVP and OXT genes as well as their encoded products 

in dromedary camel, Bactrian camel, wild camel (Camelus ferus), vicuna, alpaca, 

guanaco, llama, rock hyrax, UGMBMR, and temperate model organisms including rat 

(Rattus norvegicus), mouse (Mus musculus) and human (Homo sapiens), in order to 

test the hypothesis that these genes and their products are more conserved between 

desert species, and to predict and compare ways in which gene expression is being 

regulated in animals under different levels of natural aridity stress.  

        This study revealed shared patterns of regulatory motifs between the xeric and 

mesic species, as well as elements that appear to be unique to the dromedary camel 

and that may be essential for adaptations necessary for life in the desert. AVP and OXT 

genes are highly conserved among the Camelids in terms of sequence. Some putative 

regulatory elements, such as CpG (cytosine-phosphate-guanine) sites, were found to 

be more diverse across different species, and the presence/absence of transcription 

factor binding motifs in the regulatory regions have been compared and catalogued. 

The sequences of AVP and OXT precursors encoded by these two genes are highly 

conserved across different species, especially in the region of active peptide hormones 

and the central region of neurophysins, which allows the conserved functional roles 

of AVP and OXT to be performed to maintain water homeostasis in dromedary camels 
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and other organisms adapting to the variable osmotic stress exerted by different 

habitats.  

 

2.2 Aims  
§ To sequence the genomic regions of the dromedary AVP and OXT genes  

§ To study the homology of AVP and OXT genes and their encoded products 

between dromedary camel and other desert/non desert species 

§ To compare functional motifs in the proximal promoters of AVP and OXT genes 

in different species 

 

2.3 Materials and Methods  
2.3.1 Animals 

Samples used in this study were collected from nineteen male dromedary camels aged 

4-5 years old, and with a body weight range of 276~416 kg. Body weights for all groups 

were calculated at baseline date and every five days thereafter using the formula, live 

weight (kg) = Shoulder height x chest girth x hump girth x 50 (Köhler-Rollefson et al., 

2001) as previously reported (Ali et al., 2019; Ali et al., 2020). The camels were 

supplied with alfalfa hay as feed and were ranch-housed outside Al Ain, United Arab 

Emirates during the hot months (April and May) of 2016, under careful veterinary 

supervision. Animals were housed outdoors at ambient temperature. After a short 

adaptive phase, the camels were divided into a control group (n=5), a DH group (n=8), 

and a RH group (n=6). The control group had free access to food and water throughout 

the experimental period. The DH group was supplied with food ad libitum but without 

access to water for 20 days. The RH group was dehydrated for 20 days followed by an 

unlimited water supply for 3 days. After the experiment, the camels were sacrificed in 

a local central abattoir for human consumption. Kidney samples were harvested, 

frozen on dry ice and shipped frozen on dry ice to the University of Bristol under the 

auspices of a DEFRA Import Licence (TARP/2016/063) and stored at -80 °C. This study 

was approved by the Animal Ethics Committee of the United Arab Emirates University 
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(approval ID: AE/15/38) and the University of Bristol Animal Welfare and Ethical 

Review Board.  

 

2.3.2 Genomic DNA sequencing 

To clone the dromedary AVP and OXT genes, genomic DNA was extracted from control 

camel kidney samples using the DNeasy Blood & Tissue Kit (QIAGEN, 69504), then 

amplified by PCR (primer sequences available in Table 2.1) using the Phusion High-

Fidelity Master Mix with GC Buffer (Thermo Fisher Scientific, F532L), extracted from 

the gel using the QIAquick Gel Extraction Kit (QIAGEN, 28704, 28706, 28506 and 

28115), A-tailed and ligated into the pGEM®-T Easy Vector Systems (Promega, A1360), 

and transformed into DH5-alpha competent cells (Thermo Fisher Scientific, 18265017), 

following the manufacturers’ instructions. Vectors harbouring the inserts of interest 

were harvested using PureYieldTM Plasmid Miniprep System Kit (Promega, A1222) and 

sequenced by Eurofins Genomics using the Sanger dideoxy sequencing method. In 

order to predict gene features (i.e. exons, introns, etc.), the obtained sequences were 

aligned to the published Camelus ferus AVP (NCBI: XM_032461957.1), Camelus 

dromedarius OXT (NCBI: MF464533.1) genes, and the corresponding sequences 

retrieved from a dromedary reference genome Camdro2 using the Align Sequences 

Nucleotide BLAST online tool. The sequenced dromedary genes with predicted 

structural features were deposited in GenBank (AVP accession number: OM963135, 

OXT accession number: OM963134).   

Table 2.1: PCR primers for the cloning of dromedary AVP and OXT genomic sequences.   

Gene Region 
covered 

Reference genome 
accessions (NCBI) 

5’ to 3’ probe sequence  
(F: forward, R: reverse) 

Product 
size (bp) 

AVP Regulatory ASM164081v1 
(GCA_001640815.1) 

F: CTGCTCCACAACTCCGCGTATCAGG 
R: CTCCCCGTGGGCAGTTCTGGAAGTA 1908 

AVP exons and 
introns 

ASM164081v1 
(GCA_001640815.1) 

F: CTGCTTCCTCAGCCTGCTGGCCTTC 
R: 
AGCTGCACCAGCCGTAGCAGCAAGG 

1900 

OXT 
Regulatory, 
exons and 
introns 

Camdro2 
(GCA_000803125.2)  

F: TTTCGTTTGGAGATACCGTACA 
R: TGGCAGACCCTTATCTCGGT 2053 
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2.3.3 Phylogenetic analysis 

Sequences of AVP and OXT genes from different species (sequences available in 

Appendix A, references gene sequences/genome assemblies are catalogued in Table 

2.2) were aligned by inbuilt MUSCLE (Multiple Sequence Comparison by Log-

Expectation) method (Edgar, 2004) in software MEGA X (version 10.2.4) (Kumar et al., 

2018), and the phylogenies of the genes between dromedary camel and other species 

were analysed by the inbuilt Maximum Likelihood (ML) method and Tamura-Nei 

model (Tamura and Nei, 1993) of the same software. During the ML tree inference 

analysis, the tree topology and branch lengths that maximize the likelihood of the data 

given to the Tamura-Nei model was selected. The resulting branch lengths represent 

the expected number of base substitutions per site along each branch of the tree. 

Sequences of encoded products by AVP and OXT genes from different species were 

predicted by the ‘translation’ function of software ApE (A Plasmid Editor, version 3.1.0) 

(Davis and Jorgensen, 2022) based on the coding sequences (CDSs) of the genes (Table 

2.2). The sequences of AVP and OXT preprohormones were aligned and studied for 

phylogeny using the ML methods and JTT matrix-based model (Jones et al., 1992).  

Table 2.2: Sources of AVP and OXT genes in different species. 

Sequences and structural information of the genes were derived from NCBI Nucleotide, Gene 
and Assembly databases (NCBI Resource Coordinators, 2018).  

Species AVP OXT 

Camelus 
dromedarius 

OM963135 
GCF_000803125.2 
GCA_001640815.1 

OM963134 
GCA_000803125.2 
MF464533.1 

Camelus bactrianus GCA_935104035.1 MF464532.1 

Camelus ferus 
GCF_009834535.1 
XM_032461957.1 

GCF_009834535.1 
XM_032461171.1 

Vicugna vicugna  GCA_013265495.1 GCA_013265495.1 

Vicugna pacos 
GCF_000164845.5 
XM_031674975.1 

GCF_000164845.5 
MF464535.1 

Lama guanicoe GCA_013239625.1 GCA_013239625.1 

Lama glama GCA_013239585.1 
GCA_013239585.1 
MF464534.1 

Procavia capensis 
PVIO010020694.1 
GCA_004026925.2 

GCA_004026925.2 

Homo sapiens GCF_000001405.39 GCF_000001405.39 
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Genbank: M25647.1 
NM_000490.5 

NM_000915.4 

Nannospalax galili GCF_000622305.1 GCF_000622305.1 

Rattus norvegicus 

GCF_015227675.2 
Genbank: 
AF112362.1 
NM_016992.2 

GCF_015227675.2 
NM_012996.3 

Mus musculus 
GCF_000001635.27 
GenBank: M88354.1 
NM_009732.2 

GCF_000001635.27 
NM_011025.4 

 

2.4 Results  
2.4.1 Structures of dromedary AVP and OXT genes 

Schematic diagrams of the dromedary AVP and OXT genes are shown in Figure 2.1a. 

Similar structures are shared by the two genes, both containing three exons and two 

introns. In the dromedary camel, the two genes are linked together following a tail-

to-tail orientation with an intergenic sequence of approximately 11.28 kbp. They are 

transcribed from opposite DNA strands, strongly suggesting that these two 

structurally similar genes were derived from a common ancestor, where both gene 

duplication and inversion events were required. The same gene structures, 

orientations, and the relative locations of the dromedary AVP and OXT are found in 

other species such as human (Yoshida, 2008), rat (Ivell and Richter, 1986) and mouse 

(Hara et al., 1990). 

               

2.4.2 Interspecific comparison of AVP and OXT genes and 

their encoded products  

2.4.2.1 Phylogenetic analysis 

Phylogenetic trees were built to compare genomic sequences [from 5’ to 3’: 350 bp 

upstream (proximal promoter region) of the start codon to 100 bp downstream of the 

3’-end of exon3] of AVP (Figure 2.1b) and OXT (Figure 2.1c) genes between different 

species: the desert mammals including the Camelini and rock hyrax, the Lamini that 

are adapted to xeric cold-temperate environments (Marin et al., 2013), the mesic 
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rodent UGMBMR, and temperate species (also model organisms) including mouse, rat, 

and human. Sequences of the preprohormones encoded by the two genes were also 

compared across species (Figure 2.2-2.3). Very low divergence was observed for the 

AVP and OXT genes and their encoded products among the Camelids (Figure 2.1-2.3), 

suggesting strict conservations between closely related camel species. No divergences 

were found for the OXT genes between alpaca and llama (Figure 2.3, Appendix A). 

Genomic sequences of the two genes are more divergent in other species compared 

to the Camelids. In general, the dromedary AVP and OXT genomic sequences are 

closely related to that of two-humped camels, then with Lamini, human/rock hyrax, 

and the rodents (UGMBMR, rat, and mouse), following a “close-to-far” order in terms 

of the genetic relationship (Figure 2.1b-c). Similar patterns are also observed in the 

regulatory regions and CDSs of AVP and OXT genes, and the AVP precursors, whereas 

the rodent OXT precursors are more closely related to the Camelids compared to 

human and rock hyrax (Supplementary Figure S2.1-2.4, Figure 2.2-2.3).  

 

2.4.2.2 Structure of the dromedary AVP and OXT preprohormones 

The precursor hormones encoded by dromedary AVP and OXT genes resemble each 

other in structure (Figure 2.2-2.3). From N- to C- terminal, the AVP preprohormone 

contains a signal peptide, a nonapeptide hormone, a 3-amino acid spacer “GKR” 

(highlighted by yellow box), a carrier protein known as neurophysin, a monobasic site 

“R” (highlighted by yellow box) and a glycoprotein named copeptin (Qureshi et al., 

2014). The OXT preprohormone has almost the same composition but lacks a 

glycoprotein. The “GKR” spacer in AVP and OXT preprohormones, and the monobasic 

site “R” in the AVP preprohormone, are known to be cleavage sites (Lin et al., 2020; 

Hardiman et al., 2005; Qureshi et al., 2014) for post-translational processing and are 

completely conserved across the species studied. Copeptin of the AVP precursor 

contains a single N-linked glycosylation site (Balanescu et al., 2011) at an asparagine 

residue (“N” highlighted by yellow box) that is also conserved across species. The OXT 

precursor is not glycosylated (Gainer, 1983). Compared to the dromedary AVP gene, 

there is an extra 12 bp sequence flanking the 5’ end of the AVP CDS in mouse and rat 

(Supplementary Figure S2.1), encoding 4 more amino acids at the N-terminus of the 



60 
 

AVP preprohormone (Figure 2.2). This pattern is not observed in the OXT 

preprohormones.  

 
Figure 2.1: Schematic diagram and phylogeny of AVP and OXT genes.  

a Schematic diagram of AVP and OXT genes in dromedary camel. b-c Maximum Likelihood 
trees of genomic sequence of AVP (b) and OXT (c) genes across species. The nucleotide 
sequences and structural predictions of the two genes in each species are shown in Appendix 
A. AVP genes of Lama glama and Vicugna pacos are not included for comparison in (b) 
because the full sequences are not available. The evolutionary trees were generated using the 
Maximum Likelihood method and Tamura-Nei model. The trees with the highest log likelihood 
are shown. The evolutionary distances between species are represented by the number 
labelled on each branch (branch length). The trees were drawn to scale with branch lengths 
measured in the number of substitutions per site. Larger branch length represents more 
divergence. All trees were rooted with Homo sapiens.    
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Figure 2.2: Phylogeny of AVP preprohormones. 
Maximum Likelihood trees and alignment of the amino acid sequences of AVP 
preprohormones across species. Schematic diagram of AVP preprohormones are denoted 
underneath the alignments. In alignments, regions that are completely conserved across 
species are toggled together with white colour, for those not, with black colour; predicted 
post-translational sites are highlighted by yellow boxes; predicted disulfide bonds are marked 
by green semi-frames; a cysteine (C) substituted by leucine (L) at position 105 (a putative 
disulfide bond forming site in the dromedary camel) in the Vicugna vicugna AVP 
preprohormone is highlighted by a blue box. The AVP preprohormone of Lama glama is not 
included for comparison because the full sequence is not available. The AVP preprohormone 
of Lama guanicoe is not included for comparison because the 3’-end of its exon2 is not aligned 
with other Lamini, which could be due to mutation, or errors in reference genome assembly. 
The evolutionary tree was generated using the Maximum Likelihood method and JTT matrix-
based model. The tree with the highest log likelihood is shown. The evolutionary distances 
between species are represented by the number labelled on each branch (branch length). The 
tree was drawn to scale with branch lengths measured in the number of substitutions per site. 
Larger branch length represents more divergence. The tree was rooted with Homo sapiens. 
 
        All AVP/OXT related peptides have a very similar primary structure, which 

features a cyclic nonapeptide with one disulfide bond and a glycylamide C-terminal 

residue (Hoyle, 1998). The formation of cyclic hexapeptide ring structure is based on 

the disulfide bond between the cysteines residues 1 and 6 of the nonapeptide 

hormone (Möller and Marí, 2007), which could also exist in the dromedaries, as 

predicted according to the sequences of the highly conserved (identical across all 

species compared in this study) AVP and OXT nonapeptide hormones that contain two 

cysteines at the same locations (marked by green semi-frames in Figure 2.2-2.3). In 

addition, I predicted seven more disulfide bond forming sites according to previous 

studies of bovine neurophysin II (Schlesinger et al., 1972) and AVP/OXT in several 

arthropods including a model species water flea (Daphnia pulex) (Lin et al., 2020). The 

predicted disulfide bond forming sites in both genes are conserved across all species 

studied here, with only one exception being a putative disulfide bond site in the vicuna 

AVP precursor where the cysteine residue is substituted by a leucine (labelled by blue 

box in Figure 2.2). 
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Figure 2.3: Phylogeny of OXT preprohormones. 
Maximum Likelihood trees and alignment of the amino acid sequences of OXT 
preprohormones across species. Schematic diagram of OXT preprohormones are denoted 
underneath the alignments. In alignments, regions that are completely conserved across 
species are toggled together with white colour, for those not, with black colour; predicted 
post-translational sites are highlighted by yellow boxes; predicted disulfide bonds are marked 
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by green semi-frames. The evolutionary tree was generated using the Maximum Likelihood 
method and JTT matrix-based model. The tree with the highest log likelihood is shown. The 
evolutionary distances between species are represented by the number labelled on each 
branch (branch length). The tree was drawn to scale with branch lengths measured in the 
number of substitutions per site. Larger branch length represents more divergence. The tree 
was rooted with Homo sapiens. 
 
 
2.4.2.3 Regulatory motifs of the dromedary AVP and OXT genes               

The proximal regulatory regions of the dromedary AVP and OXT genes 

(Supplementary Figure S2.3-4) are homologous to their orthologs in the Bactrian and 

wild camels. Both genes in the Camelini are highly homologous to that of the Lamini, 

in contrast to the higher divergences revealed compared to other species. Apart from 

the Camelid species, the regulatory region of AVP in dromedaries are more 

homologous to human, whilst that of OXT is more homologous to rock hyrax for the 

comparisons performed. The regulatory regions of AVP and OXT genes in the three 

non-desert rodents (mouse, rat, and UGMBMR) are more distinctly related to that of 

the dromedaries.  

        By comparing AVP and OXT regulatory regions across species (Supplementary 

Figure S2.3-4), many highly conserved regions were found, which could be the 

locations of functional regulatory motifs that play important roles in regulating gene 

expression. It is well-known that the core promoter of a gene is the minimal DNA 

sequence adjacent to the transcription start site (TSS) that is effective to direct 

accurate transcription initiation at basal levels by the RNA polymerase transcription 

machinery (Roeder, 1996). The TATA box (with “TATAAA” as the most common 

sequence) is a functional motif located in the core promoter. It can be bound with the 

TATA-binding protein and other transcription factors to recruit RNA polymerase. As a 

noncanonical form of the TATA box, CATA boxes (with “CATAAA” as the representative 

sequence) were discovered in many eukaryotic genes including AVP and OXT (Richter, 

1988). We hence predict that the “CATAAA” regions located 77 bp upstream the start 

codon in dromedary AVP (Supplementary Figure S2.3), and 64 bp in dromedary OXT 

(Supplementary Figure S2.4), with perfect matches in other species (with one 

exception: the “AATA” box in the rock hyrax OXT), are the CATA boxes of the AVP and 

OXT genes in dromedary camel, respectively.  



65 
 

        Other regulatory motifs in the dromedary AVP were predicted based on previous 

studies on rat, human, mouse, and cattle (Greenwood et al., 2014; Greenwood et al., 

2016; Coulson et al., 1999). Those for the dromedary OXT were based on a study on 

the Camelids (Pauciullo et al., 2018). The dromedary AVP is predicted to contain two 

CAAT boxes, a CRE1 element, a CRE2 element (CREB3L1 binding site), three E boxes 

(including a canonical “CACGTC” E box), a G box (CREB3L1 binding site), three AP 

binding sites, and 10 CpG methylation sites upstream of the CATA box (Figure 2.4a, 

Supplementary Figure S2.3). The OXT gene is predicted to contain three SP1 binding 

sites, a NF1 binding site, a CHRE binding site, four ERE half motifs (two located in the 

CHRE binding site), and 26 CpG methylation sites upstream the CATA box (Figure 2.4b, 

Supplementary Figure S2.4). All predicted motifs are mostly conserved in Camelids. 

Two E boxes, an AP1 site and an AP2 site in AVP, and three ERE half motifs in OXT are 

completely conserved. Only one predicted CpG site in the dromedary AVP is conserved 

across all species, suggesting the variability and potentially large evolutionary 

divergence in the CpG sites in AVP and OXT. Compared to the two CREB3L1 binding 

sites (the CRE2 element and the G box) in rat AVP gene, the putative 12-nucleotide G 

box in dromedary camel has a point mutation at residue 10 (rat: “GCCCACGTGTGT”, 

dromedary camel: “GCCCACGTGCGT”), and the putative CRE2 motif exhibit a mutation 

at residue 5 (rat: “TGACAGCT”, dromedary camel: “TGACGACT”), each introducing a 

new potential CpG site to the dromedary AVP for potential gene regulation 

(Supplementary Figure S2.3). In the dromedary OXT gene, one of the main regulatory 

elements CHRE is conserved among Camelids, human and rat. No authentic 

palindromic ERE element (GGTCANNNTGACC) were identified in the OXT of 

dromedaries and other species (Supplementary Figure S2.4). The predicted intron 

splicing sites “GT…AG” of the dromedary AVP and OXT genes are completely 

conserved across almost all species. Notably, the splicing sites of AVP intron 2 in vicuna 

and guanaco are “GC…AG”, which is known as one of the major non-canonical splice 

site combinations (Frey and Pucket, 2020) (Supplementary Figure S2.5-6).  
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Figure 2.4: Proximal regulatory regions of the dromedary AVP and OXT genes.  

Transcriptional factor binding sites/motifs (highlighted by grey or boxes) and CpG sites 
(denoted as red text) are predicted within the 350 bp regulatory regions upstream of the start 
codon of AVP (a) and OXT (b) genes. CAAT: CAAT box; CRE: cAMP response element; G/E-box: 
G-box or enhancer box; AP1: activator protein 1 binding site; AP2: activator protein 2 binding 
site; SP1: transcription factor SP1 binding site; NF1: nuclear factor 1 binding site; CHRE: 
carbohydrate response element-binding protein; ERE: estrogen-responsive element motif 
(only two ERE half sites are found here), CG: CpG (cytosine-phosphate-guanine) site.  
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2.5 Discussion 
Neuroendocrine mechanisms enabling water equilibration are evolutionarily 

conserved. AVP and OXT originated early in the evolutionary pathways and are 

present in all vertebrate lineages as a conserved system for hydromineral 

conservation (Mecawi et al., 2015). In support of this, this study has confirmed that 

dromedary AVP and OXT genes are highly conserved regarding the gene structures 

and the sequences of their CDSs, certain regulatory elements, and encoded products. 

        The chromosomal locations of the two genes are as follows - dromedary camel: 

chromosome 19; human: chromosome 20; cattle: chromosome 13; rat: chromosome 

3; mouse: chromosome 2. In all cases, the two genes are orientated in a tail-to-tail 

manner (Ivell and Richter, 1984; Yoshida, 2008; NCBI Resource Cooridnators, 2018). It 

can be concluded from the phylogenetic analyses that the two genes and their 

encoded preprohormones are highly conserved among Camelids regardless of the 

long-distance migration across continents and long histories of domestications during 

their speciation/evolution (Burger et al., 2019). This attaches further importance to 

the roles of AVP and OXT in the adaptations of camels to different habitats. Apart from 

other Camelids, the genomic sequences, CDS, regulatory region and the encoded 

product of AVP gene, as well as the OXT CDS in the temperate species human are more 

homologous to that of the dromedary camel. These sequences in the desert mammal 

rock hyrax are the second most homologous compared to the dromedaries. UGMBMR, 

the mesic species originated from a semi-desert relative, has the closest relationship 

to the Camelids regarding all sequences studied compared to the other two temperate 

rodent species (rat and mouse) except the regulatory regions of AVP and OXT. 

Differently, the Camelid OXT preprohormones are homologous to rat, mouse, 

UGMBMR, human and hyrax, following a “close-to-far” order. Among the species 

studied, the hypothesis that the AVP and OXT genes and their encoded products are 

more homologous among desert species was not observed. Taken together, the 

homogeneity of these sequences between the camels and other species could be 

result from a combination of both evolutionary relationship and the similar 

environmental stress. Evolutionary relationships are important factors especially for 

the Camelini and Lamini that belong to the same family and share a common ancestor. 
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However, it is also possible that the similar selective pressures associated with aridity 

may have favoured similar genetic features of AVP and OXT across different 

desert/xeric species (Bijlsma and Loeschcke, 2005). 

        Some genetic divergences are regarded as synonymous mutation where the base 

substitution in the exon of a protein coding gene may result in no change in the 

produced amino acid sequence due to the degeneracy of codons (Chamary et al., 

2006). Such mutations may have occurred in the AVP and OXT genes. By collectively 

comparing the gene and protein sequences across species, some synonymous 

substitution sites were observed in the CDSs that encode highly conserved amino acid 

blocks including the AVP and OXT nonapeptide hormones, the “GKR” spacer in AVP 

precursor, and the central evolutionarily conserved region of neurophysins (Figure 

2.2-2.3, Supplementary Figure S2.1-2). This may contribute to structural conservation, 

and potentially the functional conservation, of the two hormones in different lineages. 

Despite the perception in earlier studies that synonymous mutations are “silent”, 

there is evidence showing that this type of mutation causes changes in the expression, 

conformation and function of protein (Sauna and Kimchi-Sarfaty, 2011). Codon usage 

bias in relation to synonymous codons found in many organisms suggests that even 

the synonymous codons are under evolutionary pressure (Chamary et al., 2006; 

Plotkin and Kudla, 2011). Synonymous mutations can lead to aberrant mRNA splicing 

(Cartegni et al., 2002), altered mRNA stability (Nackley et al., 2006), and thus affect 

the production and function of proteins. Therefore, it is also possible that the 

synonymous SNPs (single-nucleotide polymorphisms) occurred in AVP and OXT genes 

have effects on the expression, conformation, and function of the encoded 

preprohormones.    

        As established by others (Qureshi et al., 2014; Ando et al., 1988), the AVP 

preprohormone undergoes a series of post-translational processing. After the 

cleavage of the signal peptide and the glycosylation of copeptin, the N terminus of 

AVP fits into a binding pocket on neurophysin II. The remaining precursor folds, 

dimerizes, and forms multiple intrachain disulfide bonds. This protein is subsequently 

exported from the Golgi apparatus and moves along the neurohypophysial axons in 

neurosecretory vesicles, meanwhile the separated AVP prohormone, neurophysin II 

and copeptin are yielded by dipeptidases. Subsequently, the AVP prohormone binds 
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to its carrier protein neurophysin II whose binding pocket assists further folding of AVP 

and protects AVP from proteolytic cleavage during the transportation of AVP via the 

supraoptic hypophysial tract to the axon terminals of SON MCNs (Qureshi et al., 2014). 

OXT preprohormone follows almost the same process but involves the participance of 

a different carrier protein (neurophysin I for OXT), enzymes, and no copeptin (Ando et 

al., 1988).  

        In this study, the homology of the N-linked glycosylation site in AVP copeptin, the 

predicted disulfide bond formation sites in the AVP/OXT hormones and the 

neurophysins, and the cleavage sites of AVP/OXT precursors reinforces that post-

translational processing is likely conserved in the dromedary camel. The N-linked 

glycosylation site, albeit not described before for its function, might be important in 

assisting the refolding of misfolded AVP prohormone (Qureshi et al., 2014; Barat et al., 

2004). The main function of the disulfide bonds in AVP and OXT nonapeptide 

hormones is to form and keep the cyclic conformations that enable the noncovalent 

interaction with their receptors (Rabenstein and Yeo, 1994). Moreover, the seven 

predicted putative disulfide bonds in the dromedary neurophysin II, as previously 

identified in the cow, may contribute to the formation of a highly specific topography 

(a globular topography with minimal alpha-helix structure) to facilitate the AVP 

hormone-carrying function by reducing the number of biofunctional conformers of 

neurophysin II (Schlesinger et al., 1972). The transportation of the dromedary OXT 

likely benefits in a same way as disulfide bond features are shared by dromedary 

neurophysin I and II.  

        Two “ATG” start codons (“AUG” in mRNA) are observed at the 5’ end of AVP CDS 

in the dromedaries and other species except rock hyrax. By comparing the AVP CDSs 

and their encoded products, the translation start site of AVP in these species was 

determined to be the first “AUG” codon (closer to 5’ end) to give rise to a fully 

functional protein. Translation from the second “AUG” codon could generate a 

truncated protein yielding a shorter signal peptide. It is common to have multiple start 

codons in an mRNA sequence. Normally, the ribosomal scanning mechanism allows 

the “AUG” codon located with most proximity to the 5’ end to be accessed by the 

translation machinery, since the specific motifs and structures of the mRNA sequence 

must be integrated correctly into the translation machinery to initiate the translation 
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process (Antúnez de Mayolo et al., 2006). However, mutations in the normal start 

codon might activate initiation from the downstream “AUG” codon. In this case, the 

encoded shorter signal peptide of AVP would not be recognized by the signal 

peptidase (Beuret et al., 1999), the resulting uncleaved AVP precursor folds incorrectly, 

fails the subsequent processing steps, and eventually causes AVP retention in the 

endoplasmic reticulum. The hydromineral regulation is hence disrupted, leading to a 

disease known as diabetes insipidus in human (Beuret et al., 1999). Same as in humans, 

the feature of having two “AUG” codons in the AVP CDSs of camels, UGMBMR, rat and 

mouse demonstrates a conserved genetic risk in these organisms to suffer from such 

a genetic disorder caused by mutations in the upstream “AUG” codon. 

        In contrast to the conserved CDSs, the regulatory regions and the introns of the 

dromedary AVP and OXT are more divergent compared to other species. Some 

regulatory motifs (E box enhancers and AP1/AP2 binding sites in AVP, ERE half sites in 

OXT, and CATA boxes in both genes) and intron splicing sites are highly conserved, 

whereas the predicted CpG sites are not. DNA methylation at CpG residues can inhibit 

transcription factor interactions with DNA. This is regarded as an epigenetic regulation 

of gene transcription and typically inhibits transcription. The CpG sites in the core 

promoter region of the rat AVP form a CpG island (Greenwood et al., 2016) that is 

defined as a ~200 bp DNA region with a GC content > 50% and an observed CpG versus 

expected CpG ratio ≥ 0.6 (Gardiner-Garden and Frommer, 1987). A study in rats 

(Greenwood et al., 2016) revealed a strong negative correlation between the AVP 

promoter methylation level and AVP hnRNA abundance in the rat SON. 

Hypermethylation of the proximal AVP promoter is induced by water deprivation in 

the SONs of water-deprived rats. The disturbance of normal DNA methylations and 

induced mutation in individual CpG site in the AVP promoter in vitro resulted in altered 

levels of AVP biosynthesis (Greenwood et al., 2016). Taken together, it is speculated 

that putative CpG sites in the dromedary AVP proximal promoter could form a CpG 

island that regulates AVP transcription to coordinate the plastic change of the SON in 

response to aridity.  

        CREB3L1 is a transcription factor of the AVP gene. It interacts with CRE2 and G 

box elements located in the proximal promoter region of AVP. The two CREB3L1 

binding motifs (CRE2 and G box) in dromedary AVP are slightly different with a single 
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nucleotide mutation in both, introducing one new CpG site to each motif compared 

to the rat. The CRE1 motif in the rat AVP was identified to be methylated at this CpG 

site to inhibit CREB-mediated transcription (Greenwood et al., 2016), while the 

dromedary AVP CRE1 motif contains no CpG sites. Future studies to determine the 

methylation status of unique CpG features in the CRE2 and G box in the dromedary 

AVP promoter is necessary. 

        Interestingly, more CpG sites were observed in the proximal promoter of the 

dromedary OXT than AVP (26 in OXT, 10 in AVP), suggesting a higher potential for OXT 

transcription to be instructed by DNA methylation. In the proximal promoter of the 

OXT gene, multiple CpG sites (unique to camels) were found to locate in or flanking 

the regulatory elements including three SP1 sites, one CHRE site, two ERE half site. 

Methylation of these CpG sites may hinder interactions between the SP1 motifs and 

the SP1 transcription factor, the CHRE site and carbohydrate response element-

binding protein, as well as the ERE half sites and estrogen. As previously reported in 

the rat, the ERE half sites sit within the CHRE element of the dromedary OXT promoter 

may act synergistically with the full CHRE site located further upstream to promote 

OXT expression (Pauciullo et al., 2018).  

 

2.6 Conclusions               
In summary, some highly conserved motifs, as well as highly divergent regulatory 

motifs of AVP and OXT genes that are unique to camels are discovered in this study. 

The homogeneity of AVP and OXT and their encoded products among the species 

studies here could be due to both the evolutionary relationships and the similar 

environmental challenge (aridity) that may have shaped their genetic structures.  

Whether the synonymous mutations occurring in AVP and OXT genes have an effect 

on the fitness of this system to life in the desert remains unknown. Many putative CpG 

sites are located in other functional motifs such as CRE2, G box, SP1, CHRE, ERE half 

sites. Whether the methylation of these sites can be induced by osmotic challenge, or 

if methylation alters AVP/OXT promoter activities will be interesting to investigate in 

future studies. These understandings are important for evaluating the possibility of 

evolutionary rescue of species currently challenged by increased desertification, 
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especially the extremely endangered wild camels. Future studies will focus on the 

prediction of regulatory elements located in the intergenic sequences between the 

dromedary AVP and OXT genes.  
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Supplementary Figure S2.1: Interspecific comparison of AVP coding sequence.  

Maximum Likelihood trees and alignment of the CDSs (from start codon to stop codon) of AVP 
gene in different species. The nucleotide sequences and structural prediction of the AVP genes 
in each species are available in Appendix A. Schematic diagram of the corresponding AVP 
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preprohormone are denoted underneath the alignments. In alignments, regions that are 
completely conserved across species are toggled together with white colour, for those not, 
with black colour; sequences encoding the predicted post-translational sites are highlighted 
by yellow boxes. The AVP CDS of Lama glama is not included for comparison because the full 
sequence is not available. The AVP CDS of Lama guanicoe is not included for comparison 
because the 3’-end of its exon2 is not aligned with other Lamini, which could be due to 
mutation, or errors in reference genome assembly. The evolutionary tree was generated using 
the Maximum Likelihood method and Tamura-Nei model. The tree with the highest log 
likelihood is shown. The evolutionary distances between species are represented by the 
number labelled on each branch (branch length). The tree was drawn to scale with branch 
lengths measured in the number of substitutions per site. Larger branch length represents 
more divergence. The tree was rooted with Homo sapiens. 
 

 

 

 

 

 

 

 



76 
 

 



77 
 

Supplementary Figure S2.2: Interspecific comparison of OXT coding sequence.  

Maximum Likelihood trees and alignment of the CDSs (from start codon to stop codon) of OXT 
gene in different species. The nucleotide sequences and structural prediction of the OXT genes 
in each species are available in Appendix A. Schematic diagram of the corresponding OXT 
preprohormone are denoted underneath the alignments. In alignments, regions that are 
completely conserved across species are toggled together with white colour, for those not, 
with black colour; sequences encoding the predicted post-translational sites are highlighted 
by yellow boxes. The evolutionary tree was generated using the Maximum Likelihood method 
and Tamura-Nei model. The tree with the highest log likelihood is shown. The evolutionary 
distances between species are represented by the number labelled on each branch (branch 
length). The tree was drawn to scale with branch lengths measured in the number of 
substitutions per site. Larger branch length represents more divergence. The tree was rooted 
with Homo sapiens. 
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Supplementary Figure S2.3: Interspecific comparison of AVP regulatory region.  

Maximum Likelihood trees and alignment of the regulatory region (350 bp upstream of the 
start codon) of AVP gene in different species. The nucleotide sequences and structural 
prediction of the AVP genes in each species are available in Appendix A. Schematic diagrams 
of the corresponding functional motifs (coloured boxes) and CpG sites (red letters) in the 
dromedary AVP are denoted underneath the alignments. In alignments, regions that are 
completely conserved across species are toggled together with white colour, for those not, 
with black colour. The evolutionary tree was generated using the Maximum Likelihood 
method and Tamura-Nei model. The tree with the highest log likelihood is shown. The 
evolutionary distances between species are represented by the number labelled on each 
branch (branch length). The tree was drawn to scale with branch lengths measured in the 
number of substitutions per site. Larger branch length represents more divergence. The tree 
was rooted with Homo sapiens. 
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Supplementary Figure S2.4: Interspecific comparison of OXT regulatory region.  

Maximum Likelihood trees and alignment of the regulatory region (350 bp upstream of the 
start codon) of OXT gene in different species. The nucleotide sequences and structural 
prediction of the OXT genes in each species are available in Appendix A. Schematic diagrams 
of the corresponding functional motifs (coloured boxes) and CpG sites (red letters) in the 
dromedary OXT are denoted underneath the alignments. In alignments, regions that are 
completely conserved across species are toggled together with white colour, for those not, 
with black colour. The evolutionary tree was generated using the Maximum Likelihood 
method and Tamura-Nei model. The tree with the highest log likelihood is shown. The 
evolutionary distances between species are represented by the number labelled on each 
branch (branch length). The tree was drawn to scale with branch lengths measured in the 
number of substitutions per site. Larger branch length represents more divergence. The tree 
was rooted with Homo sapiens. 
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Supplementary Figure S2.5: Interspecific comparison of the splicing sites of AVP introns.  

The intron 1 (a) and intron 2 (b) of AVP genes as well as ~10 bp flanking the introns are 
compared across species. To aid visualization, sequences proximal to the 5’ and 3’ ends of the 
introns are shown in the figures, the middle part of introns are omitted (marked as “-//-”). 
Sequences were aligned using the MUSCLE method. In alignments, regions that are 
completely conserved across species are toggled together with white colour, for those not, 
with black colour; predicted splicing sites of introns are highlighted by yellow boxes. 
Schematic diagrams of the AVP exons (grey box) and introns (straight lines) are denoted 
underneath the alignments. In (b), part of the 5’-end of the AVP intron 2 is not available 
(represented by “N”s). 
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Supplementary Figure S2.6: Interspecific comparison of the splicing sites of OXT introns. 

The intron 1 (a) and intron 2 (b) of OXT genes as well as ~10 bp flanking the introns are 
compared across species. To aid visualization, sequences proximal to the 5’ and 3’ ends of the 
introns are shown in the figures, the middle part of introns are omitted (marked as “-//-”). 
Sequences were aligned using the MUSCLE method. In alignments, regions that are 
completely conserved across species are toggled together with white colour, for those not, 
with black colour; predicted splicing sites of introns are highlighted by yellow boxes. 
Schematic diagrams of the OXT exons (grey box) and introns (straight lines) are denoted 
underneath the alignments.  
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Chapter 3  

 

Mapping of the Camel SON 
3.1 Introduction 
3.1.1 Brain mapping 

Brain mapping stands for a set of neuroscience visualization techniques predicated on 

the mapping of biological properties/quantities onto a spatial representation of brain 

structures. It requires piecing together large numbers of histological observations of 

multiple tissue samples (Maric et al., 2021). Brain mapping attempts to relate the 

brain structure to its function and provides solid understanding of the anatomy of the 

brain. It takes many different forms that can be generally categorized as either 

structural or functional by their nature (Cheney, 2002). Structural mapping 

demonstrates the anatomical connectivity patterns linking the brain substructures 

together. Differently, functional mapping is the spatial representation within the brain 

of natural cues such as the location of the expression of biomarkers in the visual field, 

which usually involves the examination of the organization within a particular brain 

region (Kriegeskorte et al., 2006). Approaches enabling the combination of structural 

and functional mapping will allow more refined analyses on the depth and 

complexities of this vital organ, especially on the functionally specialized regions and 

topographically organized areas, such as the hypothalamus.  

 

3.1.2 Innovative brain mapping techniques 

MCNs expressing AVP and OXT are the predominant neuronal phenotypes present in 

the SON. They are characterized by their robust and selective expression of either the 

AVP or OXT genes (Humerick et al., 2013). AVP and OXT are commonly used 

biomarkers for the AVP and OXT neuronal population including the SON MCNs 

(Soumier et al., 2022). Since the current study aimed to investigate the transcriptomic 

change of the camel SON in response to osmotic challenges, the expression of the 



87 
 

mRNAs of AVP and OXT were used to map SON. To achieve this, an innovative 

technique, RNAscope (RNA in situ hybridization), was applied to detect the AVP and 

OXT transcripts in a transient time frame with a high degree of accuracy (Atout, 

Shurrab and Loveridge, 2022). The cloning and sequencing of the dromedary AVP and 

OXT genes, as described in Chapter 2, enabled the design and preparation of the AVP 

and OXT probes with high sensitivity and specificity. This technique also allows the 

detection of multiple genes (up to three) simultaneously within the same tissue 

section (Atout, Shurrab and Loveridge, 2022), which in turn allows for different cell 

populations, such as the AVP MCNs and OXT MCNs, to be distinguishable from each 

other.  

        Another challenge is to extend the SON mapping analysis from two-dimensional 

images to three-dimensional volumes. Recent technical advancements in 

computational methods paved the way. The trakEM2 plugin (Cardona et al., 2012), 

the Hyperstack function and the 3Dscript plugin (Schmid et al., 2019) in ImageJ 

(version 1.51r) (Schneider et al., 2012) allowed the accurate alignment of image stacks, 

the extending of images stacks to multiple dimensions (width, height, slices, and 

channels or wavelength), and the construction of 3D rendered animation using the 

stacked images, respectively.  

 

3.1.3 Previous mapping of the dromedary camel SON 

Maps of the dromedary camel hypothalamus from currently available literature were 

employed as valuable references for the identification of SON in the present study. 

The hypothalamus and PP of the dromedary camel was mapped in sagittal sections 

(Figure 3.1) by immunostaining of AVP and OXT in a previous study (el May et al., 

1987). The volume of the camel hypothalamus was found to be large. The 3V extended 

deep into the pituitary stalk. The anterior and the intermediate lobes of the pituitary 

are close to the long median eminence (Figure 3.1). The AVP- and OXT- 

immunoreactive cells were observed in the SCN, SON, PVN, and in some clusters 

between these nuclei around a blood vessel bed. In camel SON, the immunoreactive 

cell bodies were usually large and bipolar. The camel SON is less extensive compared 

to the PVN. The rostral part of SON was anterior to the OX, whilst its caudal part ended 
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at the level of the pituitary stalk attachment (Figure 3.1). The AVP- and OXT- 

immunoreactive MCNs in the SON were more tightly packed than that of the PVN. The 

localization of these immunoreactivities is consistent with observations in other 

mammals (el May et al., 1987).  

 

Figure 3.1: Schematic of a parasagittal section of the camel hypothalamic neurohypophyseal 

system. 

SON: supraoptic nucleus; PVN: paraventricular nucleus; SCN: suprachiasmatic nucleus; OX: 
optic chiasm; 3V: third ventricle; T: tuberal lobe; ME: median eminence; AL: anterior lobe; IL: 
intermediate lobe; PL: posterior lobe; MB: mamillary body. Figure adapted from el May et al. 
(1987). 
 
       Two more recent papers reported mappings of the dromedary camel SON in 

coronal sections (Figure 3.2). One paper mainly characterized the cytoarchitecture 

and neurochemical anatomy of the SCN (el Allali et al., 2017). The SCN is a tiny region 

located in the anterior part of the hypothalamus and is responsible for controlling 

circadian rhythms (Ma and Morrison, 2022). In the camel SCN (el Allali et al., 2017), 

along the rostro-caudal axis, the organization of the partial camel hypothalamus was 

described using classical histology staining of coronal sections. One of the stained 

sections (Figure 3.2a) demonstrates that the main SCN locates at the ventral edge of 

the 3V, whilst the SON is situated directly above the ventral side of optic chiasm (OX) 

and is not as adjacent to the 3V as the main SCN. Other literature (Alim et al., 2019) 

focussed on the seasonal adaptation of the HNS of the dromedary camel, 
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documenting the anatomical structure of the camel HNS (Figure 3.2b) that enabled 

the dissection of the brain part containing SON. Apart from the common histology 

Nissl staining (Figure 3.2b: B’, C’; 3.2c left panel), they performed immunostainings of 

the camel SON (Figure 3.2c, middle and right panels), from which the distribution of 

AVP and OXT MCNs were identified to be intermingled throughout the nucleus. 

Figure 3.2: Preliminary mappings of dromedary camel SON from previous literature. 

a Image showing the histology of the main SCN (mSCN) and supraoptic nucleus (SON). Low 
power view of a cresyl violet stained section of the tuberal region of the camel hypothalamus. 
3V: third ventricle; OX: optic chiasm. b Coronal hypothalamic section at the level of optic 
chiasm and its tract. Slices obtained rostro-caudally (B and C) and their corresponding Nissl-
stained histological sections (B’ and C’). The SON regions are indicated by asterisks. A 
magnified window from the SON shows magnocellular neuron cell bodies (inset in C’). op.t: 
optic tract; 3V: third ventricle. Scale bars B, C = 5 mm; B’, C’ = 200 μm. c Left panel 
demonstrates the nucleus, vessels (labeled by arrows) and magnocellular neurone 
perikaryons (blue dots). Scale bar = 100 μm. Middle (VP: vasopressin) and right (OT: oxytocin) 
panels are the immunohistochemical staining of neuronal components of the SON. A 
magnified window inset in the right panel shows a zoom-in view of the dashed square. Scale 
bars = 100 μm. Figure adapted from el Allali et al. (2017) and Alim et al. (2019). 

 
        The PVN is also a crucial component of the HNS and has been implicated in a 

broad range of homeostatic roles, especially its neuroendocrine function as a site of 

origin of AVP and OXT. The PVN is located at the dorsal limit of the hypothalamus at 

el Allali et al., 2017

a  b

c

Camel main SCN and SON  Nissl stained sections of camel hypothalamus  

Micrographs of Nissl stained sections and sections immunolabeled with AVP and OXT   
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the base of the diencephalon (McClellan, Stratton and Tobet, 2010). The structure of 

the PVN is complex, consisting of various types of neurons, such as neuroendocrine 

neurons, interneurons, and preautonomic neurons (Chen et al., 2014). If 

differentiated by the somatic size, the large-sized MCNs, the small-sized PCNs, and 

quite a number of intermediate-sized cells are present in the PVN (Swaab, 2003), 

whilst only MCNs are present in the SON (Bichet, 2017). The camel PVN was reported 

by el May et al. (1987) to have a pyramidal form, with its base situated on the wall of 

the 3V. OXT-immunoreactive neurons were observed to be less numerous than AVP 

neurons. The existence of MCNs and PCNs producing AVP and/or OXT were seen in 

the camel PVN.  

        Collectively, these mapping experiments provided important insights and 

guidance for the identification of camel SON in the current study, where the camel 

SON was mapped in multiple dimensions for the first time to comprehensively 

characterize if its morphology or distribution of different types of neurons resemble 

existing SON mappings in camel and other well-studied species. The spatial 

localization of this nucleus will add knowledge to the precise sampling of camel SON 

for the downstream transcriptomic analysis. Moreover, the mapping of camel PVN 

confirmed that the SON samples were not contaminated with PVN cells.  

 

3.2 Aims  
§ To map the camel SON and PVN by visualizing the AVP and OXT mRNAs using 

RNAscope 

§ To construct a 3D model of the camel SON using the RNAscope images 

§ To compare the morphology of camel SON to other species  
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3.3 Materials and Methods  
3.3.1 Animals 

Details related to animal husbandry and physiological studies are described in 

Materials and Methods Section 2.3.1. Hypothalamus samples were harvested from 

the camels, snap frozen and shipped frozen on dry ice to the University of Bristol under 

the auspices of a DEFRA Import Licence (TARP/2016/063) and stored at -80 °C. 

 

3.3.2 Hypothalamic sample processing 

The strategy for identifying and dissecting the SON from multiple camel hypothalamus 

samples are available in Appendix B, making critical references for future 

research/other researchers to carry out studies on the same brain region of 

dromedary camels. The brain samples slightly varied in shapes because of the way of 

freezing and the angle of sectioning.  A representative sample that clearly illustrates 

the location of the SON during rostral-caudal sectioning is shown in Figure 3.3. 

Utilizing the 3V and OX as landmarks, the ventral part of the hypothalamus sample 

containing the SON was dissected (Figure 3.3a). The rostral and caudal orientations of 

the SON part were confirmed by recognizing the formation of the OX from OT (Figure 

3.3b) before being mounted to the cryostat sample holder. The brain was sliced into 

16 μm thick coronal sections along the rostral-caudal axis using a cryostat set at -20 °C 

(Leica, CM3050 S). The sections were mounted on Superfrost® Plus slides (Thermo 

Fisher Scientific, J1800AMNZ) and MCNS of the SON were identified by staining with 

toluidine blue. This region appeared by eye as a light brown region due to the highly 

vascularized feature of SON, which was lining the dorsal surface of OX and then 

lengthening dorsolaterally (Figure 3.3c). Once identified, sections were collected in a 

slide box in the cryostat chamber, stained with toluidine blue every 10th slide to trace 

the journey of the SON. More caudally, a second subregion of MCNs of the SON with 

was identified between the OX and the 3V (Figure 3.3d). The two subregions of SON 

were denominated as the rostral SON and the caudal SON. The sections were stored 

in slide boxes at -80 °C.  
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Figure 3.3: Identification of the SON and other neuroanatomic sites in camel hypothalamus 

A hypothalamus sample collected from a dehydrated camel. SON: supraoptic nucleus, PVN: 
paraventricular nucleus, 3V: third ventricle, 2n: optic nerve, OX: optic chiasm; sectioning at the 
coronal plane. a Hypothalamus sample was split into a SON-containing chunk and a PVN-
containing chunk. b Mounting of the SON-containing chunk to the sample holder. c Rostral 
SON. d Rostral SON and caudal SON. 
 
3.3.3 RNA in situ hybridization (RNAscope) 

RNAscope probes for dromedary AVP (GenBank: OM963135) and OXT (GenBank: 

OM963134) mRNA were designed by Advanced Cell Diagnostics (ACD, Hayward, CA, 

USA) (probe sequences available in Table 3.1). The mRNA distribution of AVP and OXT 

transcripts in the SON of the dromedary camel was analysed by RNAscope Multiplex 

Fluorescent Assay (ACD, 320851) following the manufacturer’s protocol. Briefly, 

frozen camel brain 16 μm thick sections mounted on slides were fixed in 4% (w/v) 

paraformaldehyde (PFA) for 15 min on ice, and then immersed in a series of ethanol 

solutions with increasing concentration (50%, 70%, 100%, 100% v/v), 5 min incubation 

for each concentration. Slides were air-dried at room temperature (RT) for 5 min 

before being subjected to the protease IV treatment for 30 min at RT in a humidity 

control tray. Brain sections were hybridized with probes in humidity control tray at 

40°C for 2 hrs. Hybridization signals were amplified with RNAscope® Fluorescent 
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Multiplex Detection Reagents (ACD, 320851). DAPI from the RNAscope kit was applied 

to the brain sections for 45 secs at RT. Brain sections were then coated with mounting 

medium FluoroshieldTM histology mounting medium (Sigma, F6182), coverslipped, 

and stored at -20 °C. Images were captured with a widefield microscope (Leica, 

DMI60000) or a confocal (Leica, SP5-II) fluorescent microscope and were analysed 

using ImageJ (bundled with 64-bit Java 1.8.0_112).  

Table 3.1: RNAscope probes designed for dromedary camel AVP and OXT mRNA. 

Gene 
Encoded 
product 
name 

Reference 
sequence 
accessions 
(GenBank) 

5’ to 3’ probe sequence Product 
size (bp) 

AVP Arginine 
vasopressin OM963135 

CAGGATGCCGGACACCATGCTACCTGCCTGCTTCC
TCAGCCTGCTGGCCTTCACCTCGGCGTGCTACTTC
CAGAACTGCCCACGGGGAGGCAAGAGGGCCATG
TCCGACCTGGAGCTGAGACAGTGCCTCCCCTGCG
GCCCCGGGGGCAAAGGCCGCTGCTTCGGGCCCA
GCATCTGCTGCGGGGACGAGCTGGGCTGCTTCGT
GGGCACGGCCGAGGCGCTGCGCTGCCAGGAGGA
GAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAG
AAGCCGTGCGGGAGCGGGGGCCGCTGCGCCGCC
GCCGGCATCTGCTGCAACGACGAGAGCTGCATGA
CGGAGCCCGAGTGCCGGGAGGGCGCCGGCTTCC
CCCGCCGCGCCCGCGCCAGCGACCGGAGCAACGC
GACCCTGCTGGACGGGCCGACCGGGGCCTTGCTG
CTACGGCTGGTGCAGCTGGCGGGGGCGCCCGA 

471 

OXT Oxytocin OM963134 

GTCGCCGGACCCCGGACCCAGCGCACCCACACCA
TGGCCGGCCTCAGCCTCGCCTGCTGCCTGCTCGGC
CTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAA
CTGCCCCCTGGGCGGCAAGAGGGCCGCGCTGGA
CCTCGACGTGCGCCAGTGCCTCCCCTGCGGCCCC
GGGGGCAAAGGCCGCTGCTTCGGGCCCAGCATCT
GCTGCGGGGATGAGCTGGGCTGCTTCGTGGGCA
CGGCCGAGGCGCTGCGCTGCCAGGAGGAGAACT
ACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCC
GTGCGGGAGCGGGGGCCGCTGCGCCGCCGCCGG
CATCTGCTGCAGCCCCGACGGCTGCCGCGCCGAG
CCCGCCTGCGACCCCGAGGCCGCCTTCTCCCAGCA
CTGAGACCCCTCCACAGCCA 

427 

 

3.3.4 3D modelling of camel SON  

3.3.4.1 Alignment of the images   

To build a 3D reconstruction of the dromedary camel SON using the RNAscope images, 

the images need to be aligned properly regarding some landmark structures of the 

hypothalamus (3V and OX). Several ImageJ (bundled with 64-bit Java 1.8.0_112) 

plugins that enable automatic or semi-automatic alignment of 2D images were applied 
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as attempt to simplify this process. The plugin “template matching” and “stackreg”, 

featured by automatically finding the landmarks of the most similar image pattern in 

every slice and using the current slice as anchor to translate each slice so that the 

landmark pattern would be the same position throughout the whole stack, gave big 

drift for the alignment results. It could be that the larger size of the camel 

hypothalamic images (compared to rodents) captured with less consecutiveness 

(RNAscope images were captured every 24 consecutive slices) made it difficult to 

recognize landmark patterns automatically by algorithms. Instead, ImageJ plugins 

allowing manual alignment of images were tested. The plugin “Bigwarp” is a tool for 

manual landmark-based, deformable image alignment, but it was not the best option 

due to the loss of fidelity by outputting distorted images. The plugin “align image by 

line ROI” aligns the images by defining two landmarks per image (selecting a line) by 

the user, however, the aligned images were transformed into grayscale 8-bit images 

without showing the intuitive multichannel colours. 

        It was discovered that the “trakEM2 (blank)” was the most appropriate ImageJ 

plugin for manually aligning the camel hypothalamus images. Before making image 

stack, the brightness and contrast of each channel were adjusted first to increase the 

signal/noise ratio in ImageJ. Subsequently, the canvas size was increased to fit the 

image with largest size within the stack, meanwhile, the “resize canvas to fit stack” 

function was disabled. A stack of the imported images was then created, slice 

thickness was set to be 16 μm, and all slices were unlinked. After setting the first slice 

as an anchor, the first and second slice were set with different colour channels to 

differentiate the overlaid slices. The second slice was manually dragged to align with 

the first slice according to the edge of 3V and OX. The images can be rotated by 

“transform (affine)” function, and the same rotation can be applied to the rest images 

by “apply transform propagating to last layer”, where applicable. The properly aligned 

images were exported individually and saved as “flat image” with RGB colour.  

 

3.3.4.2 Interpolation of the aligned images   

The processed images were scaled down in XY by a factor of 2 using bicubic scaling in 

ImageJ and then interpolated to aid the visualisation of the 3D data in MATLAB (matrix 

laboratory, MATLAB R2018a, version 9.4.0) by the Wolfson Bioimaging Facility of the 
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University of Bristol (scripts available upon reasonable request). Briefly, each colour 

channel was loaded separately, and data were linearly interpolated along the z 

direction using built-in MATLAB interp3 function to interpolate from the acquired 12 

z planes to the desired 96 planes. Data was then saved as individual tiff images and 

reconstructed to be RGB images in ImageJ.   

 

3.3.4.3 Reconstruction of 3D animation 

The aligned and interpolated images were processed using the “3Dscript” plugin of 

ImageJ to build the 3D model. First, the voxel depth was calculated and set for each 

image. Voxel depth = slice thickness*number of total slice/number of planes for 

interpolation/image size scaling down factor = 16 μm*265/96/(2 x 2) = 11.04 μm. Then 

the “interactive animation” function from this plugin was applied, with the 

parameters set to be “Independent transparency”, channel 1 (AVP) weight = 130. 

Channel 2 (OXT) weight = 130, channel 3 (DAPI) weight = 100, and all rest settings as 

default. The animation was produced by using the “text-based animation editor” with 

the commands documented in Figure 3.5 to acquire a zoom-in view of the 3D model, 

and to make the 3D model rotate around different axes to allow the observation from 

multiple angles. Channel 1 (red) and channel 2 (green) which marks the AVP and OXT 

mRNAs highlighting the organizations of SON were displayed throughout the 

animation. Channel 3 (blue) that indicates the landmark tissue structures 3V and OX 

by DAPI staining of cellular nuclei was shown at the beginning of the animation, then 

diminished gradually to assist the visualization of the SON. The animation was 

exported as a .avi file with 15 fps frame rate.  

 
Figure 3.4: Commands for 3D animation reconstruction using 3Dscript in ImageJ.  
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3.3.5 Immunohistochemistry  

Frozen camel brain sections (thickness: 16 μm) mounted on slides were fixed by 4% 

(w/v) PFA in Phosphate-buffered saline (PBS) for 15 min at RT. Slides were rinsed in 10 

mM PBS (pH 7.4) for 2 times, 5 min each, followed by permeabilization where the slides 

were incubated in 0.3% Triton x-100 in PBS (PBST) for 10 min. Slides were rinsed in 10 

mM PBS (pH 7.4) for 2 times, 5 min each, and blocked for 1 hour in 10% bovine serum 

albumin (BSA) in PBS. The slides were then incubated in either a mouse monoclonal 

antibody recognizing AVP neurophysin II (NPII) (PS41; 1:200 in 0.5% BSA in PBS) or a 

mouse monoclonal antibody recognizing OXT neurophysin I (NPI) (PS38; 1:200 in 0.5% 

BSA in PBS) (Ben-Barak et al., 1985) at 4 °C for 48 hrs. The slides were rinsed in 10 mM 

PBS (pH 7.4) for 2 times, 5 min each, and incubated with a goat anti-mouse 594 

antibody (A11032; 1:500 in 0.5% BSA in PBS) or a donkey anti-mouse 488 antibody 

(1:500 in 0.5% BSA in PBS) for 30 min at RT. The slides were rinsed in 10 mM PBS (pH 

7.4) for 2 times, 5 min each, then incubated in DAPI (1:1000 in PBS) for 10 min at RT. 

The slides were rinsed for 5 min in 10 mM PBS (pH 7.4), air-dried in dark at RT for 30 

min before being coated with mounting medium FluoroshieldTM histology mounting 

medium (Sigma, F6182), coverslipped, and stored at -20 °C. Images were captured with 

a widefield microscope (Leica, DMI60000) and analysed using ImageJ (bundled with 

64-bit Java 1.8.0_112). 

 

3.4 Results  
3.4.1 Preliminary mapping of the dromedary camel SON  

When processing the camel hypothalamic samples, toluidine blue staining was 

performed on every 10th section to trace the journey of the camel SON. Schematic 

representation of the SON organization along the rostral-caudal axis was plotted 

based on this staining, as shown in Figure 3.5. Note that this nucleus appears as a 

confined aggregate of large-sized MCNs extending rostral-caudally for > 4 mm. A 

distinct topography was observed, consisting of two major subdivisions, named here 

as the rostral SON and caudal SON. Both SON subdivisions are located inside the 

ventral main mass of the hypothalamus, where the rostral SON lining the dorsal 

surface of the OX/OT and the caudal SON lining the hypothalamic border.  



97 
 

 
Figure 3.5: Schematic representation of the dromedary camel SON organization. 

Serial drawings illustrate the rostral-caudal extent of the camel SON in coronal sections. The 
hypothalamus sections stained by toluidine blue were observed under light microscope and 
sketched by using the software Procreate. Two subnuclei present in the camel SON, named as 
rostral SON (represented in black) and caudal SON (represented in grey) regarding their 
relative location. The landmark structures OX/OT (optic chiasm or optic tract) are represented 
in light grey. The remaining areas are delineated by drawing lines representing the borders of 
the 3V (third ventricle), the preoptic area and the rest of the hypothalamus. The level of each 
section is indicated by the distance (mm) from the point of the cell population of rostral SON 
begins (level 0 mm).  
 
        The location of the rostral SON appears to be more conserved in comparison to 

that of humans (Swaab, 2003; Allen et al., 1989) and rats (Vandesande and Dierickx, 

1975; Herman and Watson, 1987). Therefore, downstream RNAseq analysis was 

designed to focus on this subnucleus specifically. Immunohistochemical techniques 

were employed to examine the immunoreactivity of AVP and OXT peptides in the 

camel rostral SON. As shown in Figure 3.6a-b, the presence of AVP and OXT 

immunoreactivity was detected in a condensed population of MCNs lining the dorsal 

surface of the OX. By comparing the immunostaining images (Figure 3.6a-b) to the 

toluidine blue mappings with adjacent levels (Figure 3.5: level 0.80 mm, 1.60 mm), it 

can be observed that both AVP and OXT MCNs are spread over the entire region of 

the rostral SON. There seems to be no clear separation between the MCNs producing 

AVP and OXT peptides, which is in accordance with previous findings (el May et al., 

1987). 
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Figure 3.6: Mapping of dromedary camel rostral SON by immunohistochemistry. 

The ventral hypothalamic block was sliced into 16 μm thick coronal sections. Montage of low 
power views of immunostaining of AVP (a) and OXT (b) showing their localizations in camel 
rostral SON. The level of each section is indicated by the distance from the point that the cell 
population of rostral SON begins (level 0 mm) determined by the toluidine blue staining 
(Figure 3.5). c-d Higher magnification view of (a-b). AVP: red, OXT: green, DAPI: blue; SON: 
supraoptic nucleus, OX: optic chiasm, 3V: third ventricle. Dust particles were removed from 
(a) using the “clear” function in ImageJ.  
 

3.4.2 Precise mapping of the camel SON by RNAscope 

Mapping of hypothalamic AVP and OXT neurones by RNAscope to precisely define the 

SON structure is shown in Figure 3.7. The presence of the two subnuclei, the rostral 

SON and the caudal SON, is in accordance with the toluidine blue mapping (Figure 3.5). 

From rostral to caudal, MCNs are clustered (Figure 3.7a) in the dorsal position relative 

to the OX (the cross of optic tracts), which was characterized as the rostral SON. More 

caudally, the rostral SON expands dorsolaterally to the distal end of the OX, away from 

the 3V (Figure 3.7b-j). The shape of the rostral SON shown in Figure 3.7c-e is similar 

to the regions defined by immunostaining in adjacent sections (Figure 3.6a-b). 

Proceeding caudally, a second condensed MCN population that was characterized as 

the caudal SON is formed between the OX and the 3V (Figure 3.7f). A group of 

dispersedly distributed neurons first present at the edge of the 3V, then at the dorsal 

side of the caudal SON, could be the transition between the two nuclei, or cross 
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sections of axons transporting AVP and OXT mRNAs (Figure 3.7e-j). Once the OX is 

completely detached from the 3V, it is regarded as the optic tract (OT) that no longer 

is crossed to form the chiasm (Figure 3.7g). Continuing caudally, the rostral SON 

gradually diminishes in size whilst the size of the caudal SON increases and then 

declines (Figure 3.7f-l). The sterically relative locations of these hypothalamic 

structures are illustrated in Figure 3.7m and Supplementary Movie S3.1 (available 

online from: https://static-content.springer.com/esm/art%3A10.1038%2Fs42003-

022-03857-0/MediaObjects/42003_2022_3857_MOESM10_ESM.avi).  

        Higher magnification confocal images showed that the SON neurons expressing 

AVP and/or OXT mRNAs are exclusively large-sized MCNs (Figure 3.8a-c), which is 

compliance with the AVP- and OXT- immunoreactive neurons (Figure 3.6c-d). SON 

MCNs express high levels of AVP or OXT mRNAs (Figure 3.8d-f), with only a small 

population expressing equivalent quantities of both (Figure 3.8g-i). As expected, the 

AVP or OXT RNAs were found mainly in the neuronal cytoplasm, with a relatively light 

stained nucleus. In the rostral SON, the AVP MCNs and OXT MCNs were intermingled 

throughout this subnucleus where no clear separation of the two groups of cells was 

observed (Figure 3.7a-I, Figure 3.8c). Nevertheless, in the caudal SON (Figure 3.7f-l), 

the OXT MCNs aggregate at the dorsal part, while the AVP MCNs locate on the ventral 

part of this subnucleus.   
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Figure 3.7: Mapping of dromedary camel SON by RNAscope. 

The ventral hypothalamic block was sliced into 16 μm thick coronal sections. a–l Montage of 
low power views of RNAscope of AVP and OXT mRNAs showing their localizations in camel 
SON. The serial images illustrate the rostral-caudal extent of the SON. Along the rostral-caudal 
axis, MCNs form a condensed population (rostral SON) lining the dorsal surface of OX (latterly 
OT), followed up by lateral extension, and form a condensed population (caudal SON) adjacent 
to the 3V. The level of each section is indicated by the distance from the point that the cell 
population of rostral SON begins (level 0 mm). m A screenshot of Supplementary Movie S3.1 
(a 3D model of camel SON constructed using the RNAscope images) demonstrating spatially 
relative location of rostral and caudal SON subdivisions. AVP: red, OXT: green, DAPI: blue; SON: 
supraoptic nucleus, OX: optic chiasm, OT: optic tract, 3V: third ventricle. 
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Figure 3.8: Localization of AVP and OXT mRNAs in the dromedary camel SON. 

a-c Low power view of RNAscope of AVP and OXT mRNAs showing their localizations in part 
of the rostral SON of a DH camel. d-f Higher magnification of (a-c) distinguishing the AVP and 
OXT MCNs. g-i Higher magnification of (a-c) highlighting the MCNs with co-localized AVP and 
OXT mRNA. AVP: red, OXT: green, DAPI: blue; SON: supraoptic nucleus, OX: optic chiasm. 
 

3.4.3 Mapping of the camel PVN by RNAscope 

In the present study, the PVN was mapped using RNAscope to visualize the AVP and 

OXT mRNAs (Figure 3.9). A population of scattered mix-sized neurons that express 

AVP and/or OXT, located at the dorsal hypothalamus and adjacent to the 3V, were 

identified to be the camel PVN. There is no clear topographic division in subnuclei at 

this level of section. The absence of a clearcut arrangement of the PVN into subnuclei 

has also been observed in the rat, cow, human, cat and guinea pig (Raadsheer et al., 
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1993; Swaab, 2003). The population of MCNs and PCNs are not clearly separated in 

the dromedary camel (Figure 3.9) as is found in human (Swaab, 2003). However, the 

camel PVN shows subdivisions based on the expression levels of AVP and OXT 

transcripts: neurons mainly expressing OXT (green) reside more adjacent to the 3V, 

whereas neurons mainly expression AVP (red) distribute more laterally, and neurons 

co-expressing AVP and OXT at comparable levels (yellow) locate at the ventral part of 

the PVN. This mapping allows the differentiation between the camel SON and PVN, 

proofing the methodology used to locate the camel SON from the hypothalamic block. 

 
Figure 3.9: Preliminary mapping of the dromedary camel PVN. 

The dorsal block of the dromedary camel hypothalamus was sliced into 16 μm thick coronal 
sections. The image shows a low power montage view of RNAscope of AVP and OXT mRNAs 
showing their localizations in camel PVN. The population of large-, small- and intermediate-
sized cells expressing AVP and OXT form a “pyramidal” formation lining the third ventricle. 
The level of this section is 0.192 mm from the point that the cell population of PVN begins 
(level 0 mm). The presence of neurons in different sizes clearly differentiates the camel PVN 
from SON, providing collaborative evidence of the validity of the strategy applied in this study 
to locate the camel SON. AVP: red, OXT: green, DAPI: blue; PVN: paraventricular nucleus, MCN: 
magnocellular neuron, PCN: parvocellular neuron, 3V: third ventricle. 
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3.5 Discussion  
3.5.1 SON structures and localizations in dromedary camel 

and other mammals 

The mapping of SON in the dromedary camel has been compared to that of model 

organisms including cattle (Bos taurus) (Graïc et al., 2018), rat (Herman and Watson, 

1987; Paxinos and Watson, 2004), and human (Allen et al., 1989; Swaab, 2003). 

Amongst these species, the morphology of the camel SON resembles more of the 

cattle SON (Supplementary Figure S3.2, S3.3) when compared to human 

(Supplementary Figure S3.4, S3.5) and rat (Supplementary Figure S3.6). As shown by 

the illustrations of coronal serial sections of cattle hypothalamus (Graïc et al., 2018), 

AVP MCNs clustered as a densely packed population (comparable to the camel rostral 

SON) lining the dorsal surface of OX (latterly OT) (Supplementary Figure S3.2a-c). 

More caudally, the cattle SON undergoes a lateral extension and capping by OXT MCNs, 

and the location of the cattle SON is getting more distal from the 3V (Supplementary 

Figure S3.2d). A group of AVP and OXT MCNs forms a very densely packed small 

nucleus located in between the PVN and SON (rostroventral to PVN, in between 3V 

and SON), named vasopressin-oxytocin containing nucleus (VON) by Graïc et al. (2018) 

(Supplementary Figure S3.2d-f). This small nucleus presents in many species (human, 

mouse, bovine, pig, birds, reptiles, etc.) and has been usually described by previous 

studies (Junge, 1977; Silverman and Zimmerman, 1983; Marani, 1990; van Eerdenburg 

et al., 1990; Møller et al., 2018) as an accessory subnucleus of the SON or PVN. The 

analogous structure in dromedary camel might be the closely arranged MCNs located 

between the rostral SON and 3V, and rostro-dorsally to the caudal SON (Figure 3.7e-

j). Different from the cattle VON that shows a clear round/ovoid shape rostrally 

(transforms into a more elongated shape caudally) and with high cell density 

(Supplementary Figure S3.3), the morphology of the camel “VON” resembles the 

human “VON” (Møller et al., 2018) where the MCNs are more scattered. In cattle, AVP- 

and OXT- immunoreactive fibre tracts were seen passing between the PVN and the 

SON via the VON (Graïc et al., 2018), which was in compliance with the assumption 

that the camel “VON” region seemed to contain the cross section of axons where the 

AVP and OXT mRNAs trafficking through axons were detected by RNAscope (Figure 
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3.7e-j). Further caudally, the cattle OT is no longer crossed to form the chiasm, and 

the development of VON terminates (Supplementary Figure S3.2f). The cattle SON 

appears to be separated into two subdivisions, as shown in Supplementary Figure 

S3.2g-h by the two groups of AVP MCNs capping the OT and separated by AVP-

immunoreactive fibres. The one resident between the 3V and the proximal end of OT 

could be the counterpart of the camel caudal SON.  

        One common feature across the four species regarding the SON location is that 

their SONs are all located in the ventral part of the hypothalamus and adjacent to 

OX/OT. As observed in dromedary camel and cattle, the existence of multiple SON 

subnuclei in the rostral-caudal extent was also found in human (Supplementary Figure 

S3.4) (Allen et al., 1989; Swaab, 2003). Localizing along the OX/OT, the human SON is 

supplied with unusually rich capillary beds (Swaab, 2003), which parallels the highly 

vascularized feature of the dromedary camel SON (Figure 3.3c-d). The human SON can 

be subdivided into three parts (Supplementary Figure S3.4): the dorsolateral SON 

(largest part, lining the edge of a small hypothalamic groove and the nearby OT), the 

dorsomedial and ventromedial SON (both lining the border of OT), the latter two are 

joined by a band of cells and are more adjacent to the 3V (Lammers and Lohman, 

1974). Along the rostral-caudal axis of the human hypothalamus, the dorsolateral SON 

(Supplementary Figure S3.5C-Q) locates anteriorly while the medial SON parts 

(Supplementary Figure S3.5O-Q) situate posteriorly (Allen et al., 1989), thereby could 

be corresponding to the rostral and caudal SONs in dromedary camel respectively.  

        The morphology of rat SON is distinct amongst the four species. Though the 

anterior (Soa, rostral) and tuberal (Sot, caudal) portions of the SON were sometimes 

separately studied (Hatton and Walters, 1973; Armstrong et al., 1976), the rat SON is 

formed by a densely packed single population of MCNs, where no subnuclei are 

recognized (Supplementary Figure S3.6). In addition, from rostrally to caudally, the 

rat SON is lining the lateral distal end of OX/OT that is away from the 3V, in contrast 

to the camel, cattle and human SONs where their caudal parts resident proximally to 

3V.   

        It was known that dromedary camel and cattle are both even-toed ungulates 

classified in the order Cetartiodactyla, whereas rat and human belong to the order 

Rodentia and Primates, respectively (Schoch et al., 2020), meaning that cattle are 
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more evolutionarily conserved to dromedary camel. Taken together, the SON 

organization between closely related species could be more conserved than distantly 

related species. Interspecific comparisons of SON morphology between the desert 

(camel) and non-desert animals (cattle, human, rat) may add knowledge to the 

evolution of this specific hypothalamic structure and how this would help the animal 

to cope with different environments. Variance of the SON organizations between 

different animals, such as the entire SON volume, the surrounding hypothalamic 

architecture, the relative location to other functional brain structures, the proportion 

of SON cells producing AVP/OXT and project to the neurohypophysis, as well as the 

diameter of axon (Gillespie and Stein, 1983), might have influence on the 

neuroendocrine capacity for neuropeptides including AVP and OXT. This may further 

alter the osmoregulation in these animals in response to osmotic stress. Future studies 

will involve the measurements of these indices in dromedary camel using electron 

microscopy.  

 

3.5.2 Distribution and proportion of AVP and OXT neurons 

in the SONs of dromedary camel and other mammals 

Interspecific comparison of the distribution of the different types of MCNs in the SON 

between dromedary camel, cattle, human and rat revealed that there is a preferential 

localization of vasopressingergic and oxytocinergic neurons in the SON, though no 

absolute segregation of these two types of neurons are observed anywhere in the 

SONs. In the cattle SON (Graïc et al., 2018), the rostral part was dominated by 

clustered AVP MCNs, whereas a group of densely packed OXT MCNs start to form a 

thin cap dorsal to the AVP MCNs in the medial part of SON, and the number of OXT 

MCNs largely diminished when the SON proceeding caudally. In contrast, the presence 

of OXT neurons and neurons co-expressing the transcripts of both peptides were 

observed throughout the entire camel SON, where the AVP and OXT neurons are 

mostly intermingled in the rostral SON. Notably, the OXT neurons were observed to 

form a condensed population capping the AVP neurons in the caudal SON of camel, 

which was consistent with the cattle SON. The distribution of SON neurons in human 

was characterized in more detail. The rostral part of the human SON, that is, the 



106 
 

dorsolateral SON, contains most neurons (53000) among the three subnuclei where 

90% are AVP neurons and 10% are OXT neurons (Fliers et al., 1985). The OXT neurons 

are mainly localized as a cap on top of the dorsolateral SON (Swaab, 2003). The caudal 

part of the human SON, that could be the ventromedial and dorsomedial SON, 

together contain 23000 neurons consisting of 85% AVP neurons and 15% OXT neurons. 

Similarly, in the rat SON, the AVP MCNs are dorsomedial to the OXT MCNs in the 

rostral part of rat SON. Nonetheless, this pattern is reversed in the caudal part of SON 

where the AVP MCNs locate ventromedially to the OXT MCNs (Hou-Yu et al., 1986).  

        The trait that the OXT neurons capping the AVP neurons in the caudal part of SON 

is shared between the four species. Whether the anatomical distribution of AVP and 

OXT cells in SONs is function-related to their osmoregulatory roles remained to be 

explored in future studies. The adult patterns of SON neuron networks are believed to 

form during the early developmental stage of animals (before birth). For instance, the 

adult number of AVP-producing cells in SON are typically present by the second 

trimester (Yu and M Das, 2022). In rat embryos, AVP and OXT receptors could be 

detected in the brain from the embryonic day 12 and 14, respectively ((Tribollet et al., 

1989, 1991). Additionally, a study (Shi et al., 2012) conducted on sheep fetus indicated 

that the adult pattern of distribution of AVP and OXT neurons in the SON forms at 

least from preterm (a gestational period). The same pattern of SON neuron 

distribution was again observed in sheep, where the AVP cells mostly located in the 

ventral part, and OXT cells in the dorsal part of SON. The activity of these neurons was 

successfully evoked by the central administration of ANG II, which contributed to an 

increased fetal plasma AVP and OXT levels at preterm. This suggests that the 

physiological functions based on AVP and OXT may start at the gestational time. To 

address such questions will be particularly important due to the recent progress in the 

demonstration of adult diseases (impaired renal function, hypertension, etc.) and may 

have its developmental origins during a sensitive “window” time at fetal stage (Nuyt 

and Alexander, 2009). 

        In terms of the proportion of AVP and OXT SON neurons, the camel SON was 

reported by the previous study (el May et al., 1987) and observed in the present study 

to contain fewer OXT cells than AVP cells, which is in accordance with the cattle SON 

(Zimmerman et al., 1974; Vandesande, Dierickx and de Mey, 1975; Graïc et al., 2018), 
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human SON ((Fliers et al., 1985; Swaab, 2003) and rat SON (Swaab et al., 1975). This 

may lead to overall less OXT expression than AVP in the SON. The comparison between 

the transcription levels of AVP and OXT in the camel SON subdivisions will be described 

in Chapter 4. It would be useful to employ more advanced microscopy techniques in 

future study to accurately quantify the number of AVP and OXT neurons in the camel 

SON.  

        Early investigations on the SON in cattle (Vandesande, Dierickx and de Mey, 1975), 

rat (Vandesande and Dierickx, 1975), and human (Dierickx and Vandesande, 1977) 

suggested that AVP and OXT seemed to be produced by different neuron cells. In the 

present study, the MCNs in camel SON are classified by their dominantly expressed 

peptide hormones into three types: the AVP MCNs, the OXT MCNs, and a small portion 

of MCNs co-expressing AVP and OXT at a comparable level. It should be noted that 

there is co-expression of AVP and OXT transcripts in virtually all MCNs in the rat SON, 

but at dramatically different levels (Gainer, 2012). In control rat SON, 97% MCNs 

showed selectively expression, 3% showed co-expression of AVP and OXT (Gainer, 

2012). The average mRNA ratios of this differential expression were quantified as 

500:1 for the principal peptide versus the minor in the OXT and AVP phenotypes and 

about 2:1 in the co-expressing phenotype (Xi, Kusano and Gainer, 1999), hence, the 

cell-type specific expression of AVP and OXT in MCNs is a quantitative property instead 

of an absolute one (Gainer, 2012). Techniques like single-cell RNAseq can be applied 

in future study to precisely characterize the phenotype of SON cells in the dromedary 

camel at the single-cell level.   

        AVP and OXT are detected in mutually exclusive populations of SON MCNs in the 

rat under basal conditions, whereas the colocalization of both peptides in the identical 

neurons were observed in the SON of rat challenged by 3-day water deprivation 

(Telleria-Diaz et al., 2001). This functional plasticity of the SON neurons is manipulated 

at the transcription level of AVP and OXT genes. An AVP MCN-specific activator located 

at -288 to -116 bp (upstream TSS) region, and a putative repressor that inhibit AVP 

expression in OXT MCNs, were identified in the proximal regulatory region of the rat 

AVP gene (Ponzio et al., 2012). In addition, the -216 to -100 bp (upstream TSS) region 

in rat OXT gene was found to contain the key elements predicted to be repressors that 

inhibit the OXT expression in AVP MCNs and/or activators enhancing the OXT 
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expression in OXT MCNs (Gainer, 2012). Identification of such regulatory motifs in the 

dromedary AVP and OXT genes will be important for furthering understanding of 

mechanisms underlying the transition of SON neurons to AVP/OXT neurons when 

challenged by osmotic stress. 

 

3.5.3 Immunohistochemistry vs. RNAscope: pros and cons 

for performing SON mapping in dromedary camel 

The SON morphology differences between the previous results (el May et al., 1987; el 

Allali et al., 2017; Alim et al., 2019) and the present investigation could be attributed 

to the higher sensitivity and better multiplexing capability of the RNAscope technique 

than an antibody-based immunohistochemistry (IHC) assay (Wang et al., 2012). 

Because the assay condition of RNAscope is known to be universal to all RNA 

transcripts located within the cytoplasm. And the cross-hybridization between the 

RNAscope probes can be optimized by the probe design algorithm. Multiplex analysis 

detecting multiple transcripts simultaneously were determined to give similar 

quantitative results to those of single-gene analysis (Wang et al., 2012). However, it is 

necessary to discuss if any potential bias that could be introduced to the SON mapping 

by using IHC or RNAscope, when accounting for the neurosecretory properties of SON 

neurons, especially for novel mappings in non-model organisms like dromedary camel.  

        As mentioned in previous chapters, the HNS is comprised of MCNs whose axons 

and axon terminals form the pituitary stalk and the neurohypophysis (also known as 

PP). AVP and OXT precursors produced in SON MCNs are subjected to both axonal and 

somato-dendritic transport (Baribeau and Anagnostou, 2015; Ohbuchi et al., 2015; 

Brown et al., 2020). Upon production, the AVP and OXT precursors are packaged into 

secretory granules and transported through the axons to the PP. During the axonal 

transport, the precursors are processed to produce mature AVP and OXT that are 

stored in or secreted from the PP into the circulation. In addition to this, AVP and OXT 

are also released from the cell bodies and dendrites of the MCNs (Pow and Morris, 

1989). This mechanism was thought to be separate and distinct from the axonal 

secretion and contributes to modulations of activity of the neurons from which the 

AVP and OXT are secreted (Ludwig et al., 2002; Brown et al., 2020). Following the 
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somato-dendritic secretion, these peptides diffuse into the extracellular space, or 

binding to receptors expressed in other cells (such as the V1aRs expressed in 

astrocytes), performing a neuromodulatory effect on surrounding brain tissue 

(Landgraf and Neumann, 2004). Parallel to the secretion of AVP and OXT 

neuropeptides, the AVP and OXT transcripts are found to be sorted to axonal domain 

and to dendrites of hypothalamic MCNs in vivo (Mohr et al., 2001). The axonal and 

dendritic AVP and OXT transcripts exhibit different features (Mohr et al., 2001): 1) 

Axon transcripts have shorter poly(A) tracts than their counterparts in the cell somata, 

while the variant poly(A) tail length was not evident in the dendritic transcripts. The 

length of AVP and OXT mRNAs was of the same size in dendrites and cell somata. 2) 

Transcripts are transported to the axon subsequent to translation, whereas the 

transcripts are sorted to dendrites before translation. 3) No evidence for local 

translation of the transcripts in the axonal compartment was observed because they 

are not equipped with ribosomes. Conversely, the synthesis of AVP and OXT 

precursors in dendrites was confirmed by IHC studies at ultrastructural level, in line 

with the observations of AVP mRNA in dendritic segments containing rough 

endoplasmic reticulum by electron microscopic in situ hybridization. The dendritic 

localizer sequence (the last 395 nucleotides of the AVP mRNA) mediates the sorting 

of this transcript to dendrites. This process is based on intact microtubules (Mohr et 

al., 2001). Apart from the axonal and dendritic trafficking, RNAs (miRNAs, partial and 

intact mRNAs) have been shown to undergo transfer between mammalian cells via 

different mechanisms such as extracellular vesicles, or cytoplasmic extension of 

membrane nanotubes between cells in contact (Haimovich et al., 2017). The transfer 

of intact mRNAs from donor cells could potentially alter the proteome of the acceptor 

cells. Whether this occur in SON cells is yet unknown.  

        Together, mapping of SON by IHC or RNAscope can identify the localization of AVP 

and OXT or their transcripts in not only the MCN cell bodies but also their axons and 

dendrites, the extracellular spaces, and potentially in other non-neuronal cells. This 

allows the mapping of MCN projections, however, may lead to the over-estimation of 

the SON density and the number of MCNs, especially when visualize the SONs of large 

animals like camel using montages of microscopic images. To resolve this, higher 

magnification and resolution, and more advanced microscopy technologies are 
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required for the mapping to assist in the differentiation between MCNs and other 

ultrastructures. On the other aspect, it is important to mark the occurrence of both 

transcription and protein production in SON. The protocols for combing the sensitive 

RNAscope method with the versatile IHC method in brain sections were well 

established (Grabinski et al., 2015; Li et al., 2021), which allows the gene expression 

analysis with spatial resolution at both RNA and protein level. The camel SON can be 

mapped using this combined technology to identify the expressed RNAs and cellular 

source of secreted peptides of AVP and OXT simultaneously.   

 

3.5.4 Limitations and future study  

One limitation of the present study is that the SON was mapped in dehydrated camel 

only, due to the limited amount of SON samples that was mainly subjected to the 

downstream RNAseq. The potential phenotypic transition of SON neurons observed 

in rat when switching from control to dehydrated (Telleria-Diaz et al., 2001) may also 

occur in the dromedary camel. Therefore, future study will involve the mapping of 

SONs in control, dehydrated and rehydrated camel, to comprehensively characterize 

the SON landscape morphology and the SON neuron phenotypes regarding the 

expression of AVP and OXT. Additionally, the camel SON MCNs will need to be 

measured in size at ultrastructural level and compared across different conditions for 

future study, since AVP MCNs were found to undergo numerous morphological 

changes including increased size of the perikarya (Fliers et al., 1985; Palin et al., 2009) 

and nucleoli (Hoogendijk et al., 1985), and expended Golgi apparatus ((Lucassen et al., 

1993, 1994) in human and rodents, in order to deliver the demands for increased 

protein synthesis.  

        The present study mapped the SON of male dromedary camels exclusively. 

Although the SON has not been reported to be sexually dimorphic in age-matched 

human (Allen et al., 1989), the sex differentiation of SON volume and MCN size were 

detected in rat to be related to aging and body weight (Madeira et al., 1993). The cattle 

VON that is usually identified as accessory PVN/SON in other species also displayed 

sexually dimorphism (Graïc et al., 2018). As the result, female dromedary camels could 

be introduced to the future study for the SON mapping to detect if any difference can 
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be noticed based on biological sex, when taking account for the female reproduction 

functions linked to the SON, such as lactation, in which OXT plays a crucial role, or more 

generally be central effects on reproductive behaviour.  

        In addition to the mapping of coronal sections of camel SON in the present study, 

future study can map the sagittal sections and construct 3D models based on these 

mappings. According to the previous camel SON mapping in sagittal section (Figure 

3.1), the SON seemed to be a consecutive nucleus in irregular shape. This may explain 

the presence of the two subnuclei when the SON is sliced in coronal section. However, 

the 3D model (Supplementary Movie S3.1) built in the present study shows that the 

rostral and caudal SON are likely to be two inconsecutive nucleus with similar cell 

composition. A 3D model constructed from sagittal mappings will help to make up for 

the structural features that could be omitted from the current model.   

        Last but not the least, the camel SON will be mapped by cross detecting the 

expression of AVP and OXT, as well as other cell markers to identify other cell types in 

future studies. The SON is known to be heterogeneous in terms of cell types. Besides 

the MCNs, some small-sized neurons were found in the human SON that are most 

probably interneurons (Al-Hussain and Al-Jomard, 1996). Non-neural cells in SON 

include astrocytes, microglia, oligodendroglia, and vascular cellular phenotypes 

(Johnson et al., 2015), which perform important roles such as to provide blood-borne 

nutrients and other essential substances to neurons (Argente- Arizón et al., 2015), and 

glial regulation of neuronal activity (Tasker et al., 2012), etc. Mapping of these cell 

types in the camel SON will expand our understanding of the functional networks 

between MCNs and non-neuronal cells that could contribute to the maintenance of 

water balance in the animal.   

 

3.6 Conclusions 
The mapping of the dromedary SON has been sparsely reported in the past. In the 

present study, the validity of the RNAscope mapping on the homologous fields of 

adjacent serial sections was established. The localization of the AVP and OXT mRNAs 

in different SON MCNs confirms the specificity of these cells, whilst a smaller group of 

cells with less specificity were observed to co-express the two types of transcripts. 
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This comprehensive mapping of the dromedary SON structure took forward these 

anatomical instructions to guide the collection of the SON for the downstream bulk 

RNAseq. The interspecific comparison of the SON mapping revealed a more conserved 

SON structure between camel and cattle in contrast to that of human and rat. A shared 

feature for the distribution of SON cells were discovered in camel, cattle, sheep, 

human and rat, that is, a population of OXT cells form a cap of the AVP cells in at least 

a part of SON. The number of OXT neurons were found to be generally less than the 

AVP neurons. A series of modifications were described to acquire camel SON 

mappings that convey more information about the putative difference of SON 

morphology due to different level of osmotic challenge, sexes, and sectioning method, 

as well as the localization of non-neuronal SON cells in the future studies.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



113 
 

 
Supplementary Figure S3.2: Schematic localization of AVP/OXT- immunoreactive perikarya 
in the cattle hypothalamus. 

Dots “•” represent magnocellular perikarya; “○” represent parvocellular perikaryal; “+” 
represent fibers. Note: only the labels of landmark structures relevant to the present study 
are explained here. VIII: third ventricle, PVN: paraventricular nucleus, SON: supraoptic nucleus, 
SCN: suprachiasmatic nucleus, VON: vasopressin-oxytocin containing nucleus, OC: optic 
chiasm, OT: optic tract. Figure adapted from Graïc et al., 2018.  
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Supplementary Figure S3.3: Nissl (thionine) staining of cattle hypothalamus coronal section. 

Microphotographs of the cattle hypothalamus of (a) a male and (b) a female. 3V: third 
ventricle, PVN: paraventricular nucleus, SON: supraoptic nucleus, VON: vasopressin-oxytocin 
containing nucleus, OT: optic tract. Figure adapted from Graïc et al., 2018. 
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Supplementary Figure S3.4: Coronal section of the human hypothalamus. 

Coronal section of the human hypothalamus, showing the three subdivisions of the human 
SON. VM: ventromedial SON, DM: dorsomedial SON, DL: dorsolateral SON. The VM and DM 
SON are joined by a band of cells. 3V: third ventricle, OT: optic tract, P: paraventricular nucleus. 
Figure source: Nauta and Haymaker, 1969; Swaab, 2003. 
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Supplementary Figure S3.5: Schematic illustrations of the human hypothalamus. 

Atlas of the human hypothalamus in coronal sections, organized rostrally to caudally, showing 
the localizations of the human SON subdivisions. Note: only the labels of landmark structures 
relevant to the present study are explained here. OC: optic chiasm, OT: optic tract, FX: fornix, 
III: third ventricle, SON: supraoptic nucleus, PVN: paraventricular nucleus. Figure source: Allen 
et al., 1989.  
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Supplementary Figure S3.6: Schematic illustrations of serial coronal section of the rat 
hypothalamus. 

Atlas of coronal sections of the rat hypothalamus along the rostral-caudal axis, showing the 
localization of the rat SON. Note: landmark structures relevant to the present study are 
labeled in red. 3V: third ventricle, OX: optic chiasm, OT: optic tract, SON: supraoptic nucleus. 
Figure adapted from Paxinos and Watson, 2004. 
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Chapter 4  

 

Transcriptomic Analysis 
4.1 Introduction 
4.1.1 RNA sequencing 

        Next-generation sequencing (NGS) is a massively parallel sequencing technique 

that produces ultra-high throughput data with scalability and high efficiency. RNA 

sequencing (RNAseq) uses NGS to analyse expression across the transcriptome and is 

a powerful tool to comprehensively understand RNA-level diversity and regulation at 

bulk and single-cell level (Chen et al., 2020). RNAseq enables researchers to perform 

not only differential gene expression analysis with higher resolution, but also the 

detection of known and/or novel features of alternative splicing-derived transcript 

isoforms (Guo et al., 2021), RNA editing, allele-specific expression, gene fusions, single 

nucleotide variants, and other characteristics without the limitation of prior 

knowledge (Chen et al., 2020).  

        About 80% of the total RNAs in a eukaryotic cell are ribosomal RNA (rRNA) (Bush 

et al., 2017; O’Neil et al., 2013), whilst the polyadenylated positive [poly(A)+] 

messenger RNAs (mRNAs) account for around 5% (Choy et al., 2015; Yi et al., 2011). 

As the two commonly used RNAseq methods, poly(A) enrichment and rRNA depletion 

selectively remove poly(A) negative RNAs and rRNA, respectively. The poly(A) 

selection method (Figure 4.1a) enriches mRNAs and many non-coding RNAs such as 

miRNA precursors and some long non-coding RNAs (lncRNAs) (Cui et al., 2010; 

Kornberg, 1999). In contrast, rRNA depletion method (Figure 4.1b) depletes 

mitochondrial and cytoplasmic rRNA, thus keeping poly(A)+ mRNAs, non-coding RNAs 

such as misc-RNA and snoRNA, as well as protein-coding mRNAs without a poly(A) tail 

(Katayama et al., 2005). Both poly(A) enrichment and rRNA depletion have their own 

advantages and disadvantages that may introduce bias in the downstream analysis. 

Cui et al. (2010) reported that the sequencing of different fractions of the 
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transcriptome using these two different methods leads to a significant variation in the 

quantification of gene expression. A more recent study (Chen et al., 2020) reported 

that the shared genes between the two methods are highly correlated after 

performing the “exonOnly” quantification and batch correction. Both methods were 

applied to construct RNAseq libraries in the current study where the protein-coding 

genes in camel SONs are the primary research targets. Only the rRNA-depletion 

method generated valid libraries that passed the QC and thus were used to proceed 

to the downstream sequencing and data analysis.  

 
Figure 4.1: RNAseq poly(A) selection and ribosomal RNA depletion methods. 

Illustrations of the RNAseq (a) RNAseq poly(A) selection and (b) ribosomal RNA depletion 
methods. rRNA: ribosomal RNA, miRNA: microRNA, lncRNA: long non-coding RNA, sncRNA: 
short non-coding RNA, snoRNA: small nucleolar RNA, snRNA: small nuclear RNA, misc_RNA: 
miscellaneous RNA. Figure adapted from Cui et al. (2010), Depledge et al. (2018), Viscardi and 
Arribere (2022). 
 

4.1.2 Quality Control of RNAseq 

For RNAseq, the first quality control (QC) step is to ensure the good quality of the input 

samples. RNA integrity is of paramount importance for transcriptomic studies that 

attempt to report the snapshot of the expression levels of genes at the stage of RNA 
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extraction. In this study, RNA Integrity Number (RIN) values (a metric commonly used 

to assess RNA quality) are measured using an algorithm inbuilt in the Agilent 

bioanalyzer systems software (version B.02.11) (Agilent Technologies, Santa Clara, CA, 

USA). In comparison to the conventional gel-based methods for evaluating RNA 

quality, this algorithm is able to take characteristics of several regions in the recorded 

electropherogram into account, such as features indicating the start of RNA 

degradation, or how far the degradation proceeded, in order to get a reliable and 

robust prediction of RIN (Schroeder et al., 2006). Ten categories were defined for the 

classification of RIN from 10 (completely intact RNA) to 1 (fully degraded RNA). A high-

quality RNA sample usually has a RIN of at least 8, where partially fragmented RNA 

will have a RIN with a range of 6~8 (DeLong, 2013), providing us with a general 

criterion for the QC of RNA samples.  

        RNAseq analysis usually involves the mapping of the reads to a reference genome 

or transcriptome to elucidate which transcripts are expressed (Conesa et al., 2016). 

The usage of high-quality reference genomes with a low number of gaps, less errors, 

and high percentage of sequence assembled into chromosomes can improve the 

quality, accuracy, and reliability of RNAseq data. Camdro1 (GCA_000803125.1) is one 

of the de novo dromedary camel genome assemblies. The more updated versions 

were generated based one the Camdro1 assembly and are available as Camdro2 

(GCA_000803125.2) and Camdro3 (GCA_000803125.3). A previous study has shown 

that Camdro2 and 3 have much higher mapping rates to the RNAseq data of 

dromedary camel SON and neurointermediate lobe (NIL) brain tissues (summer vs. 

winter seasons) than Camdro1, Camelus dromedarius RefSeq version 

(GCA_000767585.1), and the assemblies of Camelus ferus, Camelus bactrianus and 

Bos taurus (cattle) (Lado et al., 2020). Camdro3 is validated to be more accurate, 

contiguous and show fewer scaffolds of increased size when compared to previous 

iterations, and consistently had higher RNAseq read mapping rates than Camdro2 

(Lado et al., 2020). In the Camdro2 annotation, Lado et al. predicted 22534 genes with 

7.7% (1730) of genes having no assigned annotation. These number are slightly lower 

than that of Camdro3 for which 22917 genes were predicted, with 7.4% (1705) of 

genes having no assigned annotations. Camdro2 has annotation edit distance (AED) 

values less than 0.5 for 78.4% transcripts versus 79.1% transcripts for Camdro3, with 
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the larger proportion of lower AED values indicating that Camdro3 is slightly more 

congruent. The recently reported transcriptomic adaptations to DH in the dromedary 

kidney (Alvira-Iraizoz et al., 2021) by our lab used Camdro2 for the data analysis. 

According to the personal communications to Alvira-Iraizoz et al. (2021), Camdro2 has 

more comprehensive annotations compared to Camdro3. To identify the better 

reference camel genome for characterizing the camel SON transcriptome, the RNAseq 

data were aligned to both Camdro2 and Camdro3 to assess their compatibility to this 

study.  

 

4.1.3 Osmotic stimulation evokes plastic change in SON 

It is well known that chronic osmotic stimulation in rat evokes a dramatic functional 

remodelling of the rat SON (Hatton, 1973; Theodosis et al., 1997). A plethora of 

activity-dependent changes in the morphology, electrical properties and biosynthetic 

and secretory activity of the SON have been described (Sharman et al., 2004), which 

contribute to the facilitation of hormone production and delivery, and hence survival. 

As a consequence of the depletion of pituitary stores that accompanies chronic 

osmotic stimulation, there is a need to synthesize more AVP. This starts with an 

increase in AVP gene transcription (Murphy and Carter, 1990), which results in an 

increase in the abundance of the precursor heteronuclear RNA (hnRNA) (Kondo et al., 

2004), and the mature mRNA (Sherman et al., 1986). Previous studies (Hindmarch et 

al., 2006; Qiu et al., 2007; Stewart et al., 2011; Qiu et al., 2011; Greenwood et al., 2015; 

Yue et al., 2006; Greenwood et al., 2014) have sought to understand this function-

related plasticity at the level of the expression of the genome. Thus, Affymetrix 

GeneChipTM analysis (Hindmarch et al., 2006; Qiu et al., 2007; Stewart et al., 2011; 

Qiu et al., 2011; Greenwood et al., 2015) was applied on adult male and female 

Sprague Dawley rat, and latterly Illumina RNA sequencing (RNASeq) (Pauža et al., 2021) 

on adult male Wistar Han rat, to document the transcriptomes of the rat SON and to 

describe their changes following 72 hours of DH. Some of the novel differentially 

expressed genes identified have been subjected to detailed functional investigation, 

for example CREB3L1 (Greenwood et al., 2014; Greenwood et al., 2015a; Greenwood 

et al., 2015b; Greenwood et al., 2018; Greenwood et al., 2020), AZIN1 (Greenwood et 



122 
 

al., 2015c), SLC12A1 (Konopacka et al., 2015), CAPRIN2 (Konopacka and Greenwood 

et al., 2015; Loh et al., 2017) and RASD1 (Greenwood and Greenwood et al., 2016). It 

has been thus demonstrated that the SON is a tractable model that enables sustained 

progress from transcriptome datasets to novel physiological understanding (Pauža et 

al., 2021). Whether the dynamic transcriptional mechanisms seen in the rat SON are 

also operational in other mammalian species, particularly those, like the camel, that 

are subject to particularly extreme environmental demands, remains to be 

determined.  

 

4.2  Aims 
§ To optimize the RNAseq pipeline and the RNAseq data analysis pipeline 

§ To catalogue camel SON transcriptomes under control and DH conditions 

§ To analyse the transcriptomic data and compare between control and DH  

§ To validate key genes changed by DH using qRT-PCR 
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4.3 Materials and Methods 
4.3.1 Animals 

All details related to animal husbandry and physiological studies are described in 

Materials and Methods Section 2.3.1 and 3.3.1.  

 

4.3.2 Hypothalamic sample processing 

All details related to the identification of the SON from the camel hypothalamus 

samples are described in Materials and Methods Section 3.3.2. The hypothalamic 

sample was sliced into 100 μm thick coronal sections along the rostral-caudal axis 

using a cryostat set at -20 °C (Leica, CM3050 S). The start of the SON was mapped by 

staining with toluidine blue. The rostral and caudal SONs were separately extracted 

from the frozen hypothalamic sections. SONs were punched from 47~60 consecutive 

slices per sample using a 1 mm micro punch (Fine Science Tools, 18035-01). The 

punches were dispensed into 1.5 mL tubes maintained on dry ice within the cryostat 

chamber. At the end of collection, 1 mL of Trizol (Thermo Fisher Scientific, 10296010) 

and SON samples were thoroughly mixed by vortexing and stored at -80 °C. After 

punching, the remaining brain sections were mounted on Superfrost® Plus slides 

(Thermo Fisher Scientific, J1800AMNZ), collected in a slide box in the cryostat 

chamber, stained with toluidine blue or used for RNAscope (detecting the AVP and 

OXT mRNAs, methods described in Section 3.3.3) to verify the accuracy of the SON 

extraction techniques. The sections were stored in slide boxes at -80 °C. 

 

4.3.3 RNA extraction 

Total RNA was extracted from the SON samples using a Direct-zol™ RNA MiniPrep kit 

(Zymo research, R2052) following the manufacturer’s instructions. A Nanodrop 

spectrophotometer (Thermo Fisher Scientific, ND-1000) was used to determine the 

RNA concentration.  

 

4.3.4 RNAseq  

RNA integrity number (RIN) was established for each sample by using the Agilent 2200 

TapeStation system (Agilent Technologies, 2503). Control, DH and RH samples (n=5 for 
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each condition) had an average RIN value of 6.38 (range 5.2~7.2). RNA samples with 

higher RIN values were used for cDNA library preparation. cDNA libraries were 

prepared using the TruSeq® Stranded Total RNA Library Prep (Illumina, 15031048) 

following the manufacturer’s instructions. The ribosomal RNA was depleted from the 

total RNA sample using rRNA removal beads. Following purification, the depleted 

samples were broken into small fragments (75 bp) that were used for first strand cDNA 

synthesis and a subsequent second strand cDNA synthesis. The cDNA fragments then 

went through a single adenine addition and ligation of adapter indices. Library 

amplifications were performed by PCR to generate the final cDNA libraries. Sample 

with average cDNA library size close to 260 bp (following the manufacturer’s protocol) 

and higher final library concentration was used for RNAseq. Approximately 200 ng 

individual libraries were sequenced using the NextSeq500 High Output Version 2.5, 2 

x 75 bp kit (Illumina, 15057931) following the manufacturer’s manual. Sequencing 

library construction and sequencing were performed as a service provided by the 

Genomics Facility of the University of Bristol. The samples generated averagely 23.7 

million mapped reads per sample (range 17.7~37 million). Data was processed using 

the Real-Time Analysis (RTA) software (version 2.4.6).  

 

4.3.5 cDNA synthesis and qRT-PCR  

Total RNA (138 ng) was reverse transcribed using the GOScriptTM cDNA synthesis 

system (Promega, A276A). Primers of target genes (Supplementary Table SC.1, 

Appendix C) were designed based on the reference sequences from National Centre 

for Biotechnology Information (NCBI Resource Coordinators, 2018), the genome 

assembly Camdro2 (GCA_000803125.2) and the genomic sequencing data of AVP and 

OXT. All primers were synthesized by Sigma-Aldrich®. Intron-specific primers were 

designed to detect the hnRNA (pre-mRNA) for AVP and OXT (Yue et al., 2008). The 

optimization and validation of primers was performed according to ABI protocols and 

relative standard curve method (Pfaffl, 2004). cDNA samples were used as templates 

for the qRT-PCR which was conducted in duplicates in 12 µL reaction volumes using 

PowerUpTM SYBR Green Master Mix (Thermo Fisher Scientific, 100029283) on an ABI 

StepOne-Plus Real-Time PCR System. For selecting the reference gene of camel SON, 
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the expression levels of six commonly used reference genes (ACTB, B2M, GAPDH, 

HMBS, HPRT1 and PPIA) in the rat hypothalamus (Gholami et al., 2017) were checked 

in the camel SON RNAseq data. The housekeeping gene HPRT1 was highly stable in 

expression under the experimental conditions and thus was selected as the reference 

gene for the qRT-PCR validation.  

 

4.3.6 Statistics and reproducibility  

RNAseq data processing and downstream analysis were performed using a command-

line based pipeline (Figure 4.2) in a Linux-based high-performance computer “Hydra” 

(PowerEdgeR820 12 core supercomputer; Dell, Round Rock, TX, USA). The paired end 

sequencing files (.fastq format) from different flow cell lanes were first merged. The 

merged files were checked by initial quality control (FastQC) (Andrews, 2010), then 

trimmed for adaptor sequences using BBDuk tool, followed up by a MultiQC quality 

check (version 1.9). A dromedary camel reference genome named Camdro2 

(GCA_000803125.2) was indexed using Spliced Transcripts Alignment to a Reference 

(STAR) aligner (version 2.5.3a) (Dobin et al., 2013). The reads were aligned to the 

indexed genome. The resulting files were loaded into R (version 4.0.3) (R Core Team, 

2021). The mapped reads were counted by FeatureCounts (Liao et al., 2014) where 

the number of aligned read pairs to each gene for each library were counted. Raw 

read counts were normalized using Median of ratios method (Anders and Huber, 2010) 

inbuilt in DESeq2 (Love et al., 2014). QC checks were performed at the sample level 

and gene level on the count data before and after normalization by principal 

component analysis (PCA) and hierarchical clustering. Differentially expressed genes 

between control and DH (n=5 for each condition) were identified using DESeq2. The 

inbuilt statistics in DESeq2 was Wald test with Benjamin-Hochberg adjustment (Lover 

et al., 2014; Benjamini and Hochberg, 1995). Genes with padj≤0.05 were considered 

to have significant differential expression between groups. Gene annotations were 

retrieved by using an online tool g: Profiler (g:Convert, Orthology search) (Raudvere 

et al., 2019).  
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Figure 4.2: RNAseq data processing and analysis pipeline. 

All steps of the pipeline are indicated in filled circles. Bioinformatic tools associated with each 
step are listed in bold font. Output file formats are listed in italic font. Quality control (QC) 
checks for assessing the quality of data are listed in speech balloons.  
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        PCA showing separations between control and DH conditions were plotted by 

inbuilt function of DESeq2 (ntop=500) based on the regularized log transformed read 

counts. For comparing different gene sets, unscaled venn diagrams were generated 

by using an online tool of Bioinformatics & Evolutionary Genomics 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). The volcano plot showing 

statistical significance against log2 fold change (LFC) of genes was generated using the 

ggplot2 package (version 3.3.3) (Wickham, 2016) in R. The lollipop chart was 

generated using ggplot2 to list differentially expressed genes (DEGs) by LFC ranking 

and to deliver information about statistical significance and expression abundance 

(baseMean: averaged normalized read counts across all samples) of the DEGs.  

        To compare the common DEGs between DH camel and rat, simple linear 

regressions and spearman correlation tests were performed using Graphpad Prism 

(version 9.1.0) on the LFC values of the genes in both species, and the absolute LFC 

and -log10padj values in each species. The absolute LFC values in the two species were 

compared by Wilcoxon matched-pairs signed-rank test (two-tailed) via Graphpad 

Prism (version 9.1.0). Statistics available from Supplementary Data S4.1 

(https://figshare.com/s/01dc4862928589f55b3a). 

       Gene ontology (GO) was performed using the ClusterProfiler package (version 

3.18.1) (Yu et al., 2012) in R. For GO analysis of camel, we used the model organism 

human as references. First, the camel DEG Ensembl IDs were converted to the 

ortholog human Ensembl IDs by using g: Profiler (g:Orth, Orthology search) (Dobin et 

al., 2013), then converted to human Entrez IDs using AnnotationDbi package (version 

1.52.0) (Pagès et al., 2022) and org.Hs.eg.db package (version 3.12.0) (Carlson, 2019), 

a genome wide annotation database for human, in R. Over-representation analysis 

(Boyle et al., 2004) was carried out based on the converted gene IDs and the human 

biological pathway and KEGG pathway annotation databases. Benjamin-Hochberg 

adjustment (Benjamini and Hochberg, 1995) was applied for multiple comparison 

correction to reduce the false discovery rate. Pathways with padj≤0.05 were identified 

as significantly enriched pathways. Dot plots that visualizing the significantly enriched 

pathways ranked by padj and the associated DEGs with LFC and abundance 

(baseMean) in gene expression were plotted using ggplot2 in R.  
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        The 2-ΔΔCT method was applied for the relative quantification of gene expression 

by qRT-PCR (Livak and Schmittgen, 2001). ΔCT is the difference in cycle threshold (CT) 

values of the gene of interest and the housekeeping gene and was used in statistical 

tests. ΔΔCT = ΔCT (treated sample) - ΔCT (control sample). 2-ΔΔCT was used for plotting. 

When comparing between control, DH and RH camels (n=5 for each condition), qRT-

PCR data was analyzed using Brown-Forsythe and Welch one-way ANOVA with 

Dunnett T3 post-hoc test in Graphpad Prism (version 9.1.0). Data was illustrated by 

box and whisker plots to show the dispersion of the dataset. Genes with padj≤0.05 

were considered as significantly changed in expression. When comparing between 

control and DH camels (n=5 for each condition), qRT-PCR data was analyzed using two-

way, unpaired t test with Welch correction in Graphpad Prism (version 9.1.0). Genes 

with p≤0.05 was considered as significantly changed in expression. Statistics available 

in Supplementary Data S4.2 (https://figshare.com/s/77017b065e3b82ab6dde). 

 

4.3.7 Data and code availability 

The dromedary camel AVP (accession number: OM963135) and OXT (accession 

number: OM963134) gene sequences have deposited to GenBank. The bioinformatic 

scripts for the transcriptome analysis are available in Supplementary Scripts 

(https://figshare.com/s/78c7e1df313ebe6ca0f0). The data underlying the 

transcriptomic analyses, including raw FASTQ files, bulk RNAseq counts, DESeq2-

normalized data and project metadata, have been deposited in NCBI’s Gene 

Expression Omnibus (GEO) and are publicly available as of the date of publication 

(accession number: GSE198577). All software packages used to analyse the data are 

described in the Materials and Methods Section 4.3, and are common, well-

established tools used in omics studies.  
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4.4 Results 
4.4.1 Optimization of Transcriptomic Study Pipeline 
4.4.1.1 Verifications of SON extraction technique 

It is important to accurately locate and remove the camel SON to reduce 

contamination from the surrounding tissue. As a verification of this technique, 

RNAscope was performed on the remaining hypothalamic sections after trial 

extractions of rostral and caudal SONs (Figure 4.3) with reference to the anatomical 

mapping described in Chapter 3. These sections were much thicker (thickness: 100 μm) 

compared to the sections (16 μm) used for anatomical mapping, which increased the 

difficulty for the RNAscope probes to access the tissues and to hybridize with the AVP 

and OXT mRNAs. Thick sections are usually less amenable for the in situ hybridization 

technique because there is more out-of-focus tissue that could interfere with 

detection (Grabinski et al., 2015). Figure 4.3 shows that the 100 μm thick sections can 

generate sufficient signal/background ratio for detection by RNAscope. The leftover 

MCNs with clear fluorescent staining in red (AVP mRNA), green (OXT mRNA) and 

yellow (co-localization of AVP and OXT mRNA) adjacent to the punch locations indicate 

that the SONs were accurately located and extracted in the trial experiment.    
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Figure 4.3: RNAscope on hypothalamic sections to verify SON extraction accuracy.  

The hypothalamic block was sliced into 100 μm thick coronal sections. A-f Montage of low 
power views of RNAscope of AVP and OXT mRNAs showing their localizations in camel rostral 
(a-c) and caudal (d-f) SON. AVP: red, OXT: green, DAPI: blue; SON: supraoptic nucleus, MCN: 
magnocellular neurons. Punch: hollow region stating the locations where the SON was 
punched out. Dashed lines: marking the curve edge of punch.  
 

        To check the consistency of the SON extraction technique across all samples, 

toluidine blue staining was performed on every 10th section to trace the journey of the 

punched SON. Such technical consistency was confirmed by laterally comparing across 

all toluidine blue stained sections under optical microscopy. Images were not captured 

for all samples in order to accelerate the SON extraction process, and thus to maintain 

the RNA integrity. Figure 4.4 illustrates the camel SONs before and after extractions 

on consecutive sections, mapped by staining with toluidine blue. The SONs 

(aggregated populations of MCNs with larger cell bodies and darker staining compared 

to the peripheral tissue) were successfully extracted, while a small portion of 

peripheral tissues were extracted together. RNAseq datasets generated from the 

extracted SON samples might include noise derived from the off-target peripheral 

tissue, but at similar level across all samples due to the technical consistency, which 

minimize the influence on the comparison between different experimental groups.  

         



131 
 

Figure 4.4: Toluidine blue staining on consecutive hypothalamic sections to verify SON 
isolation by tissue punching. 

Images of the toluidine blue stained hypothalamic sections were taken from the optical 
microscope view. a Rostral SON before punching. b Rostral SON after punching. c Caudal SON 
before punching. d Caudal SON after punching. OX: optic chiasm. Punch: hollow region stating 
the locations where the SON was punched off. Arrow: location of SON.  
 

4.4.1.2 Library preparation: poly(A) enrichment vs. rRNA depletion  

The cDNA libraries were produced by using both poly(A) enrichment and rRNA 

depletion methods. The initial QC check using the D1000 ScreenTape indicated invalid 

sequencing library construction (indicated by faint band/absence of clear band at ~260 

bp) using poly(A) enrichment (Figure 4.5a) in addition to containing identifiable 

adapter dimers of ~150bp. The Illumina TruSeq Stranded mRNA library prep manual 

[poly(A) enrichment method] recommended to use RNA samples with RIN>8. This 

method does not work well with RNA samples lacking poly(A) tail, which is the case 

for partially degraded samples with RIN<8 (Kraus et al., 2019). Moreover, the Illumina 

TruSeq Stranded mRNA library prep kit was optimized to use 100-1000 ng of high-

quality total RNA starting material (input) and only 200 ng of total RNA was supplied 

to normalize the RNA input from each SON sample. Taken together, the nonoptimal 

RNA integrity (Table 4.1) and the low RNA input could be the reasons for not producing 

valid cDNA libraries by using the poly(A) enrichment method. This could be improved 

by optimizing the SON isolation and RNA extraction procedures to preserve RNA 

integrity, and by increasing the RNA input under the broad assumption that a greater 

input amount would have greater non-degraded mRNA content for the oligo-

dT/poly(A) capture step.  

        One technical advantage of rRNA depletion is that it and has better performance 

on partially degraded RNA samples compared to poly(A) selection method (Zhao et al., 

2018; Lin et al., 2019). Therefore, rRNA depletion (Figure 4.5b) was used to prepare a 

new set of cDNA libraries. Since adapter dimers are not the target product of library 

preparation and might consume a proportion of the capacity of the sequencing flow 

cell, additional purification step by using solid phase reversible immobilization (SPRI) 

beads that bind nucleic acids by type and size was performed to remove adapter 

dimers from the rRNA-depleted libraries. The QC check (Figure 4.5b) shows valid 



132 
 

rRNA-depleted libraries (clear bands at ~260 bp) and the successful removal of 

adapter dimers (no bands or very faint bands at ~150 bp).   

Table 4.1: cDNA library quality control information. 

All cDNA libraries listed in this table were prepared using the TruSeq® Stranded Total RNA 
Library Prep (Illumina, 15031048). CON: control, DH: dehydrated, RH: rehydrated. RNA 
extraction technical replicates: CON1 and CON13; CON2 and CON14; DH6 and DH17. Samples 
with better performance (labeled in bold text) were used for RNAseq and qRT-PCR validation. 
DH-Ribo-1, RH-Ribo-2 and RH-Ribo-3 were misprocessed at the ribosomal RNA removal step, 
hence were replaced by RNA samples extracted from the backup rostral SON aliquots 
harvested from the same animals. 

Sample RIN  

Final 
average 
library 

size (bp) 

Fragmentation 
time (minutes) 

Total RNA 
(ng) taken 
into assay 

Final library 
concentration (ng/ul) 
(High Sens Qubit) 

CON1 6.1 327 4 ~200 1.44 

CON2 5.7 313 4 ~200 9.53 

CON3 6.7 323 4 ~200 2.11 

CON4 6.9 315 4 ~200 4.09 

CON5 6.7 327 4 ~200 3.08 

CON13 6.3 274 4 ~200 3.86 

CON14 5.4 285 4 ~200 2.46 

DH6 5.9 327 4 ~200 1.64 

DH7 7 311 4 ~200 7.9 

DH8 5.5 316 4 ~200 3.75 

DH9 6.8 312 4 ~200 14 

DH15 5.2 281 4 ~200 8.54 

DH16 5.6 264 4 ~200 6.45 

DH17 N/A 403 4 ~200 0.265 

DH-Ribo-1 5.3 255 4 ~200 0.279 

RH10 6.8 318 4 ~200 18.6 

RH11 6.6 308 4 ~200 5.91 

RH12 7.2 289 4 ~200 5.35 

RH-Ribo-2 6.7 300 4 ~200 39.5 

RH-Ribo-3 5.7 302 4 ~200 32.4 
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Figure 4.5: Illumina TruSeq Stranded mRNA libraries and total RNA libraries. 

Agilent D1000 ScreenTape quality control electropherograms of the constructed camel rostral 
SON poly(A) enriched- and rRNA depleted-libraries. CON: control, DH: dehydrated, RH: 
rehydrated. a Nonvalid Libraries produced using Illumina TruSeq Stranded mRNA library prep 
[poly(A) enrichment] containing adapter dimers. b Valid libraries produced using Illumina 
TruSeq Stranded total RNA library prep (rRNA depletion) with successful removal of the 
adapter dimers.  
 

4.4.1.3 Quality control on RNA integrity and cDNA library 

Monitoring of the quality of the input samples is indispensable for the RNAseq process. 

20 RNA samples (including 3 technical duplicated samples and 14 individual samples) 

with relatively higher RIN were used for the cDNA library preparation and all passed 

the QC check (Table 4.1). 15 cDNA libraries with better performance [higher RIN, final 

average library size close to 260 bp (as suggested by the library prep manual), and 

higher final library concentration] were selected for RNAseq.  

Library

a

b

Adapter 
dimer

(bp)    Ladder   CON1   CON2   CON3   CON4   CON5     DH6      DH7     DH8      DH9    DH10    RH11     RH12   CON13 CON14 DH15   DH16

DH-
Ribo-1

RH-
Ribo-2

RH-
Ribo-3

Adapter 
dimer

Library

(bp)    Ladder   CON1   CON2   CON3   CON4   CON5     DH6      DH7     DH8      DH9    RH10    RH11  RH12   CON13 CON14 DH15   DH16



134 
 

        The electropherogram peaks of the 15 cDNA libraries with better performance are 

shown in Figure 4.6. All libraries show a peak within the expected fragment 

distribution range (~260 bp) of the pre-capture product of the final library without 

additional peaks (except the peaks representing the lower and upper markers). This 

peak representing the final library is clearly visible above the background signal, 

indicating the high purity of the 15 cDNA libraries.  

        RIN (range 5.2~7.2, average RIN of each group > 6) of the RNA samples 

corresponding to the 15 qualified cDNA libraries are summarized in Figure 4.7a, 

suggesting that partial RNA degradation might have occurred in the RNA samples. 

Figure 4.7b shows the comparison of the RIN between different experimental groups. 

The RIN values were consistent across all 15 RNA samples even though minor 

variations were noticed. Specifically, no significant difference between groups were 

detected for the RIN value (Figure 4.7b), indicating that the RINs are not associated 

with the primary variable factor (the hydration status) in this study.  

 

4.4.1.4 RNAseq data processing and quality control 

FastQC on raw RNAseq data 

Raw reads generated by RNAseq were first merged, then processed for quality 

evaluation using the FastQC software (Andrews, 2010) which measures a series of 

metrics and generates graphs illustrating the quality of the merged reads and 

improvements that could be achieved by trimming-off adapters or low-quality reads. 

Such trimming improves the efficiency of subsequent data processing steps, such as 

increasing the rate of mapping to reference genome. The FastQC outputs, summarized 

by MultiQC package (Ewels et al., 2016) to aggregated analysis across many samples 

into a single report, are listed in Figure 4.8 and Figure 4.9 for the comparison between 

untrimmed and trimmed data. High mean quality scores (Phred≥30) were detected 

across the read (Figure 4.8a), and for absolute majority of reads (Figure 4.8b) in all 

samples, together indicating that most reads were of high quality in the generated 

libraries. No curve rises noticeably above zero in the per base N content matrices 

(Figure 4.8c), demonstrating that the reads had almost no unidentified bases. It is 

reported by the multiQC adapter content module which conducts a specific search for 

a set of Kmers separately defined as adapter sequences (Andrews, 2010) through the 
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Figure 4.6: Electropherogram peaks of Illumina TruSeq Stranded total RNA libraries. 

Agilent D1000 ScreenTape quality control electropherograms of the constructed camel rostral 
SON rRNA-depleted libraries. CON: control, DH: dehydrated, RH: rehydrated. All qualified 
samples show a peak within the proper size range (~260 bp) representing the library. Peaks 
with a much lower/higher size representing the lower and upper markers supplemented to 
each sample for the purpose of aligning the sample with the ladder.   
 

               

Figure 4.7: RIN values of qualified RNA samples.  

N=5 for each group. a RIN of samples were averaged by group to evaluate the general RNA 
sample quality of each group. b Box and whisker plot for RIN of rostral SON RNA samples (raw 
data shown in a). Data was analysed by using Brown-Forsythe and Welch one-way ANOVA 
with Dunnett T3 post-hoc test using Graphpad Prism (version 9.1.0).  
 

libraries that “no samples found with any adapter contamination > 0.1%”. According 

to the FastQC Tutorial & FAQ (Michigan state university), this is also supported by the 

following evidence: 1) no drop was observed in mean quality scores after base 60; 2) 

no bi-modal distribution was found for per sequence quality scores; 3) no obvious 

difference between the matrices for the untrimmed and trimmed data, indicating that 

the adapter dimers were efficiently removed from the libraries before sequencing. 

The generated reads were of the expected ~75 bp length (Figure 4.8d).  

        GC content is expected to be roughly in normal distribution across the whole 

length of each sequence where the central peak corresponds to the overall GC content 

of the underlying genome (Ewels et al., 2016). The per sequence GC content of camel 
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SON samples (Figure 4.9a) shows a central major peak at ~40% GC, which corresponds 

to the expected 41.4% GC proportion for the dromedary camel (Richardson et al., 

2019). The overall distribution is unusual because of the presence of a second peak 

centred around 80% GC, and multiple spikes on both peaks. This could be caused by 

biased selection during sample preparation, such as low-quality sample, low yield, PCR 

amplification bias, etc. If the secondary peak is quite broad, the samples might have 

contamination from a different organism. If the secondary peak is relatively sharp and 

is located not very far from the main distribution, the samples might be contaminated 

with adapter dimers. The FastQC result in this study is different from the two 

abovementioned scenarios. The secondary peak is very sharp and far away from the 

main peak, which could result from picking up specific sequences (probably rRNAs) by 

the overrepresented sequences module.  

        Amongst the 30 samples [pair-end reads including forward (R1) and reverse (R2) 

reads in two separate files for each individual library], one (RH-Ribo-2 R2) is flagged as 

“warned”, 29 are flagged as “failed” for the per sequence GC content (Figure 4.9a), 

meaning that the sum of the deviations from the theoretical normal distribution 

represents more than 15% (warned) or 30% (failed) of the reads. It should be noted 

that a flagged module in FastQC/MultiQC does not necessarily indicate that the 

sequence run failed. In contrast, it means that careful decisions need to be made for 

these results to determine their meaning in the context of the particular samples and 

the type of sequencing that was run. To troubleshoot the per sequence GC content 

distribution, the overrepresented sequence that accounts for >0.1% of the total reads 

are summarized in Figure 4.9b in order to identify potential contamination. In 9 

samples, the top overrepresented sequences account for more than 1% of the total 

reads. These overrepresented sequences are either highly biologically important, or 

indicate that the library is contaminated, or not as diverse as expected. All 

overrepresented sequences are slightly reduced in their fraction of total sequences by 

trimming off adapters and low-quality bases. 
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Figure 4.8: FastQC: RNAseq quality control scores of the generated reads.  

FastQC quality control metrics are displayed for untrimmed and trimmed merged reads. The 
metrics illustrate information including a mean base calling quality (Phred) score across the 
reads, b mean Phred quality score across all reads, c average number of bases that were 
undetermined (N) across the read, and d average length of the generated reads. Read 1 (R1, 
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file contains forward reads) and Read 2 (R2, file contains reverse reads) are the pair-end reads 
for an individual sample (library). R1 and R2 are paired with each other in downstream data 
analysis.     
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Figure 4.9: FastQC: RNAseq quality control scores of the untrimmed and trimmed reads.  

FastQC quality control metrics are displayed for untrimmed and trimmed merged reads. The 
metrics illustrate information including a average GC content across all reads, b over-
represented sequences, and c average level of duplicated reads. Orange and red curves are 
flagged by MultiQC as warned and failed, respectively. Per sequence GC content is flagged if 
the sum of the deviations from the normal distribution represents more than 15% (warning) 
or 30% (failure) of the reads. Sequence duplication level is flagged if non-unique sequences 
make up more than 20% (warning) or 50% (failure) of the total. CON: control, DH: dehydrated, 
RH: rehydrated. n=5 for each group. Read 1 (R1, file contains forward reads) and Read 2 (R2, 
file contains reverse reads) are the pair-end reads for an individual sample (library). R1 and R2 
are paired with each other in downstream data analysis. FastQC results are summarized using 
MultiQC (Ewels et al., 2016).  
 

        The top overrepresented sequence in each trimmed sample was Blasted to find 

the best match amongst all species and Camdro2 (Supplementary Data S4.3, available 

from: https://figshare.com/s/b1579c108809c473dec9). Most samples (22/30) have 

top overrepresented sequence mapped to human ribosomal RNA genes (NCBI: 

KY962518.1). The top overrepresented sequences in two samples are mapped to the 

dromedary camel isolate camel200 mitochondrion complete genome (NCBI: 

MH110007.1). In almost all samples (28/30), the top overrepresented sequences do 

not align to Camdro2, except two samples that are 100% aligned with the dromedary 

camel isolate Drom800 breed African chromosome 4 (CM016630.1) that is part of the 

Camdro2 assembly. By stringently reviewing the methodology of sample harvest and 

processing, as well as the personal communications with the technicians who carried 

out the cDNA library constructions and sequencing, no potential risk was identified for 

the camel samples to be contaminated by other species. Given that the genome 

assemblies of non-model organisms (such as camel) are incomplete and less well-

annotated compared to the model organisms (such as human), rRNAs in the camel 

libraries might be incompletely depleted. Thus, the resulting leftover rRNAs could 

contain overrepresented sequences that are highly homologous to human rRNAs but 

have no mapped corresponding entries in the camel reference genome.  

        The high relative level of duplication from all sequences are flagged by MultiQC 

in both untrimmed and trimmed reads (Figure 4.9c). A low level of duplication may 

indicate a high level of coverage of the target sequence for a diverse unenriched 

library. Differently, it is common for RNAseq libraries to contain different transcripts 

at notably different levels, which is due to some abundantly expressed genes. The 



141 
 

abundantly expressed genes could even be greatly over-sequenced in order to 

observe the lowly expressed transcripts, which could generate high level of duplicates 

(Andrews, 2010). The high duplication frequency of the reads was hence treated as a 

signal rather than a problem and was not removed by deduplication.      

 

rRNA percentage measurements 

The trimmed reads from camel libraries were aligned to the rRNA subset generated 

from the NCBI non-coding RNAs (ncRNAs) reference database of dromedary camel 

(Camelus_dromedarius.CamDro2.ncrna.fa) by using SortMeRNA tool (version 4.2.0) 

(Kopylova et al., 2012). The fractions of aligned rRNAs in each sample are catalogued 

in Table 4.2. An average of 9.2% (range 4.5~18.1%) of the reads are aligned to the 

dromedary camel rRNA reference database, which is an anticipated result since a 

properly depleted RNAseq library usually have < 10% rRNA (Albert, 2019).  

        The exact rRNA fraction of the dromedary camel genome is not yet identified 

neither from previous studies, nor from this study because of the unavailability of a 

cDNA library that did not go through rRNA depletion. As per the fact that rRNA 

accounts for ~80% of the total RNAs in eukaryotic cells (Bush et al., 2017; O’Neil et al., 

2013), the ribosomal depletion efficiency in this study is approximately 87.5%.  

        Many RNAseq analysis pipelines (Obayomi et al., 2017) include rRNA removal 

from the generated data as a “cleaning” step before mapping to reference genome. 

Masking the un-depleted rRNAs from analysis may improve the overall robustness of 

transcript abundance estimates (Trapnell et al., 2010). Moreover, if the reference 

genome does not contain rRNA genes, there will be a chance for rRNA reads to be 

mapped to coding genes that share partial sequence similarity to rRNAs. On the other 

hand, other bioinformaticians (Ryan et al., 2014; Ryan, 2020) have suggested that 

filtering rRNAs from the reads in advance of the sophisticated normalization (e.g. the 

normalization methods inbuilt in differential gene expression analysis packages such 

as DESeq2 and edgeR) could skew the experiment and deflate statistical power. 

Normalization should be robust to the presence of rRNAs unless the higher level of 

rRNA contaminations in one or several samples interfere with the size factor 

calculation (taking into account the library sizes). Mappings to rRNA genes can be 

filtered out directly from the DESeq2 matrix, or from the set of differentially expressed 
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genes, if rRNAs are not the research target. Taken together, it was decided that rRNA 

filtering on the generated reads was not applied in this study.  

Table 4.2: Proportion of reads mapped to the dromedary rRNA database (% rRNA). 

The trimmed reads were aligned to a dromedary camel rRNA database which is a subset 
generated from the NCBI non-coding RNAs (ncRNAs) reference database for dromedary camel 
(Camelus_dromedarius.CamDro2.ncrna.fa) by using SortMeRNA tool (Kopylova et al., 2012). 
CON: control, DH: dehydrated, RH: rehydrated. n=5 for each group. The paired-end reads are 
paired in this analysis.  

Sample 
coverage by the dromedary camel 

rRNA database (% rRNA) 

CON2 9.53 
CON3 8.18 
CON4 11.32 
CON5 14.28 
CON13 11.41 
DH6 18.09 
DH7 6.84 
DH8 7.04 
DH9 5.96 
DH15 11.34 
RH10 4.61 
RH11 7.27 
RH12 9.98 
RH-Ribo-2 8.21 
RH-Ribo-3 4.45 

 

STAR alignment: mapping to reference genome 

STAR aligner (Dobin et al., 2013) was known to have a good performance across a 

series of the performance metrics tested, especially on reducing mismatches from the 

primary alignments and increasing the accuracy in splice-detection. Therefore, STAR 

was used in this study as a splice-aware aligner to map the trimmed reads to the 

reference camel genome (Camdro2). STAR alignment scores are demonstrated as the 

quantification of uniquely mapped reads in numbers (Figure 4.10a) and in percentage 

ratios (Figure 4.10b). Taking the average across all samples, over 15.6 million reads 

equivalent to 64.4% of total reads (control: 59.4%; DH: 65.5%; RH: 68.3%) are uniquely 

mapped to the reference genome. However, the average mapping rates are not 

comparable across all samples. The uniquely mapping rates of sample DH-9 and RH-

10 are > 80%, thus are regarded as anticipated results of high-quality sequencing 
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libraries based on the STAR aligner documentations (Dobin et al., 2013). 13 out of the 

total 15 samples are with uniquely mapping rates > 50% (valid mapping rates), 

whereas 2 samples (CON-13, DH-6) have uniquely mapping rates < 50% (sample bias 

in the sequenced libraries) that are indicative of low-quality library preparation (Dobin 

and Gingeras, 2015). Sample bias would be compensated by normalizations (median 

of ratios method) applied in the downstream DESeq2 analysis accounting for 

sequencing differences in library size and RNA composition of samples.  

        When mapping high throughput sequencing read against a genome, a subset of 

reads will map to more than one location, which is referred to as multi-mapping reads. 

Since most of the rRNA contain multiple highly sequence-similar paralogs, the RNA 

reads that are emanating from the rRNAs are expected to be mapped to multiple loci. 

On average, the percentage of the sum of reads mapped to multiple loci is 5.3% (range 

4~9%) per sample (Figure 4.10b). Deschamps-Francoeur et al. (2020) reported that 

the proportion of multi-mapped reads typically range from 5% to 40% of total reads 

mapped. The average of the proportions of the multi-mapping reads in the total 

mapped reads across all camel samples is 7.5% (Figure 4.10b) which is within the lower 

part of the range.    

        As illustrated in Figure 4.10b, the mean of the “percentage of reads unmapped: 

too short” across all samples is 30.2% (range 14.6~64.8%). For these unmapped reads, 

the best alignment retrieved by STAR were too short in length to pass the quality filters. 

This is controlled by the STAR command line “--outFilterScoreMinOverLread2 and “--

outFilterMatchNminOverLread”. By default, these parameters are set to 0.66, which 

set the number of matched bases/alignment score is > 66%, or the minimum fraction 

of mapped length to be > 66% of the total read length. Large number of short 

unmapped reads could be associated with low library quality arise from the partially 

degraded samples, and rRNA contamination in samples. rRNAs are typical multi-

mappers, however, not all rRNA repeats are included in the main chromosomal 

assembly of the reference genome, in this case the rRNA derived reads will be 

reported as “reads unmapped: too short”.  

 



144 
 

 
Figure 4.10: RNAseq analysis quality control: STAR alignment scores.  

Quality control of mapping quantification on trimmed reads by STAR alignment. Alignment 
scores are measured by a number of raw reads mapped to each category (M: millions) and b 
by percentages of reads mapped to each category. The STAR alignment efficiency is measured 
as the percentage of reads uniquely mapped in each sample. CON: control, DH: dehydrated, 
RH: rehydrated. n=5 for each group. The paired-end reads are paired in this analysis. STAR 
alignment QC results are summarized using MultiQC (Ewels et al., 2016). 
 

FeatureCounts: quantification of expression 

To quantify the expression levels of transcripts, the mapped reads (paired reads rather 

than individual reads) were counted by using featureCounts software package (Liao et 

al., 2014) against an Ensembl gene transfer format (GTF) file which contains 
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dromedary camel genome annotations (Camelus_dromedarius.CamDro2.101.gtf). 

Mapped reads were only counted for exons.  

        By enabling or disabling the counting of multi-mapping reads in featureCounts 

(run under Linux/Unix environment), the mapped reads were counted in 3 different 

ways to compare their QC performance. It is important to note that the default 

settings for running featureCounts under the R environment counts multi-mappers, 

which is not the case with Linux/Unix. Alignments are marked as primary or secondary 

by STAR (one alignment with highest alignment score is considered as primary; all the 

other alignments are flagged as secondary). First, counting all mapped reads including 

multi-mapping reads (both primary and secondary alignments, each type of the reads 

only count once) by adding command parameters “--M” (Figure 4.11a). On average, 

6.2 million reads were assigned to specific genes, which equals to 30.9% of the total 

mapped reads in each sample. A substantial loss of reads was associated with the 66.7% 

unassigned reads mapped to locations with no features (such as 5’ and 3’ UTRs, introns, 

etc.), and with those due to ambiguous mapping (2.4%). Second, counting uniquely 

mapped reads and only primary multi-mapping reads by specifying both “--M” and “-

-primary” in commands (Figure 4.11b). The average percentage of reads assigned with 

features decreased to 25.6% after excluding the unassigned reads as secondary 

alignment to genes (12.2%). Third, counting only uniquely mapped reads (excluding 

all multi-mappers) by default setting (Figure 4.11c). The mean percentage of the 

uniquely mapped reads assigned to genes is 21.8%.  

        It is recommended by the featureCounts documentations (Shi and Liao, 2021) not 

to count multi-mappers for RNAseq experiments. Due to the mapping ambiguity, 

counting multi-mappers will increase the total counts and might reduce the counting 

accuracy. Nonetheless, masking multi-mappers will lead to the loss of information of 

reads aligned to genes went through duplication events during evolution (duplicated 

genes could be both functional genes, or a parent gene with a similar pseudogene). 

Many genes are duplicated in complex genomes (Zytnicki, 2017), and they constitute 

a substantial amount of the total genes in mammals such as human (52.3%, whole 

genome duplication and small-scale duplication), mice (58.01%, tandem duplications 

searched for among families), and rats (60.48%, tandem duplications searched for  
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Figure 4.11: RNAseq analysis quality control: featureCounts assignment scores. 

FeatureCounts assignment scores are measured by percentage of aligned fragments assigned 
to each category when a counting multimapping reads (both primary and secondary 
alignment), b counting primary alignment only, and c not counting multimapping reads. CON: 
control, DH: dehydrated, RH: rehydrated. n=5 for each group. The paired-end reads are paired 
in this analysis. FeatureCounts QC results are summarized using MultiQC (Ewels et al., 2016).  
 

among families) (Pan and Zhang, 2008; Acharya and Ghosh, 2016; Lallemand et al., 

2020). There is a trade-off between counting the multi-mapper or not. In this study, 

the first method which counts uniquely mapped reads and multi-mapping reads was 

applied to preserve information that could be related to the expression of duplicated 

genes. 

 

4.4.1.5 Reference genome for alignment: Camdro2 vs. Camdro3 

After the confirmation of the RNAseq data analysis pipeline, the next step is to 

determine the best reference camel genome to be used for alignment. The camel SON 

RNAseq data were aligned to Camdro2 (Ensembl: 

Camelus_dromedarius.CamDro2.dna.toplevel.fa) and to a more updated version 

Camdro3 (NCBI: GCA_000803125.3_CamDro3_genomic.fna), and then quantified for 

feature counts (counting multi-mapping reads) to assess their compatibility to this 

dataset. The GTF annotation file associated with Camdro3 is 

GCA_000803125.3_CamDro3_genomic.gtf (available from NCBI). As illustrated in 

Figure 4.12a, on average, slightly more reads are uniquely mapped to Camdro3 (68.6%) 

than to Camdro2 (64.4%). Surprisingly, the average proportion of mapped reads 

assigned to specific genes amongst total reads (Figure 4.12b) mapped to Camdro3 

(19.1%) is much smaller than that of Camdro2 (30.9%). Principal component analysis 

(Figure 4.12c) showing the separation of transcriptomes between different samples 

are compared as well. The pattern of separation/clustering of samples are quite 

similar for both analyses using Camdro2 and Camdro3 (both have an RH sample 

identified as an outlier, details explained in Section 4.4.1.5). For the analysis using 

Camdro2, the samples are distinguishable with the rate of 82% on principal 

component 1 (PC1) and 5% on PC2 of total variance, which is comparable to that of 

Camdro3 (PC1=85%, PC2=4%).  
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        Differential expression analyses comparing DH to control groups were performed 

by DESeq2 using the feature counts derived from alignments to Camdro2 and 

Camdro3. Complete profiles of basally expressed (control) genes and differentially 

expressed genes (DEGs) by DH are catalogued in Supplementary Data S4.4 (available 

from: https://figshare.com/s/129e83f047f593c81cc4). As shown by the DESeq2 

results based on alignment with Camdro2 (Supplementary Data S4.4a), 22444 genes 

are predicted to be expressed in the camel rostral SON, all listed in Ensembl gene IDs. 

Gene symbols and annotation information of 16351 genes (72.9%) were successfully 

retrieved by using g:Convert (Raudvere et al., 2019) or biomaRt (Durinck et al., 2005; 

Durinck et al., 2009). As for Camdro3 (Supplementary Data S4.4b), a total of 22223 

genes are predicted to be expressed, which is slightly less than that of Camdro2. Gene 

entries catalogued in Camdro3 are labelled with NCBI locus tags (with a prefix “cadr” 

standing for Camelus dromedaries) that were converted to common gene symbols. 

Gene symbols and annotation information of 16151 genes (72.7%) were successfully 

retrieved by using the NCBI Batch Entrez tool (NCBI Resource Coordinators, 2018), 

which is also slightly lower than that of Camdro2. As a consequence of DH, 209 DEGs 

(padj<0.05) significantly changed for their levels of expression are noticed from the 

“Camdro2 analysis”, whilst 138 DEGs (padj<0.05) are found by using Camdro3.  

        Taken together, although Camdro3 is more updated and informative, its 

accession numbering and annotation information is not as good as Camdro2. The STAR 

alignment performance and sample differentiation by PCA are fairly similar, however, 

the change of gene expression levels might be underestimated due to the low 

percentage of reads that are assigned with gene features by mapping to the 

annotation file of Camdro3. Consequently, Camdro2 was used in the RNAseq analysis 

pipeline here.   

 

4.4.1.6 Quality control of outlier removal 

PCA is a statistical process that uses linear combinations of the original data such as 

gene expression values to define a new set of unrelated variables (principal 

components). Therefore, PCA transforms the individual expression pattern across all 

genes in each sample to a few dimensions, allowing the description of the RNAseq  
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Figure 4.12: RNAseq analysis quality control: different reference genomes.  

The compatibility of dromedary camel reference genome Camdro2 and Camdro3 are 
compared for a STAR alignment scores, b FeatureCounts assignment scores, and c principal 
component analysis (PCA). CON: control, DH: dehydrated, RH: rehydrated. n=5 for each group. 
The paired-end reads are paired in this analysis. STAR alignment and featureCounts QC results 
are summarized using MultiQC (Ewels et al., 2016). PCA showing the separations between 
groups were plotted by built-in function of DESeq2 with default settings on the regularized log 
transformed read counts. PC1 and PC2 are the most and second underlying variation between 
samples.  
 

datasets and their variance with a reduced number of variables. PCA can also be used 

to identify outliers because the similarities between datasets are correlated to the 

distances in the (geometric) projection of the space defined by principal components. 

The source of variation attributed to PC1 (the variable explaining the most variation 
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in the gene expression between samples) and PC2 (the variable explaining the 

secondly most variation in the gene expression between samples) in this study could 

be the hydration status of the animals, and the intrinsic genetic differences between 

individual animals, respectively.   

        The PCA performed for all samples that passed previous quality control (n=5 from 

each group) revealed an outlier (RH11), based on PC1 (Figure 4.13a). The outlier 

sample is distinctly separated from all the remaining samples (n=14) and solely 

explained a large proportion of the total variance (82%) of the transcriptomes across 

all samples. Across all samples, the outlier has the lowest percentage of reads assigned 

with gene features by featureCounts (Figure 4.12b), and thus was removed from 

downstream data analysis. After outlier removal, PCA was reperformed (Figure 4.13b) 

on the remaining samples, revealing the separations of samples on the basis of 

different groups, where PC1 and PC2 account for 62% and 13% of the total variance in 

these datasets, respectively.   

      
Figure 4.13: Principal component analysis (PCA) before and after outlier removal.  

Two dimensional PCA plot showing separation between control, DH and RH groups were 
plotted by built-in function of DESeq2 with default settings. a PCA plot (n=5 for each group) 
reveals an outlier, sample RH11 (indicated by a black arrow). This sample had the lowest 
percentage of reads assigned with gene features by featureCounts (Figure 4.12b) and was 

a

b

Outlier
RH11

Principal component analysis (after outlier removal)
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Principal component analysis (before outlier removal)
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removed from subsequent data analysis. b PCA plot attributed to 62% of all variances in gene 
expression across all samples after the removal of the outlier. PC: principal component. PC1 
and PC2 are the most and second underlying variation between samples.  
 
4.4.2 Differential expression analysis: DH vs. control  

In the present study, if the different experimental groups are regarded as a control-

DH-RH 3-point time series, DH is the osmotic stress first placed on the camels, RH is 

the subsequent process of restoring body fluid lost in DH. The main interest of this 

chapter is to identify changes and stress response induced by DH, thus, will first 

compare between the control and DH conditions. Next chapter (Chapter 5) will focus 

on the comparisons between RH and DH, and between RH and control conditions.  

 

4.4.2.1 Normalization of gene expression  

Raw read counts generated by featureCounts do not account for the inherent 

variations between each sample. First, different sequencing depth (or library size) 

could be influenced by the RNA integrity of each sample. Second, different mapping 

rates to the reference genome could be due to the gene length bias. When cDNA 

libraries are fragmented, genes with longer size result in more fragments for the same 

number of transcripts, resulting higher counts and more power to detect differential 

expression (Oshlack and Wakefield, 2009). Third, different featureCounts assignment 

rates of the mapped reads could be affected by the RNA composition biases (e.g. for 

samples that went through less efficient rRNA depletion, more multi-mapping reads 

derived from rRNA could be mapped to other exons with homologous sequences). 

Since these biases cannot be eliminated from the RNAseq pipeline, a normalization 

method inbuilt in DESeq2, known as the median of ratio method (Anders and Huber, 

2010; Love et al., 2014), was used to produce less biased results for the DE analysis 

between DH and control samples.  

        Since the PCA results (Figure 4.13b) suggested an obvious separation between 

the 3 groups, the RH samples were not included in the normalization of control and 

DH samples because it might distort normalization and dispersion estimation. The 

effects of normalization on the read counts are shown in Figure 4.14a-b. The 

normalization mainly affects the abundantly expressed genes that are represented by 

the top pseudocount values [(log2 (count + 1), see legend of Figure 4.14)] of the  
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Figure 4.14: Normalization of the raw read counts. 

Boxplots showing the raw read counts of all transcripts in each sample from the control and 
DH groups a before and b after normalization using the median of ratios method (by DESeq2). 
Since count values for a gene could be zero on some occasions, the gene expression is 
demonstrated by the use of pseudocounts, i.e. pseudocount = log2(raw read counts + 1), to 
eliminate negative values that could be derived from log2 transformation. The pseudocounts 
for a transcript in each sample is then divided by the geometric mean for this transcript across 
all samples. The median of these ratios in a sample is the normalization size factor for that 
sample, as shown in c.       
 
boxplot and its whiskers. The pseudocounts for a gene in each sample is divided by 

the geometric mean for this gene across all samples. The median of these ratios in a 

sample is the normalization size factor (Figure 4.14c) by which all genes are multiplied 

with. The generated normalized read counts for each gene in each sample were used 

for DE analysis. 

 

4.4.2.2 Basal (control) transcriptomic profiles of camel rostral SON 

A complete profile of normalized read counts (normalized together with DH samples) 

of basally expressed (control) genes are catalogued in Supplementary Data S4.5a 

(available from: https://figshare.com/s/23360046362b58b40d41). Amongst all 22444  
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Figure 4.15: Top 100 most abundant basal protein coding genes.  

The top 100 most highly expressed basal protein coding genes are sorted by their abundance 
(average normalized read counts of each gene across all control samples) at control condition 
in bar chart. Color scale represents adjusted p value (padj) when comparing between control 
and DH condition. Grey bar: unchanged genes. Colored bar: genes significantly changed by DH.  
 

genes predicted to be expressed in camel rostral SON, there were 21597 genes 

expressed in the control samples (baseMean = average normalized read counts across  

control samples > 0) representing the basal transcriptome of the camel rostral SON. 

The top 100 most abundant basal protein-coding genes are listed in Figure 4.15, 

amongst which the top 5 most abundantly expressed genes are MAP1B, GFAP, MAP1A, 

DYNC1H1 and RNaseP_nuc (all gene symbols present in this thesis are listed in 

Supplementary Table SC.2, Appendix C). Four genes (labelled by colour scale) that are 

intrinsically expressed at high level are significantly changed by DH: B2M, 49th; PTPRN, 

65th; ADCYAP1R1, 95th; UNC80, 100th (Figure 4.15).  

        The basal genes were classified into functional categories based on the human 

transcription factor catalogue (Lambert et al., 2018), the pharmacological target 

database IUPHAR (the International Union of Basic and Clinical Pharmacology) 

(Harding et al., 2022) and the physiological function database HGNC (HUGO Gene 

Nomenclature Committee) (Tweedie et al., 2021; HGNC Database et al., 2021) of their 

encoded products (Supplementary Data S4.6a-i, Supplementary data S4.6 is available 

from: https://figshare.com/s/c267a4cc1253d07f0ccf). 24% of the basal genes were 

successfully assigned with a function for their encoded products, including 1320 

transcription factors, 230 catalytic receptors, 1162 enzymes, 344 peptides, 331 G 

protein-coupled receptors (GPCRs), 48 nuclear hormone receptors (NHRs), 262 ion 

channels, 521 transporters and 190 other pharmacological targets (Supplementary 

Data S4.6a-i). Figure 4.16 illustrates the functional characterization of the top 5% most 

highly expressed genes at basal condition. For each category, genes are listed by 

expression level in descending order from top to bottom, to provide a general 

overview of the functional composition of the most abundantly expressed basal genes.    
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Figure 4.16: Functional classification of basal (control) genes in camel rostral SON.    

Genes were classified according to the functions of their encoded products. From the top 5% 
most highly expressed genes under control condition, those fit into classifications were 
categorized into transcription factors, enzymes, receptors (subdivided into NHR: nuclear 
hormone receptors, GPCR: G protein coupled receptors and catalytic receptors), peptides, 
transporters, ion channels, and other pharmacological targets (some genes have multiple 
functions). Data are presented as averaged normalized read counts across all control samples 
(n=5) ± SEM (standard error of the mean).   
 

4.4.2.3 Comparison of basal (control) SON transcriptome to DH 

The basal transcriptome was then compared to that of the DH state in order to identify 

DEGs. A complete profile of normalized read counts (normalized together with DH 

samples) of control and DH genes are catalogued in Supplementary Data S4.5b. 

Amongst all 22444 genes predicted to be expressed in the camel rostral SON, there 

were 21986 genes with average normalized read counts across control and DH 

samples (baseMean) > 0 representing the basal and DH transcriptomes of the camel 

rostral SON (Supplementary Data S4.5c).   

        PCA showed the separation of transcriptomes between control and DH samples 

that are distinguishable with the rate of 46% on principal component 1 (PC1) and 24% 

on PC2 of total variance (Figure 4.17a). PC1 explained 46% of total variance between 

the samples and could be attributed to the different hydration conditions. PC2 

explaining 24% of the total variance between the samples might be attributed to the 

inter-individual difference between the animals. This separation of transcriptomic 

profiles of DEGs in control and DH samples were also observed following hierarchical 

clustering of all DEGs, upregulated and downregulated DEGs (Supplementary Figure 

S4.1), indicating a conspicuous expression profile of DEGs in DH. 

        The validity of using an adjusted p-value (padj) cut-off higher than 0.05 for 

identifying DEGs was tested by using qRT-PCR to look the expression of several genes 

(FOSL2, GLP1R, IRF8 and TLR4) with RNAseq padj values ranging from 0.062 to 0.15 

(Supplementary Figure S4.2). The 4 genes are all significantly upregulated by DH 

based on qRT-PCR results. This showed that some genes changed by DH were being 

missed by calling the significance of the DEGs using a padj cut-off of 0.05. However, 

for the sake of robustness, all the subsequent analyses have been restricted to genes  
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Figure 4.17: Transcriptome profiles of the basal and DH camel rostral SON. 

a Principal component analysis (PCA) showing separation between control and DH conditions. 
Control sample: red; DH sample: turquoise. PC: principal component. PC1 (46%) and PC2 (24%) 
are the most and second underlying variation between samples. b Venn diagram showing 105 
upregulated DEGs, 104 downregulated DEGs, and 21777 unchanged genes by DH. c Volcano 
plot of statistical significance (-log10 padj) against LFC of DEGs (padj≤0.05) in DH. Red: 
upregulated DEGs; blue: downregulated DEGs; grey: unchanged genes. Selected DEGs labeled 
by gene symbols. d Upregulated and downregulated DEGs are sorted by LFC. Grayscale of the 
bars represents padj. Dot size represents transcript abundance measured by average 
normalized read counts across all samples (basemean).  
 
with padj≤0.05, but it is important to note that some genes that failed to reach this 

cut-off may have biological importance in the transition to the DH state. 

        At a padj cut-off of 0.05, 209 DEGs were identified in the camel rostral SON of 

which 104 were downregulated and 105 were upregulated by DH (Figure 4.17b). A 

volcano plot was used to visualize the statistical significance versus log2 fold change 

(LFC) of all the DEGs in DH (Figure 4.17c). All upregulated and downregulated DEGs 

sorted by LFC are shown via lollipop charts (Figure 4.17d). Amongst these genes, LFC 

ranged from 3.997 (VGF, the most upregulated gene) to -4.664 (KRT78, the most 

downregulated gene). VGF is also the most significantly changed gene (padj=3.43E-

29), whilst the most abundantly expressed DEG is PTPRN (baseMean=4068.132). 

        Using the same method for classification of all genes expressed in basal state 

supplemented with the usage of the UniProt database (The Uniprot Consortium, 2021), 

the 209 DEGs were placed into functional categories (Figure 4.18 and Supplementary 

Data S4.6j). Together, 20 transcription factors, 62 enzymes, 8 enzyme regulators, 36 

receptors, 13 structural proteins, 4 actin-binding proteins, 11 peptides, 9 transporters, 

5 ion channels, 3 ion channel regulators, 5 chaperone proteins, 5 adhesion proteins 

and 3 complement proteins were identified from 204 protein-coding DEGs. DEGs are 

listed by baseMean in descending order from top to bottom within each category or 

subcategory (Figure 4.18). The most highly up- and down-regulated DEGs (by LFC) 

from each function categories are listed in Table 4.3.  

        Interestingly, most transporters (7 out of 9), all complement proteins and all 

chaperone proteins are upregulated, whilst most ion channels (4 out of 5), most 

structural proteins (12 out of 13), all adhesion proteins and all olfactory receptors 

were downregulated. The change of expression of these genes may be associated with  
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Figure 4.18: Functional classification of DEGs by DH in camel rostral SON.      

Genes were classified according to the functions of their encoded products. All camel DEGs by 
DH were functionally classified into transcription factors/regulators, enzymes, enzyme 
regulators (subdivided into GTPase activators and other regulators), receptors (subdivided 
into GPCRs: G protein coupled receptors, catalytic receptors, olfactory receptors, and other 
receptors), structural proteins, peptides, transporters, ion channels, ion channel regulators, 
chaperone proteins, adhesion proteins, complement proteins, actin-binding proteins and 
other proteins (some genes have multiple functions). Data are presented as averaged 
normalized read counts of control or DH samples (n=5 for each condition) ± SEM (standard 
error of the mean).  
 
regulation on functional pathways related to molecule transportations across cellular 

membranes, immune responses related to complement cascade, assistance of protein 

folding in the cell under stress conditions, control of the electrical potential across 

membranes, neuronal transmission/signal transduction, change in cellular component 

structures, cell-cell junction/cell-extracellular matrix interaction, and olfactory 

functions in the SON of DH camels. Functional pathways that were further analysed 

by gene ontology are systematically described in Section 4.4.2.5. 

Table 4.3: Most highly changed DEGs by DH in each functional category 

* ACAN has two associated Ensembl gene IDs: ENSCDRG00005020459 and 
ENSCDRG00005020479. The LFC for the two transcripts are 2.980 and 2.302, respectively.  

Functional 
categories 

Most highly 
upregulated 
DEGs 

Log2FoldChange 
(LFC) 

Most highly 
downregulated 
DEGs 

Log2FoldChange 
(LFC) 

Transcription 
factors 

ZNF300 1.831 FOXP4 -1.461 

Transcription 
regulator 

CITED1 2.135 HR -1.573 

Enzymes PCSK1 2.019 KLK7 -3.071 
Peptides VGF 3.997 SFRP4 -2.044 
Transporters SLC7A11 1.380 SLC24A3 -0.761 
Ion channels ANXA5 0.782 KCNAB1 -1.232 
GPCRs ADRA1B 1.414 CHRM2 -1.911 
Olfactory 
receptors 

N/A N/A OR1L8 -3.911 

Adhesion 
proteins 

N/A N/A PGM5 -1.421 

Structural 
protein 

ACAN* 
2.980 or 
2.302 

KRT78 -4.664 

Actin-binding 
proteins 

LCP1 1.356 KLHL1 -1.524 
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Complement 
proteins 

C1QA 1.661 N/A N/A 

Chaperone 
proteins 

SDF2L1 1.292 N/A N/A 

 

4.4.2.4 qRT-PCR validations of key genes changed by DH 

Expression of AVP and OXT genes in control, DH and RH camel SONs 

It is well-established that AVP and OXT are the most important peptide hormone 

regulators for maintaining hydromineral balance in mammals. However, AVP and OXT 

genes are not identified as DEGs (by RNAseq) when comparing between control and 

DH camel SONs, not even in the list of the 22444 background genes (Supplementary 

Data S4.5b). One possible reason for this could be that the reference genome 

Camdro2 does not contain the full sequences of AVP (the second and third exons are 

missing) by checking the sequence of the contig containing AVP using the Integrative 

Genomic Viewer software (IGV) (Robinson et al., 2020). Moreover, AVP and OXT are 

short genes that might not pass the detection threshold when discriminating between 

protein-coding genes and spurious open reading frames, or the minimum fraction of 

mapped length to be > 66% of the total read length. The detection of AVP and OXT 

expression by RNAseq may also be affected by the gene length bias where the number 

of raw mapped reads is positively correlated with the gene size.  

        Since the full sequence of AVP is not available in both Camdro2 and Camdro3, the 

reads generated by RNAseq were aligned to another reference genome for dromedary 

camel ASM164081v1 (GCA_001640815.1) (Alim et al., 2019) that contains full 

sequences of AVP and OXT, to preliminarily check the expression levels of these two 

transcripts. ASM164081v1 is not as well annotated as Camdro2. The genome 

sequence of ASM164081v1 (GCA_001640815.1_ASM164081v1_genomic.fna) and its 

annotation file (GCA_001640815.1_ASM164081v1_genomic.gbff) contains only 

contig names rather than gene features. Thus, raw read counts were aligned to the 

indexed ASM164081v1 genome without annotation using STAR. Reads mapped to 

each contig were counted by using Samtools (version 1.12) (Li and handsaker et al., 

2009). Mapped reads aligned to the contig containing AVP gene only (LSZX01119751.1) 

and that of OXT only (LSZX01119753.1) are regarded as the read counts for the hnRNA 

of the two genes since both exons and non-coding sequences are counted. Read 



162 
 

counts were normalized (Supplementary Data S4.7a, Supplementary Data S4.7 is 

available from: https://figshare.com/s/0024e5e8f940efb53e8d) using the Counts per 

million mapped reads (CPM) method to account for sequencing depth (Ji and Sadreyev, 

2018). The formula for normalization is “CPM = number of reads mapped to gene/total 

number of mapped reads x 106”. The comparison of hnAVP and hnOXT expression 

levels between control and DH is shown in Figure 4.19a (statistics available in 

Supplementary Data S4.7b-c). Compared to controls, the hnAVP RNAs were 

significantly upregulated by DH whereas no significant change was detected for hnOXT. 

 

 
Figure 4.19: Expression of the AVP and OXT genes in control, DH and RH.  
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a Expression levels of AVP and OXT in the rostral SONs of control and DH camels were 
measured by aligning the RNAseq data to the reference genome ASM164081v1 (NCBI: 
GCA_001640815.1). Reads aligned to the contig containing AVP gene only (LSZX01119751.1), 
and that of OXT only (LSZX01119753.1) are regarded as the read counts for the hnRNA of the 
two genes. Read counts were normalized using the CPM method to account for sequencing 
depth. Relative mRNA expression levels of mature mRNA and hnRNA of AVP and OXT in rostral 
SON (b) and caudal SON (c) were detected by qRT-PCR. Results are illustrated by box and 
whisker plots with each individual value as a superimposed triangle (control: green; DH: yellow; 
RH: blue). Whiskers represent the minimum and maximum values within a group. The median 
is shown as a line in the center of the box. Data was analysed by using either two-way, 
unpaired t test with Welch correction (a) or Brown-Forsythe and Welch one-way ANOVA with 
Dunnett T3 post-hoc test (b-c). *padj≤0.05, **padj≤0.01, ***padj≤0.001. 
 

        The expression of steady-state mature AVP and OXT transcripts as well as the 

precursor (intron-containing) hnRNA transcription products of these genes (as a proxy 

measure of transcription) were detected by qRT-PCR. In the rostral SON (Figure 4.19b), 

the relative expression of the mature AVP mRNA was significantly increased following 

DH and remained significantly elevated following RH compared to controls. A similar 

trend was observed for the hnAVP RNA, whereas the expression level of hnAVP in DH 

tends to drop during RH. Both the mature OXT mRNA and hnOXT showed a trend of 

increasing during DH and RH but without statistical significance (Figure 4.19b). The 

qRT-PCR results for hnAVP and hnOXT in the camel rostral SON (Figure 4.19b) are 

consistent with the preliminary check by RNAseq (Figure 4.19a). These data for the 

camel rostral SON were largely replicated in the caudal SON (Figure 4.19c), suggesting 

similar functions for these two anatomically defined SON structures in the camel. 

Notably, barely detectable levels of the VIP mRNA, a well-known SCN marker gene 

(Todd et al., 2020), were revealed in both rostral and caudal SONs, which confirms the 

identity of the neuroendocrine cells collected as AVP and OXT MCNs (Table 4.4).  

Table 4.4: Preliminary qRT-PCR tests on marker genes for characterizing neuron types in 
the rostral and caudal SONs of a DH camel.   

Raw cycle threshold (CT) values of mature AVP, OXT, FOS, GAPDH, and VIP in rostral and caudal 
SONs of a DH camel are recorded. CT values are numbers of cycles required for the fluorescent 
signal to cross the threshold (background level) and is inversely proportional to the mRNA 
expression level. Compared to other genes, VIP, the suprachiasmatic nucleus (SCN) marker 
gene, showed barely detectable levels in both rostral and caudal SONs, confirming that there 
was no SCN contamination in the harvested SON sample.   
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qRT-PCR validations of DEGs changed by DH in camel SON 

qRT-PCR was used to validate DEGs identified by RNAseq (Supplementary Data S4.5) 

to be significantly changed by DH (compared to controls) in both the rostral and caudal 

portions of the SON (Figure 4.20). In addition, the effect of the subsequent RH on the 

expression of these genes were studied. Amongst the genes examined for RNAseq 

validation, 13 genes (AGT, ATF4, ATP6V0B, C1QB, CCKAR, CREM, CTSA, FOS, PCSK1, 

PDYN, PTPRN, SCG2 and VGF) were upregulated and 3 genes downregulated (GABBR2, 

COL3A1 and CAMK2A) following DH in the SON. In the rostral SON, differential 

expression of most genes in DH were confirmed with the only exceptions being ATF4, 

CAMK2A, COL1A1 and COL3A1 (Figure 4.20a). In the caudal SON, differential 

expression by DH of AGT, ATF4, C1QB, CCKAR, CREM, CTSA, FOS, PCSK1, PDYN, PTPRN 

and VGF were confirmed (Figure 4.20b). This suggests that the anatomical location of 

the camel SON could have some implications for SON function. The recovery of fluid 

homeostasis during RH prompted the return of most gene transcripts to or towards 

control levels (Figure 4.20). However, there were some notable exceptions. In the 

rostral SON, the expression during RH of AGT, COL3A1, PDYN, SCG2 and VGF remained 

significantly different from controls. In the caudal SON, the expression during RH of 

AGT, CTSA, C1QB, PDYN, PTPRN and VGF remained significantly different from controls. 

This suggests that these genes are functionally important during the recovery period 

following DH.  

 

4.4.2.5 Gene ontology of DEGs changed by DH in camel SON 

Gene ontology (GO) analysis was performed on SON DEGs (changed by DH) identified 

by RNAseq to characterize gene categories, biological processes and networks which 

potentially participate in the SON plasticity associated with long-term DH (Figure 4.21 

and 4.23). The Gene Ontology Biological Processes (GO: BP) (Ashburner et al., 2000), 

Kyoto Encyclopaedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000; 

Kanehisa et al., 2019) and Reactome pathway (Griss et al., 2020) databases were 

applied for GO analysis. 21 terms for GO: BP (Figure 4.21a) were identified to be 

overrepresented with DEGs regulated by DH (padj≤0.05) using over-representation 

analysis (Supplementary Data S4.8a, Supplementary Data S4.8 is available from: 

https://figshare.com/s/b4e4d583ff2ec50b448d). Amongst the enriched GO: BP terms,  
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Figure 4.20: qRT-PCR validation of DEGs changed by DH in camel SON. 

Differentially expressed genes in DH camel SONs (AGT, ATF4, ATP6V0B, C1QB, CAMK2A, 
CCKAR, COL1A1, COL3A1, CREM, CTSA, FOS, GABBR2, PCSK1, PDYN, PTPRN, SCG2 and VGF) 
identified by RNAseq were subjected to qRT-PCR validation. Expression of these genes in both 
rostral (a) and caudal (b) SONs. Results (listed in alphabetical order) are illustrated by box and 
whisker plots with each individual value shown as a superimposed triangle (control: green; 
DH: yellow; RH: blue). Whiskers represent the minimum and maximum values within a group. 
The median is shown as a line in the center of the box. Data was analysed by using Brown-
Forsythe and Welch one-way ANOVA with Dunnett T3 post-hoc test. *padj≤0.05, **padj≤0.01, 
***padj≤0.001, ****padj≤0.0001. 
 

7 terms were related to synapse, 4 were related to neurotransmitter secretion (Figure 

4.21a). “Modulation of chemical synaptic transmission” (padj=0.0062) and 

“Regulation of trans-synaptic signalling” (padj=0.0062) were amongst the most 

significantly enriched GO: BP terms and were both associated with most camel DEGs 

(gene counts=18). Notably, the significantly enriched GO: BP term “Response to cAMP” 

(padj=0.0066, gene counts/term size ratio=8/89) represents a signalling pathway well 

known to be activated in the SON by DH (Greenwood et al., 2015; Qiu et al., 2007). 

        10 terms for KEGG pathways (Figure 4.21b) were identified to be enriched by 

DEGs changed by DH (padj≤0.05) (Supplementary Data S4.8a). In the enriched KEGG 

pathways, “Protein processing in endoplasmic reticulum (ER)” (padj=0.0034) was the 

most significantly enriched pathway (Supplementary Data S4.8a). Protein Processing 

in ER is a process that is crucial for protein folding, sorting, and degradation of proteins 

destined for the secretory pathway (Cooper, 2000; Estébanez et al., 2018). The fact 

that this pathway is activated in DH when protein load on the ER is increased suggests 

importance in the facilitation of AVP and OXT synthesis and secretion. This KEGG 

pathway is visualized in Pathview (Luo and Brouwer, 2013) to establish changes to the 

ER function (Figure 4.22). Compared to the original KEGG pathway (Figure 4.22a), the 

same pathway rendered with the associated DEGs regulated by DH (Figure 4.22b) 

provides a comprehensive view of how the 11 associated DEGs (RPN2, PRKCSH, ATF4, 

ERN1, SSR3, P4HB, PDIA4, ERP29, HSPA1B, CRYAB and SELENOS) get involved in this 

pathway. All these genes were upregulated by DH. Figure 4.22 revealed differential 

expression of transcript ERN1 which encodes inositol-requiring protein 1 (IRE1). 

Interestingly, IRE1 is one of the major arms of the unfolded protein response (UPR) 

pathway which triggers intracellular signalling pathways to control ER homeostasis  
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Figure 4.21: Biological processes and KEGG pathways overrepresented by all DEGs changed 
by DH in camel SON. 

Over-representation analysis of pathways were performed based on all camel DEGs. a Over-
represented GO: biological processes. b Over-represented GO: KEGG pathways. Benjamini-
Hochberg correction (padj≤0.05) was used for multiple comparison correction. Dot plots 
illustrate the enriched pathways by DH and their associated DEGs. Significantly enriched 
pathways are listed along the y-axis by padj value from top to bottom in ascending order. 
Pathway-associated DEGs are denoted by colored dots. Dot color and size represent LFC and 
transcript abundance measured by average normalized read counts aligned to each gene 
across all samples (basemean), respectively. Key DEGs [ERN1, P4HB, SELENOS and SSR3 
labeled by arrows in (b)] associated to the enriched KEGG term “Protein processing in 
endoplasmic reticulum” were tested by qRT-PCR in both rostral (c) and caudal (d) SONs (ATF4 
in Figure 4.20). Results (listed in alphabetical order) are illustrated by box and whisker plots 
with each individual value as a superimposed triangle (control: green; DH: yellow; RH: blue). 
Whiskers represent the minimum and maximum values within a group. The median is shown 
as a line in the center of the box. Data was analysed by using Brown-Forsythe and Welch one-
way ANOVA with Dunnett T3 post-hoc test. *padj≤0.05, **padj≤0.01, ***padj≤0.001. 
 

(Hetz and Glimcher, 2009). Thus, major changes in the DH camel SON centre around 

modifications to the cell secretory pathway. These observations were validated by 

qRT-PCR in both the rostral (Figure 4.21c) and caudal (Figure 4.21d) portions of the 

SON. The influence of RH on the expression of these genes was also investigated. In 

addition to ATF4 that was already validated by qRT-PCR (Figure 4.20), 4 more genes 

associated with the enriched pathway “Protein processing in ER” were chosen for 

investigation – ERN1, P4HB, SELENOS and SSR3. The upregulated expression by DH of 

ERN1, SELENOS and SSR3 in the rostral SON, and ATF4, ERN1 and P4HB in the caudal 

SON suggests the functional importance of this pathway during DH. 

        7 terms for Reactome pathways (Figure 4.23) were identified to be 

overrepresented by DEGs changed by DH (padj≤0.05) in camel SON (Supplementary 

Data S4.8a). In the enriched Reactome pathways, the top two most significantly 

enriched pathways are “Collagen formation” (padj=0.012) and “Degradation of the 

extracellular matrix” (padj=0.017) (Supplementary Data S4.8a). Together with 

another overrepresented Reactome pathway “Extracellular matrix organization” 

(padj=0.044) that is associated with most DEGs (gene counts/term size ratio=12/283) 

and the significantly enriched KEGG pathway “ECM-receptor interaction”, these 

pathways further indicate that potential structural changes of the extracellular matrix 

(ECM) in camel SON were occurring when challenged by long-term DH. Based on the 

Reactome database (Griss et al., 2020), the significantly enriched Reactome pathway  
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Figure 4.22: Over-represented KEGG pathway: protein processing in ER.  

a The original graph of the KEGG pathway: protein processing in endoplasmic reticulum (ER). 
Genes or compounds related to the pathways are visualized as nodes. b Pathway rendered 
with the associated DEGs regulated by DH in camel rostral SON. Color key: log2 Fold change 
(LFC) of gene transcription by DH. Upregulated DEGs (LFC>0) are colored red in the nodes. 
Downregulated DEGs (LFC<0) are colored green in the nodes (if applicable). The multiple-gene 
node is expanded into single-gene nodes in the zoom-in window. The products encoded by 
PDIA4 and P4HB genes are members of the protein disulfide isomerase (PDI) family, the 
product encoded by ERP29 forms a chaperone complex together with other components 
including PDI and BiP (Wang et al., 2020). The graphs were generated by using Pathview 
package (version 1.30.1) (Luo and Brouwer, 2013) in R.   
 
“Creation of C4 and C2 activators” (padj=0.029) was found to be the child term of the 

parent term “Complement cascade” (R-HSA-166658), suggesting that this innate 

immune function might be enriched in camel SON by DH, which conforms to the 

findings of enriched GO: BP term “regulation of humoral immune response” 

(padj=0.043) (Supplementary Data S4.8a). 

 

 
Figure 4.23: Reactome pathways overrepresented by all DEGs changed by DH in camel SON. 

Over-representation analysis of Reactome pathways were performed based on all camel DEGs. 
Benjamini-Hochberg correction (padj≤0.05) was used for multiple comparison correction. Dot 
plots illustrate the enriched pathways by DH and their associated DEGs. Significantly enriched 
pathways are listed along the y-axis by padj value from top to bottom in ascending order. 
Pathway-associated DEGs are denoted by colored dots. Dot color and size represent LFC and 
transcript abundance measured by average normalized read counts aligned to each gene 
across all samples (basemean), respectively. This analysis was performed based on human 
Reactome pathways by using ReactomePA package (version 1.34.0) (Yu and He, 2016) in R. 
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4.4.3 Comparison between camels and rats: DH vs. control 

4.4.3.1 Comparison between SON transcriptomes of camels and rats 

To examine the differences between xeric and mesic species in terms of homeostatic 

osmoregulation, the camel RNAseq dataset from the present study was compared to 

a previous RNAseq data of the DH (for 3 days) Wistar rat SON (Pauža et al., 2021). 

Amongst 22159 expressed genes (baseMean>0) in the Wistar rat SON, the expression 

levels of 2247 genes are significantly changed (padj≤0.05) by DH (Supplementary Data 

S4.9, available from: https://figshare.com/s/9767c256c7d32230268c). Of these, 

overlap analysis of DEGs between camel and rat revealed 80 common genes, meaning 

that there are 129 DEGs unique to DH in the camel SON (Figure 4.24a). Of the common 

DEGs, the majority (70 out of 80) have the same direction of change, whereas 10 (AEN, 

BTBD11, CDH13, FHOD3, GLCE, PCSK2, RET, SFRP4, SLC14A1 and SYT9) alter expression 

in the opposite direction (Supplementary Table S4.1), which is confirmed by the 

Spearman correlation test demonstrating a significant (r=0.716, p<0.0001) positive 

correlation between LFC of the 80 common DEGs in camel and rat (Figure 4.24b). For 

all camel genes tested by qRT-PCR: AVP, ATF4, CREM, FOS, FOSL2, GABBR2, GLP1R, 

PCSK1, PDYN, PTPRN, SCG2, TLR4, VGF, and P4HB overlap with rat DEGs and have the 

same direction of change in DH; IRF8 significantly changed by DH in both organism but 

in opposite trends; AGT, ATP6V0B, C1QB, CCKAR, CTSA, ERN1, SELENOS and SSR3 

uniquely change in camel; OXT is neither significantly changed in camels, nor in rats 

(Supplementary Table S4.1, Supplementary Data S4.5 and S4.9, Supplementary 

Figure S4.2, Figure 4.19).   

        To compare the changes in gene expression with the significance level, the 

Spearman correlation tests revealed significant (p<0.0001) positive correlations 

between the absolute LFC and -log10padj in both camel (r=0.599) and rat (r=0.737) 

(Figure 4.24c). However, the linear regression revealed a significantly (p<0.0001) 

smaller slope in camels (slope=3.962) compared to rats (slope=29.87), demonstrating 

less variance in the laboratory housed rat samples, compared to the ranch housed 

camels, as might be expected. By comparing the absolute LFC values of the common 

DEGs in the two species (Figure 4.24d), camels were found to have a significantly 

(p<0.0001) higher SON transcriptomic response, at least for these 80 evolutionally 

conserved transcripts, when compared to rats. The average LFC is almost 3 times  
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Figure 4.24: Comparison of SON DEGs in DH camels and rats. 

a Venn diagram comparing DH camel and rat DEGs. b Simple linear regression and Spearman 
correlation by LFC of the common DEGs (denoted by dots) in camels and rats. DEGs that are 
changed in the same direction in expression are highlighted with blue. c Simple linear 
regressions and Spearman correlations between the absolute LFC and -log10padj in camels 
and rats. d Comparison of the absolute LFC values of the common DEGs between camel and 
rat by Wilcoxon matched-pairs signed-rank test. ****p<0.0001. e Over-represented GO: 
biological processes based on the common DEGs between camel and rat. f Over-represented 
GO: KEGG pathways based on the common DEGs between camel and rat. g Over-represented 
GO: biological processes based on the camel-unique DEGs. h Over-represented GO: KEGG 
pathways based on the camel-unique DEGs. Benjamini-Hochberg correction (padj≤0.05) was 
used for multiple comparison correction. Dot plots illustrate the enriched pathways by DH and 
their associated genes. Significantly enriched pathways are listed along the y-axis by padj 
value from top to bottom in ascending order. Pathway-associated genes are denoted by 
colored dots. Dot color and size represent LFC and transcript abundance measured by average 
normalized read counts aligned to each gene across all samples (basemean), respectively. 
Note: b-d are adapted from Lin et al. (2022) and were originally plotted by Dr Mecawi A. S. 
 

higher in camels (1.17) than in rats (0.40), which might be related to the different 

length of osmotic challenges.  

 

4.4.3.2 Gene ontologies on common DEGs and camel-unique DEGs  

GO analysis was carried out on the 80 common DEGs in camel and rat (Figure 4.24e-f 

and Supplementary Data S4.8b) and the 129 genes (Figure 4.24g-h and 

Supplementary Data S4.8c) that uniquely changed in camels. The common DEGs were 

significantly overrepresented by 4 biological processes including “Response to cAMP” 

(Figure 4.24e), and 1 KEGG pathway (“Protein processing in ER”) (Figure 4.24f) that 

are overlapped with the pathways overrepresenting all camel DEGs (Figure 4.21a-b). 

Compared to the pathways overrepresenting all camel DEGs (Figure 4.21a-b), the 129 

camel-unique DEGs were significantly overrepresented by 8 common biological 

processes that are primarily related to neurotransmitter, signal release and synaptic 

plasticity, and 6 different biological processes associated with complement activation, 

ECM and cell junctions (Figure 4.24g). 2 KEGG pathways are identified, “Complement 

and coagulation cascades” and “ECM-receptor interaction”, which are uniquely 

overrepresented by the 129 unique DEGs (Figure 4.24h). The latter KEGG pathway is 

consistent with structural changes to the ECM in the SON region as a result of long-

term DH in the camel (Alim et al., 2019). 
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4.5 Discussion 
Water homeostasis is crucial for the survival of all mammals, amongst which the 

dromedary camel, one of nature’s water conserving wonders, is able to not only 

survive, but also thrive in the hot, arid desert environment. In the desert, free-

standing water is sparsely found in isolated oases and rainfed reservoirs, which makes 

it important for desert animals to maximize water intake and minimize water loss 

without being adversely affected (Ezcurra and Mellink 2013). Notably, resilience to 

stressors such as the extreme aridity and seasonal change in humidity of desert is 

influenced by local adaptation in desert animals. Camels were studied by our lab to 

provide answers and molecular insights into the specialisations that ensure survival in 

these extreme environments. Having recently reported transcriptomic and proteomic 

adaptations to DH in the camel kidney (Alvira-Iraizoz et al., 2021), attention was 

turned to the hypothalamic mechanisms responsible for orchestrating the response 

to DH. Transcriptomic studies on the camel SON were hence performed to compare 

between the control, DH and RH camels. This discussion (Section 4.5) mainly focuses 

on the comparison between control and DH camels. The SON transcriptomes of DH 

camels and rat were also compared, challenging the hypothesis that desert species 

that evolved in drought prone climates may exhibit greater plastic adaptive resilience 

in their SONs to water deprivation than temperate species. Alternative ways of 

optimizing the RNAseq pipeline were also discussed.  

 

4.5.1 Basal transcriptome of camel SON 

The majority of the basal (control) genes expressed in the camel SON remained 

unchanged during DH based on the bulk RNAseq analysis. To favour the analysis on 

the constitutive protein-coding genes expressed in the control camel SON, non-coding 

genes including genes of rRNAs, spliceosomal RNAs, and pseudogenes were excluded 

when ranking the top 100 most highly expressed basal genes (Figure 4.15, 

Supplementary Data S4.5a). Some typical genes that are expected to be expressed in 

SON or hypothalamus are noticed from this list. For example, MAP1B which encodes 

microtubule associated protein 1B that participats in neurogenesis (Yang et al., 2012) 

is the most abundantly expressed basal gene. GFAP is the second abundant basal 
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gene, and a marker for astrocytes (Zhang et al., 2019) that make up a large population 

in the SON (Israel et al., 2003).  

        Based on the functional classifications of the basal transcriptome, AQP4, the most 

highly expressed gene encoding ion channel (Supplementary Data S4.6g), is known to 

encode aquaporin 4, the most abundant aquaporin in the brain (Iacovetta et al., 2012). 

GABBR1, the most abundant GPCR gene (Supplementary Data S4.6e), encodes a 

subunit of γ-aminobutyric acid (GABA) type B receptor that binds to GABA that is the 

main inhibitory neurotransmitter in the mammalian central nervous system. It is well 

established that GABAergic neurons regulate AVP and OXT neurons in SON by exerting 

inhibitory and excitatory actions in a reversible fashion, especially when challenged by 

hyperosmotic stress (Lee et al., 2015). Hence, though not being changed by DH, the 

expression of GABBR1 is important to maintain hydromineral homeostasis. Another 

unchanged basal gene is ATP1A3 that is the most abundant transporter-encoding gene 

(Supplementary Data S4.6c). It encodes the alpha-3 catalytic subunit of the Na+/K+ 

ATPase transmembrane ion pump that is responsible for the generation and 

maintenance of electrochemical gradients of Na+ and K+ across the plasma membrane, 

which is again, essential for osmoregulation (Taugbøl et al., 2014).  

        Apart from the unchanged basal genes, four abundantly expressed basal genes 

(B2M, PTPRN, ADCYAP1R1 and UNC80) were significantly changed by DH, suggesting 

their dynamics and potential roles in response to osmotic stress. As the encoded 

product of B2M, beta-2 microglobulin is a potential promoter of inflammation and is 

involved in antimicrobial activities (Chiou et al., 2021). PTPRN plays a role in vesicle-

mediated secretory process, insulin secretion and normal accumulation of 

neurotransmitters (Harashima et al., 2012). UNC80 encodes a component of the 

sodium leak channel which is essential for survival of mammals and is involved in 

osmoregulation by establishing and maintaining the resting membrane potentials in 

neurons (Sinke et al., 2011; Chua et al., 2020). Importantly, ADCYAP1R1 (ADCYAP1 

receptor type 1) was identified to be intensely expressed in rodent hypothalamic 

nuclei intrinsically associated with osmoregulation and anticipatory drinking (e.g. SCN, 

SON), while its ligand ADCYAP1 is intensely expressed in all peri/paraventricular 

structures (SFO, OVLT, MnPO and PVN) directly related to thirst and osmotic 

regulation (Nomura et al., 1996; Zhang et al., 2021). Similarly, the camel SON basal 
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transcriptome also reveals a high level of transcript detection for ADCYAP1R1 

(baseMean=1800.7) and much lower expression for ADCYAP1 (baseMean=7.8) in this 

specific hypothalamic nucleus.  

 

4.5.2 Key genes regulated by DH in camel SON 

4.5.2.1 Change of AVP and OXT transcription following DH  

Because of the very short half-life of hnRNAs, changes of hnRNAs in response to a 

stimulus reflect gene transcription much better than the more stable mRNA (Ma et al., 

1997). Hence, the hnRNA and mRNA were both detected by qRT-PCR to identify the 

expression of AVP and OXT in camel SON. The RNA splicing patterns of hnAVP and 

hnOXT previously investigated in salt-loading rat SON using intron-specific primers 

revealed some intermediate pre-mRNAs containing exons and only one intron (Yue et 

al., 2008). They concluded that OXT intron2 may undergo intron retention (a failure to 

undergo excision of a specific intron), since OXT intron2 was found to accumulate in 

the OXT MCN cytoplasm at a much higher level than intron1. The detection of hnAVP 

by qRT-PCR showed significant upregulation of the intron2-containing hnAVP by 

hyperosmolality, however, no significant change was detected for hnAVP containing 

intron1 specifically (Yue et al., 2008). To reduce potential bias that could be introduced 

to the analysis by the intron2 of AVP and OXT, I designed qRT-PCR primers to bind to 

camel AVP intron1 as well as the sequence spanning exon1 and intron1 for camel OXT.  

        In the camel SON, the mature and heteronuclear RNAs of AVP quantified by both 

RNAseq and qRT-PCR have determined the significant upregulation of this gene by DH. 

In contrast, the expression of mature OXT and hnOXT do show a trend of increase 

during DH but with no statistical significance. This pattern of change in AVP and OXT 

expression in camel SON is in parallel with that of the rats challenged by 3-day DH 

(Pauža et al., 2021). In both rostral and caudal SONs of camel, the expression level of 

hnAVP slightly diminished in RH, whereas the hnOXT, mature AVP and OXT remained 

the same levels during RH, compared to that of DH. Apart from the major gene 

regulation by transcription factors, this could also be attributed to the short half-lives 

of hnRNAs (Yue et al., 2008), as well as the turnover for the more stable mRNAs for 

AVP and OXT, by which the rates of mRNA synthesis and degradation jointly adjust the 

level of gene expression. The turnover of mRNA plays a key role in the control of gene 
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expression by setting the basal level of gene expression (Baudrimont et al., 2017) and 

as a site for regulatory responses (Chen et al., 2008).  

        Poly (A) tails have long been known to be added during hnRNA processing as a 

stable 3’ modification, which have a major function in control of RNA turnover 

(Eckmann et al., 2011). As previously studied in the rat hypothalamus (Carrazana et 

al., 1988), the poly (A) tail length of hypothalamic AVP (increased from ~250 to ~400 

nucleotide) and OXT mRNA increased progressively with the application of the 

hyperosmotic stimulus (3-day DH) and declined to base line after its removal 

(subsequent RH for 14 days). This modulation in poly (A) tail length induced by DH is 

possibly specific for AVP and OXT mRNAs since the poly (A) tail size of the global 

hypothalamic mRNA did not change with DH (Carrazana et al., 1988). Another study 

(Arnauld et al., 1993) looked specifically at the SON of rat revealed findings consistent 

with these modulations. The stability of AVP and OXT mRNAs that is attributed to the 

length of its poly (A) tail both increased by 5-day DH, then dropped progressively 

during RH, reaching control values by Day 14 of RH (Arnauld et al., 1993). Such 

modulations in the poly (A) tail may provide an additional level of genetic regulation 

on AVP and OXT in response to osmotic stimulus. The AVP mRNA amount doubled by 

DH and gradually decreased from the beginning of RH. Meanwhile, the OXT mRNA 

level elevated by DH continued to increase during the first day of RH, then kept 

decreasing until return to control levels towards the end of RH (Arnauld et al., 1993). 

Taken together, when free access to water is again allowed during RH for camels, at a 

time point when most potential inducers (such synaptic signalling, hormone release, 

electrical activity, etc.) for gene transcription are no longer activated, the maintained 

levels of the mRNAs of AVP and OXT in their SON could result from the enhanced 

mRNA stability. In contrast to the abovementioned rat models, the shorter RH (3 days) 

in camel is sufficient for the AVP and OXT mRNA expression to recover from the long-

term DH (20 days). It will be of interest to determine the change of different RNA 

species of AVP and OXT in size and amount, through a longer time course for RH, in 

the SON of dromedary camel.  

        Given that AVP and OXT are the MCN-specific markers in SON (Hoffman and 

Murphy, 2000; Johnson et al.; 2015), the parallel expression profiles of the hnRNAs 

and mRNAs of AVP and OXT in the rostral and caudal SONs of camels suggest that the 
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cell type composition of these two SON subdivisions might be quite similar, especially 

for the AVP and OXT MCNs.    

 

4.5.2.2 Key genes mediate the regulation of AVP and OXT transcription   

The molecular basis of signalling and transcriptional mechanisms of the AVP gene has 

been studied over the recent decades, revealing that the cAMP (cyclic adenosine 

monophosphate)/PKA (protein kinase A) pathway positively regulates AVP expression 

(Hu et al., 1993) through CREB3L1, a cAMP-responsive element binding protein 

(Greenwood et al., 2015a; Greenwood et al., 2020). Hyperosmotic stimulations such 

as DH or salt loading upregulate cAMP pathways (Greenwood et al., 2015b; Qiu et al., 

2007). Indeed, GO analysis on camel DEGs provides evidence for the enrichment of 

the biological process “response to cAMP” in the DH camel SON transcriptome, 

highlighting the importance of the cAMP pathway in defending water balance in xeric 

species. The RNAseq dataset for rat SON (Pauža et al., 2021) reveals that the CREB3L1 

transcription was significantly increased by DH, however, such change was not 

observed in camel. Therefore, in camel SON, it is possible for CREB3L1 to be regulated 

at translational/post-translational level, or, in the case of no regulation on CREB3L1 

production, some other mechanisms must be contributing to the enhanced AVP 

transcription during DH.   

        FOS, a transcription factor that induces AVP transcription through binding to the 

AP1 regulatory element, can be activated by cAMP pathways and performs as a 

marker of the activation of cAMP pathway (Greenwood et al., 2015a). FOSL2 is 

another member of the FOS family and belongs to the AP1 transcription complex that 

stimulate AVP transcription (Renoux et al., 2020; Yoshida et al., 2006). The expression 

of FOS and FOSL2 were enhanced by DH in both dromedary camel and rat (Pauža et 

al., 2021), which might be induced by the evoked cAMP pathways and perform as 

alternative mechanisms for regulating AVP transcription.  

        Besides CREB3L1, CREM (cAMP response element modulator) is also a member of 

the CREB family of transcription factors. Transcriptomic studies show that CREM 

transcription is upregulated during DH in both camel (by 3.4-fold) and rat (by 1.5-fold) 

(Pauža et al., 2021). Notably, the CREM gene gives rise to multiple transcript variants 

that encode multiple protein isoforms with different functions, such as activators or 
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repressors for gene transcription (Borlikova and Endo, 2009). Due to the limited 

amount of SON samples, the detection of the expression of alternatively spliced 

transcript variants of CREM by qRT-PCR was not practicable. Alternatively, this was 

quantified by analysing the camel SON RNAseq raw data using 3D RNAseq pipeline 

(Guo et al., 2021): an up-to-date method that adds an additional dimension to the 

wealth of knowledge regarding the differential expression at transcript variant level 

(details of this method are available in Appendix C). As shown in Supplementary 

Figure 4.3a, upregulation of CREM at gene level (accounting for the sum of the 

expression levels of all transcript variants) is mainly attributable to the increase of one 

transcript (Ensembl: ENSCDRT00005030222.1). The protein (Ensembl: 

ENSCDRP00005027480) predicted to be encoded by this transcript is highly 

homologous (Supplementary Figure 4.3b) to human ICERIIgamma (Uniprot: Q03060-

11), a type of inducible cAMP early repressor (ICER) that inhibits transcription 

mediated by CREB and AP1 (Wang and Murphy, 2000). It is not yet established that 

ICERIIgamma can directly regulate the transcription of AVP which possesses functional 

CRE and AP1 elements (Yoshida et al., 2006) in its promoter. Nevertheless, ICER is 

known to suppress the expression of genes critically involved in neuronal plasticity, 

such as FOS, CREB, genes encoding GABAA receptor subunits, some anti-apoptotic 

genes, and its own transcription as a negative autoregulatory loop (Borlikova and Endo, 

2009). To conclude, the upregulation of this transcript isoform of CREM in the DH 

camel SON may have a broader spectrum of activity related to the inhibition of AVP 

transcription, which may serve as a protective mechanism to reduce excessive 

response to osmotic stress and stress-evoked neural apoptosis (Jaworski et al., 2003).   

        The E-box (enhancer box) has been reported by Jin et al. (1999) to control AVP 

expression in SCN in response to circadian rhythm. BHLH factors were found to bind 

predominantly to the E-box locates in the G-box of the AVP promoter to mediate the 

enhancer function in small-cell lung cancer human cell line (Coulson et al., 1999). 

Therefore, this motif appears to be crucial in regulating AVP transcription in different 

models, different tissues or under different stimuli, mediating alternative tissue-

specific AVP transcription patterns (Coulson et al., 1999). The BHLHE22 gene that 

encodes BHLH family member e22 (BHLHE22) is significantly downregulated by DH in 

the camel SON, but unchanged in rat. Since BHLHE22 is a negative regulator of other 
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BHLH proteins (Huang et al., 2014), whether the downregulation of this protein 

promotes the upregulation of other BHLH proteins that might be involved in the 

activation of AVP enhancer in camel will make an interesting research target for future 

work.  

        Genes encoding products that are previously validated or predicted to mediate 

OXT transcription were checked for any change in expression by DH. This includes 

NR2F1, NR2F2, NR2F6, NR5A1, ESR2, SP1, MLXIPL and NFIA, whose products bind to 

COUP-TF I, COUP-TF II, EAR2, SF-1/ELP, ERE half site, SP1, CHRE and NF1 motifs, 

respectively (Gainer, 2012). None of these genes were changed by DH in camel, but 

NR2F1 and ESR2 were significantly downregulated in the SON of DH rat (Pauža et al., 

2021). This could be the reason for no significant change was observed in OXT mRNA 

and hnRNA during DH in both camel and rat.  

 

4.5.2.3 Key genes involved in the processing of AVP and OXT peptides  

It is important to look at genes whose products regulate AVP and OXT production at 

post-translational level. Two proprotein convertase enzymes have been identified to 

be involved in the processing of nearly all neuroendocrine prohormones, that are 

PC1/3 encoded by PCSK1 gene, and PC2 encoded by PCSK2 gene (Steiner et al., 1992; 

Seidah et al., 1993). The AVP and OXT prohormones found in the posterior lobe of the 

pituitary are processed to their biologically active peptide hormones, OXT and AVP, by 

either one or both PC1/3 and PC2 (Dong et al., 1997). A study (Hardiman et al., 2005) 

comparing PC1/3 or PC2 knock-out mice to wildtype mice reported that the two 

enzymes might be functionally redundant in terms of processing the AVP and OXT 

prohormones. None of them are obligate for this function, if one is knocked out, this 

function is taken over by the other enzyme (proof of this will require a double knock-

out model), or even by enzymes other than these two. One candidate enzyme is PC5 

(encoded by PCSK5) that is present in the vasopressinergic neurons of PVN (Dong et 

al., 1997).  

        Differently, this functional redundancy is not observed in humans, where the 

putative deficit in active PC2 is not compensated by other enzymes, leading to an 

impaired processing of the AVP and OXT precursors in patients with Wolfram’s 

syndrome and Prader-Willi syndrome (Gabreels et al., 1994; Gabreels et al., 1998; 



181 
 

Swaab et al., 1995). This can be explained by substrate specificity. Comparison 

between the amino acid sequences of the AVP and OXT prohormones between mouse 

and human reveals significant residue differences at the site for an α-helix formation 

next to a β-turn region and a “GKR” spacer (the actual cleavage site between the 

hormone peptide and neurophysin) in AVP and OXT prohormones (both α-helix and a 

β-turn structures are required for proper processing) (Hardiman et al., 2005). The 

altered secondary structures of human AVP and OXT prohormones may interfere with 

the correct processing based on substrate specificity. As shown in Supplementary 

Figure S4.4, the sequences of AVP and OXT preprohormones in mouse, human and 

dromedary camel are aligned and compared. In the camel AVP prohormone, the 

region spanning the C-terminal side of the “GKR” spacer and its downstream region: 

“KRAMSDLELR”, is an α-helix. The sequence of this region in the camel and human AVP 

preprohormones are identical, however, that of the rat AVP preprohormone shows 

two different residues (Supplementary Figure S4.4a). On the position of the 4th 

residue (“KRAMSDLELR”), a methionine (M) in mouse replaces the isoleucine (I) in 

human and camel. On the same position of the camel OXT preprohormone α-helix site 

“KRAALDLDVR”, alanine-leucine (A-L) replaces the valine-leucine (V-L) in mouse, and 

alanine-proline (A-P) in human (Supplementary Figure S4.4b). Less hydrophobic 

amino acids are present in this region of the AVP and OXT preprohormones in both 

camel and human, compared to mouse (Kyte and Doolittle, 1982). The presence of the 

proline residue in the human OXT precursor is vital for disrupting the α-helix structure 

(Hardiman et al., 2005), whether the valine residue has the same effects in camel is 

still unknown. Additionally, a leucine (L) is present at a further downstream position 

(“KRAMSDLELR”) in this region of the camel and human AVP precursor, whilst a 

methionine (M) is present in the mouse (Supplementary Figure S4.4a). For the OXT 

precursors, a valine (V) locates at the 9th residue position (“KRAALDLDVR”) in camel 

and human, whilst a substitution to methionine (M) is noticed in mice (Supplementary 

Figure S4.4b). A study reported that substitution of the valine residue with another 

amino acid would block the secondary structure and disrupt the processing of OXT 

prohormone by PC1/3 (Brakch et al., 2000). Therefore, the camel OXT prohormone 

could be less affected for the processing mediated by PC1/3.   
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        Based on the RNAseq data of the camel SON (and also validated by qRT-PCR), 

PCSK1 transcription was upregulated in DH by > 4-fold, while PCSK2 was 

downregulated by 2.88-fold. The abundance of PCSK1 transcript (baseMean=2691.74) 

is much higher than that of PCSK2 (baseMean=159.60). Taken together, it can be 

hypothesized that the processing of camel AVP and OXT precursors during DH would 

be reinforced if the functional redundancy of PC1/3 and PC2 were also applicable to 

camel, and/or the drastically increased PCSK1 expression overwhelms the decreased 

PCSK2 expression. In contrast, a 1.68-fold increase for PCSK1, as well as a 1.09-fold 

increase for PCSK2, was discovered in DH rat SON. The abundance of PCSK1 

(baseMean=1592.3) was detected to be lower than PCSK2 (baseMean=4664.1), which 

is opposite to that of camel. Therefore, investigations on 1) whether the secondary 

structures in camel AVP and OXT precursors would be disrupted by the residue 

substitutions near the cleavage sites, 2) catalytic functions of PC family enzymes and 

substrate specificity in different species, 3) how this processing can be regulated by 

osmotic challenge, together represent potent pursuits for future studies.   

  

4.5.2.4 Key genes associated with neuropeptide transportation and 

modulations of neuronal excitation in SON 

Transportation of AVP peptides from SON to circulation and peripheral organs is 

crucial for maintaining water balance. In the dromedary camel, circulating AVP has 

been confirmed to increase following DH (Ali et al., 2012; Abu Damir et al., 2022). AVP 

release is closely associated with the electrical activity of AVP neurons, which is 

regulated by excitatory glutamatergic and inhibitory GABAergic inputs (Toshinai et al., 

2014). ANG II is a peptide hormone derived from the cleavage of pre-angiotensinogen 

(AGT) encoded by AGT gene. The MCN expression of AGT and ANG II have been 

described in the rodent SON, but it is also important to note that AGT is known to be 

expressed by astrocytes (Yang et al., 1999). In the SON, ANG II can promote the release 

of AVP (Qadri et al., 1993) by acting on the presynaptic glutamatergic neurons to 

increase glutamate release, leading to direct change in the membrane conduction of 

dendrites of AVP neurons to stimulate AVP release (Toshinai et al., 2014). A study 

performed in mice showed a role for the AT1A receptors expressed by AVP MCNs that 

is involved in the osmotic-induced release of AVP (Sandgren et al., 2018). These 
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findings suggested that the increase of AGT transcription and thus the increased local 

angiotensin production in the camel SON may be an important mechanism in the 

camel to support AVP secretion in DH. This is coupled with increased peripheral ANG 

II (Lin et al., 2022; data collected from the same camels used in the current 

transcriptomic study) that is known to increase AVP release and elevate blood 

pressure (Mecawi et al., 2015). Thus, in camels, DH may promote changes to 

peripheral and perhaps brain renin-angiotensin systems to instruct AVP release. 

However, it should be noted that high AGT expression persists following rehydration 

in both the caudal and rostral portions of the SON, despite decreased circulating ANG 

II levels. This suggests that SON AGT expression is not contributing to the circulating 

pool, but rather has local functions within the brain. As another evidence to prove this, 

although AGT expression is not upregulated in the rat SON (Pauža et al., 2021), 

significant increase in ANG II circulating level is also reported in DH rats (Di 

Nicolantonio and Mendelsohn, 1986).  

        FOS is a well-known marker of neural activity which can be transformed into 

intracellular calcium influx (Chung, 2015). The significantly elevated level of FOS 

transcripts indicates a highly upregulated neural activity in the DH camel SON. The 

potentially increased intracellular calcium influx may promote the secretion of 

neuropeptides, including AVP and OXT, from the neurohypophysial terminals (Tasker 

et al., 2020). 

        VGF is the most upregulated camel DEG with the highest LFC and significance. In 

the rat SON transcriptome, VGF is also an impressive DEG with secondly highest 

statistical significance and was increased by 3.4-fold in DH (Pauža et al., 2021). VGF 

encodes a precursor protein VGF which is packaged and proteolytically processed into 

shorter neuropeptides by PC1/3 and PC2. The VGF-derived peptide TLQP-62 is able to 

induce acute and transient activation of the NTRK2/TRKB receptor and downstream 

CREB phosphorylation, which may in turn enhance AVP transcription during 

dehydration. NERP1 and NERP2 are another two neuroendocrine regulatory peptides 

that are generated from VGF (Toshinai and Nakazato, 2009). NERP1 suppresses 

presynaptic glutamatergic inputs to AVP neurons, whereas NERP2 activates GABAergic 

interneurons that suppress presynaptic glutamatergic neurons, together forming a 

mechanism to suppress excessive excitation of AVP neurons during DH (Toshinai et al., 
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2014). A study carried out by Yamaguchi et al. (2007) revealed the colocalization of 

abundant NERPs with AVP in the storage granules of rat SON, while on the contrary, 

NERPs rarely colocalized with OXT, indicating a cell type specific manner - NERPs may 

regulate the activation of AVP neurons rather than OXT neurons. Moreover, NERPs 

were found to be potent endogenous suppressors of AVP release induced by ANG II 

(Yamaguchi et al., 2007). In summary, the increased VGF transcription in camel SON 

may help to maintain the AVP level in hypothalamus and plasma by suppressing 

excessive excitation in AVP neurons and exorbitant AVP release.  

        Prodynorphin encoded by the PDYN gene is proteolytically processed to form a 

series of secreted opioid peptides including dynorphin. Dynorphin is co-expressed 

with AVP in the MCNs of SON and PVN (Pfaff and Joëls, 2017), and is known to play an 

important role in the DH-induced modulation of kappa-opioid inhibition to repress 

AVP neuron activity, and in the negative feedback regulation of OXT secretion 

(Tilbrook, 2007). In hyperosmotic rats, PDYN mRNA expression increases in AVP 

neurons, meanwhile, the dynorphin expression in AVP neurons underwent dynamic 

changes in proportion to the secretion of AVP, presumably to prevent over-excitation 

of AVP neurons (Scott et al., 2009). Hence, the PDYN mRNA expression increased (by 

3.8-fold) in DH camel SON may protect the AVP neurons from excitotoxicity during 

defending the animal from water loss. 

        Secretogranin II (SCG2) encoded by SCG2 is a neuroendocrine secretory protein 

involved in the packaging and sorting of peptide hormones and neuropeptides into 

secretory vesicles (et al., 1991), thus is regarded as an intracellular marker for the 

regulated secretory pathway in endocrine and nervous tissues (Fischer-Colbrie et al., 

1995). An immunochemistry study found that in the SON of rats challenged by salt-

loading, although both AVP and OXT neurons were stimulated, SCG2 was exclusively 

expressed in a subpopulation of AVP MCNs, which can be taken as an indication that 

SCG2 is of functional importance during enhanced secretory activity in AVP neurons 

(Ang et al., 1997). In the DH camel SON transcriptome, SCG2 shows a 2.85-fold 

upregulation, which could enhance the secretory function of SCG2 in the AVP neurons 

with an extreme turnover of neurosecretory materials. Such upregulation is also 

observed in DH rat SON (Pauža et al., 2021). Further investigation will be required to 

obtain better understanding about this functional heterogeneity with MCNs, whether 
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it is replicable in camel SON, and whether SCG2 is directly involved in the secretion of 

AVP in SONs.  

        ATP6V0B encodes a subunit of the V0 domain of vacuolar ATPase (V-ATPase) that 

acts as a proton pump using energy produced by ATP hydrolysis to acidify the 

intracellular compartments. In the nervous system, V-ATPase acidifies newly formed 

synaptic vesicles to generate a proton electrochemical gradient that drives the 

neurotransmitter loading to the vesicles and the clathrin-mediated endocytosis (Song 

et al., 2020). Independent of its role in acidification, the transmembrane V0 domain 

of V-ATPase can promote membrane fusion such as the fusion of synaptic vesicle to 

presynaptic membrane (Song et al., 2020). During DH, the expression of ATP6V0B is 

uniquely upregulated in camel SON but not in rat SON, whereas ATP6V0A1 and 

ATP6V0C, which also encode V-ATPase V0 subunits, were specifically upregulated in 

rat SON (Pauža et al., 2021). Therefore, in both species, the upregulated expressions 

of genes encoding the V0 subunit of V-ATPase in SON may be regarded as an indication 

of elevated production of this enzyme that enhances secretion and trafficking of 

neuropeptides, perhaps including those play important roles in osmoregulation.  

        GABA has been shown to play an important role in the regulation of neuronal 

excitability and the neuroendocrine functions of hypothalamic MCNs (Stern et al., 

2002). Salt loaded rats showed increased GABA release onto SON MCNs and increased 

expression of GABAergic synapses in these MCNs (Di and Tasker, 2004). In the 

mammalian brain under basal status, GABA typically acts as an inhibitory 

neurotransmitter. The GABAA receptor mediates fast inhibitory signals, whereas the 

GABAB receptor produces slow and prolonged inhibitory signals (Terunuma, 2018). 

However, there are certain conditions in which GABA can show an inhibitory-to-

excitatory switch. It has been shown that the GABA function via GABAA receptor is 

excitatory in adult AVP neurons and this effect is enhanced by the chronic 

hyperosmotic stress of salt loading (Kim et al., 2011; Haam et al., 2012; Konopacka et 

al., 2015). Though expression of GABAB receptor in the SON was clearly established, 

less is known about its roles. For instance, presynaptic GABAB receptors located in 

both excitatory (glutamatergic) and inhibitory (GABAergic) terminals of the SON 

effectively modulate neurotransmitter release from these terminals (Li and Stern, 

2004; Terunuma, 2018). Li and Stern (2004) reported that the rat SON firing activity 
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was reduced by the activation of the GABAB receptor by using its selective agonist. 

This modulation on neuronal excitability is in a cell-type dependent manner, where 

the modulatory actions are observed to be more predominantly in AVP neurons in 

contrast to OXT neurons (Li and Stern, 2004). Whether the GABAB modulatory actions 

in SON under osmotic challenge switch to excitatory remains to be established. 

Transcriptomic studies showed that genes encoding GABAA receptor subunits were 

unchanged by DH in the camel SON, whilst two of them (GABRA4, GABRA4) were 

downregulated by DH in the rat SON (Pauža et al., 2021), suggesting that the 

expression of GABAA may not be affected much during DH. In light of GABAB receptor 

coding genes, the GABBR2 expression was significantly downregulated in the SONs of 

both DH camels and rats (Pauža et al., 2021); the GABBR1 expression was unchanged 

in camel, and slightly upregulated (only by 1.06-fold) in rat. Given that neither of the 

two subunits is effective on its own (Li and Mangold et al., 2009), the expression of a 

functional GABAB receptor is likely to be reduced by DH in camel and rat SONs. This 

may provide a level of modulation on AVP release and the excitability of SON neurons 

during DH, and determination of the orientations of change (excitatory or inhibitory) 

requires further investigations.  

 

4.4.2.5 Key genes related to other mechanisms for osmoregulation 

In addition to the regulation of the expression, processing, and release of AVP and 

OXT, other mechanisms can be induced by DH as well. Transcription factor ATF4 

encoded by ATF4 gene acts as a master transcription factor for the integrated stress 

response (ISR) which is necessary for adaptation to various stress including oxidative 

stress, endoplasmic reticulum stress (ERS), osmotic stress, etc (Pakos-Zebrucka et al., 

2016). ATF4 mainly activates the transcription of stress-responsive genes to promote 

cell recovery (Guo et al., 2020), and can also act as a transcription repressor to 

regulate synaptic plasticity. Increased mRNA expression of ATF4 was observed in the 

SON of DH rats under a level of ERS (Greenwood et al., 2015b), which is consistent 

with what has been noticed from the rat SON transcriptome (Pauža et al., 2021). Such 

upregulation of ATF4 expression is also found in camel SON, perhaps contribute to the 

mechanism maintaining cellular homeostasis as a response to ERS induced by water 

deprivation.   
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        Collage type III (contains COL3A1 subunit) is a structural protein encoded by the 

gene COL3A1 that was significantly downregulated in transcription by DH in camel 

SON, but remain unchanged in rat SON (Pauža et al., 2021). Neuronal migration is an 

essential process for the development of mammalian nervous system and involves the 

extension of leading process, movement of the cell soma, and retraction of the trailing 

process (Youn and Wynshaw-Boris, 2009). The binding of COL3A1 to an adhesion GPCR 

known as ADGRG1 is involved in inhibiting over-morphological change of neurons (Luo 

et al., 2011). Interestingly, the expression of ADGRG1 gene is not changed by DH in 

camel, in contrast it is decreased in rat. These results suggest that the functions 

mediated by the binding of COL3A1 to ADGRG1 might be attenuated during DH in the 

SON of both camel and rat, which may relate to the morphological plasticity of SON 

following DH.  

        GLP1R encodes a GPCR with function in regulating the insulin secretion. Binding 

of this receptor by its ligand GLP1 triggers activation of a signalling cascade that 

activates adenylyl cyclase and increases intracellular cAMP level. GLP1 is well-known 

for its role in suppressing food and water intake (Mckay et al., 2011; Mckay et al., 

2014). The robust upregulation of the expression of GLP1R during DH in the SONs of 

both camel and rat (Pauža et al., 2021) is intriguing. Higher expression of GLP1R might 

contribute to the increase of cAMP level and therefore upregulate AVP expression, 

and to the inhibition of appetite for intaking food and water during DH. Another GPCR 

encoded by CCKAR is known to binds to the gut peptide cholecystokinin (CCK). The 

satiety peptide CCK mediates its actions via two G-protein-coupled receptors, CCKAR 

and CCKBR, and central and peripheral nervous system activation of these receptors 

inhibits feeding behaviours (Kopin et al., 1999). Interestingly, whilst DH increases 

CCKAR expression in the camels, DH in rats increases expression of the CCKBR gene 

(Pauža et al., 2021), implying cross-species divergence in the regulation of MCNs by 

the same peptide. Direct administration of CCK into the SON has been shown to 

increase somatodendritic release of AVP and OXT, and circulating levels of OXT, but 

not AVP (Neumann et al., 1994). An additional branch to this network is the synthesis 

of CCK by MCNs themselves (Sanchez et al., 2001; Meister et al., 1990), which may 

signal locally to control release of AVP or OXT. Taken together, it is reasoned that SON 
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might be a novel brain region that encode aspects of food/thirst satiety and fluid 

balance.  

               

4.5.3 Core pathways enriched during DH in camel SON 

Mining of transcriptome data by pathways analysis revealed plastic changes to core 

cellular processes that are important for secretory and morphological adaptation of 

the SON. Comparing this up-to-date camel SON transcriptome data with that of a 

mesic species, the rat, has revealed a set of 80 core genes that are commonly 

regulated in both species, and a set of 129 genes that are uniquely regulated in camels, 

providing insights into plastic adaptive resilience mechanisms to DH that are common 

in both species or are unique to the camel. This is the first time that the camel brain 

has been so extensively studied in terms of its adaptations to the desert environment.  

 

4.5.3.1 Structural plasticity of SON neurons in response to DH 

To defend water balance, the MCNs need to increase protein synthesis to be able to 

cope with increased demands for neuropeptide secretion. This is in accordance with 

the detection of the pathways related to protein synthesis and transportation that are 

enriched by DH in camel SON, such as “protein processing in ER”, “neurotransmitter 

secretion”, “regulation of synaptic vesicle exocytosis”, etc. To deliver the increased 

demands for protein synthesis, AVP neurons undergo numerous morphological 

changes including increased size of the perikarya (Fliers et al., 1985; Palin et al., 2009) 

and nucleoli (Hoogendijk et al., 1985), and expanded Golgi apparatus (Lucassen et al., 

1993; Lucassen et al., 1994) in humans and rodents. Studies of the rat SON have 

further described structural changes to astrocytes in DH. The astrocyte processes 

between MCNs actively retract and extend during DH to promote the increased 

release of AVP and OXT (Hawrylak et al., 1998). The changes in structural plasticity 

may be more pronounced in the camel as indicated by alterations to the pathways 

overrepresented by camel-unique DEGs: “synapse pruning” and its parent term “cell 

junction disassembly”, “extracellular matrix organization”, and “ECM-receptor 

interaction”. These may represent specialised mechanisms of additional structural 

morphogenesis to improve the supply AVP and OXT in the DH camel. The remarkable 
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seasonal adaptations of the camel SON ultrastructure as shown in our earlier study 

(Alim et al., 2019) certainly supports this concept. 

        “Synapse pruning” is defined as a cellular process that results in the controlled 

breakdown of synapse. Camel-unique DEGs that derive this pathway are C1QA, C1QB 

and C1QC that encodes subunits of C1Q, the initial component of the classical immune 

complement cascade (Eroglu and Barres, 2010). C1Q, which promotes the activation 

of astrocytes, is known to be synthesized in microglia (Asano et al., 2020) and neurons 

(Györffy et al., 2018; Luchena et al., 2018). A model describing the roles of C1Q in 

complement-mediated synapse pruning associated with development, adulthood and 

aging was addressed. In the developing brain, astrocytes induce the expression of C1Q 

in neurons, and C1Q colocalizes with weak or excessive synapses that will be 

eliminated via the phagocytotic function of microglia (Eroglu and Barres, 2010; 

Luchena et al., 2018). In healthy adult brain, synaptic pruning decrease with age to 

basal levels, and complement protein (including C1Q) expression is reduced. 

Concurrently, the astrocytes and microglia continuously survey surrounding synapses. 

By studying the cortical whole tissue in healthy adult mice, the C1Q-mediated synapse 

removal was found to be triggered by tagging of C1Q to synapses where local 

apoptotic-like processes have been initiated (Györffy et al., 2018). During normal 

aging, notable increase in C1Q expression during aging was previously described by 

Stephan et al. (2013). Of particular interest is that the level of this complement-

dependent synapse pruning is upregulated in neurodegenerative diseases such as 

Alzheimer’s disease (AD), which is an early manifestation related to cognitive decline.  

        To get a closer look at synapse formation and elimination in the SON, a study 

showed that rat SONs formed specialized synapses, known as double synapse, on the 

MCNs in response to salt-loading, whereas this increased synapse level was reversed 

upon a follow-up RH. This active formation and elimination of synapse is likely to relate 

to the obvious retraction and reinsertion of the thin glial processes from between the 

MCN cell somata (Tweedle and Hatton, 1984). Additionally, a remarkable interaction 

between astrocytes and synapses in the SON during chronic DH was noticed, where 

most astrocyte processes in contact with the somata and dendrites of OXT MCNs 

retract (Eroglu and Barres, 2010). Meanwhile, newly formed excitatory and inhibitory 

synapses impact onto these neurons during chronic DH, and these were reversed by 
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the termination of the stimulus, with the astrocytes processes re-engaging with OXT 

MCNs. Together, these data indicate active synaptic remodelling in the SON under 

conditions of osmotic challenge. The possible role of C1Q, the quantification of overall 

synapse formation, and whether this process impacts on AVP MCNs remains to be 

investigated in future studies to obtain a more comprehensive understanding. In the 

dromedary camel SON, the expression of C1QA, C1QB and C1QC are all upregulated 

by DH with relatively high fold change. None of these genes are changed in DH rat SON, 

suggesting that the upregulation in C1Q-mediated synapse pruning during DH, if it 

occurs, could be a camel-specific event.  

        The pathway “ECM-receptor interaction” overrepresented by camel-unique DEGs 

describes the interactions between cell surface receptor (e.g. integrins) and ECM 

ligands (Su et la., 2021). In addition to acting as a scaffold, ECM proteins can bind 

specifically to cell surface receptors, play key roles as guidance molecules to direct 

neurons to send axonal and dendritic projections, establish connection, and form 

synapses between pre- and post-synaptic cells (Kerrisk et al., 2014). After the 

formation of stable synapses, many ECM receptors switch to other functions to 

maintain the stable connections between neurons and regulate structural and 

functional synaptic plasticity (Kerrisk et al., 2014). To summarize, the enriched ECM-

receptor interaction can be regarded as an indication of additional cellular 

remodelling occurring in camel SON during DH, which contribute to structural change 

of neurons, formation of synapses and connections between neurons, and the 

regulation of synaptic plasticity. Important to note, “regulation of synaptic plasticity” 

is a pathway overrepresented by all camel DEGs. Depending on prior knowledge about 

the DH-induced synaptic plasticity in MCNs of the rat SON, it can be hypothesized that 

similar changes might occur in camel as well, that is, the increase in the spontaneous 

excitatory and inhibitory postsynaptic currents result from the increases in glutamate 

and GABA release onto MCNs. The increase of glutamate release could be due to 

increased number of release sites from synapses. The excitability of the MCNs is 

expected to increase due to these changes in synaptic plasticity, which in turn facilitate 

the enhanced protein secretion during DH.     
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4.5.3.2 ER stress response induced by DH in SON 

Enhanced neuropeptide synthesis and secretion places more pressure on the ER which 

is the gateway for proteins entering the secretory pathway. Thus, it is not surprising 

that the principal enriched KEGG pathway in the DH camel SON was “Protein 

processing in ER”. This pathway has been recently reported as a highly regulated 

component of the rat SON in response to DH (Pauža et al., 2021). There are several 

unique DEGs in the DH camel SON that form the basis for further discussion and 

investigation in ER stress. It has been shown in the rat SON that the master regulator 

of the UPR pathway, immunoglobulin heavy chain binding protein (BiP), is increased 

by DH along with protein kinase RNA-like endoplasmic reticulum kinase (PERK) 

pathway downstream effectors ATF4 and C/EBP-homologous protein (Greenwood et 

al., 2015). However, in camels, this is the first time that alterations to one of the three 

major ER sensors: PERK, activating transcription factor 6 (ATF6), and IRE1 have been 

observed with the DH stimulus. Compared to rat, ERN1, SELENOS, SSR3 are genes 

associated with this pathway and were changed only in camels, which attaches further 

importance to their functional specificity in this desert species.   

        IRE1, encoded by the ERN1 gene (upregulated in DH camels), is an ER 

transmembrane sensor that activates the UPR to maintain ER and cellular function. 

The accumulation of unfolded proteins in the ER activates IRE1α that results in the 

generation of XBP1 mRNA by splicing of XBP1u (unspliced isoform) RNA to generate 

the XBP1s (spliced isoform) transcript (Calfon et al., 2002; Lee et al., 2002; Yoshida et 

al., 2001). XBP1s promotes the expression of several genes involved in the UPR and 

ER-associated degradation (ERAD) (Acosta-Alvear et al., 2007; Lee et al., 2003). ERAD 

is reported to be required by the conformational maturation of AVP prohormone in 

the ER of AVP-producing neurons (Shi et al., 2017).  

        The RNase activity of IRE1 is involved in the regulation of IRE1-dependent decay 

pathway that degrades mRNAs localised to the ER membrane to reduce the protein 

load placed on the ER (Coelho and Domingos, 2014). Increased activation of this 

pathway may provide further protection to cells in the SON in response to chronic DH. 

This provides a new mechanism of resilience for the SON in response to high protein 

loads. Interestingly, MCNs are known to be relatively protected from the aging process 

in rats (Peng and Hsü, 1982) and humans (Goudsmit et al., 1990; Hofman et al., 1990) 
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as well as neurodegenerative disease pathologies (Goudsmit et al., 1990; Wierda et al., 

1991). In rats, no neuron loss was detected in the SON and PVN of old rats compared 

to the young ones (Peng and Hsü, 1982). In humans, no significant difference in the 

volume and total cell number were found in the SONs and PVNs between young and 

old healthy humans, or between patients suffering from AD and the controls, 

suggesting these nuclei are spared from the degenerative changes in normal aging and 

AD (Goudsmit et al., 1990). Surprisingly, another study reported that a substantial 

proliferation of glial cells took place in the human SON with advancing age, while the 

morphology and neuron density of SON was not changed (Hofman et al., 1990). When 

focusing on the subpopulations of MCNs, the total number of OXT neurons in PVN was 

observed to be unaltered in senescence and AD human subjects (Wierda et al., 1991). 

Thus, changes to the UPR function in camel MCNs represent a future pathway for 

further exploration of the IRE1-dependent decay pathway as a protective mechanism 

to relieve the pressure placed on ER in relation to osmotic stress and the neuronal cell 

fate with age and neurodegenerative diseases.   

        SELENOS encodes a protein named selenoprotein S (SEPS1) that is an ER-resident 

protein plays important roles in UPR and ERAD (Addinsall et al., 2018). SEPS1 is 

protective against oxidative stress and ER stress in a number of cell types. It forms a 

multiprotein complex with other functional proteins at ER membrane to facilitate the 

translocation of misfolded proteins to the cytosol for later degradation (Addinsall et 

al., 2018). Furthermore, SSR3 encodes a subunit of the signal sequence receptor 

(SSR3), a member of the translocon associated protein (TRAP) complex, that is 

associated with protein translocation across the ER membrane (Phoomak et al., 2021). 

To the best knowledge of the author, the function of SEPS1 and SSR3 in SON, or in 

response to hyperosmolality, is not yet studied, which represent interesting candidate 

genes to investigate in the future.   

 

4.5.4 Study limitations 

4.5.4.1 Interspecific comparison of different DH models 

As one of the most astonishing desert creatures that can tolerate water deprivation, 

the dromedary camel has been commonly used as an animal model to study the 

influence of persistent hyperosmotic stimulus. According to published literature, the 
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durations of DH in dromedary camels vary based on different investigation purposes: 

7 days (Yagil et al., 1974), 8~10 days (Finberg et al., 1978; Yagil and Berlyne et al., 

1977), 11 days (Schroter et al., 1990), 20 days (regarded as long-term DH) (Ali et al., 

2012; Adem et al., 2013), 23 days (Delavaud et al., 2013), and 24 days (Kataria et al., 

2002). The 20-day DH in dromedary camel adopted in this study was approved by the 

Animal Ethics Committee of the United Arab Emirates University (approval ID: 

AE/15/38) and the University of Bristol Animal Welfare and Ethical Review Board.  

        As for the DH rat model, according to a recent guideline for water deprivation in 

laboratory animals issued by the Committee for Animal Welfare Officers (GV-SOLAS, 

2020), complete DH up to 24 hours is mild, between 24 to 48 hours is moderate, more 

than 48 hours is classified as severe. Complete DH in rat for up to 48 hours doubles 

the plasma corticosterone concentration, which is regarded as a sign of chronic stress 

(Hohenegger et al., 1986; Brooks et al., 1997; Ulrich-Lai and Engeland, 2002). However, 

other physiological parameters, such as the duration of water deprivation, weight loss, 

serum Na+, plasma osmolality, plasma AVP or copeptin, and food intake, were not 

found in literatures for clearly defining whether the DH in rat is acute or chronic. Some 

studies addressing long-term/chronic osmotic stress used rat model with complete 

water deprivation for 7 days (Chatoui et al., 2020), or with incomplete water 

deprivation (the rats had daily access to water within limited time) for 7 weeks 

(Anderson et al., 2006). For the 3-day DH rat that was compared to DH camels for SON 

transcriptomes in this article, although 3-day DH in rat has been traditionally used for 

osmoregulation studies, this model was criticized as being stressful to the animal 

(Pauža et al., 2021). Taken together, chronic DH with complete water deprivation in 

rat is either ambiguously defined or might be difficult to achieve under the 

considerations of animal welfare. 

        Caution is advisable when making interspecific comparison to support the view 

that shared genetic features observed from the rat and camel SON transcriptomes can 

reflect common mechanisms underlying physiological traits (Garland and Adolph, 

1994) in response to similar environmental factors such as DH. When comparing the 

rat and camel RNAseq data, different protocols employed must be taken into 

consideration. Indeed, it was noted that the 3-day DH in the rats evoked a 2.5% 

increase in plasma osmolality (Pauža et al., 2021), whereas the 20-day DH period in 
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camels resulted in a more severe 13.5% increase in calculated serum osmolality (Abu 

Damir et al., 2022). A further limitation of this study is that the food intake, and the 

cardiovascular parameters such as blood pressure and heart rate were not measured 

in the camels. Since the differences between the DH durations, and between the two 

species and their acclimatisation to the experimental environments are not avoidable, 

it is important to keep the methodologies of RNAseq and data analysis for the two 

species in parallel. This methodological consistency was achieved, with the only 

exception in the cDNA library construction, where poly(A) enriched method was used 

for rat, and rRNA depletion method was applied to camel.   

 

4.5.4.2 Cellular heterogeneity of SON 

In this study, although every effort was made to accurately isolate the SON using 1mm 

punch from frozen hypothalamic sections, a small portion of the surrounding tissue 

will be included, which is inevitable. This will add to the noise into the analysis and 

may introduce signal that is not relevant to SON. Punches with smaller diameters (e.g. 

0.5 mm) or laser dissection techniques (Humerick et al., 2013) can be used in future 

studies to obtain more accurately isolated SON samples. Furthermore, it should be 

noted that while the MCNs are the only neuronal cells in the SON, it is heterogeneous 

in terms of cell types. RNAs extracted from the harvested SON samples are from MCNs 

and some interneurons, and non-neural cell sources including surrounding glia, 

microglia, oligodendroglia, astrocytes, blood vessels and blood therein (Johnson et al., 

2015). To unequivocally identify the specific transcriptional profiles of different cell 

types, additional complementary methods such as single cell qPCR (Baro et al., 1997; 

Toledo-Rodriguez and Markram, 2014) or the highly informative single cell RNAseq 

(Hwang et al., 2018) can be engaged in subsequent studies on the camel SON.  

 

4.5.4.3 Study on non-model organisms: opportunities and challenges 

Model organisms satisfy various research requirements such as genetic uniformity and 

classic systems well-known to be excellent models to address questions of biological 

importance. However, existing models lack many interesting traits and are limited 

when it comes to answering environmental and evolutionary adaptive questions. 

Therefore, studies involving non-model organisms to extend current set of model 
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organisms and to include completely novel systems that have not been extensively 

explored are in a great interest nowadays. The drought-resistant capacity of 

dromedary camels has been continuously studied for decades before they were 

involved in the whole genome sequencing and analysis project for the first time in 

2010 (Mahmoud, 2010). This provides opportunities for performing high-throughput 

transcriptomic studies that utilize reference genomes instead of de novo 

transcriptome assembly to enable a direct mapping of the RNAseq reads to certain 

transcripts with genomic coordination and functional annotation. However, working 

with dromedary camels is a combination of opportunities and challenges.  

 

Genetic uniformity 

For many model species, such as rat, inbred strains were well-developed and 

maintained worldwide specially for research purpose. For animals derived from a fully 

inbred strain that is genetically homogeneous, their observable traits/phenotypes are 

more likely to be uniform within the same age and gender, especially when being 

raised under same acquired environmental conditions in breeding laboratories. In this 

scenario, the genetic variations are eliminated as a complicating factor that could 

affect research outcomes. Conversely, the domestic dromedary camels are usually 

bred for husbandry purposes only, and crossbreeding that produces offspring with 

specific or superior characteristics is a popular practice in camels, where coat colour 

is often used as an indicator. The camels used in this study were considered as cross-

bred, with the observable evidence that the animals were differing in coat colour. This 

could lead to genetic variations in the key osmoregulatory apparatus including but not 

limited to SON.  

 

Technical consistency 

Researchers carrying out pioneer investigations on non-model organisms to reveal 

novel insights usually find less literature as reliable reference, or lack of experience for 

animal handling, tissue dissection, sample processing, etc. In this study, despite every 

care taken to minimize the post-mortem interval between slaughter and 

hypothalamus harvest, some samples were exposed longer than the others in 
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environmental temperature before freezing in liquid nitrogen. This could affect 

sample quality, especially the RNA integrity of the SONs.   

 

Database quality 

When performing bulk RNAseq data analysis, the reference databases of model 

organisms are commonly noticed to have higher quality compared to the non-model 

organisms. Although the genome sequencing has been completed for the dromedary 

camel, the sequences for many key genes are still incomplete, such as the AVP gene 

in the Camdro2 and 3 assemblies. Additionally, the homology of orthologous gene 

sequences with the dromedary genome assemblies showed gaps in those genomic 

DNA regions (Wu et al., 2014). For Camdro2, two different versions of the reference 

dromedary camel genome FASTA files were available from Ensembl: toplevel and 

primary assembly. Toplevel files include chromosomes, regions not assembled into 

chromosomes and N padded haplotype/patch regions. Primary assembly files contain 

all toplevel sequence regions excluding haplotypes and patches. Primary assembly 

files are recommended to be used for alignment, since toplevel files contain additional 

sequences that are relatively common variants to the reference. The STAR aligner 

cannot specifically handle additional haplotype sequences and as such they will 

appear as simply another contig, therefore increases multimapper rates incorrectly 

and complicates the alignment. However, the primary assembly files of Camdro2 are 

only available as files separated for each chromosome, which cannot be used as input 

of STAR aligner. Future studies will take advantage from properly indexed Camdro2 

primary assembly FASTA files that are assembled into an entire reference genome file 

to reduce the influence of additional haplotype and patches to transcriptomic analysis.  

        Further downstream, 18.2% of the 209 camel DEGs were not annotated using 

commonly used tools such as g:Convert (Raudvere et al. 2019) or biomaRt (Durinck et 

al., 2005; Durinck et al., 2009), and thus were manually annotated by blast. 

Furthermore, the mappings between different types of gene IDs (e.g. Entrez gene ID, 

Ensembl gene ID, and common gene symbols), and the conversions of orthologous 

gene IDs between different organisms, are not efficient. For example, in this study, 

the more informative human pathway databases were used in GO analysis to obtain 

more comprehensive information of pathways that can be evoked by DH. Prior to this 
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analysis, the 22444 camel Ensembl gene IDs were mapped to human Entrez gene IDs 

as the background gene list to perform GO analysis using ClusterProfiler package 

(version 3.18.1) (Yu et al., 2012). 78.1 % of the background genes, and 91.9% of the 

209 DEGs were successfully mapped, but the information of the unmapped genes 

were omitted, which could introduce bias to the downstream GO analysis.  

 

Collectively, studies involving non-model organisms are expected to show a level of 

inevitable limitations derived from genetic variance of individual animals, less 

technical consistency due to the de novo methodologies, and low-quality databases. 

Similar challenges might be encountered by other research groups around the globe 

studying the dromedary camels, especially those investigating on other organ/tissue 

samples harvested from the same camels used in this study. The methodologies 

developed in this study, such as the mappings of the camel SON and the RNAseq data 

analysis pipelines, will certainly benefit future research for this growing scientific 

community that is actively studying overall physiological and molecular responses to 

DH and RH in this fascinating creature.  

               

4.5.4.4 Inter-individual variations may mask key genes changed by DH 

The comparison between SON transcriptomes between DH camel and rat revealed 

many features in common or unique to each species. Although the DH stimulus is 

harsher in camel (20 days) compared to rat (3 days), less DEG-to-background gene 

ratio was detected in DH camel (209/22444) than that of rats (2247/22159). This could 

be explained by a presumably more robust coping mechanism to DH in desert species 

like camel compared to the mesic species, rat. Another possible reason could be the 

less variation of the laboratory housed rat subjects, compared to the ranch housed 

camels.  

        Although both were under tightly controlled experimental conditions, the male 

Wistar Han rats with same age (11 weeks old) were from the same substrain derived 

from a carefully managed breeding program to minimize the influence of genetic drift, 

whilst the dromedary camels were not known to belong to the same substrain/breed. 

As for the living environment, the rats were under control for same conditions 

including light/dark phase, temperature, humidity, cage setups, food formula, etc. The 
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ranch housed camels were in a more variable age range (4~5 years old), kept outdoors 

at ambient temperature during the hot months. Rats were separated as three rats per 

cage, in which way their feeding behaviour would be less affected by cohabitant in the 

premise that rats are social animals that can be group housed together with less 

aggressive behaviour (NC3Rs Guidelines, 2006). Differently, the camel individuals 

were spatially separated with more individuals in each group (control: n=5, DH: n=8, 

RH: n=6). Camels are social animals naturally living in herds, but the food/water intake 

for one camel are more likely to be affected by higher number of cohabitants if 

competitive behaviours occurred for approaching any resources (though food and 

water was supplied ad libitum). In this case, only genes with drastic changes in both 

fold and significance magnitude will not be masked by the intrinsic genetic drift 

between camel individuals, which may lead to the underdetection of some genes 

affected by DH. This knowledge gap can be bridged by using less variant camel breeds 

and more artificially controlled environmental conditions in future studies, to add to 

the level of reproducibility of camel studies carried out in other locations worldwide.  

 

4.5.4.5 Influence of RIN to transcription quantification 

In this study, the RIN of the RNAs extracted from the camel SON were not ideal. But it 

is important to note that the use of RNA samples with low RIN (e.g. samples collected 

from fieldwork/in clinical settings) are sometimes the sole means of addressing 

specific questions. Hence, the influence of RIN on transcriptomic study, promising 

methods to improve RIN during sample processing, or normalize RIN for statistical 

analysis will be discussed in this section. 

        It remained largely unclear that whether different types of transcripts decay at 

similar rates under the same conditions in the same type of tissue. A study analyzed 

RNAseq data derived from human blood samples that were allowed to decay at room 

temperature for various time courses prior to RNA extraction, in order to quantify the 

impact of RNA degradation on measuring gene expression (Gallego Romero et al., 

2014). The RNA samples collected at different times spanned the entire range of RIN 

metric, with mean RIN=9.3 at 0 hours, 7.9 at 12 hours, 6.4 at 24 hours, 4.9 at 48 hours 

and 3.8 at 84 hours. Results for the 24-hours decayed samples could be used as 

references to the camel SON RNA samples with comparable mean RIN at ~6. Gene 
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expression between samples featured by different time courses of degradation was 

measured and compared. Only 4% of the total genes differentially expressed between 

0 (undegraded) and 12 hours, thus, it might be tempting to conclude that so long as 

all samples in particular studies have RINs roughly similar to/higher than 7.9 might not 

require explicit correction. When compared to undegraded samples, 26% of the total 

genes were differentially expressed in samples decayed for 24 hours, then the 

percentage surged to 62% for 48 hours, and to 71% for 84 hours, suggesting that the 

cut-off value in the context of RNA decay in extracted tissue samples could lay 

between 7.9 and 6.4. Gallego Romero et al. (2014) managed to use a generalized linear 

model (GLM) framework (in R package edgeR) with controlled RNA damage (time, 

individual IDs and RIN values) as covariates to vastly reduce the number of DEGs 

between undegraded samples and all degraded samples (0, 12, 24 and 48 hours) to 

only 0.035%~0.33% of the total genes. This allowed the retrieval of useful data even 

from highly degraded samples with RIN at ~4. Although there might be a preferred 

threshold for RIN, excluding samples out of the range could results in a less powerful 

design than including the samples with a global correction for RIN values, where the 

RIN and the effect of interest are not associated (Gallego Romero et al., 2014). 

        To recover usable, high-quality RNA for transcriptomic analysis, first, the time 

span between tissue harvesting and RNA extraction needs to be minimized to avoid 

long-term storage of samples. Second, sample processing should be well-organized to 

exclude unnecessary freeze-thaw cycles. Third, time spent on SON isolation still has a 

great potential for making further reduction. Moreover, laser capture microdissection 

has been well-adapted to SON extraction in rat models (Humerick et al. 2013). This 

technique can be introduced to camels in future studies, with the application of which 

the camel SONs will be isolated more efficiently and precisely. Camel SON isolation is 

a long process that can take up to 3~4 hours. SON samples were temporarily stored in 

trizol at -80 °C after the isolation, in order to perform RNA extraction in one batch. 

Trizol, the reagent that simultaneously solubilize biological material and denatures 

protein to maintain RNA integrity, was mixed with the SON tissue by pipetting before 

being stored at -80 °C. If the mixing is not thorough enough, the SON tissue might form 

a pellet at the bottom of the tube, meanwhile, Trizol (stored at 4 °C) could thaw the 
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tissue before completely solubilize it. As a modification, the mixture of SON and Trizol 

should be thoroughly vortexed for 2 min, instead of pipetting, before storage.  

 

4.5.4.6 Alternative options for RNAseq data analysis pipeline  

To take full advantage of the limited characteristics of databases involving non-model 

organisms, a more than basic bioinformatics background is required from the 

researcher, as a considerable amount of effort must be put in obtaining an unbiased 

and representative dataset for relevant analysis. RNAseq method usually supply large 

amount of data, and analytical methods provide summary statistics that can be used 

to address meaningful interpretations of the data. But only by being aware of the 

alternative options at every step of the RNAseq study, the researchers can truly 

leverage on the benefits of having a high-quality dataset for a non-model species and 

address questions that cannot be answered with model organism.   

        The current transcriptomic study is focusing on quantifying the expression of 

protein-coding genes in the camel SON. To remove the effects of potential rRNA 

contamination, rRNA cleaning can be performed on the RNAseq reads by using the 

SortMeRNA tool before aligning to the reference genome, or by removing all 

identifiers from rRNA at the downstream feature counting stage. Disabling the 

counting of multi-mappers for featureCounts also contributes to the removal of rRNA 

information.  

        To increase the statistical power of the DE analysis using DESeq2, the independent 

filtering can be enabled on the mean of the normalized counts to optimize the number 

of genes which will have a padj value below a given cutoff (Ignatiadis et al., 2016). The 

goal of independent filtering is to remove those tests from the procedure that have 

no, or little chance of showing significant evidence, without checking on their test 

statistic. By setting the independent filtering cutoff (alpha) to 0.05 and keeping all 

other statistical methods identical, the camel RNAseq DE analysis (Supplementary 

Data S4.10, available from: https://figshare.com/s/bbf9f41f73c9522447b0) revealed 

210 DEGs, with the majority (81.4%) overlapping with the 209 DEGs derived from the 

method disabling independent filtering. All key DEGs (padj<0.05, without independent 

filtering) tested by qRT-PCR in this study are intersected with the independently 

filtered 210 DEGs. Notably, FOSL2 gene (padj<0.05, without independent filtering) was 
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found to have padj<0.05 when the independent filtering is applied, suggesting that 

the statistical power of DE analysis could be improved by applying this filter, where 

further validation will require qRT-PCR tests on the 39 genes that were revealed to be 

significantly changed by enabling this filter.  

        In the current study, the RNAseq data analysis did not account for the different 

RNA degradation levels in different samples (though not significantly different from 

each other), which could drive the deviation of the data when performing DE analysis. 

Instead of the GLM framework using RIN as one of the covariates using edgeR (Gallego 

Romero et al., 2014) mentioned in Section 4.5., an alternative method was tested on 

the camel dataset (DH vs. control) by modelling RIN effect in the design formula of 

DESeq2 according to a more recent study (Chen et al., 2020) to keep the consistency 

of the DE analysis methods. There are two options for incorporating RIN: 1) using the 

numeric RIN values as continuous covariates, 2) coding the RIN variable as categorical 

factors (e.g. cut the RIN values into several bins with same numeric width). For the 

first option to work properly, there has to be a linear relationship between the gene 

expression levels and RIN, as stated in the DESeq2 manual that continuous covariates 

might make sense in certain experiments where a constant fold change might be 

expected for each unit of the covariate (Love et al., 2014). Previous research indicated 

that there is a linear relation between RNA degradation/integrity and gene expression 

measured by real-time qRT-PCR (Fleige and Pfaffl, 2006; Fleige et al., 2006; Ho-Pun-

Cheung et al., 2009). The relationship between the relative expression ratio of a gene 

and the RIN was able to be modelled by linear regression analysis: the lower the RIN, 

the higher the decrease in the measured expression level (Ho-Pun-Cheung et al., 2009). 

However, one should bear in mind that these results might be protocol-specific and/or 

tissue type-specific, such indications have yet been validated for transcriptomic 

studies and brain tissues. Therefore, the second option might be more robust when 

the covariants are evenly distributed across the experimental groups, so that DESeq2 

will be able to discriminate if a differential expression is due to the differences in RIN 

or due to the treatment, hence the second option was used in this analysis. After the 

incorporation of RIN values falling into 5 bins in same width, the R script for the 

DESeq2 design was changed to “DESeqDataSetFromMatrix(countData = countData, 

colData = colData, design = ~ RIN + condition)”. 112 DEGs (padj<0.05) were hereby 
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detected (Supplementary Data S4.11, available from: 

https://figshare.com/s/5bcc0bbefce7bcfd72bc), 65.2% of them are overlapped with 

DEGs identified without modelling RIN effects. This more stringent statistical method 

may provide a dataset with less false positive, however, it may lead to under-detection 

of genes that are regulated by DH, since 5 genes (AGT, C1QB, CTSA, GABBR2, SSR3) 

that were validated by qRT-PCR are not found to be DEGs when modelling RIN effect. 

The trade-off between high power and the underestimation of true effect of DH 

requires careful decision on which statistic method to use.  

 

4.6 Conclusions 
In summary, this comprehensive transcriptomic study provides evidence that the 

long-term DH induces adaptive changes in the SON of dromedary camel to defend the 

animal from prolonged osmotic challenge. A set of core genes have been documented, 

including AVP that encodes AVP, the principal neuroendocrine product of SON and the 

major regulator of kidney water handling, and core pathways that are commonly 

changed in DH camels and rats. As in the rat, the camel SON may undergo enhanced 

protein processing that is associated with increased demand of neuropeptide 

secretion, ER stress and UPR in response to the accumulation of unfolded/misfolded 

proteins during DH. Other genes and pathways that are uniquely changed in DH 

camels were determined and might be indispensable for life in the arid desert, 

suggesting that the camel SON may undergo additional structural remodelling in ECM 

and upregulation of AGT expression to control the synthesis and release of AVP and 

OXT. The enhanced expression of IRE1 specifically taking place in the camel supports 

the concept that UPR functions are actively evoked in the SON as a protective 

mechanism for the neurons against chronic DH, which prospectively interlinks chronic 

DH to aging processes and aging-related neurodegenerative diseases. The 

upregulated CCKAR transcription in the DH camel SON may assign a novel role to SON 

to be involved in the regulation of food/thirst satiety in addition to fluid homeostasis. 

Apart from SON, PVN is a non-negligible source for peptide hormones that are 

responsible for osmoregulation, making PVN a target of great interest to address its 

transcriptomic signatures during DH and RH for future studies. Additionally, this study 
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mainly focused on the steady-state transcript levels of the genes, subsequent studies 

should address the proteomes of the SON and the posterior pituitary gland.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



204 
 

Supplementary Table S4.1: Trend of expression of common DEGs between camels and rats. 

Directions of change in expression of the common DEGs between DH camel and rat. 10 DEGs 
(regulated by DH) that show opposite direction of expression between camel and rat are 
highlighted by red text. LFC: log2 fold change. UP: upregulation in DH compared to control. 
DOWN: downregulation in DH compared to control.    

Gene symbol LFC in camel 
Direction 
of change 
in camel 

LFC in rat 
Direction 
of change 
in rat 

Same 
trend? 

VGF 3.997343944 UP 1.77 UP YES 
CITED1 2.135279277 UP 0.79 UP YES 
PCSK1 2.019281151 UP 0.75 UP YES 
PDYN 1.92685942 UP 1.03 UP YES 
CREM 1.770035781 UP 0.55 UP YES 
CHAC1 1.727919069 UP 0.56 UP YES 
ETV5 1.650807006 UP 0.79 UP YES 
PAM 1.629156461 UP 0.63 UP YES 
GLA 1.55335754 UP 0.19 UP YES 
SCG2 1.509819387 UP 0.97 UP YES 
FOS 1.480429814 UP 1.14 UP YES 
PTPRN 1.357607304 UP 0.86 UP YES 
SCG3 1.34936066 UP 0.31 UP YES 
TENT5A 1.348514686 UP 1.18 UP YES 
FXYD5 1.304461311 UP 0.62 UP YES 
SIK1 1.272271178 UP 0.65 UP YES 
SAT1 1.250960607 UP 0.23 UP YES 
GLCE 1.205858805 UP -0.17 DOWN NO 
CITED2 1.136423646 UP 0.26 UP YES 
ADAP2 1.094343192 UP 0.49 UP YES 
SLC38A2 1.083827905 UP 0.21 UP YES 
TMED3 1.041821916 UP 0.48 UP YES 
LMO2 1.024962096 UP 0.32 UP YES 
TMEM35A 0.977574143 UP 0.32 UP YES 
CRYAB 0.976141049 UP 0.29 UP YES 
SYT4 0.972520772 UP 0.27 UP YES 
UCK2 0.932524849 UP 0.35 UP YES 
KDELR2 0.919211682 UP 0.15 UP YES 
NUCB2 0.917616943 UP 0.45 UP YES 
ERP29 0.911582034 UP 0.26 UP YES 
SLC14A1 0.850460042 UP -0.24 DOWN NO 
CD63 0.850029977 UP 0.44 UP YES 
P4HB 0.803057385 UP 0.2 UP YES 
ANXA5 0.782380198 UP 0.32 UP YES 
LRP8 0.747034019 UP 0.31 UP YES 
PDIA4 0.739017643 UP 0.42 UP YES 
NME1 0.734499766 UP 0.25 UP YES 
ATF4 0.719378439 UP 0.52 UP YES 
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ADCY8 0.705896225 UP 0.16 UP YES 
RPN2 0.699595999 UP 0.35 UP YES 
GBA 0.658624152 UP 0.2 UP YES 
SLC20A1 0.633401967 UP 0.22 UP YES 
UNC13A 0.628360393 UP 0.35 UP YES 
PRKCSH 0.592576163 UP 0.12 UP YES 
NWD1 0.588599815 UP 0.31 UP YES 
ALDOC 0.583846775 UP 0.13 UP YES 
SLC3A2 0.535762336 UP 0.27 UP YES 
TARS1 0.535652123 UP 0.27 UP YES 
USP22 -0.439729358 DOWN -0.11 DOWN YES 
RYR2 -0.471559227 DOWN -0.22 DOWN YES 
THRA -0.482155848 DOWN -0.09 DOWN YES 
PTPRT -0.665499397 DOWN -0.21 DOWN YES 
ACVR1B -0.721359275 DOWN -0.14 DOWN YES 
PLXNA4 -0.722361377 DOWN -0.15 DOWN YES 
LRRC4B -0.723441511 DOWN -0.13 DOWN YES 
MYT1L -0.746854268 DOWN -0.14 DOWN YES 
BTBD11 -0.751709641 DOWN 0.23 UP NO 
FHOD3 -0.75659658 DOWN 0.18 UP NO 
GABBR2 -0.775049292 DOWN -0.12 DOWN YES 
ARHGEF28 -0.869975888 DOWN -0.17 DOWN YES 
ABHD8 -0.906393666 DOWN -0.14 DOWN YES 
OPRL1 -0.95619782 DOWN -0.14 DOWN YES 
HEYL -1.151857558 DOWN -0.2 DOWN YES 
DBP -1.168226527 DOWN -0.62 DOWN YES 
KCNQ2 -1.195829467 DOWN -0.12 DOWN YES 
CDH13 -1.228240356 DOWN 0.19 UP NO 
KCNAB1 -1.231851453 DOWN -0.38 DOWN YES 
IGFBP5 -1.256422884 DOWN -0.83 DOWN YES 
SYT9 -1.261989595 DOWN 0.3 UP NO 
RET -1.317680645 DOWN 0.64 UP NO 
AEN -1.368001769 DOWN 0.43 UP NO 
FOXP4 -1.461179516 DOWN -0.42 DOWN YES 
RNF112 -1.506899446 DOWN -0.22 DOWN YES 
PCSK2 -1.523983507 DOWN 0.13 UP NO 
LRTM2 -1.626731861 DOWN -0.22 DOWN YES 
PRRT2 -1.703679614 DOWN -0.23 DOWN YES 
EFNA3 -1.766878583 DOWN -0.27 DOWN YES 
SFRP4 -2.043760852 DOWN 0.42 UP NO 
FXYD7 -2.106927115 DOWN -0.3 DOWN YES 
C1QL4 -4.476370675 DOWN -1.83 DOWN YES 
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Supplementary Figure S4.1: Hierarchical clustering of DEGs by DH. 

Hierarchical clustering of all DEGs (a), upregulated DEGs (b) and downregulated DEGs (c) by 
DH are shown in heatmaps using the “median” method (Weighted centroid clustering or 
WPGMC) (Legendre and Legendre, 2012). Gene expression is represented by normalized read 
counts of each gene across control and DH samples. 

b
Control Dehydrawon

Upregulated DEGs (n = 105, padj ≤ 0.05) Downregulated DEGs (n = 104, padj ≤ 0.05)c
Row z-score Row z-score

Control Dehydrawon

All DEGs (n = 209, padj ≤ 0.05)

Control Dehydra-on
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Supplementary Figure S4.2: qRT-PCR validation on genes with padj>0.05 (by DESeq2). 

Four genes (FOSL2, GLP1R, IRF8, TLR4) with padj>0.05 (by DE analysis between the control 
and DH camel rostral SON transcriptomes) were tested by qRT-PCR. Results (listed in 
alphabetical order) are illustrated by box and whisker plots with each individual value shown 
as a superimposed triangular dot (control: green; DH: yellow). Whiskers represent the 
minimum and maximum values within a group. The median is shown as a line in the center of 
the box. a Transcript expression level of each gene detected by RNAseq. RNAseq data was 
analysed by using DESeq2 (Wald test with Benjamin-Hochberg adjustment). padj were labeled 
as numeric values. b Relative mRNA expression levels of each gene detected by qRT-PCR. qRT-
PCR data was analysed by using two-way, unpaired t test with Welch correction. *p≤0.05, 
**p≤0.01, ***p≤0.001, ****p≤0.0001. 
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Supplementary Figure S4.3: Expression profiles of CREM alternatively spliced variants.  

a Change of expression of transcript variants of CREM gene by DH is plotted using 3D RNAseq 
R package (Guo et al., 2021). Transcript variants are labeled by different color and shapes of 
the superimposed dots. Expression level of each variant are represented by transcripts per 
million (TPM) using TMM normalization method inbuilt in 3D RNAseq. Upregulation of CREM 
at gene level (accounting for the sum of all transcript variants expression level) is mainly 
attributable to the upregulation of transcript ENSCDRT00005030222.1 (labeled by an arrow) 
that is predicted to encode ICERIIgamma, a transcription repressor. CON: control, DH: 
dehydrated. DEonly: the gene is differentially expressed only at gene level.  b Sequence 
alignment of the encoded product (ENSCDRP00005027480) of transcript 
ENSCDRT00005030222.1 in camel and human ICERIIgamma (Uniprot: Q03060-11) shows a 
high homology (97.2% similarity).  
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Supplementary Figure S4.4: Interspecific comparison of the sequences of a predicted α-helix 
region in the AVP and OXT preprohormones.  

Interspecific comparison of (a) AVP and (b) OXT preprohormone sequences between mouse, 
human, and dromedary camel. Schematic diagram of AVP and OXT preprohormones denoted 
underneath the alignments. Within the alignments, regions that are completely conserved 
across species are toggled together with white colour, for those not, with black colour; 
predicted post-translational sites (the “GKR” spacers) are highlighted by yellow boxes; 
predicted α-helix structures are marked by green semi-frames.  
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Chapter 5  

 

Rehydration   
5.1 Introduction 
Effects of RH in the mammalian SON 

To provide references for the present study on RH camel SON, this introduction will 

describe previous research studying influences of RH on the SON of mammals under 

osmotic stress.  

 

5.1.1 Morphological plasticity of SON during DH and RH 

A plethora of changes in morphology, biosynthetic and secretory activities of the 

rodent SON in response to RH has been well-established. The rat SON volume was 

shown to be significantly enlarged by 1.54 folds after 5-day DH, then started to 

decrease at Day3 of RH but remained higher than control for at least 7-10 days of RH 

(Arnauld et al., 1993). At ultrastructural level, Hatton and Walters (1973) reported that 

rat SON cells showed a continued increase of the nucleolar proliferation during the 

first 24 hours of DH, which were only partially reversed by 10 days of subsequent RH. 

The percentage of SON cells showing margination of one/more nucleoli remained 

relatively constant during DH, however, a sudden increase appeared upon 2- or 3-day 

RH and lasted for about 3 days. The increased size of the rat SON MCNs by DH returned 

towards the control level during the 10 days of RH (Hatton and Walters, 1973).  

        In mice, the mitochondria numbers and the percentage volume fraction of the 

SON MCN occupied by mitochondria increases under salt-loading stress (6 days), 

suggesting that cellular processes related to mitochondrial function (such as 

mitochondrial energy metabolism) could be affected by DH (Davies et al., 1984). 

Notably, these variables were partially/completely recovered during the subsequent 

10 days of RH (Davies et al., 1984). Furthermore, in the MCNs of rat SON, the number 

of both smaller and larger neurosecretory granules decreased by 4-hour DH but 
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returned to control levels after 24 hours of DH and remained so throughout RH 

(Tweedle and Hatton, 1977). The proportion of cells with dilated rough ER increased 

by 4 and 12 hours of DH and then decreased to control values at 24 hour of DH and 

throughout RH (Tweedle and Hatton, 1977).   

        Studies have indicated that astrocytes undergo morphological changes to modify 

their relationship to adjacent neurons in response to DH (Elgot et al., 2012). For 

example, an active retraction and extension of astrocytic processes (structural 

plasticity) from between the rat SON MCNs is known to perform important functions 

in the release of AVP and/or OXT that accompanies DH (Hawrylak et al., 1998). In 

support of this, another quantitative ultrastructural study (Tweedle and Hatton, 1977) 

presented that the amount of direct soma-somatic contact of rat SON MCNs increased 

during DH apparently by retraction of fine glial processes from between the cells. To 

note, this change was reversed by RH. Interestingly, in Meriones shawi (Shaw's jird, a 

desert rodent species) prolonged partial water deprivation (10 months) followed by a 

RH phase of one month, decreased of GFAP (glial fibrillary acidic protein) expression 

and was accompanied by a significant increase of AVP expression in the SON (Elgot et 

al., 2012). Given that GFAP expression is commonly used as indicator of astrocytes, 

this study provided evidence to support a reduction of astrocytic coverage of MCN 

somata and dendrites as observed in the DH rat SON (Hawrylak et al., 1999). The 

decreased astrocyte surface density during DH (Hawrylak et al., 1999) could contribute 

to the enhancement of MCN-MCN communication to facilitate peptide release 

(Hatton, 1997). Conversely, RH showed a reversible effect leading to the return of 

GFAP and AVP expression to the control levels in the SON of Meriones shawi (Elgot et 

al., 2012). This could be explained by the reduced demand for HNS hormones 

following RH when the SON astrocytes reinsert their processes between the MCN cell 

bodies (Hatton et al., 1984).  

 

5.1.2 Biosynthesis and secretory functions of SON during DH and RH 

As for the production and secretion of key peptides by SON during DH and subsequent 

RH, Arnauld et al. (1993) demonstrated that the mRNA content of AVP and OXT were 

upregulated by 2 folds in rat SON after 5-day DH and remained higher than control 

values for 7-10 days of RH, although levels started to drop by Day3 of RH. An increase 
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of the length of the AVP and OXT mRNAs was induced by DH and reached maximum 

values on the Day5 of DH. The size of these RNA species progressively decreased, 

reaching control levels by Day14 of RH. This size variation was suggested to be due to 

the altered poly(A) tail length in response to an osmotic stimulus. The increased poly(A) 

tail length is thought to promote the stability of AVP and OXT mRNAs.  

        A depletion of pituitary content of AVP and OXT peptides by 5 days of DH was also 

observed, while the restoration of this only returned to control values after 14 days of 

RH, reflecting the inability of the hypothalamic-pituitary system to balance the 

production and secretion of AVP and OXT in rat. Taken together, Arnauld et al. (1993) 

concluded that during RH, at a time when most putative inducers of SON gene 

transcription are no longer activated, the peptidergic deficit was coupled with 

upregulated levels of AVP and OXT mRNAs. Notably, the expression level and size of 

these mRNAs began to fall as soon as the osmotic challenge was removed by RH.    

        The mRNA and protein expression of other important components of osmotic 

defence, CREB3L1 and CAPRIN2, were characterized in the rat SON in the control, DH 

and RH states (Bárez-López et al., 2022). As previously identified CREB3L1 is a 

transcription factor that regulates AVP gene expression and probably regulates OXT 

as well, and its expression increase in parallel with AVP in response to osmotic stress 

in SON (Greenwood et al., 2014; Stewart et al., 2011; Bárez-López et al., 2022). 

CAPRIN2, as shown to bind AVP and OXT mRNA and mediates an increase in the length 

of their poly(A) tails and AVP mRNA abundance, increases in expression in SON under 

hyperosmotic challenge (Konopacka et al., 2015; Bárez-López et al., 2022). It was 

reported by Bárez-López et al. (2022) that the expression of the mRNAs and proteins 

of CREB3L1 and CAPRIN2 were both increased by 3-day DH in both AVP and OXT MCNs 

of rat SON. During RH, the expression of both CREB3L1 and CAPRIN2 gradually 

decreased in the nucleus and cytoplasm of AVP and OXT MCNs and were not 

significantly different from the control levels after 24 hours of RH. Both proteins 

returned to basal values during RH in the SON.   

        c-FOS, a widely used neural activation indicator after homeostatic challenges, and 

the FOS-related protein FOSB, both are transcription factor subunits and have low 

levels of constitutive expression in the central nervous system but peak much later 

after stimulation (Ji et al., 2005). The expression of c-FOS and FOSB were studied in 
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the SONs of rats subjected to DH followed by RH (Ji et al., 2005). The number of c-FOS-

expressing cells in the rat SON was significantly increased after 24 and 48 hours of DH, 

then returned to control levels by a rapid 2-hour RH. The amount of FOSB-expressing 

SON cells was significantly increased only after 48 hours of DH, and this effect was 

significantly reversed by the 2-hour RH. Although returned to the control level, the 

maintenance of c-FOS and FOSB expression after RH raises interests in the plasticity 

of body fluid regulatory mechanisms which might also persist after the acute 

perturbation, which could lead to changes in subsequent disturbances to water 

homeostasis in rats.   

 

Whilst the physiological parameters of rumen liquor, plasma, kidney and urine of RH 

dromedary camel have been documented in detail before, nothing is known about the 

changes occurring in the hypothalamic centre of osmoregulation – SON. Indeed, there 

is so far no available SON transcriptomic data of other animals under RH condition 

that can be used for comparison. To investigate how gene expression is modulated as 

a consequence of a rapid RH, the RH transcriptomic data was compared to 1) DH data, 

to detect any change induced by RH and 2) control data, to check if RH can fully restore 

the DH-induced changes to baseline. Based on the qRT-PCR validations on key genes 

across control, DH and RH conditions (as described in Chapter 4), it was hypothesized 

that for most genes changed by DH in expression, especially those with known roles 

in osmoregulation, their expression levels in camel SON would return to/toward 

control values by RH.  

 

5.2 Aims 
§ To compare the RH SON transcriptomes to DH and control transcriptomes 

§ To perform qRT-PCR validations on DEGs identified by RH vs. DH and RH vs. 

control 

§ To discuss the validity of including RH dataset for analyses in the present study 
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5.3 Materials and Methods 
Same data mining methods that were used to analyze DH vs. control data (Chapter 4) 

were also applied to the analyses of RH data. All details related to the materials and 

methods were described in Section 4.3. According to the optimization of the 

transcriptomic study pipeline (Section 4.4.1), an outlier from the RH group (sample 

RH11) was identified by PCA performed on all samples (Figure 4.13) and was removed 

from the RNAseq analysis involving RH data. Methods related to qRT-PCR tests were 

the same as describe in Section 4.3. For target genes tested by qRT-PCR to validate RH 

data, the primers were designed based on the reference sequences from NCBI (NCBI 

Resource Coordinators, 2018) and Ensembl databases (Cunningham et al., 2022), and 

listed in Supplementary Table SC.1 (Appendix C). 

 

5.4 Results 
5.4.1 Differential expression analysis: RH vs. DH camels 

5.4.1.1 Normalization of gene expression 

Figure 5.1a-b illustrates the effects of normalization on the read count matrices across 

RH and DH samples, with the same normalization method as above-mentioned in 

Section 4.4.2.1. The normalization mainly affects the abundantly expressed genes that 

are indicated by the top pseudocount values of the boxplot and its whiskers (Figure 

5.1a-b). The pseudocount for a gene in each sample is divided by the geometric mean 

of the same gene across all RH and DH samples. The normalization size factor (Figure 

5.1c), that is, the median of the obtained ratios in one sample, by which all genes are 

multiplied with for normalization. After normalization (Figure 5.1c), the transformed 

data matrices were used to allow meaningful comparisons of counts across samples.    

 

5.4.1.2 Comparison of RH SON transcriptome to the DH 

The RH transcriptomes were compared to that of the DH group. A comprehensive 

profile of normalized read counts of control and RH genes are catalogued in 

Supplementary Data S5.1a. (Supplementary Data S5.1 is available from: 

https://figshare.com/s/3eb7c63667cd306bec1e) In total, 22444 genes that were  
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Figure 5.1: Normalization of the raw read counts.  

Boxplots showing the raw read counts of all transcripts in each sample from the RH and DH 
groups a before and b after normalization using the median of ratios method (by DESeq2). 
Since count values for a gene could be zero on some occasions, the gene expression is 
demonstrated by the use of pseudocounts, i.e. pseudocount = log2(raw read counts + 1), to 
eliminate negative values that could be derived from log2 transformation. The pseudocounts 
for a transcript in each sample is then divided by the geometric mean for this transcript across 
all samples. The median of these ratios in a sample is the normalization size factor for that 
sample, as shown in c. 
 

predicted to be expressed in the rostral SON of camel. 21909 genes with confirmed 

expression, which is equivalent to the average normalized read counts across DH and 

RH samples (baseMean) > 0, represent the DH and RH transcriptomes of the camel 

rostral SON (Supplementary Data S5.1b).  

        The PCA plot (Figure 5.2a) illustrates a clear separation of the SON transcriptomes 

between the RH and DH camels with the rate of 72% on PC1 and 10% on PC2. PC1 

(72%) indicates high total variance between the RH and DH samples, which could be 

attributed to the disparate treatment during DH and RH stage. PC2 (10%) reflects the 

second largest source of variation in the dataset, which could be due to the inter-

individual differences across the DH and RH camels. In comparison to the PCA results 
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of DH vs. control analysis (Figure 4.16a) where PC1 is 46%, the PCA on RH vs. DH 

suggests that the separation of transcriptomes between RH and DH are likely to be 

more distinct.    

        At a padj cut-off of 0.05, 2598 DEGs with statistical significance were identified in 

camel rostral SON when comparing the RH to the DH groups (Figure 5.2b). 17462 

genes that did not reach this statistically significant threshold were regarded as 

unchanged genes. Within the 2598 DEGs, 1030 were upregulated and 1568 were 

downregulated by RH when compared to DH. The statistical significance (-log10 

adjusted p-value) versus magnitude of change (LFC) of all DEGs are visualized by a 

volcano plot (Figure 5.2c), showing a conspicuous expression profile of more 

downregulated DEGs than the upregulated ones by RH. Amongst the DEGs, the most 

significantly changed gene (with least padj value) is DPP10 (padj=7.24E-07), and the 

most abundantly expressed protein-coding genes is EEF1A1 (baseMean=11557.5). LFC 

of the protein-coding DEGs ranged from 3.852 (BoLA-DQB, the most upregulated gene) 

to -6.318 (ENSCDRG00005000156, expressing olfactory receptor 4F4-like, the most 

downregulated gene) (Supplementary Data S5.1a).  

 
Figure 5.2: Transcriptome profiles of the rostral SON in RH and DH camels. 

a Principal component analysis (PCA) showing separation between RH and DH conditions. RH 
sample: red; DH sample: turquoise. PC: principal component. PC1 (72%) and PC2 (10%) are 
the most and second underlying variation between samples. b Venn diagram showing 1030 
upregulated differentially expressed genes (DEGs), 1568 downregulated DEGs, and 19846 
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unchanged genes in RH compared to the DH group. c Volcano plot of statistical significance (-
log10 padj) against LFC of DEGs (padj≤0.05) in RH compared to DH. Red: upregulated DEGs; 
blue: downregulated DEGs; grey: unchanged genes. DEGs of interest are labelled by gene 
symbols. 

 
5.4.1.3 qRT-PCR validations of key genes differentially expressed by RH 

DEGs identified by RNAseq that were significantly changed during RH (in contrast to 

DH) were subjected to qRT-PCR validation in both rostral and caudal subdivisions of 

camel SON. The basal expressions of the key genes were also examined by qRT-PCR in 

addition to the DH and RH conditions. Amongst the genes examined for RNAseq 

validation, 6 genes (ABHD8, CAMK2A, DRG1, GABBR2, PEX3, and STK39) were 

upregulated, and 12 genes (ATF4, C1QB, COL18A1, COL1A2, COL4A1, COL5A2, CREM, 

ERN1, FOS, FOSL2, PCSK1, and VGF) were downregulated by RH, compared to DH 

condition (Supplementary Data S5.1a). The qRT-PCR results (Figure 5.3) illustrates 

that the differential gene expression (RH vs. DH) of only 6 genes (CAMK2A, CREM, FOS, 

FOSL2, PCSK1 and VGF) were confirmed in the rostral SON (Figure 5.3a). This is largely 

duplicated in the caudal SON (Figure 5.3b), where only 7 genes (ATF4, CREM, ERN1, 

FOS, FOSL2, PCSK1 and VGF) were confirmed to be differentially expressed following 

RH (padj=0.0502 for CAMK2A). In general, the water intake during RH restored the 

expression of many tested genes back to/towards the control values, including ATF4, 

C1QB, CAMK2A, CREM, ERN1, FOS, FOSL2, GABBR2, PCSK1, and VGF (Figure 5.3). 

CCKAR, whose DH expression level was shown by the RNAseq to be unchanged by RH 

(padj=0.272) (Supplementary Data S5.1a), was validated by qRT-PCR to be 

significantly downregulated by RH (Figure 4.20), again suggesting that some genes 

changed by RH could be omitted by calling the significance of the DEGs using padj 

cutoff=0.05.    

        The selection of RH-related DEGs for qRT-PCR validation with no known roles in 

osmotic variation (“unknown genes”) was less affected by subjective determinants. 

Therefore, the unknown genes could be more representative for the entire DEG sets 

and yet to be studied in depth. It is known that by setting the padj<0.05, the 

proportion of false positives expected amongst the DEGs is 5%. For the 8 unknown 

genes from the RH vs. DH DEGs (CAMK2A, COL18A1, COL1A2, COL4A1, COL5A2, DRG1, 

PEX3, STK39), only CAMK2A was validated for the rostral SON (Figure 5.3a). The false  
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Figure 5.3: qRT-PCR validation of DEGs changed by RH compared to the DH camels.  

DEGs identified by the comparison of RH and DH transcriptomes (ABHD8, ATF4, C1QB, 
CAMK2A, COL18A1, COL1A2, COL4A1, COL5A2, CREM, DRG1, ERN1, FOS, FOSL2, GABBR2, 
PCSK1, PEX3, STK39, and VGF) were subjected to qRT-PCR validation. Expression of these 
genes in both rostral (a) and caudal (b) SONs were examined. Results (listed in alphabetical 
order) are illustrated by box and whisker plots with each individual value shown as a 
superimposed dot (control: green; DH: orange; RH: blue). Whiskers represent the minimum 
and maximum values within a group. The median is shown as a line in the center of the box. 
Data was analysed by using Brown-Forsythe and Welch one-way ANOVA with Dunnett T3 
post-hoc test. *padj≤0.05, **padj≤0.01, ***padj≤0.001, ****padj≤0.0001. 
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positive rate for these unknown genes is 87.5%. Taken together, the total RH vs. DH 

DEGs are very likely to contain a higher proportion of “false positive” results than the 

5% cutoff. 

 

5.4.2 Differential expression analysis: RH vs. control camels 

5.4.2.1 Normalization of gene expression 

The effects of normalization on the read counts of control and RH samples are shown 

in Figure 5.4a-b. The method for performing the normalization was the same as 

mentioned in Section 4.4.2.1. The normalization mainly affects the abundantly 

expressed genes that are indicated by the top pseudocount values of the boxplot and 

its whiskers. The pseudocount for a gene in each sample is divided by the geometric 

mean of the same gene across all control and RH samples. The normalization size 

factors, that are, the median of the obtained ratios in one sample, by which all genes 

are multiplied with for normalization, are shown in Figure 5.4c.  

 
Figure 5.4: Normalization of the raw read counts.  
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Boxplots showing the raw read counts of all transcripts in each sample from the control and 
RH groups a before and b after normalization using the median of ratios method (by DESeq2). 
Since count values for a gene could be zero on some occasions, the gene expression is 
demonstrated by the use of pseudocounts, i.e. pseudocount = log2(raw read counts + 1), to 
eliminate negative values that could be derived from log2 transformation. The pseudocounts 
for a transcript in each sample is then divided by the geometric mean for this transcript across 
all samples. The median of these ratios in a sample is the normalization size factor for that 
sample, as shown in c. 
 

5.4.2.2 Comparison of RH SON transcriptome to the controls 

The RH transcriptomes were compared to that of the basal (control) state in order to 

identify DEGs. A complete profile of normalized read counts of control and RH genes 

are catalogued in Supplementary Data S5.2a. (Supplementary Data S5.2 is available 

from: https://figshare.com/s/1f912231130d1db347d3). Among all 22444 genes 

predicted to express in the camel rostral SON, 21903 genes with average normalized 

read counts across control and RH samples (baseMean) > 0 represent the control and 

RH transcriptomes of the camel rostral SON (Supplementary Data S5.2b).  

 
Figure 5.5: Transcriptome profiles of the basal and RH camel rostral SON.  

a Principal component analysis (PCA) showing separation between control and RH conditions. 
Control sample: red; RH sample: turquoise. PC: principal component. PC1 (78%) and PC2 (10%) 
are the most and second underlying variation between samples. b Venn diagram showing 
2092 upregulated differentially expressed genes (DEGs), 2890 downregulated DEGs, and 
17462 unchanged genes in RH compared to control. c Volcano plot of statistical significance (-
log10 padj) against LFC of DEGs (padj≤0.05) in RH. Red: upregulated DEGs; blue: 
downregulated DEGs; grey: unchanged genes. DEGs of interest are labelled by gene symbols. 
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        The separation of transcriptomes between control and RH samples, as illustrated 

in Figure 5.5a, are distinguishable with the rate of 78% on PC1 and 10% on PC2 of total 

variance. PC1 represents 78% of total variance between the control and RH samples, 

which is much higher than that of the control and DH samples (46%) (Figure 4.16a). If 

PC1 is attributed to the different osmotic challenges performed to the animals, the RH 

transcriptomes seem to be extremely distinct from the controls. PC2 explains 10% of 

the total variance between the samples that could be due to the inter-individual 

difference between the animals, such as genetic variance.  

        Using 0.05 as the padj cut-off value, 4982 genes were identified as DEGs (account 

for 22.2% of total genes), among which 2092 were upregulated and 2980 were 

downregulated during RH (Figure 5.5b). The statistical significance versus LFC of all 

DEGs changed during RH are visualized by a volcano plot (Figure 5.5c). Compared to 

the DEGs changed by DH (Figure 4.16c), the up- and down-regulated DEGs by RH 

exhibit a different profile for the differential expression in the volcano plot (Figure 

5.5c), showing a gene set with a much larger proportion of downregulated genes. Also, 

there were more downregulated DEGs with large LFC and more upregulated DEGs 

with higher statistical significance (Figure 5.5c). Amongst the protein-coding DEGs, LFC 

ranged from 2.539 (GNRH2, the most upregulated gene) to -7.370 

(ENSCDRG00005016163, expressing olfactory receptor 4A47-like, the most 

downregulated gene). The top three most significantly changed genes are PAM 

(padj=2.58E-16), PDYN (padj=1.90E-14) and GLA (padj=8.66E-10).  

        From the 22444 total genes predicted to be expressed in camel SON, 42 were 

annotated as genes coding for collagen subunits (Supplementary Data S5.2c). 

Specifically, 35 of these genes were found to be DEGs, accounting for a high 

percentage (83.3%) of the annotated collagen subunit-coding genes, and what makes 

them even more noteworthy is that all of them were significantly downregulated by 

RH. The 35 DEGs are visualized for their average abundance across RH and control 

samples (baseMean), statistical significance (padj) and LFC for the RH vs. control 

comparison in a lollipop chart (Figure 5.6). Within these DEGs, COL28A1 is the most 

downregulated one (LFC=-3.759), COL1A2 is the least downregulated (LFC=-0.538) but 

most abundantly expressed gene (baseMean=814.85), and COL1A1 is the gene with 

the highest statistical significance (padj=1.44E-06) (Supplementary Data S5.2c).  
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Figure 5.6: DEGs (RH vs. control) encoding subunits of collagens.  

DEGs that encode collagen subunits are all significantly downregulated during RH when 
comparing to the controls. DEGs are sorted by LFC. Grayscale of the bars represents padj. Dot 
size represents transcript abundance measured by average normalized read counts across all 
control and RH samples.  

 
5.4.2.3 qRT-PCR validations of key genes differentially expressed in RH 

DEGs identified by RNAseq that were significantly changed during RH (in contrast to 

the controls) were subjected to qRT-PCR validation in both rostral and caudal 

subnuclei of camel SON. In addition to the control and RH conditions, the influence of 

the DH on the expression of the key genes were also studied. Several collagen-

expressing DEGs (Figure 5.6) were also tested by qRT-PCR. Amongst the genes 

examined for RNAseq validation, 20 genes (AGT, ATP6V0B, CCKAR, CREM, CTSA, DRG1, 

ERP29, LMAN1, P4HB, PCSK1, PDIA4, PDYN, PEX3, PTPRN, SCG2, SSR3, STK39, TLR4, 

VGF and XBP1) were upregulated, and 7 genes (COL18A1, COL1A1, COL1A2, COL3A1, 

COL4A1, COL5A2 and RANGAP1) were downregulated following RH compared to the 
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controls (Supplementary Data S5.2a). According to the qRT-PCR results, differential 

gene expression during RH of only 8 genes (AGT, COL3A1, CTSA, ERP29, PDYN, SCG2, 

TLR4 and VGF) were confirmed in the rostral SON (Figure 5.7a), meanwhile, that of 

AGT, CTSA, DRG1, ERP29, LMAN1, PDYN, PEX3, PTPRN, SSR3, STK39, TLR4 and VGF 

were confirmed in the caudal SON (Figure 5.7b). The qRT-PCR results (Figure 5.7) 

suggest that restoring water homeostasis by RH contributed to the recovery of most 

tested genes to/towards control levels, which is not in accordance with the patterns 

showed by the RNAseq data (Supplementary Data S5.2a). 

        The selection of RH-related DEGs for qRT-PCR validation with unknown roles in 

osmotic variation (“unknown genes”) was less not affected by subjective determinants. 

Therefore, the unknown genes could be more representative for the entire DEG sets 

yet to be studied in depth. Amongst the 11 unknown genes from the RH vs. control 

DEGs (COL18A1, COL1A1, COL1A2, COL4A1, COL5A2, CTSA, DRG1, PEX3, STK39, TLR4 

and RANGAP1), only CTSA and TLR4 were validated in rostral SON (Figure 5.7a), CTSA, 

PEX3, STK39 and TLR4 were validated in caudal SON (Figure 5.7b). By setting the 

padj<0.05, the proportion of false positives expected amongst the DEGs is 5%. The RH 

vs. DH and RH vs. control DEGs are very likely to contain a higher proportion of “false 

positive” results than this cutoff as well as that of the DH vs. control DEGs.  

        It is noteworthy that most tested collagen subunit-coding DEGs exhibit opposing 

directions of expression change during RH in the qRT-PCR results and RNAseq datasets 

with the only exception being COL3A1. These genes, including COL18A1, COL1A1, 

COL1A2, COL4A1 and COL5A2 were shown in RNAseq data (Supplementary Data S5.2c) 

to be significantly decreased in the RH camels in comparison to the controls, but were 

either increased or not significantly changed when being examined by qRT-PCR in both 

rostral and caudal SON (Figure 5.7). DEGs that were not validated by qRT-PCR are 

regarded as non-concordant genes, with “non-concordant” defined as one of the 

approaches showing differential expression while the other does not, or both 

approaches yielding differential expression in opposite directions (Everaert et al., 

2017; Coenye, 2021). Thus, these non-validated genes are regarded as non-

concordant genes. Further, amongst the 11 DEGs with unknown roles in DH (COL18A1, 

COL1A1, COL1A2, COL4A1, COL5A2, CTSA, DRG1, PEX3, STK39, TLR4 and RANGAP1), 

only CTSA and TLR4 were validated in rostral SON (Figure 5.7a), CTSA, PEX3, STK39 and  
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Figure 5.7: qRT-PCR validation of DEGs changed during RH in camel SON.  

DEGs in RH camel SONs (AGT, ATP6V0B, CCKAR, COL18A1, COL1A1, COL1A2, COL3A1, COL4A1, 
COL5A2, CREM, CTSA, DRG1, ERP29, LMAN1, P4HB, PCSK1, PDIA4, PDYN, PEX3, PTPRN, 
RANGAP1, SCG2, SSR3, STK39, TLR4, VGF and XBP1) identified by RNAseq were subjected to 
qRT-PCR validation. Expression of these genes in both rostral (a) and caudal (b) SONs were 
examined. Results (listed in alphabetical order) are illustrated by box and whisker plots with 
each individual value shown as a superimposed dot (control: green; DH: orange; RH: blue). 
Whiskers represent the minimum and maximum values within a group. The median is shown 
as a line in the center of the box. Data was analysed by using Brown-Forsythe and Welch one-
way ANOVA with Dunnett T3 post-hoc test. *padj≤0.05, **padj≤0.01, ***padj≤0.001, 
****padj≤0.0001. 

 
TLR4 were validated in caudal SON (Figure 5.7b). With such a high proportion of non-

concordant genes in the tested DEGs with unknown roles, other untested DEGs may 

have high chance to be non-concordant genes. Moreover, RNAseq data 

(Supplementary Data S5.2a) showed that the expression of ERN1 (padj=0.338) and 

C1QB (padj=0.232) were restored to control levels during RH, however, were shown 

to remain significantly higher than control values in the caudal SON by qRT-PCR (Figure 

4.20b, 4.21d). Therefore, ERN1 and C1QB could be non-concordant genes as well. 

 

5.4.3 Benchmarking of the validity of RH RNAseq data against 

qRT-PCR  
Surprisingly large sets of DEGs were identified from the comparison between RH vs. 

DH (2598 DEGs), and RH vs. control (4982 DEGs), in contrast to the 209 DEGs identified 

by DH vs. control. It is very unlikely that such large numbers of genes are being actively 

regulated by RH in the first place, let alone differentially expressed. As suggested by 

previous camel studies, the strict water deprivation for 20 days is regarded as a not 

only chronic but also much severe stimulus compared to the control and RH conditions. 

Changes of camel SON transcriptome induced by RH was hence unexpected to be 

considerably larger than that of DH, which is contradictory to the RNAseq data. The 

4982 RH vs. control DEGs that account for a substantial proportion (22.2%) of the 

entire camel SON transcriptome could be more statistically (not biologically) relevant. 

Importantly, qRT-PCR was not able to validate the majority of the RH-related DEGs 

tested. This high level of false discovery rate indicates that the RH RNAseq data DEGs 
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must be independently confirmed by qRT-PCR. Thus, the RH dataset must be re-

evaluated. 

 

5.4.3.1 QC performance of RH samples after the outlier removal 

In retrospect, the QC of the RNAseq analysis pipeline (Chapter 4) showed an average 

RIN value of the RH RNA samples (RIN=6.6) after the removal of the outlier RH11 that 

is similar to the control (RIN=6.46) and DH (RIN=6.08) samples (Figure 4.7a). The 

reverse reads of the RH-Ribo-2 sample (RH-Ribo-2 R2) was flagged to be the only 

sample with least sum deviation from the theoretical normal distribution regarding 

the per sequence GC content (Figure 4.9a). After the outlier removal, the average 

percentage of rRNA of the RH samples (6.81%) was lower than the control (10.94%) 

and DH (9.85%) samples (Table 4.2), suggesting a better rRNA depletion for the RH 

samples. As for the STAR alignment scores (Figure 4.10), the RH samples again had the 

highest average percentage of total reads uniquely mapped to the reference genome 

when excluding the outlier (control: 59.4%, DH: 65.5%, RH: 72.8%). Meanwhile, two 

samples with uniquely mapping rates less than 50% were from the control and DH 

group, indicating that the RH samples were not affected by the low-quality library 

preparations. Moreover, the average proportion of mapped reads with assigned 

feature (featureCounts Assignment score, Figure 4.11a) of the RH group was the 

highest after removing the outlier (control: 28.4%, DH: 31.6%, RH: 38.5%). The two RH 

samples from a different batch at the stage of library preparation (RH-Ribo-2, RH-Ribo-

3) often showed better performance for these abovementioned QC analyses. 

Altogether, after the outlier removal, the RH samples brought into downstream 

analysis had generally better quality, which could be attributed to other covariates 

(such as batch effect) and may lead to the detection of more differences between RH 

and other groups due to sample quality rather than biological variation.     

 

5.4.3.2 More genes with low expression and small fold change were 

identified as DEGs in RH-related transcriptomic analyses 

In transcriptomic studies, low-expression genes are sometimes indistinguishable from 

sampling noise, the presence of less abundantly expressed genes can decrease the 

sensitivity of detecting DEGs (Sha et al., 2015). The next question to address is that if 
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more low-expression genes were detected as DEGs for the RH-related analyses. The 

ratio of DEGs with small fold change (|LFC|<0.585, equals to fold change<1.5) were 

also studied. Amongst the DH vs. control DEGs, 2.9% are low-expression genes 

(baseMean across DH and control samples<10), 8.6% are genes with low fold change 

(Supplementary Data S4.5a). The DEGs identified by RH vs. DH show a higher ratio 

(15.8%) of low-expression genes (baseMean across RH and DH samples), however, the 

ratio of genes with low fold change is similar (8.8%) (Supplementary Data S5.1a). Such 

features were also observed for the RH vs. control analysis: a further higher proportion 

of the DEGs (22.3%) were lowly expressed (baseMean across RH and control 

samples<10), while 7.3% were with small fold change (Supplementary Data S5.1b). 

The existence of such DEGs with low effect sizes could hereby skew the results by 

introducing more “false positive” into the downstream analysis (Koch et al., 2018). 

This could be improved by setting more stringent filtering regime on baseMean, LFC 

and padj.   

 

5.4.3.3 Correlation between RNAseq and qRT-PCR expression results 

To assess the validity of RNAseq analysis, the changes of gene expression levels (LFC) 

were benchmarked against the qRT-PCR data (log2 average ∆∆Ct fold change) for the 

DH vs. control and RH vs. control analyses (Figure 5.8). For the DH vs. control analysis 

(Figure 5.8a), Spearman correlation test demonstrates a strong and significant 

positive correlation (r=0.8982, p<0.0001) between the log2 fold change values 

obtained from RNAseq and qRT-PCR. Conversely, a significant but weak positive 

correlation (r=0.6854, p<0.0001) between the RNAseq and qRT-PCR data was 

discovered for the RH vs. control analysis (Figure 5.8b). The linear regression test 

shows slightly different slopes for DH vs. control (slope=0.781, Figure 5.8a) and RH vs. 

control (slope=0.851, Figure 5.8b). A good fit (R2=0.9502) for the linear regression 

model was discovered for the DH vs. control analysis (Figure 5.8a), whereas that of 

the RH vs. control suggest a less fit (R2=0.5244) of the linear regression model (Figure 

5.8b), which might be mainly attributed to the higher proportions of non-concordant 

genes amongst RH vs. control DEGs, especially those with conflicting results from 

RNAseq and qRT-PCR regarding the direction of change (RANGAP1, COL1A1, COL1A2, 

COL4A1, COL5A1, COL18A1).   
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        Further, the Spearman correlation test carried out on the RH vs. control DEGs with 

unknown osmoregulatory roles in response to DH (Figure 5.8c) demonstrates a non-

significant correlation (r=0.4374, p=0.1198) between the RNAseq and qRT-PCR results. 

The data points correspond to these genes are less fit (R2=0.5499) to the simple linear 

regression model (Figure 5.8c). These results provide evidence showing that the RH 

RNAseq data is ambiguous and not valid for making further analysis.  

Figure 5.8: Simple linear regression and Spearman correlation between RNAseq and qRT-
PCR. 

Simple linear regression and Spearman correlation of the LFC from the RNAseq data and the 
log2 ∆∆Ct fold change from qRT-PCR data of a 23 DEGs (denoted by dots) identified by DH vs. 
control, b 27 DEGs (denoted by dots) identified by RH vs. control, c 11 DEGs identified by RH 
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vs. control and with known roles related to DH response. The log2 transformation was 
performed on average ∆∆Ct values across DH or RH samples for each gene to ensure that both 
datasets were on the same logarithmic scale for comparison. Genes with non-concordant 
directions of expression change according to RNAseq and qRT-PCR data are highlighted with 
yellow.  

 

5.5 Discussion 
RH for the desert adapted camels is a highly opportunistic event when the animal 

happens to come across an infrequent water body in the desert. The camels have 

evolved physiological adaptations that allow them to maximize water intake in a short 

period of time and to minimize adverse influence that could be induced by rapid RH 

(Irwin, 2010). To study the overall expression changes of genes in the camel SON 

during RH, in the present study, the SON transcriptomes of RH camels were compared 

to the DH and control camels separately. Unfortunately, the fact that a large 

proportion of the tested RH-related DEGs were not validated by qRT-PCR, and the 

weak correlation between the fold changes calculated from the RNAseq and qRT-PCR 

data for these genes, together suggested that the RH-related RNAseq data has a high 

FDR.  

In this study, the RH transcriptomic data was rejected from performing any 

downstream analysis. It is known that the DESeq2 method for the differential 

expression analysis of transcriptomes is based on assumptions that most genes are 

not differentially expressed between samples, and that the DEGs are divided more or 

less equally between up- and down-regulations (Soneson and Delorenzi, 2013). 

Conflicting results were showed by the RH vs. DH and RH vs. control analyses from this 

study, showing that the RH-related RNAseq data were compatible with the DESeq2 

assumptions compared to the DH vs. control analysis.  

        One proposed hypothesis is that these biases could be introduced from the 

unequal sample size between the control (n=5) and RH (n=4) groups after the outlier 

removal. However, the authors of DESeq2 package (Love et al., 2014) indicated that 

this method is valid even when the sample size is unbalanced between groups for 

comparison. Because DESeq2 assumes that the groups all have the same dispersion 

parameter, which can be thought of as the coefficient of variation when the read 

counts are sufficiently high. Consequently, if the smaller group displays a negative 
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binomial distribution with the same dispersion parameter as the larger group, it does 

not affect the statistical inference. The larger group can be down-sized, as suggested 

by Love et al. (2014), but this may increase the chance of getting false 

positive/negative errors. Taken together, down-sampling was not applied to the RH-

related RNAseq analyses in this study and will not be considered as a measure to 

improve data analysis for re-designing/repeating this study in future. Instead, the 

number of replicates in each experimental group can be increased, and the batch 

effects need to be avoided, to obtain robust, reproducible results in future study. 

        For techniques that provide information about gene expression at the genome-

scale level, such as RNAseq, independent techniques like qRT-PCR that can measure 

the expression level of a smaller subset of genes have been used to confirm data 

obtained from large-scale transcriptomic studies (Wu and Neff et al., 2014; Coenye, 

2021). Although RNAseq is a very powerful technique to provide broad insights, some 

technical artifacts may be present in the data, such as errors introduced to the library 

preparation stage, the algorithm performance, and the reference genome quality. 

When enabling the counting multimapper option in the RNAseq workflow, reads 

mapped to shared exons from different transcripts are counted (Everaert et al., 2017). 

Careful primer design for qRT-PCR assay allows more specific detections, for instance, 

at the level of individual transcript isoform. By setting the padj cutoff=0.05, the 

differential expression analysis methods make false-positive discoveries with a chance 

of 5%. However, a recent study reported that the actual FDRs of DESeq, DESeq2 and 

EdgeR methods far exceeding the target FDR thresholds (5%), maybe due to the 

violation of the negative binomial model assumed by these methods, which makes 

them less robust to existence of potential outliers (Li et al., 2022). Moreover, qRT-PCR 

assay can detect transcripts that are not included in the reference annotations and 

hence are not taken into account by the RNAseq processing pipelines (Everaert et al., 

2017). Several studies have compared RNAseq results to the qRT-PCR data and have 

found excellent correlations between the two methods (Griffith et al., 2020; Asmann 

et al., 2009; Wu and Neff et al., 2014; Shi and He, 2014). Collectively, validation of the 

RNAseq data with qRT-PCR was hence used in the present study.   

        It should be noted that the proportions of non-validated DEGs (false positive rate) 

from the RH vs. DH and RH vs. control analyses (by qRT-PCR) are much higher than 
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that of DH vs. control. For DH vs. control RNAseq data, 21.7% of the 23 tested DEGs in 

the rostral SON (Figure 4.20a), and 34.8% in the caudal SON (Figure 4.20b) failed to 

be validated by qRT-PCR. In contrast, for RH vs. DH comparison, the proportion of non-

validated DEGs boosted to 66.7% for the rostral SON (Figure 5.3a), and 61.1% for the 

caudal SON (Figure 5.3b) amongst the 18 tested DEGs. The percentage of non-

validated DEGs from the RH vs. control dataset was 70.4% for the rostral SON (Figure 

5.7a), and 55.6% for the caudal SON (Figure 5.7b) amongst the total 27 tested DEGs.  

        It is known that the DESeq2 method for the differential expression analysis of 

transcriptomes is based on assumptions that most genes are not differentially 

expressed between samples, and that the DEGs are divided more or less equally 

between up- and down-regulations (Soneson and Delorenzi, 2013). Conflicting results 

to these assumptions were shown by the RH-related RNAseq data. One proposed 

hypothesis is that these biases could be introduced from the unequal sample size 

between the control (n=5) and RH (n=4) groups after the outlier removal. However, 

the authors of DESeq2 package (Love et al., 2014) indicated that this method is valid 

even when the sample size is unbalanced between groups for comparison. Because 

DESeq2 assumes that the groups all have the same dispersion parameter, which can 

be thought of as the coefficient of variation when the read counts are sufficiently high. 

Consequently, if the smaller group displays a negative binomial distribution with the 

same dispersion parameter as the larger group, it does not affect the statistical 

inference. The larger group can be down-sized, as suggested by Love et al. (2014), but 

this may increase the chance of getting false positive/negative error. Taken together, 

down-sampling was not applied to the RH-related RNAseq analyses in this study and 

will not be considered as a measure to improve data analysis for re-

designing/repeating this study in future. Instead, the number of replicates in each 

experimental group can be increased, and the batch effects need to be avoided, to 

obtain robust, reproducible results in future study. 

        Taken together, the RH-related RNAseq data failed to be validated by qRT-PCR, 

making it invalid to perform functional-related downstream analysis, such as 

functional classifications, GO analysis, etc. This could be derived from the higher 

average quality of the RH samples after the outlier removal and/or the batch effect 

that could be introduced to the RH group. The discussion of Chapter 5 will mainly focus 
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on the genes of interest that were validated by qRT-PCR, and many of them displayed 

expression restored to control levels during RH, characterizing the quick rectification 

of the long-term DH effect by RH. 

 

5.5.1 Genes with expression levels changed by DH and 

reversed to/towards control levels by RH in camel SON 

The expression of some genes tested by qRT-PCR were largely affected by the chronic 

DH, and the effects were either completely or partially withdrawn by the subsequent 

RH. In both rostral and caudal SON subdivisions, the expression levels of CCKAR, CREM, 

FOS, FOSL2, and PCSK1 were fully returned to control values by RH, whilst VGF 

expression was returned towards the control levels during RH but remained to be 

significantly higher than the control levels. It is hereby suggested that recovery of 

biological functions associated with these genes and their encoded products could be 

achieved by enabling free access to water again in the camels.  

 

5.5.1.1 Recovery of food appetite by RH   

Given that the satiety peptide CCK mediates the inhibition of feeding behaviors via 

CCKAR (Kepin et al., 1999), the returning of CCKAR expression to control levels by RH 

suggests a recovery of the previously inhibited feeding behaviors by DH, which is 

consistent with observations of food appetite recovery on the first day of RH after a 

14-day DH (Ben Goumi et al., 1993). This places further insights on SON to act as a 

novel brain region that encode aspects of food satiety. The change in CCKAR levels 

may also contribute to the downregulation of AVP and OXT release from SON MCNs.  

 

5.5.1.2 Regulations on AVP expression and processing during RH   

In the present study, the camels were dehydrated for 20 days. A maintainance of 

elevated mature AVP expression in the camel SON during the 3-day subsequent RH 

was observed in this study. As for the temperate species, the mRNA content of AVP in 

the SON of rat subjected to 5-day DH also peresist during the first 3 days of RH, then 

gradually dinimished but was not fully returned to the control values after 7-10 days 

of RH (Arnauld et al., 1993), suggesting different sensitivity of the response to the 
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removal of hyperosmotic stimulus when drinking is again allowed in the DH desert and 

temperate speices. In another study where camels were subjected to less severe 

hyperosmotic stimlus (14-day DH) than the present study, the camel plasma AVP 

concentration reached basal values by 7-day RH (Ben Goumi et al., 1993), suggesting 

the contribution of the maintanance of local AVP production in SON to the circulating 

AVP pool during early RH.  

        The full restoration of FOS and FOSL2 to control levels during RH could reverse 

the DH-induced stimulation of AVP transcription potentially mediated by FOS 

(Greenwood et al., 2015a) and FOSL2 (Renoux et al., 2020; Yoshida et al., 2006), while 

FOS downregulation also indicates a decrease in neural activity of camel SON by short 

RH. This expression pattern of camel FOS is consistent with the observations in rat, 

where the c-FOS expressing SON cells significantly increased by DH, then returned to 

control values within 2-hour RH (Ji et al., 2005). Additionally, ICER, one of the CREM 

isoforms, is related to the inhibition of transcriptions mediated by CREB and AP-1 

(Yoshida et al., 2006), thus is potentially associated with the downregulation of AVP 

transcription. This could serve as a protective mechanism during DH to reduce 

excessive response to osmotic stress. However, the DH-evoked CREM expression was 

returned to the control levels by RH, suggesting that the putative inhibitory activity on 

AVP transcription mediated by ICER could be alleviated when the osmotic stress was 

counterbalanced by RH. 

        The expression pattern for PCSK1 indicates that the DH-induced upregulation of 

AVP and OXT precursors processing by PC1/3 (Hardiman et al., 2005) in camel SON 

may restored to control levels during RH when the hyperosmotic pressure is 

counteracted by water intake. Moreover, the returning of VGF expression levels to 

almost control levels by RH may lead to a reversal of the suppression of excessive 

excitation of AVP neurons and AVP release mediated by VGF-derived peptides 

(Toshinai and Nakazato, 2009; Yamaguchi et al., 2007; Toshinai et al., 2014).  
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5.5.2 Genes with expression levels changed by DH and 

persisting during RH in the camel SON 

The expression profiles of another group of genes (AGT, CTSA, ERP29, PDYN, and TLR4) 

were identified in both rostral and caudal SON to be evoked by DH but were not 

reversed by RH, indicating that the regulation expression these genes might be less 

resistant to DH. The effects of chronic DH on the expression of these gene may persist 

during the early stage (the first 3 days) of RH.     

 

5.5.2.1 Maintenance of evoked SON AGT expression during RH 

In the SON, ANG II is known to promote the release of AVP (Qadri et al., 1993; Toshinai 

et al., 2014). In dromedary camel, DH increases plasma ANG II (Lin et al., 2002) and 

AVP levels (Ali et al., 2012; Abu Damir et al., 2022), as well as the transcription levels 

of ANG II precursor (AGT) and AVP in the SON (Chapter 4), suggesting that DH 

promotes changes to peripheral and perhaps brain RAAS to direct AVP secretion. 

Notably, high AGT expression persists following RH in both SON subdivisions, despite 

decreased circulating ANG II levels to control values on Day3 of RH (Lin et al., 2022). 

This suggests that SON AGT expression may not contribute to the circulating pool of 

ANG II, but rather has local functions within the brain, such as promoting AVP release 

to supplement the plasma AVP pool during RH.  

 

5.5.2.2 Potential suppression of AVP neuron activity by dynorphin 

during RH 

Dynorphin (whose precursor is encoded by PDYN gene) is known to be involved in DH-

induced modulation of kappa-opioid inhibition to repress AVP neuron activity 

(Tilbrook, 2007). The persistence of DH-induced upregulated PDYN expression levels 

during RH in camel SON could be an indication of continously repressing of the AVP 

neuron activity mediated by dynorphin, which may serves as a protective stratergy to 

defend the camel from excitotoxicity during both DH and RH. This further suggest that 

the 3 days of RH may not be able to fully return the AVP neuron activity to basal state 

in camel SON, though the expression of FOS (the neural activity indicator) mRNA was 

fully returned to the control levels by RH. Future study using electrophysiological 
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techniques to detect neural activity of SON neurons will be necessary to elucidate this 

question.  

 

5.5.2.3 ER stress may not be fully recovered by RH 

The protein disulfide isomerase (PDI) family and has been identified as a group of ER 

enzymes perform important functions in the formation, breakage and rearrangement 

of disulfide bonds, thus mediate protein folding (Wang et al., 2020). Other known 

functions include their ability to act as ideal molecular chaperones that inhibits the 

aggregation of misfolded proteins in a concentration-dependent manner by 

facilitating in the binding of misfolded proteins for subsequent degradation (Perri et 

al., 2015). ERP29 is an ER-resident protein that has been implicated in the secretory 

protein synthesis by participating in the folding (Shnyder and Hubbard, 2002), 

trafficking and secretion of proteins and ER stress response (McLaughlin et al., 2018; 

Guo et al., 2018). ERP29 shares a limited homology with PDI family members but lack 

a calcium-binding motif, which further distinguish ERP29 from PDI (Hubbard et al., 

2001). Together with PDI, ERP29, BiP and Grp94 (heat shock protein 90kDa beta 

member 1) form a chaperone complex which is an ER network machinery that can 

bind to unfolded protein substrates (Meunier et al., 2002). Though ubiquitously 

expressed, ERP29 is upregulated in response to UPR and ER stress and is found at 

higher levels in certain cell types including secretory cells and neurons. Moreover, 

ERP29 appears to play a prominent role in a wide range of pathways of cell survival 

pertinent to oxidative stress, DNA repair, as well as the maintenance of cell membrane 

integrity, cell-cell contact and ECM homeostasis (McLaughlin et al., 2018). Collectively, 

the upregulation of ERP29 during DH may play a role in attenuating ER stress, oxidative 

stress and DNA damage to promote cell survival and membrane integrity in camel SON. 

However, ERP29 expression did not return to the control levels when the withdrawing 

of osmotic pressure was allowed by RH, suggesting that these stresses still exist in the 

camel SON during RH phase. Whether these can be fully recovered by longer RH period 

remained to be explored in future study.  

        Cathpsin A, the encoded product by CTSA gene, is a lysosomal protease known to 

degrade unwanted intracellular or endocytosed proteins. Cathepsin A hydralyzes 

angiotensin I (ANG I), which transforms ANG I into angiotensin-(1-9) or further 
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converts angiotensin-(1-9) to ANG II (Miller et al., 1988; Pan et al., 2014). In addition, 

enzyme assays demonstrated that both AVP and OXT are substartes of cathpsin A 

(Matsuda, 1976). This is supported by a study reporting that the inactivation of 

cathpsin A yielded accumulation of OXT in rat hyppocampus, which was likely the 

cause for the deficits in learning and memory consolidation (Niemeyer et al., 2020). 

Taken together, in camel SON, the DH-induced upregulation of CTSA expression last 

during RH could be associated with the clearance of over-expressed AVP, OXT, 

angiotensinogen-derived products, and the production of local ANG II.   

        Activation of Toll-like receptor 4 (TLR4) is known to perturb cellular homeostasis, 

leading to the induction of proinflammatory response and ER stress, and these two 

stress responses are closely associated (Kim et al., 2015). In the camel SON, the 

expression of TLR4 was significantly elevated by DH, then maintained at a significantly 

higher level than the control values during RH. Consequently, the TLR4-medaited ER 

stress and proinflammatory response could be remained in the camel SON during RH. 

Furthermore, TLR4 upregulation in PVN plays an important role in hypertensive 

response (Dange et al., 2015; Wang and Yu et al., 2018). These findings support a 

notion that TLR4 is an important therapeutic target to treat/prevent disorders related 

to proinflammation and hypertension (Ain et al., 2020). It is known that camels can 

tolerate long-term water deprivation without serious health compromise (Ali et al., 

2020). Therefore, future study can investigate if the upregulation of TLR4 by DH and 

during early stage of RH in the camel SON is associated with any pathological 

responses, which may contribute to the hunt for new treatment for diseases related 

to TLR4 dysregulation.  

 

5.6 Conclusions 
The RNAseq analysis for DH vs. control revealed DH signatures of evoked ER stress, 

AVP expression and release, and protective mechanisms on SON cells from over-

excitation and over-expression of AVP. When free access to water is again allowed 

during RH for camels, at a time point when most potential inducers (synaptic signalling, 

hormone release, electrical activity, etc.) for gene transcription are no longer 

activated, the expression of some core genes (CCKAR, CREM, FOS, FOSL2, PCSK1 and 
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VGF) returned to/towards baseline, suggesting recovery effects of RH on DH-evoked 

AVP transcription and AVP processing, and the RH-induced relief of putative 

protective mechanisms that protect SON neurons from overexcitation and over-

production of AVP under hyperosmotic stress. Importance should be attached to a 

second group of genes (AVP, AGT, CTSA, ERP29, PDYN, and TLR4) that were not 

restored to the control levels by RH. Upon RH, the local AGT production in camel SON 

may contribute to high ANG II levels that promotes AVP release. The maintenance of 

AVP expression and release during early RH may serve as important survival strategy 

in dromedary camels in preparation for the likely prospect of future water deprivation. 

The high expression level of dynorphin assist in the suppression of AVP neuron activity 

during RH, which serves as a stratergy to continuously defend the camel from 

excitotoxicity. Moreover, the high expression levels of ERP29, TLR4 and CTSA 

suggested that ER stress was not fully removed during RH. The expression of the 

second group of genes may eventually returned to baseline if longer RH course was 

allowed. The identification of these genes and the relevant pathways will encourage 

the growing camel research community to pursue new insights into the genes with 

unknown osmoregulatory roles reported in the present study and their roles to defend 

dromedary camels from the harsh desert environment.  
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Supplementary Figure S5.1: qRT-PCR tests on the expression of total XBP1 transcripts and 
the XBP1 transcript isoforms XBP1u and XBP1s. 

XBP1, and its splicing isoforms XBP1u (unspliced isoform) and XBP1s (spliced isoform) were 
tested by qRT-PCR in control, DH and RH conditions by qRT-PCR. Primers for total XBP1 
expression were designed to amplify both XBP1u and XBP1s (Supplementary Table SC.1, 
Appendix C). Expression of these transcripts in both rostral (a) and caudal (b) SONs. Results 
are illustrated by box and whisker plots with each individual value shown as a superimposed 
dot (control: green; DH: orange; RH: blue). Whiskers represent the minimum and maximum 
values within a group. The median is shown as a line in the center of the box. Data was 
analysed by using Brown-Forsythe and Welch one-way ANOVA with Dunnett T3 post-hoc test. 
*padj≤0.05. Data points denoted by black triangles are outliers identified by ROUT method 
(Q=1%) using Graphpad Prism (version 9.1.0). Outliers were not excluded from the statistical 
analyses. 
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Chapter 6  

 

Discussion 
The one humped Arabian dromedary camel has profound economic, social and 

cultural value in the Middle East and North Africa. Yet the mechanisms whereby this 

homeostatic masterpiece is able to survive in the harsh conditions of the desert are 

nowhere near being fully understood. In the context of climate change and 

desertification this neglect is tragic. The identification of key genes underlying camel’s 

adaptation to arid environment will provide new insights into disease resistance in the 

future, especially those can be translated into novel treatments and interventions for 

kidney-related disease that are tightly associated with the AVP system. In this thesis, 

I have challenged this knowledge deficit by carrying out the most comprehensive 

analysis of the camel SON ever performed. Firstly, I phylogenetically compared the 

AVP and OXT genes between a desert-specialized creature - the dromedary camel - to 

other desert/non-desert species. I then mapped the hypothalamic osmoregulatory 

centre (SON) of the dromedary camel. Finally, I comprehensively evaluated gene 

expression in the SON in response to chronic DH and subsequent rapid RH in the 

dromedary camel.  

        The first important finding of this work was the highly conserved elements of the 

dromedary AVP and OXT genes, as well as some highly divergent regulatory motifs 

that were unique to camels. The second finding was the mapping of the location and 

anatomical structure of the dromedary camel SON, which facilitated the isolation of 

SON for the transcriptomic work in this study and will provide reliable guidance for 

camel SON identification and sampling in future studies. Importantly, the primary 

findings of this work included the detailed record of the camel SON transcriptome in 

response to DH, the comparison between DH camel and rat SON transcriptomes, and 

the characterization of the expression of a set of key genes with known/novel roles in 

response to DH and RH in camel. A description of the camel SON transcriptome 

response to RH was not achieved in the present work and thus remains a subject for 
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future studies. This chapter examines the significance of these findings in the wider 

context of adaptations to osmotic stress and osmoregulation. I also discuss the 

limitations of this study and propose directions for future work.  

 

6.1 Interspecific comparison of AVP and OXT 
The sequences of the dromedary AVP and OXT genes and their encoded products were 

compared to other desert mammals (Bactrian camel, wild camel, rock hyrax), xeric 

species (vicuna, alpaca, llama, guanaco), mesic species originated from a semi-desert 

species (UGMBMR), and mesic species that are well-studied model organisms (human, 

rat, mouse). These two genes in the dromedaries have been observed to be highly 

conserved in the context of their structural components, CDSs, the nonapeptide 

hormones they encode, and certain transcriptional, post-transcriptional, and post-

translational regulatory elements. This further confirms the notion that 

neuroendocrine mechanisms that allow for water balance are evolutionarily 

conserved (Mecawi et al., 2015). The evolutionary distance, together with the arid 

environmental stress, may contribute to the homogeneity of the AVP and OXT genes 

among these species.  

         When interspecifically comparing the AVP and OXT genes, some synonymous 

substitution sites were found in the CDSs that code for essential amino acid blocks 

such as the AVP and OXT nonapeptide hormones, the "GKR" spacer in the AVP 

precursor, and the key evolutionarily conserved sites of the neurophysins. This could 

contribute to the structural and perhaps functional conservation of AVP and OXT in 

different lineages, but the altered mRNA sequences may also have effects on the 

expression, conformation and function of the encoded proteins. Moreover, the 

feature of having two "AUG" codons in the AVP CDSs of camelids, UGMBMR, rat and 

mouse is conserved, indicating that these organisms may have a shared genetic risk 

for developing disorders caused by mutations in the upstream "AUG" codon. 

        When comparing the regulatory regions of the AVP and OXT genes between 

species, many putative CpG sites were found to locate in functional motifs including 

CRE2, G box, SP1, CHRE, and ERE half sites. The potential methylation in these sites 

may affect transcription factor binding and hence alter gene expression, such as the 
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CREB3L1-mediated AVP transcription (Greenwood et al., 2014) and the OXT 

transcription mediated by SP1, CHRE and estrogen (Pauciullo et al., 2018). The CpG 

site that locates in the CRE1 motif of rat AVP gene to inhibit CREB-mediated 

transcription (Greenwood et al., 2016) is absent from the same location of the 

dromedary AVP gene, indicating that the regulatory function on AVP expression via 

methylation on this site is very unlikely to be present in the dromedary camel. A 

unique feature for the dromedary camel is that more putative CpG sites are located in 

the OXT gene (26 sites) than the AVP gene (10 sites), and many of the CpG sites are 

located inside/flanking the OXT regulatory elements, which could result in the 

inhibition of OXT transcription and could explain the lower transcript level of OXT than 

AVP as detected by RNAseq (Figure 4.19a).         

        When interspecifically comparing the AVP and OXT preprohormones, the 

homology of the N-linked glycosylation sites predicted in the dromedary AVP copeptin, 

and the putative disulfide bond formation sites in the hormones, neurophysins and 

the cleavage sites of the AVP and OXT precursors, suggesting that the post-

translational processing that helps to maintain specific topography of the AVP and OXT 

precursors for carrying out hormone transport and ligand binding could be conserved 

in the dromedaries.    

        Identification of the common and different elements of the AVP and OXT genes 

and products between dromedary camels and other species is essential for 

understanding the hydromineral homeostasis regulated by these two hormones in the 

dromedary camel, and for evaluating the possibility of evolutionary rescue of species 

currently challenged by climate change and increasing desertification, especially the 

extremely endangered wild camels. Future studies should 1) investigate the influence 

of the synonymous mutations on the expression of the dromedary AVP and OXT genes; 

2) study whether osmotic stimuli alter methylation of CpG sites and establish whether 

methylation represses the transcription of dromedary AVP and OXT; 3) focus on 

determining regulatory elements in intergenic sequences between the dromedary 

AVP and OXT genes.    
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6.2 Mapping of the dromedary SON  
The interspecific comparison of the SON morphologies across the dromedary camel, 

cattle (Graïc et al., 2018), human (Allen et al., 1989; Swaab, 2003) and rat (Hatton and 

Walters, 1973; Armstrong et al., 1976) revealed a common feature regarding the SON 

location: their SONs are all located in the ventral part of the hypothalamus and are 

adjacent to OX/OT. The camel SON resembles cattle SON the most. Their rostral 

subnuclei are both lining the dorsal surface of OX/OT, which undergo lateral extension 

when proceed caudally, and the caudal subnuclei resident between the proximal end 

of OT and the 3V. The human SON is also separated in multiple subdivisions, whereby 

the dorsolateral subnucleus and the medial SON subnuclei could be the counterparts 

of the rostral and caudal SONs in the dromedary camel, respectively. VON, a small 

nucleus consisting of AVP and OXT MCNs located in between the SON and PVN (Graïc 

et al., 2018), was found to present in the cattle (Graïc et al., 2018), human (Møller et 

al., 2018), and dromedary camel. Different from the cattle VON that is densely packed, 

the putative camel “VON” is more similar to the human VON where the MCNs are 

more scattered. The rat SON structure is distinct from the other three species because 

1) it does not have multiple subdivisions; 2) its location is distal from the 3V, whilst the 

caudal subdivisions of SON in the other three species resident proximally to the 3V. 

Given that cattle are most evolutionarily conserved to dromedary camels among the 

four species (Schoch et al., 2020), it could be suggested that the SON organization is 

more conserved between closely related species.    

        There is no clear division of AVP and OXT neurons in the SON of the dromedary 

camel, cattle, human and rat. However, the features that the OXT neurons capping 

the AVP neurons in the caudal part of SON, and that the proportion of AVP neurons is 

higher than the OXT neurons (el May et al., 1987; Zimmerman et al., 1974; 

Vandesande, Dierickx and de Mey, 1975; Graïc et al., 2018; Fliers et al., 1985; Swaab, 

2003; Swaab et al., 1975) are shared across the four species. The presence of less OXT 

neurons may explain the lower OXT transcript level compared to AVP in the camel SON 

(Figure 4.19a). However, the presence of neurons co-expressing both peptides in the 

camel and rat SONs (Xi et al., 1999; Gainer, 2012) indicates that cell-type specific 

expression of AVP and OXT in SON MCNs is a quantitative property rather than an 
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absolute one. This functional plasticity in rat SON is manipulated at the transcription 

level of the AVP and OXT genes by regulatory elements located in their promoter 

regions (Ponzio et al., 2012; Gainer, 2012). Such common regulatory motifs remained 

to be identified in camels until now, which will further our understanding with regards 

to the transformation of SON MCNs into AVP/OXT neurons during basal state/under 

osmotic challenge.   

        Comparing the SON organization between desert-dwelling dromedary camels and 

non-desert species provide us with insights into the evolution of hypothalamic 

substructure and how it allows the animals to cope with different environments. 

Variations in the SON, such as its volume, the location in relation to other brain 

structures, the proportion of SON cells that produce AVP and OXT and project to the 

neurohypophysis, and the diameter of their axons, can affect the ability of the animal 

to produce neuropeptides in response to osmotic stress. Future studies should use 

more advanced microscopy (e.g. confocal microscopy, electron microscopy) to 

measure these parameters in the camel SON. Furthermore, techniques like single-cell 

qPCR and single-cell RNAseq can be adopted to accurately classify the phenotypes of 

camel SON cells, not only the expression levels of AVP and OXT in MCNs, but also to 

identify non-neural cells including astrocytes, glial cells, and vascular cellular 

phenotypes. A combination of the IHC and RNAscope methods can be used to cross-

map the expression of AVP and OXT at both RNA and protein levels, to provide more 

detail about AVP and OXT MCN compartments, dendrites and nerve terminals.  

        As the site of neuropeptide release, the camel PP was found to show changes in 

morphology (Djazouli Alim et al., 2014) and neuropeptide storage (Alim et al., 2019) 

according to different seasons. Interestingly, the elevated AVP mRNA expression in 

the camel SON during summer (compared to winter) is accompanied with a decreased 

AVP peptide content in both SON and PP (Alim et al., 2019), suggesting an increased 

axonal release of AVP as a result of osmotic cues. Notably, for the camels used in the 

present study, their pituitary glands have been collected for peptidomic profile 

analysis in a collaboration with Dr. Elena Romanova (University of Illlinois). A detailed 

mapping of the camel PP will benefit this analysis that will further our understanding 

about variations of AVP release between control, DH and RH conditions and how these 

fit into the current camel osmoregulation model.   
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6.3 Effects of DH and RH on the gene 

expression of camel SON 
The effects of DH on the overall gene expression in the camel SON was extensively 

studied by RNAseq. Pathway analysis of the DH vs. control RNAseq data showed that 

there were changes to core cellular processes which contribute to both secretory and 

morphological adaptation in the camel SON. By comparing these transcriptome data 

of the camel SON to that of the mesic species, the rat, 80 core genes were identified 

to be regulated by DH in both species, 129 genes were found to be specifically 

regulated by DH in the camel. This provide insights into the plastic adaptive resilience 

mechanisms that are common in both species or unique to the camel. Future studies 

will involve the comparison of the dromedary SON transcriptome to more xeric (e.g. 

jerboa, cactus mouse, rock hyrax, and other camelids that have evolved to live in 

deserts) and mesic species (mouse, cattle, sheep, etc.) challenged by DH to further 

identify the genetic basis of mammalian adaptation to osmotic stress.  

 

6.3.1 DH induced ER stress in camel SON 

Protein synthesis needs to be upregulated in SON MCNs in response to DH to meet 

the demands for neuropeptide secretion, which places pressure on the ER that is the 

gateway for proteins entering the secretory pathway. Therefore, it is not surprising 

that the most enriched KEGG pathway by DH in the camel SON was “Protein 

processing in the ER”, which is also a highly regulated component in the DH rat SON 

( 2021).  et al., Pauža  

        There are several unique DEGs that are associated with ER stress and UPR being 

validated by qRT-PCR to be significantly increased by DH in both camel rostral and 

caudal SON, including ERN1, PDIA4 and ERP29. This strongly suggested that increased 

ER stress and UPR were placed on to the camel SON that could be attributed to the 

accumulated unfolded/misfolded proteins during DH. The upregulation of these genes 

may play roles in attenuating the DH-induced ER stress, which in turn promotes cell 

survival. This provides a new mechanism of resilience for the SON in response to high 

protein loads.  
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        During RH, increased expression of ERP29 persisted, whilst the other two genes 

tended to be downregulated towards control levels, although the statistical 

significance was not replicated in the two SON subnuclei. This suggests that the DH-

induced ER stress in the camel SON is not fully recovered by the third day of RH. Future 

studies can employ longer RH protocols to determine if expression is restored to 

control values by RH. Given that MCNs are relatively protected from ageing process 

(Peng and Hsü, 1982; Sartin and Lamperti, 1985; Goudsmit et al., 1990; Hofman et al., 

1990) and neurodegenerative disease pathologies (Goudsmit et al., 1990; Wierda et 

al., 1991), changes to the ER stress and UPR function in camel MCNs may represent 

future pathways for further exploration of the signalling pathways related to IRE1, 

PDIA4 and ERP29 in relation to neuronal cell fate with ageing and neurodegenerative 

disease.  

   

6.3.2 SON morphological plasticity in response to DH 

To deliver demands for increased protein production during DH, AVP neurons of SON 

undergo morphological changes including increased size of the perikarya, nucleoli, and 

expanded Golgi apparatus (Flier et al., 1985; Hoogendijk et al., 1985; Lucassen et al., 

1993; Lucassen et al., 1994; Palin et al., 2009). Structural changes to astrocytes have 

been further described in DH rats, such as the retracting and extending of astrocyte 

processes between MCNs in order to increase AVP and OXT secretion (Hawrylack et 

al., 1998). The present study indicates that such morphological plasticity of SON may 

also occur in DH camels, because functional pathway analysis of RNAseq data 

identified several significantly enriched pathways associated with ECM remodelling. 

These pathways could represent specialized mechanisms of additional structural 

morphogenesis to promote the supply of AVP and OXT in the camels subjected to long-

term DH. This is further supported by the seasonal adaptations of the camel SON 

ultrastructure reported by a previous study (Alim et al., 2019). The changes in 

morphological plasticity could be more pronounced in the camel as indicated by the 

altered expression of genes associated with the pathway “ECM-receptor interaction”, 

as these genes are uniquely changed in the camel (not in the rat). However, to 

compare the camel and rat data, the different DH protocols employed must be 
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considered. For future studies, the expression of genes that contributed to the ECM-

related pathways will be examined by qRT-PCR. Whether the morphology of the camel 

SON MCNs can be changed by DH and RH will make an interesting topic to address in 

future studies.  

 

6.3.3 DH may promote the local expression of AGT in SON 

The AGT gene encodes the AGT protein that is cleaved to produce the active ANG II. 

AGT was found to be significantly upregulated by DH in the camel SON, and the 

transcription level remained throughout the RH. This expression pattern was in 

perfect parallel between the two subdivisions of the camel SON. The expression of 

AGT and ANG II by both MCNs and astrocytes have been described in the rodent SON 

(Yang et al., 1999). ANG II has been reported to induce AVP release by acting on 

presynaptic glutamatergic neurones to boost glutamate release (Qadri et al., 1993). A 

study performed in mice revealed that the AT1A receptors are expressed in AVP MCNs 

and are involved in the osmotic-induced secretion of AVP (Sandgren et al., 2018). 

According to these findings, it is likely that an increase in the local AGT production in 

the SON plays an important role to support AVP secretion in the camel in response to 

DH. In addition to this, an increase in peripheral ANG II was observed in the DH camels 

(Lin et al., 2022), which is known to increase AVP release (Mecawi et al., 2015). 

Therefore, DH promotes changes to peripheral and perhaps brain RAAS system to 

instruct AVP release in camel. However, it should be noted that high AGT expression 

persists following RH in the camel SON, despite the decreased circulating ANG II levels 

to control values on Day3 of RH (Lin et al., 2022). This suggests that SON AGT 

expression does not contribute to the circulating pool of ANG II, but could rather have 

local functions within the brain, such as promoting AVP release to supplement the 

plasma AVP pool.  

 

6.3.4 Regulations on food satiety by DH and RH 

The satiety peptide CCK is thought to be involved in inhibiting feeding through the 

activation of two G-protein-coupled receptors, CCKAR and CCKBR (Kopin et al., 1999). 

It has been observed that the CCKAR expression in both camel SON subdivisions were 
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significantly increased by DH, and then significantly decreased by RH to the control 

levels. Interestingly, the CCKBR expression was significantly upregulated by DH in the 

rat SON instead of CCKAR gene (Pauža et al., 2021), suggesting the interspecific 

difference in the regulation of MCNs by the same peptide CCK. The upregulated CCKAR 

expression could lead to the inhibition of feeding and contribute to the regulation of 

somatodendritic secretion of AVP and OXT (Neumann et al., 1994) in DH camels. The 

returning of CCKAR expression to control levels by RH suggests a recovery of the 

previously inhibited feeding behaviors by DH, which is consistent with observations of 

food appetite recovery on the first day of RH after a 14-day DH (Ben Goumi et al., 

1993). This places further insights on SON to act as a novel brain region that encode 

aspects of food/thirst satiety and fluid balance.  

 

6.3.5 CAPRIN2 expression is unchanged by DH in the camel 

SON  

In the rat, the RNA binding protein CAPRIN2 is a central hub gene of a network of 

genes (including ATF4, PDYN, IGFBP2, PCP4, RAN, OPN3, AP1S2, ATP1A2, HBB, etc.) 

involved in the defence response to osmotic stress (Loh et al., 2017). However, the 

expression of CAPRIN2 was not significantly changed by DH in the camel SON as 

identified by RNAseq. This is distinct from the rat models where the mRNA and protein 

expression of CAPRIN2 were both upregulated by 3-day DH and returned to control 

levels by 1-day RH (Bárez-López et al., 2022). Additionally, the DH rat SON 

transcriptomes (Pauža et al., 2021) also confirmed a highly significant increase of 

CAPRIN2 expression (padj=5.29E-92) by DH. This interspecific divergence suggests that 

the CAPRIN2 transcription in camel SON could be more refractory to DH. However, 

whether CAPRIN2 expression can be regulated at the translational level in the camel 

SON remains unknown. Future study needs to examine the expression of both 

CAPRIN2 mRNA and protein in the camel SON during DH and RH. If the CAPRIN2 

protein expression is altered by osmotic variation, the genes involved in the CAPRIN2 

network will also make interesting targets for further research to determine if this 

defence response centred by CAPRIN2 can be activated by DH in camel SON.    
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6.3.6 Different gene expression patterns between the two 

camel SON subnuclei  

A previous study (Hatton and Walters, 1973) in rats reported similar responses in the 

Soa and Sot (the anterior and posterior subdivisions of the rat SON) regarding the 

percentage of MCNs with marginated nucleoli and average cell size in response to DH. 

This was consistent with the assumption that the Soa and Sot cells were functionally 

one unit. However, the two SON subdivisions are not homogeneous in terms of cell 

types. During DH, Soa was found to have a higher proportion of multiple nucleolar 

cells than Sot, and the Soa cells were more angular in shape than the Sot cells (Hatton 

and Walters, 1973). In the present study, the expression patterns across control, DH 

and RH conditions of many tested genes in the camel rostral SON are largely replicated 

in the caudal SON, especially for the core genes with known/predicted roles in 

response to DH (AGT, CCKAR, CREM, CTSA, ERP29, FOS, FOSL2, PCSK1, PDYN, TLR4, 

VGF). However, there are still some genes that are inconsistently expressed between 

the two subnuclei. This suggests that the anatomical location of the camel SON might 

have influences on the gene expression. This variation in gene expression might be 

attributed to the inhibitory and excitatory inputs onto the SON neurons from different 

subdivisions. Future studies will use immunostaining and electrophysiological 

techniques to identify the direct/indirect projections from other hypothalamic 

structures (such as OVLT, SCN, etc.) to the camel rostral and caudal SON. To determine 

if the camel SON subnuclei are one functional unit, future studies also need to identify 

where the SON neurons send projections. Moreover, the transcriptomes of the two 

subnuclei must be compared in future studies to further our understandings of such 

differences in a genome-wide scale.  

 

6.3.7 Effects of RH on the gene expression in the camel SON 

RH is commonly regarded as a phase of recovery from changes induced by DH. This is 

supported by the evidence that the expression levels of CCKAR, CREM, FOS, FOSL2, 

and PCSK1 were fully restored to the control levels by RH; and the expression of VGF, 

though showed a trend of downregulation by RH, remained to be significantly higher 

than the control levels during RH. There was another category of genes (AGT, CTSA, 
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ERP29, PDYN, and TLR4) whose expression evoked by DH were not reversed by the 

rapid RH, suggesting that the expression and functions of these genes could be less 

refractory to hyperosmotic stress. Interestingly, several genes were found to be 

changed by RH only, though this were only detected in one of the SON subnuclei, such 

as COL3A1 in the rostral SON, and ABHD8, PEX3 and STK39 in the caudal SON. Whether 

the RH-induced expression changes of these genes were due to delayed response to 

DH, or due the induction exclusively by RH, remains as an open question. Currently, 

the functions of these genes have not yet been well-established in SON. These genes 

can make novel targets to be explored in future studies for their roles in response to 

the osmotic stress placed onto the camel SON.         

 

6.3.8 DH effects on the expression of cognition-related genes 

in the camel SON  

Adequate hydration is essential for normal brain function to be performed. DH can 

induce cognitive deterioration with a reduction in brain volume and changes in brain 

areas involved in fluid homeostasis. In mice, DH was found to increase the plasma 

osmolality, plasma AVP levels, and reactive oxygen species (ROS) production in the 

somatosensory cortex (Faraco et al., 2014). Intraperitoneal administration of V1aR 

antagonist in DH mice attenuated the ROS production and improved the 

neurovascular and cognitive function (Faraco et al., 2014). These findings emphasize 

the key roles played by circulating AVP in DH-induced cognition deficits. Furthermore, 

the SON and PVN are both involved in pathological processes related to numerous 

neurodegenerative diseases (Stewart and Finger, 2021), however, SON seems to be 

less vulnerable (compared to PVN) to some neurodegenerative pathology such as AD 

and frontotemporal disorders (Steward and Finger, 2021).  

        In DH camel, the pathways “learning or memory”, “cognition” were significantly 

enriched in the SON, suggesting a potential alteration in these pathways. It was 

confirmed that the levels of plasma AVP (Ali et al., 2012) and osmolality (Lin et al., 

2022) in dromedary camel are elevated by DH. Specially, AGT is one of the DEGs 

associated with both of the enriched terms “learning or memory” and “cognition”. The 

upregulated expression of AGT may promote AVP release from the neurohypophysis 
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into the circulation during DH. The increased AVP level during the chronic DH via SON 

activities may have effects on pathways related to cognitive functions. Together, DH 

may place higher burden than normal to the brains of the dromedary camels to carry 

out cognitively engaging tasks. The examination of the expression and functions of 

other genes involved in these enriched pathways will be necessary for future studies 

to provide novel insights into the SON function in the DH-induced cognition deficits.  

 

6.3.9 Proposed chronic DH model in dromedary camel  

Based on previous publications and the present study, physiological mechanisms of 

chronic DH in the camel are proposed (Figure 6.1) to illustrate how the changes in the 

SON, especially the upregulated expression of AVP, feed into downstream actions. 

Upon chronic DH in dromedary camel, thirst-related signals might be detected by SFO, 

OVLT and shared with MnPO (Zimmerman et al., 2017). Inputs from this osmosensitive 

system could be sent to SON and PVN via projections to induce the activity of AVP and 

OXT neurons (Zimmerman et al., 2017). In the SON MCNs, an increase in the AVP 

expression occurs, which could be attributed to the upregulated expression of 

transcription factors (such as FOS, FOSL2) that may promote AVP gene transcription 

(Renoux et al., 2020; Yoshida et al., 2006). DH-included increase in axonal transport of 

AVP (previously observed in rat) from the site of synthesis in the MCN cell bodies in 

the SON to the site of storage and release in the axon terminals of the PP would lead 

to a decrease in steady-state peptide levels in SON (Alim et al., 2019). The upregulated 

local AGT expression in SON and the increased circulating ANG II level presumably 

both contribute to AVP release from PP (Allen et al., 2009; de Kloet et al., 2016). The 

increased CCKAR expression in SON might result in the reduced feeding behaviour and 

food intake observed in DH camels (Kopin et al., 1999; Ben Goumi et al., 1993). This is 

coupled with large amount of water loss (Schmidt-Nielsen, 1959), together lead to a 

sharp drop in the body weight of camel (Schmidt-Nielsen, 1997; Ben Goumi et al., 

1993).  

        The increased demands of neuropeptide secretion may result in the accumulation 

of unfolded/misfolded proteins, which may place excessive stress onto ER. The 

increased ERN1 expression in SON may contribute to the IRE1 branch of UPR, where  
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Figure 6.1: Proposed mechanisms activated by chronic DH in dromedary camel. 

The central osmoresponsive system, SON, PP, circulation, kidney and relevant regulatory 
circuits altered by DH in dromedary camel. Red text: upregulation; green text: downregulation; 
arrows with solid line: well-established mechanisms from previous DH studies on dromedary 
camels; arrows with dashed line: proposed mechanisms based on existing mechanisms or 
findings from the present study. DH: dehydration; SFO: subfornical organ; OVLT: organum 
vasculosum of the lamina terminalis; MnPO: median preoptic nucleus; SON: supraoptic 
nucleus; PVN: paraventricular nucleus; AP: anterior pituitary; PP: posterior pituitary; AVP: 
vasopressin; MCN: magnocellular neuron; AGT: angiotensinogen; ERN1: endoplasmic 
reticulum to nucleus signaling 1; FOSL2: FOS like 2; CCKAR: cholecystokinin A receptor; ER: 
endoplasmic reticulum; IRE1: inositol-requiring enzyme 1; RIDD: regulated IRE1-dependent 
decay; JNK: c-Jun N-terminal kinases; XBP1: X-box binding protein 1; XBP1s: spliced XBP1; 
ERAD: ER-associated protein degradation; ANG II: angiotensin II; GFR: glomerular filtration 
rate. Figure created with BioRender.com. 
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the IRE1 is activated following oligomerization in the ER membrane (Walter and Ron, 

2011). The activated IRE1 cleaves the mRNA coding a UPR-specific transcription factor 

XBP1, giving rise to XBP1s that is involved in the transcriptional regulation of UPR 

target genes encoding ER chaperones and ERAD components, which assist in the 

maintenance of protein folding balance in ER. IRE1 is also responsible for “regulated 

IRE1-dependent decay” (RIDD) pathway, where the ER-bound mRNAs are degraded by 

IRE1 to reduce ER protein folding load (Walter and Ron, 2011). Moreover, IRE1 can 

activate the JNK-dependent apoptotic pathway (Adams et al., 2019), which was not 

established in camel before and can be studied in future work.  

        In the kidney, the increased circulating AVP (Ali et al., 2012) and ANG II levels (Lin 

et al., 2022) contribute to the decrease in kidney blood flow, GFR and urine flow, 

which in turn promotes the reabsorption of water and sodium and leads to the 

production of a low volume of highly concentrated urine (with high osmolality). This 

is the most important mechanism of water conservation strategy in camel. 

Additionally, the increased levels of some proinflammatory cytokines, oxidative stress 

and apoptosis components in the camel kidney cortex (Ali et al., 2020) might explain 

the camel kidney lesion (Ali et al., 2020; Abu Damir et al., 2022) occurs under chronic 

DH.        

 

6.4 Limitations and future directions 

6.4.1 Animal subjects 

There are several limitations regarding the animal subjects used in the present study. 

Firstly, this work mapped the SON of male dromedary camels exclusively, which is 

regarded as a limitation. Sexual dimorphism of SON and VON has been reported in rat 

(Madeira et al., 1993) and cattle (Graïc et al., 2018), respectively. Furthermore, a 

recent study (Nguyen et al., 2022) revealed sex differences in the rat SON 

transcriptomes that are potentially associated with processes and pathways 

important for osmoregulation and fluid balance. Accordingly, female dromedaries 

should be studied in future research to determine if any differences in SON mapping 

and gene expression under osmotic stress can be observed between the sexes, taking 
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into account for the reproduction functions that is tightly associated with OXT 

produced by SON.  

        Secondly, the inter-individual variations and the ranch house experimental 

environment may introduce bias to the transcriptomic analysis, which may mask key 

genes regulated by osmotic challenge. Unlike the laboratory rats that were tightly 

controlled for age, breeds and experimental environment (such as light/dark phase, 

temperature, humidity, cage setups, etc.), the ranch housed camels were in a more 

variable age range (4~5 years old), kept outdoors with shades at ambient temperature 

during the hot months. It was unknown if they were derived from the same 

substrain/breed, hence, the inter-individual genetic variation could adversely affect 

the transcriptomic analysis by introducing false-positives or under-detecting key 

genetic components. To improve this, future study will use camels from the same 

breed, and put them into more artificially controlled environments. 

        Thirdly, as a domestic species, the dromedary camels kept in small groups in ranch 

house is not completely comparable to those farmed in free range and living in herds, 

and to other mammals living in the wild. Free-ranging dromedary camels are social 

animals that naturally live in herds, where they have more freedom to roam and 

interact with each other. Wild desert animals have access to a variety of different 

food/water source (though the food/water amount is restricted in the harsh desert 

environment). In contrast, ranch housed camels are less exposed to the 

environmental conditions (sun exposure, predators, diseases, food/water shortage, 

etc.). For both ranch housed and wild camels, the individual food/water intake could 

be affected when competitive behaviours occur when accessing these resources, 

however, the ranch housed camels may not have the same opportunity to develop 

their natural behaviours in this situation. Future studies involving comparisons 

between ranch housed dromedary camels and other mammals need to put these 

factors into careful consideration.  

 

6.4.2 Comparison between different DH animal models 

A limitation for the interspecific comparison between SON transcriptomes of the DH 

camel and rat is that the DH protocols was different in consideration of the animal’s 
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intrinsic endurance to water deprivation, protocols used in previous studies, and 

regulations on water deprivation in laboratory animals. Although 20 days of DH in 

dromedary camel and 3 days of DH in rat are both commonly considered as 

chronic/long-term DH, the 3-day DH resulted in a 2.5% increase in plasma osmolality 

in rat (Pauža et al., 2021), whereas the 20-day DH resulted in a 13.5% increase in the 

serum osmolality (Abu Damir et al., 2022). The differences between the 

acclimatisation to the experimental environments (ranch house for camel, laboratory 

environments for rat) may also introduce bias into the interspecific comparison. 

Caution must be taken when comparing the SON transcriptomes in these species to 

reflect common/different osmoregulatory mechanisms. Another limitation regarding 

the RNAseq method is that poly(A) enrichment method was used for rats, whilst rRNA 

depletion method was used for camels. Taken together, the following factors need to 

be taken into consideration in future studies: 1) include other species for comparison, 

such as the Lamini that is evolutionarily closer to the dromedary camel, and/or the 

cattle that is not only a model organism with high-quality genomic databases but also 

can be acclimatised into similar experimental environment as the dromedaries; 2) 

record physiological indexes such as plasma osmolality, plasma AVP concentration, 

food and water intake, blood pressure and heart rate to make comprehensive 

comparisons of different DH animal models; 3) ensure that the RNAseq methods and 

bioinformatic pipelines for data mining are kept in parallel for different species.  

 

6.4.3 Future directions for SON mapping 

A limitation of this work is that the SON is mapped in DH camels only. It has been 

observed in rats that morphological change of SON (Hatton and Walters, 1973) and 

phenotypic transition of SON neurons (Telleria-Diaz et al., 2001) occurred when 

switching from control to DH conditions. To gain a better understanding of these 

changes, future SON mapping will need to be performed on control, DH and RH camels 

using fluorescence microscopy and electron microscopy to thoroughly measure and 

compare parameters including 1) the volume, morphology and projections of SON, 

volume; 2) distribution and proportion of AVP and OXT neurons; 3) perikarya size, 

Golgi apparatus size, and nucleoli numbers of the SON MCNs; 4) expression of cell 
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markers crucial for identifying other cell types. Another limitation of the present study 

is that the camel SON is mapped in coronal sections only. Future study can map the 

sagittal sections of the SON and build 3D models based on these mappings, which will 

provide more information that is not captured in the current model and elucidate 

whether the SON subnuclei are two inconsecutive nucleus or form a continuous 

nucleus.   

 

6.4.4 Cellular heterogeneity of SON 

It is worth noting that the SON has a heterogenous cell composition, containing MCNs 

and other cell types including interneurons, glia, microglia, oligodendroglia, astrocytes, 

blood vessels, and blood cells. To precisely determine the transcriptional profiles of 

these different cell types, single cell qPCR (Baro et al., 1997; Toledo-Rodriguez and 

Markram, 2014) or single cell RNAseq (Hwang et al., 2018) can be applied instead of 

bulk RNAseq in further studies on the camel SON. Sincel cell RNAseq is a state-of-the-

art technique that allows thousands, or even hundreds of thousands of individual cells 

to be analyzed from the same sample. It has enabled researchers to explore cellular 

heterogeneity within an organ, and even differences between the same cell type 

under different states (Nature Methods, 2019). A transcriptomic study on the 

dromedary SON at single-cell level will extract cell-type-specific signatures that bulk 

RNAseq cannot capture and might answer questions about the potential roles by non-

neuronal cells in the maintenance of fluid balance in this species.  

 

6.4.5 PVN: an important target for future camel research 

Apart from the SON, the PVN is also an important component of the HNS and has been 

implicated in a broad range of homeostatic roles. It is a well-structured region that is 

fundamental in controlling cardiovascular and osmotic equilibrium. It can be divided 

into neuroendocrine and autonomic divisions, both equally important for sustaining 

blood pressure and body fluids within a normal physiological range. MCNs of the PVN 

are the major producers of the AVP and OXT that are responsible for water 

conservation and hydromineral balance. Additionally, the PVN PCNs are involved in 

modulating the hypothalamic–pituitary–adrenal axis and responses to stress (Savić et 
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al., 2022). Based on previous (el May et al., 1987) and current (this work) mapping, 

the camel PVN has a pyramidal form and is situated on the wall of 3V, dorsally to the 

SON. It contains less OXT neurons than the AVP neurons.  

        The overall gene expression change of the camel PVN in response to osmotic 

challenge has never been characterized before. To bridge this knowledge gap in future 

studies, it will be of great interest to perform transcriptomic studies on the PVN from 

the same animals used in the current study. The camel PVN will be comprehensively 

mapped by RNAscope and/or IHC to build 3D models to facilitate sample harvest. The 

isolated camel PVN samples can be used for bulk RNAseq to study the average global 

gene expression profiles in response to DH and RH, and the transcriptomes can be 

compared to the camel SON to study any differences between their osmoregulatory 

roles. Alternatively, the samples can be processed using the single cell RNAseq method 

that captures individual measurements across up to 20000 cells simultaneously, which 

will allow the identification of the transcription profiles correspond to each cell type, 

especially the MCNs and PCNs of the PVN.  

 

6.4.6 Kidney AVP production evoked by hypertonic stress 

It has been traditionally assumed that AVP is only produced by the neurohypophyseal 

system and then released into the circulation where it acts to regulate water 

homeostasis. However, the syndrome of inappropriate antidiuretic hormone (AVP) 

secretion has raised questions whether it is possible for this hormone to be produced 

outside of the brain and whether the kidney could be a source. To answer these 

questions, a recent study (Arroyo et al., 2022) revealed that biologically active AVP is 

produced in the mouse collecting duct cells, and the AVP expression was increased by 

water restriction and NaCl-mediated hypertonicity at both mRNA and protein levels. 

There are other data indicate that kidney-derived AVP mRNA expression is elevated in 

mice after kidney injury (Kirita et al., 2020), suggesting that the local AVP production 

in kidney might be associated with pathways beyond fluid balance. Based on this 

knowledge, future studies will also involve the detection and measurement of kidney 

AVP across control, DH and RH conditions. This will extend the current model in which 

AVP is solely produced in the camel brain under physiologic conditions and could 
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provide novel insights as to how the AVP system affect kidney functions in health and 

disease.  

 

6.5 Conclusions 

This work has embarked on an in-depth transcriptomic analysis of the dromedary SON 

under control and long-term DH conditions. Core genes that have been regulated by 

DH were also examined for their expression during a subsequent RH. The AVP 

expression is elevated as a consequence of DH and is maintained at high levels during 

RH in preparation for the likely prospect of DH. The common elements shared by 

camel and rat include the increased protein processing, ER stress and UPR due to the 

accumulation of unfolded/misfolded proteins, structural remodelling in the ECM, and 

increased local AGT expression in the SON during DH. Additionally, genes and 

pathways that were unique to the dromedary camels were also identified, such as the 

upregulation of CCKAR transcription by DH, which is latterly reversed by RH. This may 

suggest a role for the SON in regulating food/thirst satiety in addition to fluid 

homeostasis. Some of the core genes appeared to be reversed by RH but were not 

fully restored to the baseline, while others did. This work is exploratory, as it 

frequently generates insights of candidate genes and pathways that could have 

important roles in maintaining water homeostasis in desert mammals for future 

functional studies to explore. Since these conclusions are drawn based on data 

collected in a desert-specialized mammalian model, this work will add knowledge to 

the growing health crisis in other mammals due to the mounting effects of aridity 

stress derived from environmental issues. From a therapeutic perspective, this work 

will provide new insights to DH-related neurodegenerative diseases and kidney 

dysfunctions that could be resulted from unhealthy drinking patterns in humans.  
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Appendix A 

Genomic sequences of AVP and OXT genes 
in different species  

Genomic sequences of AVP and OXT genes (start: 350 bp upstream of the start codon, end: 
100 bp downstream of the stop codon) in all species involved for comparison in this study are 
listed. Grey: regulatory region; turquoise blue: CATAAA box/AATAAA box; yellow: exons; 
uncoloured text between exons: introns; green: start codon; red: stop codon; bold text: 5’-
UTR or 3’-UTR, “N”s: gaps in genomic DNA region.   

 
> Camelus dromedarius AVP gene 

ACTCCCCTCAGCCCACCCCTGTTGTCCCTCTCTTGAATCTAGAGAATTGCAATCACAGTCATGGCAGCTGCTGTC

ACACCGCAGCCGCACCACTGCCAATGACAGCCCAGAGGCCAGCACCCATCCCCCACGTCCCCTGCACAGACAG

GCCCACGTGCGTCCCTAGATGCCTGAATCACTGCTGACGACTTGGGACCTGGCGGTTGTGGGCTCCTGGGGAG

CCACTGGGGAGGGGGGTGGCAGCCACGTCACATCCGAGGGGACACCTGCGGACATAAATAGGCAGCCAGCGA

CAGCAGCGCAGCACAGTCCACAGAGCAGCACTGTACACTGTGCCCACCTGCGCCAGGATGCCGGACACCATG

CTACCTGCCTGCTTCCTCAGCCTGCTGGCCTTCACCTCGGCGTGCTACTTCCAGAACTGCCCACGGGGAGGCAA

GAGGGCCATGTCCGACCTGGAGCTGAGACAGGTATGACCGCGGCCCATCTCAGGGCTGCTGGGCAGGGGCAG

AGGCCCAGGGATGGCACCACAGTGCAGGGCTAGGAAGTCGTGGGAGAGGCAGGCTTCAGGGGAAGTGCCCA

GAGGAAGAAGGGAAGCTTGGCATGGCAGGGCCGAGGGGACAAGGCTGTAGGCTGTGGGGCAGGCTAGGAC

AGGCTGCAGGGCTTCCTGGACGCCGTCCTATGCAGACAACGGATGCAGGAAAGAGAGGTGTTTCCCCAGTAAC

TGAGCTTGGGGCTGGATCAGGGAGAACTGGGCAGAGAGGCTTCCTCTGTGCTCATTGGGGGTCTTCTCCAGCT

GGAGCTTGAAGGCTCCGTTGTCCCCAGCACTCGAGGCCTTCCCTGTTCAGCCCCCACCCTCTCCTAGCTATGGGC

CCTGGGCCCCAGGCCCCACACAGAAAGTGGCCATTGTTCTGAGCTTGCCTGAGTGGGCAGTACCCCTCAAGCAT

CCTGTGAGGAAGTTCTACTGGGTACCTAGCCCAGGTCTCTAGCTGCACGTCCAGTCCACTCCCTTTTACTCCGTT

TTCAACAGAGCTGAAGGAAATCCAATCACCAGGCTCAGTTCTGCTGAGGCCACAGGCGGCCAATTTTGAGCAG

TTGAATAAACTAGAGTGGGGATGGGCAGCCCCCACAGACCACCATCCCTCTGCTTGGCAGCTTTGGAAGCCGA

GTCACCTAGGCACCTCATGCCCTTCTCTAGGGCCTGGGGACCTGCCACCCACATGGTCCATGGCGGGTGAGCAG

AGGTCAGGGCCCCAGTGAGAACCACTGGCTCGGGGTGGGGGGCGCAGAGCAGGGCAAAGCAAAGCCAGACA

GGGTACAGGACATGGGAGGGCGGACCTGGGGGTGTTCTGAGGGGCGGGGCTAGAGATGGGGCTTGAGCATC

ACGGGCAGAGCAGGAAAGTCTGCATTAGGGGGAGGGTGGCGGGCAGCCTACAGAGGGGCGCACACCTTGAG

GCCCCAGAGAACCCCAAGCTGAGAAGGAAGGTCTTTTTCATGGAGCCTACGGGGGATCCCTCCCTCAACAGAG

GGGAGGATGCTGAGGGCTGTCACTGAGAGCTGGTCCTCAGTCACCTGAAAAGCAAGGGAATTGAGTAGCTTTT

GATTCTCCTCCTTGGACGGCTTTTGGGGCCCAAACAGCGCCAGGGAGACACCAACCTCCGGCGCTCCTCCTCCT

CGCCCTCCCCCGCCCGGCTCAGCCCCCCGCCCTTGCCCCCCCGGCCTCTCGGGGTCTCCCGACCCAGCCCGGCCC

CCTCCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAGGCCGCTGC

TTCGGGCCCAGCATCTGCTGCGGGGACGAGCTGGGCTGCTTCGTGGGCACGGCCGAGGCGCTGCGCTGCCAG

GAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGGGCCGCTGCGCCGCC
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GCCGGCATCTGCTGCAACGACGGTGCGCGGCGCGGGGGGCGGGGGCCGGGGGCCGGGCGGATCCGGATCTG

GCGGGGGCTGCGGGCGGGCGGATCTGGGTCCGGGCCGGGGCCGGGAGGCCGGGACCCCCCGAGTTGCGCCC

CGGCGCCGCACGCTCATCCCGTGCTCCCCGCAGAGAGCTGCATGACGGAGCCCGAGTGCCGGGAGGGCGCCG

GCTTCCCCCGCCGCGCCCGCGCCAGCGACCGGAGCAACGCGACCCTGCTGGACGGGCCGACCGGGGCCTTGCT

GCTACGGCTGGTGCAGCTGGCGGGGGCGCCCGAGCCCGCGGAGCACGCCCAGCCCGGCGTCTACTGAGCCTC

CTTGCCCGCCCCACCCCACTTTCGCAGCACGAAAAATAAATCATTTAAAAGGCACTGGCCTGTGTGCGTCGTCT

TCTCCCGGGTTCGGGAGGGGAGCGGTAGGGTGGGGGGCCAGTTCTCAGACACGAAGTCGTGGGCAGATCCAC

CCCAAAA 

 

> Camelus ferus AVP gene  

ACTCCCCTCAGCCCACCCCTGTTGTCCCTCTCTTGAATCTAGAGAATTGCAATCACAGTCATGGCAGCTGCTGTC

ACACCGCAGCCGCACCACTGCCAATGACAGCCCAGAGGCCAGCACCCATCCCCCACGTCCCCTGCACAGACAG

GCCCACGTGCGTCCCTAGATGCCTGAATCACTGCTGACGACTTGGGACCTGGCGGTTGTGGGCTCCTGGGGAG

CCACTGGGGAGGGGGGTGGCAGCCACGTCACATCCGAGGGGACACCTGCGGACATAAATAGGCAGCCAGCGA

CAGCAGCGCAGCACAGTCCACAGAGCAGCACTGTACACTGTGCCCACCTGCGCCAGGATGCCGGACACCATG

CTACCTGCCTGCTTCCTCAGCCTGCTGGCCTTCACCTCGGCGTGCTACTTCCAGAACTGCCCACGGGGAGGCAA

GAGGGCCATGTCCGACCTGGAGCTGAGACAGGTATGACCGCGGCCCATCTCAGGGCTGCTGGGCAGGGGCAG

AGGCCCAGGGATGGCACCACAGTGCAGGGCTAGGAAGTCGTGGGAGAGGCAGGCTTCAGGGGAAGTGCCCA

GAGGAAGAAGGGAAGCTTGGCATGGCAGGGCCGAGGGGACAAGGCTGTAGGCTGTGGGGCAGGCTAGGAC

AGGCTGCAGGGCTTCCTGGACGCCGTCCTATGCAGACAACGGATGCAGGAAAGAGAGGTGTTTCCCCAGTAAC

TGAGCTTGGGGCTGGATCAGGGAGAACTGGGCAGAGAGGCTTCCTCTGTGCTCATTGGGGGTCTTCTCCAGCT

GGAGCTTGAAGGCTCCGTTGTCCCCAGCACTCGAGGCCTTCCCCGTTCAGCCCCCACCCTCTCCTAGCTATGGGC

CCTGGGCCCCAGGCCCCACACAGAAAGTGGCCATTGTTCTGAGCTTGCCTGAGTGGGCAGTACCCCTCAAGCAT

CCTGTGAGGAAGTTCTACTGGGTACCTAGCCCAGGTCTCTAGCTGCACGTCCAGTCCACTCCCTTTTACTCCGTT

TTCAGCAGAGCTGAAGGAAATCCAATCACCAGGCTCAGTTCTGCTGAGGCCACAGGCGGCCAATTTTGAGCAG

TTGAATAAACTAGAGTGGGGATGGGCAGCCCCCACAGACCACCATCCCTCTGCTTGGCAGCTTTGGAAGCCGA

GTCACCTAGGCACCTCATGCCCTTCTCTAGGGCCTGGGGACCTGCCACCCACATGGTCCATGGCGGGTGAGCAG

AGGTCAGGGCCCCAGTGAGGCCCACTGGCTCGGGGTGGGGGGCGCAGAGCAGGGCAAAGCAAAGCCAGACA

GGGTACAGAAAAATGGGAGGGCGGACCTGGGGGTGTTCTGAGGGGCGGGGCTAGAGATGGGGCTTGAGCAT

CACGGGCAGAGCAGGAAAGTCTGCATTAGGGGGAGGGTGGCGGGCAGCCTACAGAGGGGCGCACACCTTGA

GGCCCCAGAGAACCCCAAGCTGAGAAGGAAGGTCTTTTTCATGGAGCCTACGGGGGATCCCTCCCTCAACAGA

GGGGAGGATGCTGAGGGCTGTCACTGAGAGCTGGTCCTCAGTCACCTGAAAAGCAAGGGAATTGAGTAGCTT

TTGATTCTCCTCCTTGGACGGCTTTTGGGGCCCAAACAGCGCCAGGGAGACACCAACCTCCGGCGGTCCTCCTC

CTCGCCCTCCCCCGCCCGGCTCAGCCCCCCGCCCTTGCCCCCCGGCCTCTCGGGGTCTCCCGACCCAGCCTGGCC

CCCTTCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAGGCCGCTG

CTTCGGGCCCAGCATCTGCTGCGGGGATGAGCTGGGCTGCTTCGTGGGCACGGCCGAGGCGCTGCGCTGCCA

GGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGGGCCGCTGCGCCGC

CGCCGGCATCTGCTGCAACGACGGTGCGCGGCGCGGGGGGCGGGGGCCGGGGGCCGGGCGGATCCGGATCT
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GGCGGGGGCTGCGGGCGGGCGGATCTGGGTCCGGGCCGGGGCCGGGAGGTCGGGACCCCCCGAGTTGCGCC

CCGGCGCCGCGCGCTCATCCCGTGCTCCCCGCAGAGAGCTGCATGACGGAGCCCGAGTGCCGGGAGAGCGCC

GGCTTCCCCCGCCGCGCCCGCGCCAGCGACCGGAGCAACGCGACCCTGCTGGACGGGCCGACCGGGGCCTTG

CTGCTACGGCTGGTGCAGCTGGCGGGGGCGCCTGAGCCCGCGGAGCACGCCCAGCCCGGCGTCTACTGAGCC

TCCTTGCCCGCCCCACCCCACTTTCGCAGCACGAAAAATAAATCATTTAAAAGGCACTGGCCTGTGTGCGTCGT

CTTCTCCCGGGTTCGGGAGGGGAGCGGTAGGGTGGGGGGCCAGCTCTCAGACACGAAGTCGTGGGCAGATCC

ACCCCAAAA 

 

> Camelus bactrianus AVP gene 

ACTCCCCTCAGCCCACCCCTGTTGTCCCTCTCTTGAATCTAGAGAATTGCAATCACAGTCATGGCAGCTGCTGTC

ACACCGCAGCCGCACCACTGCCAATGACAGCCCAGAGGCCAGCACCCATCCCCCACGTCCCCTGCACAGACAG

GCCCACGTGCGTCCCTAGATGCCTGAATCACTGCTGACGACTTGGGACCTGGCGGTTGTGGGCTCCTGGGGAG

CCACTGGGGAGGGGGGTGGCAGCCACGTCACATCCGAGGGGACACCTGCGGACATAAATAGGCAGCCAGCGA

CAGCAGCGCAGCACAGTCCACAGAGCAGCACTGTACACTGTGCCCACCTGCGCCAGGATGCCGGACACCATG

CTACCTGCCTGCTTCCTCAGCCTGCTGGCCTTCACCTCGGCGTGCTACTTCCAGAACTGCCCACGGGGAGGCAA

GAGGGCCATGTCCGACCTGGAGCTGAGACAGGTATGACCGCGGCCCATCTCAGGGCTGCTGGGCAGGGGCAG

AGGCCCAGGGATGGCACCACAGTGCAGGGCTAGGAAGTCGTGGGAGAGGCAGGCTTCAGGGGAAGTGCCCA

GAGGAAGAAGGGAAGCTTGGCATGGCAGGGCCGAGGGGACAAGGCTGTAGGCTGTGGGGCAGGCTAGGAC

AGGCTGCAGGGCTTCCTGGACGCCATCCTATGCAGACAACGGATGCAGGAAAGAGAGGTGTTTCCCCAGTAAC

TGAGCTTGGGGCTGGATCAGGGAGAACTGGGCAGAGAGGCTTCCTCTGTGCTCATTGGGGGTCTTCTCCAGCT

GGAGCTTGAAGGCTCCGTTGTCCCCAGCACTCGAGGCCTTCCCCGTTCAGCCCCCACCCTCTCCTAGCTATGGGC

CCTGGGCCCCAGGCCCCACACAGAAAGTGGCCATTGTTCTGAGCTTGCCTGAGTGGGCAGTACCCCTCAAGCAT

CCTGTGAGGAAGTTCTACTGGGTACCTAGCCCAGGTCTCTAGCTGCACGTCCAGTCCACTCCCTTTTACTCCGTT

TTCAGCAGAGCTGAAGGAAATCCAATCACCAGGCTCAGTTCTGCTGAGGCCACAGGCGGCCAATTTTGAGCAG

TTGAATAAACTAGAGTGGGGATGGGCAGCCCCCACAGACCACCATCCCTCTGCTTGGCAGCTTTGGAAGCCGA

GTCACCTAGGCACCTCATGCCCTTCTCTAGGGCCTGGGGACCTGCCACCCACATGGTCCATGGCGGGTGAGCAG

AGGTCAGGGCCCCAGTGAGGCCCACTGGCTCGGGGTGGGGGGCGCAGAGCAGGGCAAAGCAAAGCCAGACA

GGGTACAGAAAAATGGGAGGGCGGACCTGGGGGTGTTCTGAGGGGCGGGGCTAGAGATGGGGCTTGAGCAT

CACGGGCAGAGCAGGAAAGTCTGCATTAGGGGGAGGGTGGCGGGCAGCCTACAGAGGGGCGCACACCTTGA

GGCCCCAGAGAACCCCAAGCTGAGAAGGAAGGTCTTTTTCATGGAGCCTACGGGGGATCCCTCCCTCAACAGA

GGGGAGGATGCTGAGGGCTGTCACTGAGAGCTGGTCCTCAGTCACCTGAAAAGCAAGGGAATTGAGTAGCTT

TTGATTCTCCTCCTTGGACGGCTTTTGGGGCCCAAACAGCGCCAGGGAGACACCAACCTCCGGCGGTCCTCCTC

CTCGCCCTCCCCCGCCCGGCTCAGCCCCCCGCCCTTGCCCCCCGGCCTCTCGGGGTCTCCCGACCCAGCCTGGCC

CCCTTCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAGGCCGCTG

CTTCGGGCCCAGCATCTGCTGCGGGGATGAGCTGGGCTGCTTCGTGGGCACGGCCGAGGCGCTGCGCTGCCA

GGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGGGCCGCTGCGCCGC

CGCCGGCATCTGCTGCAACGACGGTGCGCGGCGCGGGGGGCGGGGGCCGGGGGCCGGGCGGATCCGGATCT

GGCGGGGGCTGCGGGCGGGCGGATCTGGGTCCGGGCCGGGGCCGGGAGGTCGGGACCCCCCGAGTTGCGCC
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CCGGCGCCGCGCGCTCATCCCGTGCTCCCCGCAGAGAGCTGCATGACGGAGCCCGAGTGCCGGGAGAGCGCC

GGCTTCCCCCGCCGCGCCCGCGCCAGCGACCGGAGCAACGCGACCCTGCTGGACGGGCCGACCGGGGCCTTG

CTGCTACGGCTGGTGCAGCTGGCGGGGGCGCCTGAGCCCGCGGAGCACGCCCAGCCCGGCGTCTACTGAGCC

TCCTTGCCCGCCCCACCCCACTTTCGCAGCACGAAAAATAAATCATTTAAAAGGCACTGGCCTGTGTGCGTCGT

CTTCTCCCGGGTTCGGGAGGGGAGCGGTAGGGTGGGGGGCCAGCTCTCAGACACGAAGTCGTGGGCAGATCC

ACCCCAAAA 

 

> Vicugna vicugna AVP gene 

CTCCCCTCAGCCCACCCCCTGTTGTCCCTCTCTTGAATCTAGAGAATTGCGATCACAGTCATGGCAGCTGCTGTC

ACACCGCAGCCACACCACTGCCGATGACAGCCCAGAGGCCGGCACCCCTCCCCCACGTCCCCTGCACAGACAG

GCCCACGTGCGTCCCTAGATGCCTGAATCACTGCTGACGACTTGGGACCTGGCGGCCGTGGGCTCCTGGGGAG

CCACTGGGGAGGGGGGTGGCAGCCACGTCACCTCCGAGGGGACACCTGCGGACATAAATAGGCAGCCAGCGA

CAGCAGCGCAGCACAGTCCACAGAGCAGCACTGCACACTGTGCCCACCTGCGCCAGGATGACGGACACCATG

CTACCCGCCTGCTTCCTCAGCCTGCTGGCCTTCACCTCGGCGTGCTACTTCCAGAACTGCCCACGGGGAGGCAA

GAGGGCCATGTCCGACCTGGAGCTGAGACAGGTATGACCGCGGCCCATCTCAGGGCTGCTGGGCAGGGGCAG

AGGCCCAGGGATGGCACCACAGTGCAGGGCTAGGAAGTCGTGGGAGAGGCAGGCTTCAGGGGAAGTGCCCA

GAGGAAGAAGGGAGGCTTGACATGGCAGAGCCGAGGGGACAAGGCTGTAGGCTGTGGGGCAGGCTAGGAC

AGGCTGCAGGGCTTCCTGGACGCCATCCTATCCAGACAAGGGATGCAGGAAAGAGAGGTGTTTCCCCAGTAAC

TGAGCTTGGGGCTGGATACCGGAGAACTGGGCAGAGAGGCTTCCTCTGTGCTCATGGGGGGTCTTCTCCAGCT

GAAGCTTGAAGGCTCAGTCTTCCCCAGCACTCGAGGCCTTCCCCATTCAGCCCCTACCCTCTTCTAGCTATGGGC

CCCAGGCCCCACACAGAAAGTGGCCATTGCTCTGAGCTTGCCTGAGTGGGCAGTACCCCTCAAGCATCCTGTGA

GGAAGTTCTACTGGGTACCTAGCCCAGGTCTCTAGCTGCACGTCCAGTCCACTCCTTTTTACTCTGTTTTCAGCA

GAGCTGAAGGAAAGCCAATCACCAGGCTCAGTTCTGCCCAGGCCACAGGCGGCCAATTTTGAGCAGTTGAATA

AACTAGAGTGGGGATGGGCAGCCCCCACAGACCACCCTCCCTCTGCTTGGCAGCTTTGGAAAACAAGTCACCTA

AGCACCTCATGCCCTTCTCTAGGGCCTGGGTACCTGCCACCCACATGGTCCACGGCGGATGAGCCGAGGTCAG

GGCTCCAGTGAGGCCCACTAGCTGGGGGTGGGGGGCGCAGAGCAGGGCAAGCAAAGTCAGACAGGGGACAG

GACATGGGAGGGAGGGCCTGGGTGTGTTCTGAGGCGTGGGGCTAGAGATGGGGCTTGAGCATCACGGGCAG

AGCAGGAAAGTCTGCATTAGGGGGAGGGTGGCGGGCAGCCTACAGAGGGCGCACACCTTGAGGCCCCAGAG

ACGCCCAAGCTGAGAAGGAACGTCTTTTTCATGGAGCCCACGGGGGATCCCTCCATCAACAGAGGGGAGGATG

CTGAGGGCTGTCACTGAGAGCTGGTCCTCAGTCACCTGAAAAGCAAGGGAACTGAGTAGATTTTGATTCCCCCC

CTTCCATCGCTGTTGGGGCCCAAACAGCACGAGGTAGACCCCAACCTCGGGCGCTCCTCCGTTCCGCCCTCCCC

CGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCGACCCAGCCCGGCCCCCTCCCCTGTCCCCGGCTCACCC

CCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGC

GGACGAGCTGGGCTGCTTCGTGGGCACGGCCGAGGCGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCC

CTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGGGCCGCTGCGCCGCCGCCGGCATCTGTTTGCGGGCGGG

CGGAGCTGGGACCGGGCCGGGGCCGGGAGGCCGGGACCCCCCGAGTTGCGCCCCGACGCCGCGCGCTCAGC

CCCTGCTCCCCGCAGAGAGCTGCATGACGGAGCCCGAGTGCCGGGAGGGCGCCGGCTTCCCCCGCCGCGCCCG

CGCCAGCGACCGGAGCAACGCGACCCTGCTGGACGGGCCGACCGGGGCCTTGCTGCTACGGCTGGTGCAGCT
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GGCGGGGGCGCCCGAGCCCGCGGAGCCCGCCCAGCCCGGCGTCTACTGAGCCTCCTTGCCCGCCCCGCCCCAC

TTTCGCAGCACGAAAAATAAATCATTTAAAAGGCACTGGCCTGTGTGCGTCGTCTTCTCCCGGGTTCGGAAGG

GGAGAGGCGGGGTGGGGGACCAGTTCTCAGACCCGAAGTCGTGGGCAGAGCCACCCCAAAAA 

 

> Vicugna pacos AVP gene 

CTCCCCTCAGCCCACCCCCTGTTGTCCCTCTCTTGAATCTAGAGAATTGCGATCACAGTCATGGCAGCTGCTGTC

ACACCGCAGCCACACCACTGCCGATGACAGCCCAGAGGCCGGCACCCCTCCCCCACGTCCCCTGCACAGACAG

GCCCACGTGCGTCCCTAGATGCCTGAATCACTGCTGACGACTTGGGACCTGGCGGCCGTGGGCTCCTGGGGAG

CCACTGGGGAGGGGGGTGGCAGCCACGTCACCTCCGAGGGGACACCTGCGGACATAAATAGGCAGCCAGCGA

CAGCAGCGCAGCACAGTCCACAGAGCAGCACTGCACACTGTGCCCACCTGCGCCAGGATGACGGACACCATG

CTACCCGCCTGCTTCCTCAGCCTGCTGGCCTTCACCTCGGCGTGCTACTTCCAGAACTGCCCACGGGGAGGCAA

GAGGGCCATGTCCGACCTGGAGCTGAGACAGGTATGACCGCGGCCCATCTCAGGGCTGCTGGGCAGGGGCAG

AGGCCCAGGGATGGCACCACAGTGCAGGGCTAGGAAGTCGTGGGAGAGGCAGGCTTCAGGGGAAGTGCCCA

GAGGAAGAAGGGAGGCTTGGCATGGCAGAGCCGAGGGGACAAGGCTGTAGGCTGTGGGGCAGGCTAGGAC

AGGCTGCAGGGCTTCCTGGACGCCATCCTATCCAGACAAGGGATGCAGGAAAGAGAGGTGTTTCCCCAGTAAC

TGAGCTTGGGGCTGGATACCGGAGAACTGGGCAGAGAGGCTTCCTCTGTGCTCATGGGGGGTCTTCTCCAGCT

GAAGCTTGAAGGCTCAGTCTTCCCCAGCACTCGAGGCCTTCCCCATTCAGCCCCTACCCTCTTCTAGCTATGGGC

CCCAGGCCCCACACAGAAAGTGGCCATTGCTCTGAGCTTGCCTGAGTGGGCAGTACCCCTCAAGCATCCTGTGA

GGAAGTTCTACTGGGTACCTAGCCCAGGTCTCTAGCTGCACGTCCAGTCCACTCCTTTTTACTCTGTTTTCAGCA

GAGCTGAAGGAAAGCCAATCACCAGGCTCAGTTCTGCCCAGGCCACAGGCGGCCAATTTTGAGCAGTTGAATA

AACTAGAGTGGGGATGGGCAGCCCCCACAGACCACCCTCCCTCTGCTTGGCAGCTTTGGAAAACAAGTCACCTA

AGCACCTCATGCCCTTCTCTAGGGCCTGGGTACCTGCCACCCACATGGTCCACGGCGGATGAGCCGAGGTCAG

GGCTCCAGTGAGGCCCACTAGCTGGGGGTGGGGGGCGCAGAGCAGGGCAAGCAAAGTCAGACAGGGGACAG

GACATGGGAGGGAGGGCCTGGGTGTGTTCTGAGGCGTGGGGCTAGAGATGGGGCTTGAGCATCACGGGCAG

AGCAGGAAAGTCTGCATTAGGGGGAGGGTGGCGGGCAGCCTACAGAGGGCGCACACCTTGAGGCCCCAGAG

ACGCCCAAGCTGAGAAGGAACGTCTTTTTCATGGAGCCCACGGGGGATCCCTCCATCAACAGAGGGGAGGATG

CTGAGGGCTGTCACTGAGAGCTGGTCCTCAGTCACCTGAAAAGCAAGGGAACTGAGTAGATTTTGATTCCCCCC

CTTCCATCGCTGTTGGGGCCCAAACAGCACGAGGTAGACCCCAACCTCGGGCGCTCCTCCGTTCCGCCCTCCCC

CGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCGACCCAGCCCGGCCCCCTCCCCTGTCCCCGGCTCACCC

CCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGC

GGACGAGCTGGGCTGCTTCGTGGGCACGGCCGAGGCGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCC

CTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGGGCCGCTGCGCCGCCGCCGGCATCTGCTGCACCGCAGN

NNNNNNNNNNNNNNNNNNNNNNNATCCGGATCTGGCGGGGGCGGGGGGCTGCGGGCGGGCGGATCTGG

GTCCGGGCCGGGGCCGGGAGGCCGGGACCCCCCGAGTTGCGCCCCGACGCCGCGCGCTCAGCCCCTGCTCCCC

GCAGAGAGCTGCATGACGGAGCCCGAGTGCCGGGAGGGCGCCGGCTTCCCCCGCCGCGCCCGCGCCAGCGAC

CGGAGCAACGCGACCCTGCTGGACGGGCCGACCGGGGCCTTGCTGCTACGGCTGGTGCAGCTGGCGGGGGCG

CCCGAGCCCGCGGAGCCCGCCCAGCCCGGCGTCTACTGAGCCTCCTTGCCCGCCCCGCCCCACTTTCGCAGCAC
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GAAAAATAAATCATTTAAAAGGCACTGGCCTGTGTGCGTCGTCTTCTCCCGGGTTCGGAAGGGGAGAGGCGG

GGTGGGGGACCAGTTCTCAGACCCGAAGTCGTGGGCAGAGCCACCCCAAAA 

 

> Lama guanicoe AVP gene 

CTCCCCTCAGCCCACCCCCTGTTGTCCCTCTCTTGAATCTAGAGAATTGCGATCACAGTCATGGCAGCTGCTGTC

ACACCGCAGCCACACCACTGCCGATGACAGCCCAGAGGCCGGCACCCCTCCCCCACGTCCCCTGCACAGACAG

GCCCACGTGCGTCCCTAGATGCCTGAATCACTGCTGACGACTTGGGACCTGGCGGCCGTGGGCTCCTGGGGAG

CCACTGGGGAGGGGGGTGGCAGCCACGTCACCTCCGAGGGGACACCTGCGGACATAAATAGGCAGCCAGCGA

CAGCAGCGCAGCACAGTCCACAGAGCAGCACTGCACACTGTGCCCACCTGCGCCAGGATGCCGGACACCATG

CTACCCGCCTGCTTCCTCAGCCTGCTGGCCTTCACCTCGGCGTGTTACTTCCAGAACTGCCCACGGGGAGGCAA

GAGGGCCATGTCCGACCTGGAGCTGAGACAGGTATGACCGCGGCCCATCTCAGGGCTGCTGGGCAGGGGCAG

AGGCCCAGGGATGGCACCACAGTGCAGGGCTAGGAAGTCGTGGGAGAGGCAGGCTTCAGGGGAAGTGCCCA

GAGGAAGAAGGGAGGCTTGGCATGGCAGAGCCGAGGGGACAAGGCTGTAGGCTGTGGGGCAGGCTAGGAC

AGGCTGCAGGGCTTCCTGGACGCCGTCCTATCCAGACAAGGGATGCAGGAAAGAGAGGTGTTTCCCCAGTAAC

TGAGCTTGGGGCTGGATACCGGAGAACTGGGCAGAGAGGCTTCCTCTGTGCTCATGGGGGGTCTTCTCCAGCT

GAAGCTTGAAGGCTCAGTCTTCCCCAGCACTCGAGGCCTTCCCCATTCAGCCCCTACCCTCTTCTAGCTATGGGC

CCCAGGCCCCACACAGAAAGTGGCCATTGCTCTGAGCTTGCCTGAGTGGGCAGTACCCCTCAAGCATCCTGTGA

GGAAGTTCTACTGGGTACCTAGCCCAGGTCTCTAGCTGCACGTCCAGTCCACTCCCTTTTACTCTGTTTTCAGCA

GAGCTGAAGGAAAGCCAATCACCAGGCTCAGTTCTGCCCAGGCCACAGGCGGCCAATTTTGAGCAGTTGAATA

AACTAGAGTGGGGATGGGCAGCCCCCACAGACCACCCTCCCTCTGCTTGGCAGCTTTGGAAAACGAGTCACCT

AGGCACCTCATGCCCTTCTCTAGGGCCTGGGTACCTGCCACCCACATGGTCCACGGCGGATGAGCCGAGGTCA

GGGCTCCAGTGAGGCCCACTAGCTGGGGGTGGGGGGCGCAGAGCAGGGCAAGCAAAGTCAGACAGGGGACA

GGACATGGGAGGGAGGGCCTGGGTGTGTTCTGAGGCGTGGGGCTAGAGATGGGGCTTGAGCATCACGGGCA

GAGCAGGAAAGTCTGCATTAGGGGGAGGGTGGCGGGCAGCTTACAGAGGGCGCACACCTTGAGGCCCCAGA

GACGCCCAAGCTGAGAAGGAACGTCTTTTTCATGGAGCCCACGGGGGATCCCTCCATCAACAGAGGGGAGGAT

GCTGAGGGCTGTCACTGAGAGCTGGTCCTCAGTCACCTGAAAAGCAAGGGAACTGAGTAGATTTTGATTCCCC

CCCTTCCATCGCTGTTGGGGCCCAAACAGCACGAGGTAGACCCCAACCTCGGGCGCTCCTCCGTTCCGCCCTCC

CCCGCCCGGCTCCGCACCCCCGGCCTCTCGGGGTCTCCCGACCCAGCCCGGCCCCCTCCCCTGTCCCCGGCTCAC

CCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGC

GCGGACGAGCTGGGCTGCTTCGTGGGCACGGCCGAGGCGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCG

CCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGGTGCGGGCGGGGCGGGCGGGCGGGCGGAGCTGGG

ACCGGGCCGGGGCCGGGAGGCCGGGACCCCCCGAGTTGCGCCCCGGCGCCGCGCGCTCAGCCCCTGCTCCCC

GCAGAGAGCTGCATGACGGAGCCCGAGTGCCGGGAGGGCGCCGGCTTCCCCCGCCGTGCCCGCGCCAGCGAC

CGGAGCAACGGGACCCTGCTGGACGGGCCGACCGGGGCCTTGCTGCTACGGCTGGTGCAGCTGGCGGGGGC

GCCGGAGCCCGCGGAGCCCGCCCAGCCCGGCGTCTACTGAGCCTCCTTGCCCGCCCCGCCCCACTTTCGCAGCA

CGAAAAATAAATCATTTAAAAGGCACTGGCCTGTGTGCGTCGTCTTCTCCCGGGTTCGGAAGGGGAGAGGCG

GGGTGGGGGACCAGTTCTCAGACCCGAAGTCGTGGGCAGAGCCACCCCAAAAA 
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> Lama glama AVP gene 

CTCCCCTCAGCCCACCCCCTGTTGTCCCTCTCTTGAATCTAGAGAATTGCGATCACAGTCATGGCAGCTGCTGTC

ACACCGCAGCCACACCACTGCCGATGACAGCCCAGAGGCCGGCACCCCTCCCCCACGTCCCCTGCACAGACAG

GCCCACGTGCGTCCCTAGATGCCTGAATCACTGCTGACGACTTGGGACCTGGCGGCCGTGGGCTCCTGGGGAG

CCACTGGGGAGGGGGGTGGCAGCCACGTCACCTCCGAGGGGACACCTGCGGACATAAATAGGCAGCCAGCGA

CAGCAGCGCAGCACAGTCCACAGAGCAGCACTGCACACTGTGCCCACCTGCGCCAGGATGCCGGACACCATG

CTACCCGCCTGCTTCCTCAGCCTGCTGGCCTTCACCTCGGCGTGCTACTTCCAGAACTGCCCACGGGGAGGCAA

GAGGGCCATGTCCGACCTGGAGCTGAGACAGGTATGACTGCGGCCCATCTCAGGGCTGCTGGGCAGGGGCAG

AGGCCCAGGGATGGCACCACAGTGCAGGGCTAGGAAGTCGTGGGAGAGGCAGGCTTCAGGGGAAGTGCCCA

GAGGAAGAAGGGAGGCTTGGCATGGCAGAGCCGAGGGGACAAGGCTGTAGGCTGTGGGGCAGGCTAGGAC

AGGCTGCAGGGCTTCCTGGACGCCGTCCTATCCAGACAAGGGATGCAGGAAAGAGAGGTGTTTCCCCAGTAAC

TGAGCTTGGGGCTGGATACCGGAGAACTGGGCAGAGAGGCTTCCTCTGTGCTCATGGGGGGGTCTTCTCCAGC

TGAAGCTTGAAGGCTCAGTCTTCCCCAGCACTCGAGGCCTTCCCCATTCAGCCCCTACCCTCTTCTAGCTATGGG

CCCCAGGCCCCACACAGAAAGTGGCCATTGCTCTGAGCTTGCCTGAGTGGGCAGTACCCCTCAAGCATCCTGTG

AGGAAGTTCTACTGGGTACCTAGCCCAGGTCTCTAGCTGCACGTCCAGTCCACTCCCTTTTACTCTGTTTTCAGC

AGAGCTGAAGGAAAGCCAATCACCAGGCTCAGTTCTGCCCAGGCCACAGGCGGCCAATTTTGAGCAGTTGAAT

AAACTAGAGTGGGGATGGGCAGCCCCCACAGACCACCCTCCCTCTGCTTGGCAGCTTTGGAAAACGAGTCACC

TAGGCACCTCATGCCCTTCTCTAGGGCCTGGGTACCTGCCACCCACATGGTCCACGGCGGATGAGCCGAGGTCA

GGGCTCCAGTGAGGCCCACTAGCTGGGGGTGGGGGGCGCAGAGCAGGGCAAGCAAAGTCAGACAGGGGACA

GGACATGGGAGGGAGGGCCTGGGTGTGTTCTGAGGCGTGGGGCTAGAGATGGGGCTTGAGCATCACGGGCA

GAGCAGGAAAGTCTGCATTAGGGGGAGGGTGGCGGGCAGCCTACAGAGGGCGCACACCTTGAGGCCCCAGA

GACGCCCAAGCTGAGAAGGAACGTCTTTTTCATGGAGCCCACGGGGGATCCCTCCATCAACAGAGGGGAGGAT

GCTGAGGGCTGTCACTGAGAGCTGGTCCTCAGTCACCTGAAAAGCAAGGGAACTGAGTAGATTTTGATTCCCC

CCCTTCCATCGCTGTTGGGGCCCAAACAGCACGAGGTAGACCCCAACCTCGGGCGCTCCTCCGTTCCGCCCTCC

CCCGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCGACCCAGCCCGGCCCCCNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNGGCGCCGCGGGCCCAGCCCCTGCTCCCCGCAGAGAGCTGCATGAC

GGAGCCCGAGTGCCGGGAGGGCGCCGGCTTCCCCCGCCGTGCCCGCGCCAGCGACCGGAGCAACGGGACCCT

GCTGGACGGGCCGACCGGGGCCTTGCTGCTACGGCTGGTGCAGCTGGCGGGGGCGCCGGAGCCCGCGGAGC

CCGCCCAGCCCGGCGTCTACTGAGCCTCCTTGCCCGCCCCGCCCCACTTTCGCAGCACGAAAAATAAATCATTT

AAAAGGCACTGGCCTGTGTGCGTCGTCTTCTCCCGGGTTCGGAAGGGGAGAGGCGGGGTGGGGGACCAGTTC

TCAGACCCGAAGTCGTGGGCAGAGCCACCCCAAAAA 

 

> Homo sapiens AVP gene 

AGATGGTCTCCAGGTGACCCCCCAGTCTGTCCCTCTCCCTGAATCCAGAGCGCTGCAGTCACAGTAGAGGCAAT

TGCTGTCATTCCGCGGCCCATGACAGCCTGGCGGCCCGTACCCCTCCCCTATGATCCCCTGCACAGACAGGCCC

ACGTGTGTCCCCAGATGCCTGAATCACTGCTGACGGCTGGGGACCTGGCGGCCGTGGGCTCCTGGGGAGCCAC
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TGGGGAGGGGGTGGCGGCCGCGTCTCGCCTCCACGGGAACACCTGCGGACATAAATAGGCAGCCAGCAGAG

GCAGCAGCACAGAGCCACCAAGCAGTGCTGCATACGGGGTCCACCTGTGTGCACCAGGATGCCTGACACCAT

GCTGCCCGCCTGCTTCCTCGGCCTACTGGCCTTCTCCTCCGCGTGCTACTTCCAGAACTGCCCGAGGGGCGGCA

AGAGGGCCATGTCCGACCTGGAGCTGAGACAGGTACTTCCCACTGTGGGCCATCTCAGGGCTGCCATAGCGGG

CAGTGCTGACACCCTGGGTCAGGGGCTAGGAAAGAGGGAAGTCATGGGTGGTGGTAGCCTTTAGGGGAAGTT

CGGGGGAGGAAGAGGGAGGCATGGCATGGCTGGGCAGAGGAGCCAATGGGGTGGGCCAGAGGGGACCAG

GCTTTGGAGGAGGCTGGGAGAGGCTGAAGGCGCTCCTGGTCACTGTCGCCATCCAGACAGGGATGCAGGGAA

ATGAGGGATGCTTCCCCGGTGACTGGGCTTGGGGCTGGATAGGGAGAACGGGGCATCATGGCCTCCCCTGTG

CCCATGGCGTTCTTGCATCTGGACTGGCTGGGGCAGCAGAGGCTCCATCCTACCTAGCATTGGAGGCTTTCCTC

ATCCAGCCCCAGCCTCCCAGCCACAGGCGCCCAGGCCCCCACACAGAAGATGGCCACTGGTCTGAGCGCGCTT

GAGTGGGGCATCCTGTGGGGAAGTTCTGCTGGGAACCTGGCCTAATTCTATAGTGCTGGACGTTTCCTCCATTT

CCAGCAGAGCTGAAGGAAATCCAATCACGATGTGCATGCAATTCTGTCCAGGCTCAATGATGAGCCCTTGAGCA

AATTAGACCACACCAGGCTCAGCTAAAAGTCTAATGCGCTATCCATTGCGCCAGAGAACCGGCTGTTGAGCAGA

TGAGAGTGGCCGCTCGGCAACCCCCGCAGCCTCTCTTCCTCCTGCTAGGCTCCTTTAGGGTCCTGAGGCACCTG

GGTGTCCGTGCTCGCCTCTAGGTCTCAGGCCCCTGCCACCCACCTGATAGGTCATAGGTGGCTGAGCAGGGGTC

AGGGCTCCAGCTGAGGCCGACAAGCTTGGCGGGGGCCAGGGGCAAGGCAAGAGAGGAGACAGGAAATGGG

AAGGGCCGGGGTTCTGGATGGGTAGGGCCTCTCCGCATGGTGTAGTGGGGAAGGGGGTGGGCCCGGGCTCA

AGCCGCAGCAGGGCGAGGAGGAAGGAGGAAGGGTCTGGAGTGGTGGAGGGTGGGGCAGCTGCAACAGTGG

CGCCCACCAGCGATGACCCCGAGGCTCGAGGAAGGGTTCCCCACGCTGTAGTCCACGGGAGACCCGTCCCTAG

CTGAGGGTGAGGACGCTGAGGGCTGTCACCGAGAGGTCATCCAAGAAACCAAGGTGCCGAGCAGATCTGGAC

GCCCCGCCCGTGACCGCGGTCGAGGCCCAGTGGCGCCCGAGCGTGCCTGCAGCCGCAGCCCCGGTGTCCCGCC

CGCACTCCGAGCCCTGGACCCCAGCATCCCCGCCTCGCTGCGTTCCCCTCCAACCCCTCGACTCCCGGCTCCCCT

CCTCCCGCTCACCCCGCCCGTCCCCGCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAGGCCGCTGCTTCGGGCCC

AGCATCTGCTGCGCGGACGAGCTGGGCTGCTTCGTGGGCACGGCTGAGGCGCTGCGCTGCCAGGAGGAGAAC

TACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGGCGTGCGGGAGCGGGGGCCGCTGCGCCGCCTTCGGCGTTT

GCTGCAACGACGGTGCGCGGCGGGGGCGGGCCTGGGGCTGGGGGGGGCGCAGACCGCTTGGGTGGGGGGG

ACGCGGGCCTGCGGCGGGGTGGGGGCTGCGTCGGGCCCGGCAGGGAGGGTGTGGGCCCCCCGCACCCCGAG

CTGCGCCCGCCCCAGGGCGCCCGTGCTCACACGTCCTCCCGGCAGAGAGCTGCGTGACCGAGCCCGAGTGCCG

CGAGGGCTTTCACCGCCGCGCCCGCGCCAGCGACCGGAGCAACGCCACGCAGCTGGACGGGCCGGCCGGGGC

CTTGCTGCTGCGGCTGGTGCAGCTGGCCGGGGCGCCCGAGCCCTTCGAGCCCGCCCAGCCCGACGCCTACTGA

GCCCCGCGCTCGCCCCACCGGCGCGCTCTTCGCGCCCGCCCCTGCAGCACGGACAATAAACCTCCGCCAATGC

ACGGCCTCGCGTCTGTCTCAGTCTCTGGCGGGAAGAGGGAAAGGGAGAGAGGTGGGAGCGCGGACCCCCGCC

ACCACGCCCACCGGCCAGTCCCCGGACCT 

 

> Procavia capensis AVP gene 

GCCTCATCTGGGTATCCAGAAAGCTTGGAGACCACTTGCCTGTCCTCCTCCAGAGTCCAAAAAGCCACAGCCAC

ACGGTGGCAGCTCCTGTCACACTGCTGCAGCACTTCTTCCAGTGACAGCCCAGAGGCCTACACCCCCTCCTGCA

CCAGCCTTACACAGACAGGCCCACGTGTGTCCCCAGATGCCTGAATCACTGCTGACGGCTTGGGACCCGGCGG
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TCGTGGGCTCCTGGGGAGTCACTGAGGAGGGGGTGGCAGCCACGTATCCTCTGAGGGAACACCTGCGGACAT

AAATAGGCAGCCAGTGAAGGCAGCACAGCAGAACTGGTGGAGCAGCGCTGCGCCAAGATGCCTGACACCAC

ACTGCCCGCTTGCTTCCTCGGCCTGCTGGCCCTCACCTCTGCCTGCTACTTCCAGAACTGCCCGAGAGGTGGCAA

GAGAGCTATGCTGGACATGGAACTGAGACAGGTACAATCAACGAAGCCCAGCCTGGGGCTGCCAGGAGTGAC

AGTACCCCAGGGCTGGCACCATGCGGGGCAGTATAGAAGGCAGGCTTTAGGGGAAGTGCCCACAAGGAAGAA

GGTGGCTTGGCATGGCTGGGCAGAGGGGCCAACAGGGTGGGTGAGAGGGAACCAGGCTATCAGGCGGGCTA

GGAAGGACACTGTCTCATTCAGAAAGAAGATGCAGGAAAGGGAGAGATGCTTCCCTCATAACTGGGCTTAGGA

CTGGCTCAGGGAGAGCTGGGTAGCAAGGTCCTCTGTGCCCATGAGGTTCCCACAGTAAAGATGGGCTCTGTCC

TGCCCAGCATTTGAGGCTTCCCCTGTCCAGAACCCACCACAGCCTTTTTGGCTTCAGACACCTCAGCCTCGTCCT

GACTCCCCCTTTCCCAAAGGTGGCCAATTGCTCTGAGCTCTCCTGAGTGGTAAGTGGCTAAGCATTTGGCTGGT

AACCAAAACGTCAGTTCAAATCCACTAGATGGCCCCTTGGAAATCCTATGGAGCACTTCTACTGTGACCTAGGG

GTTGCTGTGAGTAGGAAAGGACTCCATGGCAATTGGTTTGGGTTTTTTTCTTTTTTTGATTTTCTGTTTTCTCCTG

AGTGGAAGGTACTGCCCAAGCATCTTATAAGGAAGTTCTTGTGGGTACCTAGCCTAAGTCTCTCCTGTTGCATG

TCCAGCCAATTCTCTTATTATTTCATGGTCAGCAGAGATGAGGGGAATCTAATCACCATCCTATCTTTCGCTGTG

ACCTTAGGTGGCTCAGTTTCAGCCTGTTGAACATACTGTGGGGGCGAATGCAGGGGCAGGAGGGCAGGCCCC

AAGGGCTATCTTTTCCTCCTTGGCTCATTTGAAAGCCCAGATCCAGTTGGATGCCTGTACCTTCTTCTGGGGCTC

AGACTGCTGGCACCCACTAGATTAGCGCATAGTTGGGTAAGCAGGGGGTCGGGTAAGGGCAAACCAAGAGGG

GAGACAGAATGGGGGCAAGGGCCTGGGTGTGTCCTGGAGGGGGCGCGACCCTGTAAGCCTGCCAGGCAGTA

CTGGAGCTCAAGCTCCAATGAGAGGAGCAGGGAAGGCAAGTCTGGATTAGAGACAGTAGTGGGCAGCTGGAT

CCACACCACCGATAGCCCGGAGCTGAAGAGAAAGGTCTCCCCCTTGGGATAGCCCCTGGGCGCTGCTACTGGC

AGCGGGTCCTCGGTCACCTGGTTTCCAAGGACTAGTAGATTTCGACTTCGCCCGTTGATCGCTTTGGTGCCGAA

AGAGGACCAGAGCAAAGCAGAGCCTCCAGCAGAGTGGCTCCGGGAGTCCGAGCCCGGACCCCAGCATCGCTG

CCCTGCTCACCCGCTCCCTCCCCTCGTCCCCGCCCCGCCTTCCCCGCAGTGCCTCCCCTGCGGCCCCGGGGGCAA

GGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGGGGACGAGCTGGGCTGCTTCATGGGCACCGCCGAGGCGCT

GCGCTGCCAGGAGGAGAACCACCTGCCGTCGCCCTGCCAGTCGGGCCAGAAGCCGTGCGGGAGTGGGGGCCG

CTGCGCCGCCGCCGGCATCTGCTGCTATGAGGGTGAGCCACCCGGAGCGGGGCGCGCTGCGGTTTGGGGTGC

TGACTGCGGTCCTAGGAGGAACGGATGGGGGGGTGCCTGAGCGGGGCCTGGGCGGGTCGAGCCGGGGCTGG

GGTAGTTCGGGCACCCGAGTCACCCCCAGAGAGCGCCGGCCGGCCGGCGCGCTCACCGGTCCCCCTCACAGAG

AGCTGCGTGACTGAGCCCGAGTGCCGGGAGGTCGCCGGCCTGTACCGCCGCGCCCGCGCCAGCGACCGAAGC

AACGCGACTCAGCTGGACGGACCCACGGGGGCCCTGCTGCTGCGGCTGGTGCGGCTGGCGGGGGCGCCCGAA

CCCGACGAGCCCGCCAGGCCGGGCGTCTACTGAGCCCCACCGACCGCCACCCCGGCGCCCTCGCCCCGCCCTTC

CCTTGCGACCAGAAAAATAAACCTTTTTAAATGCACTCAGACTGTCTGTGGTCTGTCTTCGCCTCTGGAGGTGG

GGAGGGGAGGGCGGGGTGGGGTGCAGACCTCCGACTC 

 

> Nannospalax galili AVP gene 

AGATATGGGCTCCAAGTAACTCCCAAGTTGTCTTATCTCCCCGGGTACAGGGCACCACCGTCACAGTTGCAGGA

GCTCCAGTCACACTGTGGCCAATGACAGCCTGCTGGCCTGCCCCCTCCTCCACCATCCTCTGCACAGACAGGTCC

ACGTGTGTCCCCAGATGCCTGAATCACTGCTGACAGCTTGGGACCTGTCTGCTGTGGGCTCCTGGGGAGCCCCT
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GGGGAGGAAGGCAGCCGCCACACTGTCGCCTCCTAGGGAACACCTGCAGACATAAATAGGCTGCCAAGGCAG

CAACACAGAGCCAGTGGAACAGTGCTACACACAGTGCCCACCTGTGCTCACCAGGATGCCCAACACCATGCTG

CCTGCTTGCTTCCTGGGCCTGCTGGCCTTCACTTCTGCCTGCTACTTCCAGAACTGCCCAAGGGGCGGCAAGAG

AGCCATGTCGGACATGGAGCTGAGACAGGTACTACTTTGGTCCATCTCTGCTGGGAGTGTCCTAGGAATGACA

CCATGAGGCAGGAGCTAGGGTGGAGGGAGGTTACAGAGAAGTCAGACTTTAGGGGAGGTTCCTGGAAGGAA

GTGGTATGGCAGGGCAGACGGATTATTCAAGTAGAGAGAGAGGATCAGGTGCAAAGGACAGGGGATGCCAA

AAAATGACACTTCCCCATAACTGGACCTAGCTAGAGCAATTAGAACTGGGTGACCAGGACTCCTCTCATCCATG

TGGGTCCATTCATCAGGACTGGCTGGAATATACAAGGCTCTGTTCTACACAGAATTCTAGGCCTTTTCTACCCAG

ACCCAGACTCTCATGGGCCCATTTCTAGCCACATGGGCCAGTCTGTCCCTGCCTCCAAAAGATGACTTGAGTAG

ACTATGCTAGATACTTAGCCCAGTTTCCTGCCCAGCCCAATTCTCTTATGCTACAGGTCCAGCCAATGTACTTTTA

TTACCCTTCTGGCAGAGCTGAAGAGAATCTAATGGCCAGGCTCAATTTGGTAGGCTTTCTTTGGAGACCTGAGG

CACCAGGTGTTGGTATACTTACCCGGCTCCGATTTGATCCCTGCCACCCACCTAGTAGGCCATCGTGGGTGGCA

GGAGGTGGAGGCCCATGTGAGGCCTACCAGCTTGGAACTAAGGCAAAGACCAGAAAATGGGAAGGGCCGGA

GTAGTCTGCTCTCCGTGGGGCCGGAGCGTTCCGCAGTTGGGGAAGGGTGGGGAAAGACCGCCTAGGGATGTG

CAGGAGTACCGTCTGAAAGTCGGTGTGGTGAGCCTTTTAGAGATTGGTACTCACCTGTGACGCCCTGGGAACT

AAGAGAGGCCCTCCCGTGCTACAGCCCAGGGGAGGGGAGTCTACCAACTCGGGTGAGTGTTGAGTAGCCTTA

GTGAGAACTGGTCCTCGGTCACCTGGTAACCAAGGAGTTTAGATTTCCACTCCTGCCCTGCTGGACGAGGGACC

TGTGACAGGGTACTGAGGCGAAGCACAGTGGCCGCAGACCACCGCGGCCTGGCGAGGTCCCCCACCAGACCC

TCTCCAGCTGACCCGGGTCCACCCCCGCAGTGCCTCCCCTGCGGCCCGGGCGGCAAAGGGCGCTGCTTCGGGC

CCAGCATCTGCTGTGGGGACGAGCTGGGGTGCTTCGTGGGCACCGCCGAGGCGCTGCGCTGCCAGGAGGAGA

ACTACCTGCCTTCGCCCTGCCAGTCCGGCCAGAAGTCGTGCGGGAGCGGAGGCCGCTGCGCCGCCACGGGCAT

CTGCTGCAGCCCGGGTAAGCAGGGCGAAGCTGGCGAGACCGACAGACCGAATGCTCCCGGGTTTGCAGCCCA

AGTCACTGACTCACTCTTCTTGCAGATGGCTGCCGCATGGATCCAGCCTGCGACCCTGAATCCGCATTCTCCGAG

CGCTGAGCCCATTTTGCAGATACCCTCGGGACGCCATCTTCGCTCTGCTTAGCCACGTCCAGAAGAAATGAAAA

ATAAAGCAGATTTTCGACGGTCTGTGCGCACTGGAGGGGGAGGCGGGAGGGGCAGGGAGGAGCTGGGGGGT

GTCCCCGAGGGCTGCGACTACCCGAGGGCGCCCGGGCTCACACGCCCCTTCCCGCAGAGAGCTGCGAGACCGT

GCCCGAGTGCCGGGAGGGTTTTCTCCGCCTCACCCGCGCCCGCGACCGGAGCAACGCTACGCAGCTGGCGGG

GTCCACCGGGGCGCTGCTGCTGCGGCTGGTGCAGCTGGCAGGGGCGCGGGAAGTCGATCCTGCTAAGCCGGA

GGTCTACTGAGCCACCACCCCGAGCCTCACTTCTACAGCACGGAAAATAAACTTTTATAAATGCACGGCGGTGT

TTGTCATTGTCTCCGGAGTGGGGCGGGTTCGGCAATGGGACGCGAACCCTCTACACAGCGCCCC 

 

> Rattus norvegicus AVP gene 

AGAGCTGCTGAAATGCTCAACTATGATTTCCAGGTGACCCTCAAGTCGGCTCACCTCCCTGATTGCACAGCACC

AATCACTGTGGCGGTGGCTCCCGTCACACGGTGGCCAGTGACAGCCTGATGGCTGGCTCCCCTCCTCCACCACC

CTCTGCATTGACAGGCCCACGTGTGTCCCCAGATGCCTGAATCACTGCTGACAGCTTGGGACCTGTCAGCTGTG

GGCTCCTGGGGAGCCACTGGGGAGGGGGTTAGCAGCCACGCTGTCGCCTCCTAGCCAACACCTGCAGACATAA

ATAGACAGCCCAGCCCGCTCAGGCAGCAGAGCAGAGCTGCACGCAGTGCCCACCTATGCTCGCCATGATGCTC

AACACTACGCTCTCTGCTTGCTTCCTGAGCCTGCTGGCCCTCACCTCTGCCTGCTACTTCCAGAACTGCCCAAGA
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GGAGGCAAGAGGGCCACATCCGACATGGAGCTGAGACAGGTACCACTGTGGTCCGTTCAGGGCTGCTGACAG

TGCCGTAGGAAGGGTCATGGGCTAGGAGAGAGGGAAACCTTGTCTGAGCAGTCAGACTTTAGGGGAGGTTCC

TGGAAGGAAGCAGTTATCTTATATGGAGTAGATGGGTTTCCCAGAACGGTAAGAGGGGACCAGGTGCCAGAG

AAGCCACATAAAGGACAGTGTCCCCAGGCAGGGGATATGCCAGAAAATGAGAGATACTTATCACTGGGCTTGG

GATGAGAACGGGTTAAACTGGGTACCCTGGCCTCCTCTGCACAGCTGGAGGTGGCCGGTGGTATGTTGGCTCA

CCAGGACTGGGTAGATGGTACGAAACTGTTCTCGCCTGAGTACAAAGCCTTTCCCACCCAGCTCAAACTCTCTTA

GCTCCTTTTTTAGCCAGCCGCACCGGTTTCTTCCTGTCCACGGAAGACGGCCATTGCCCTGTGTCTGAGCGGAGT

ATGTCCCACATCTAGCCTCAGCCTCGTGCCCAGATCTGCTGTACTGTATGTTCAGCTCTGAGTCTGCCCTTCCGG

CAGGGCTGAAGGGAATCCAGTCACCAGGCTCAAATCTGGTCAGGTCACAGGTGGCTCAGTTTTGAACAAGCTC

GATGGGCAGTAGGCAGTTCACCGAGTCTGCCTTCCGTTTGCTGAGTTCCTTTGGAGACTTCCGAGGCACCAGGT

GTGTCTTGCACCCATCAGCCTAATTCGGTCCTTGCCACCTTCCTACTAGGGCATAATAGGTTGGCGGGAGGTAA

AAGCCCACCAGCGTGGGGCAGGGGTAAGAGTGAGCGAGCCGTAGGTACAGGAAAGAGGATCTTGGAATGTG

TAGGGCCATCTGAATGTCGGAGAGGTAAGTCTCTGAGAGACTGCTGCACACCGGTGACACATCAGAGCTGAGG

AGGTCCCCCAAGTGTTGTCTCCCCCGCCCCCCGCCCCATAAGACTCTGTCAAAGCAGGAGAGGGTTTTGAGACC

TCATGAGAACTGATCCTCCTGATAACCTAGCCGGTTAGATTTCCACTCTCGCCCTTTACGGCTGCTTCTCCTGGAT

AGAGCCAGAGCATCTGGCCGGTGAAGCTGGGATAGCAGCAGGGTGACCTTAGGTTCCCAACGCCCCTCTTGGC

CTGGCTCCAGCTGACCCGCGTCCTTCCCCGCAGTGTCTCCCCTGCGGCCCTGGCGGCAAAGGGCGCTGCTTCGG

GCCGAGCATCTGCTGCGCGGACGAGCTGGGCTGCTTCCTGGGCACCGCCGAGGCGCTGCGCTGCCAGGAGGA

GAACTACCTGCCCTCGCCCTGCCAGTCTGGCCAGAAGCCTTGCGGAAGCGGAGGCCGCTGCGCTGCCGCGGGC

ATCTGCTGCAGCGATGGTGCGCACAAGGCCAGGCGGGCTGAGCATGGGGAATGGATGGGGTGGGTGGGAGG

TAAAGGGGGCCAAGTGGGGGACTGAGGAATCAGGACCGGAGATGGAGGGTGAGTATGAAGGGGGTCGAGA

GTTGGAACGTAGCAGGGTAGGATAAAGGGGATTGTGGGGATGGCGCCCCTATAGGTGCGCCCACCCCAGGAC

GCCTGAGCTCACACAGCCCTTCCTTCAGAGAGCTGCGTGGCCGAGCCCGAGTGTCGAGAGGGTTTTTTCCGCCT

CACCCGCGCTCGGGAGCAGAGCAACGCCACGCAGCTGGACGGGCCAGCCCGGGAGCTGCTGCTTAGGCTGGT

ACAGCTGGCTGGGACACAAGAGTCCGTGGATTCTGCCAAGCCCCGGGTCTACTGAGCCATCGCCCCCCACGCC

TCCCCCCTACAGCATGGAAAATAAACTTTTAAAAAATGCACCCTGGTGTCTGTCTCTCTTTCTGGGGTGGGGAG

AAAAGGGGGGAGAGGAATTGGAGTGGGAACTTTCTACTCTGCTCTGACTGATCCCC 

 

> Mus musculus AVP gene 

GAGCAGCTGGAATATTCAACTATGATTTCCAGGTGACCCTCCAGTCGGCTCACCTCACTGATCGCACAGCACCA

ATCACTGTGGCAGTGGCTCCTGTCACACGGTGGCCGGTGACAGCCTGATGGCTGGCTCCCCTCCTCCACCACCC

TCTGCACTGACAGGCCCACGTGTGTCCCCAGATGCCTGAATCACTGCTGACAGCTTGGGACCTGTCGGCTGAGG

GCTCCTGGGGAGCCACTGGGGAGGGGGTTAGCAGCCACGTTGTCGCCTCCTAGGGAACACCTGCAGACATAA

ATAGGCAGCCCAGCCCGCCAAGGCAGCAGAGCCTGAGCTGCACACAGTGCCCACCTATGCTCGCCAGGATGCT

CAACACTACGCTCTCCGCTTGTTTCCTGAGCCTGCTGGCCTTCTCCTCCGCCTGCTACTTCCAGAACTGCCCAAGA

GGCGGCAAGAGGGCCATCTCTGACATGGAGCTGAGACAGGTACCACTGTGGTCCCTTTAGGGCTGCTGGCAGT

GCCTGTAGGGACGGGTCAGGGGCTAGGAGAGAGGGAAATGTTATCTGAGCAGTCAGACTTTATGGGAGGTTC

CTGGAAGGAGGCAGTATCTTACAGCAGAGTAGATGGACTACCCAGAAGGGTGAGAGGGGACCAGGTGCTAGA
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GAAGCCGCATAAAGGATACTGTCCCCAGGCAGGGGATATGCCAGAAAATGAGAGACACTTCCTTATGACTGGG

CTTGGGATGAGAACAGGTTAAACTGGGTGCCCTGGACTCCTCTGCACACCCGGAGGTTGAGGACTGGGCAGAT

TATACAAAACTATTCTTGCCTGAATTCAAATCCTTTCCCACCCAGCTCAGCCTCCCTTGGTGCCTTTTCTAGCCAG

CAGTGCCAGCTTCTTCCTGTCCACAGAAGGTGGCCAATGCCCCATGCCCAAGTGGAGCATTTCCCGCATCGAAC

CTCAGCCTCTTGCTCAGATCTGTTGTATTGTATGTTCAGCTGTGAGTCTGCCTGCCCCTCTGGCAGAGTTTGAGG

GAATCTAGCTACTAGGCTCAATTCTGGTCAGGCCATGGGTGGCTCAATTTTGAGTTGTTGAACAAGTTCGAGTG

GGCAGGTAGGCAGCTCCTGTAGTCTGCCTTCCCTTTGCAGAGTTCCTTTGGAGGTGTGTCCGGGCACCTAATTT

GGTCCTTGCCACCTACCAACTAAGACATAATAGGTTGGCGGGAGGTAAAGGCTCATATGAAGCCCACCAGCGT

GGGGCAGAGGTAAGAGCAAAGCCAGAAAACGAGTGAGCTATCTAGATGCTCTGTGGGGAGTGAGAATCTAGG

GATGTGTAGGAGGACCATCTGAATGACGGAGAGGTAAGCCTCCGAGAGATGGCTGCACACCAGTGACACTGA

GAACTGAGGAAGGTCTCCCTCAAGTGTTGCCCCGCAGCGAGAGGGTTTTGAGACCTCATGAGCTGACCACTGA

TCTTTCTGATGACCCAGCCGGTTAGATTTTCACTCTTGCCCTTACCGCTGCTTCGTCCTGGACATCGCCAGAGCAC

CAGCAACGCAAAGCAGCAGGTGACACTAGGTTCCCACCGCCCCTCTTGGCCTCGTTCCAGCTGACCTCCCCCAC

CCCTTTCCTCCACAGTGTCTCCCCTGCGGCCCGGGCGGCAAAGGACGCTGCTTCGGACCAAGCATCTGCTGCGC

GGACGAGCTGGGCTGCTTCGTGGGCACCGCCGAGGCGCTGCGCTGCCAGGAGGAGAACTACCTGCCCTCGCC

CTGCCAGTCCGGCCAGAAGCCCTGCGGGAGCGGGGGCCGCTGCGCCGCCGTGGGCATCTGCTGCAGCGACGG

TGCGCACAGGGCCGGGCGGGCATCGCATGGAGTGGGGTGGGAGGTAAAGGCGGGGGGCTAAGTGGGGGGC

TGGGGAATCAGGACAGGAAGTGGAGGGTGAGAATGAAGGGAGTCGAGGGTTGGAAGGTAGCAGGGGGGAT

TGTTGGGACCGCACCCTTGGAGCTGAGCCCCAAGGGCGCCTGCGCTCACAGAGCTCTTCCTTCAGAGAGCTGC

GTGGCCGAGCCCGAGTGCCACGACGGTTTTTTCCGCCTCACCCGCGCTCGGGAGCCAAGCAACGCCACACAGC

TGGACGGCCCTGCTCGGGCGCTGCTGCTAAGGCTGGTACAGCTGGCTGGGACACGGGAGTCCGTGGATTCTGC

CAAGCCCCGGGTCTACTGAGCCATCGCCCCCACGCCTCGCCCCTACAGCATGGAAAATAAACTTTTAAAAACT

GCACCCTGGTGTCTGTCTCTATTTCTGGGGTGGGGAGAAGAGGGGAGGGAGAGGCGTTGGAGTGGGAACTTT

CTACTCTGCCCTGGCTAACCCCCACACCCGA 

 

> Camelus dromedarius OXT gene 

GCTACATAGTTCTTGGTTGGGCCACCGCGCCCCCCATACTCCCTATTCCACCCTAGGACCCAGGCCTCCGCACCG

CTCCCATCCTCGAGCGGCTTCCTTCGCCCAGCGGCACTCGCTATCATCACCGGTCCATTAGCCATTAGCCTGATG

CGGTGACCTTGACCCGGGCCTGGCCGCTGCAAATGAGTGGGTGCGCCGGGGGCGCAGGGCTTGACCCGCAGC

GGCCCGCTGTGACCAGCCATGCGGCGGCCCTCTTAGACACGGCTCCGCCGGCGCGGCCCCCGGGCATAAAAGG

CCGGGCCGGAGAGACCGTGGCAGTCGCCGGACCCCGGACCCAGCGCACCCACACCATGGCCGGCCTCAGCCT

CGCCTGCTGCCTGCTCGGCCTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAACTGCCCCCTGGGCGGCAAGA

GGGCCGCGCTGGACCTCGACGTGCGCCAGGTGAGCTCTGGTCCTGCCGCTCCCGCCGCTCCCTTCCCCCCGCCG

GCTCCCCAGAGAGCTGAGTGATTCCCCCTCTTCCACCGCTGTTGGGGGCGCAAACAGCACCAGGGAGACCCCA

ACCTCCGGCGCTCCTCCGTTCCGCCCTCCCCCGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCGACCCAG

CCCGGCCCCCTCCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAG

GCCGCTGCTTCGGGCCCAGCATCTGCTGCGGGGATGAGCTGGGCTGCTTCGTGGGCACGGCCGAGGCGCTGC

GCTGCCAGGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGGGCCGCT
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GCGCCGCCGCCGGCATCTGCTGCAGCCCCGGTGAGTGGGGCCGGGCCGGCGGGGACCGGGGCCGGGCCGGC

GGGGACCGGGGCCGGGGGCCCAGGACGACGTGCGGCGGGCCGTGGCGGCGCTGACCTGGCGTCTCTCCCCG

CAGACGGCTGCCGCGCCGAGCCCGCCTGCGACCCCGAGGCCGCCTTCTCCCAGCACTGAGACCCCTCCACAGC

CACCCCCAGGAATTATGAAAATGAAATAAAGCAGATTTCCCCTCCAACTCGACTGGCGTCTAAGTGTCAGAAC

TGGGAGGGGAGGGCCCTGACGGAGTCAAAGATCGCGGCGGGACTCGGCGCGGCCCGCGGCCGAGGGCAGA

AG 

 

> Camelus ferus OXT gene 

GCTACATAGTTCTTGGTTGGGCCACCGCGCCCCCCATACTCCCTATTCCACCCTAGGACCCAGGCCTCCGCACCG

CTCCCATACTCGAGCGGCTTCCTTCGCCCAGCGGCACTCGCTATCATCACCGGTCCATTAGCCATTAGCCTGATG

CGGTGACCTTGACCCGGGCCTGGCCGCTGTAAATGAGTGGGTGCGCCGGGGGCGCAGGGCTTGACCCGCAGC

GGCCCGCTGTGACCAGCCATGCGGCGGCCCTCTTAGACACGGCTCCGCCGGCGCGGCCCCCGGGCATAAAAGG

CCGGGCCGGAGAGACTGTGGCAGTCGCCGGACCCCGGACCCAGCGCACCCACACCATGGCCGGCCTCAGCCT

CGCCTGCTGCCTGCTCGGCCTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAACTGCCCCCTGGGCGGCAAGA

GGGCCGCGCTGGACCTCGACGTGCGCCAGGTGAGCTCTGGTCCTGCCGCTCCCGCCGCTCCCTTCCCCCCGCCG

GCTCCCCAGAGAGCTGAGTGGCTTTTGATTCCCCCTCTTCCACCGCTGTTGGGGGCGCAAACAGCACCAGGGAG

ACCCCAACCTCCGGCGCTCCTCCGTTCCGCCCTCCCCCGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCG

ACCCAGCTCGGCCCCCTCCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGGG

CAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGGGGATGAGCTGGGCTGCTTCGTGGGCACGGCCGAGGC

GCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGGG

CCGCTGCGCCGCCGCCGGCATCTGCTGCAGCCCCGGTGAGTGGGGCCGGGCCGGCGGGGACCGGGGCCGGG

GGCCCAGGACGACGTGCGGCGGGCCGGGGCGGCGCTGACCTGGCGTCTCTCCCCGCAGACGGCTGCCGCGCC

GAGCCCGCCTGCGACCCCGAGGCCGCCTTCTCCCAGCACTGAGACCCCTCCACAGCCACCCCCAGGAATTATG

AAAATGAAATAAAGCAGATTTCCCCTCCAACTCGACTGGCGTCTAAGTGTCAGAACTGGGAGGGGAGGGCCC

TGACGGAGTCAAAGATCGCGGCGGGACTCGGCGCGGCCCGCGGCCCGCGGCCGGCCGA 

 

> Camelus bactrianus OXT gene 

GCTACATAGTTCTTGGTTGGGCCACCGCGCCCCCCATACTCCCTATTCCACCCTAGGACCCAGGCCTCCGCACCG

CTCCCATACTCGAGCGGCTTCCTTCGCCCAGCGGCACTCGCTATCATCACCGGTCCATTAGCCATTAGCCTGATG

CGGTGACCTTGACCCGGGCCTGGCCGCTGTAAATGAGTGGGTGCGCCGGGGGCGCAGGGCTTGACCCGCAGC

GGCCCGCTGTGACCAGCCATGCGGCGGCCCTCTTAGACACGGCTCCGCCGGCGCGGCCCCCGGGCATAAAAGG

CCGGGCCGGAGAGACTGTGGCAGTCGCCGGACCCCGGACCCAGCGCACCCACACCATGGCCGGCCTCAGCCT

CGCCTGCTGCCTGCTCGGCCTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAACTGCCCCCTGGGCGGCAAGA

GGGCCGCGCTGGACCTCGACGTGCGCCAGGTGAGCTCTGGTCCTGCCGCTCCCGCCGCTCCCTTCCCCCCGCCG

GCTCCCCAGAGAGCTGAGTGGCTTTTGATTCCCCCTCTTCCACCGCTGTTGGGGGCGCAAACAGCACCAGGGAG

ACCCCAACCTCCGGCGCTCCTCCGTTCCGCCCTCCCCCGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCG

ACCCAGCCCGGCCCCCTCCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGG

GCAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGGGGATGAGCTGGGCTGCTTCGTGGGCACGGCCGAGG
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CGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGG

GCCGCTGCGCCGCCGCCGGCATCTGCTGCAGCCCCGGTGAGTGGGGCCGGGCCGGCGGGGACCGGGGCCGG

GGGCCCAGGACGACGTGCGGCGGGCCGGGGCGGCGCTGACCTGGCGTCTCTCCCCGCAGACGGCTGCCGCGC

CGAGCCCGCCTGCGACCCCGAGGCCGCCTTCTCCCAGCACTGAGACCCCTCCACAGCCACCCCCAGGAATTATG

AAAATGAAATAAAGCAGATTTCCCCTCCAACTCGACTGGCGTCTAAGTGTCAGAACTGGGAGGGGAGGGCCC

TGACGGAGTCAAAGATCGCGGCGGGACTCGGCGCGGCCCGCGGCCCGCGGCCCGCG 

 

> Vicugna vicugna OXT gene 

ACTACATAGTTCTTGGTTGGGCCACCGCGCCCCCCGTACTCCCTATTCCACCCTAGGACCCAGGCCACCGCGTCG

CTCCCATCCTCGAGCAGCTTCCTTCGCCCAGCGGCACTCGCTATCATCACCGGTCCATTAGCCATTAGCCCGATG

CGGTGACCTTGACCCGGGCGTGGCCGCTGCAAATGAGTGGGCGCGCCGGGGGCGCAGGGCTTGACCCGCAGC

GGCCCGCTGTGACCAGCCATGCGGCGGCCCTCTTAGACACGGCTCCGCCGGCGCGGCCCCCGGGCATAAAACG

CCGGGCCGCAGAGACCGTGGCAGTCGCCGGACCCCGGACCCAGCGCACCCACACCATGGCCGGCCTCAGCCT

CGCCTGCTGCCTGCTCGGCCTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAACTGCCCCTTGGGCGGCAAGA

GGGCCGCGCTGGACCTCGACGTGCGCCAGGTGAGCTCTGGTCCCGCGGCCCCCGCCGCTCCCTTCCCCCCGCCG

GCTCCCCAGAGAGCTGAGTGGCTTTTGATTCCCCCTCTTCCACCGCTGTTGGGGGCGCAAACAGCACCAGGAAG

ACCCCAACCTCGGGCGCTCCTCCGTTCCGCCCTCCCCCGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCG

ACCCAGCCCGGCCCCCTCCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGG

GCAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGCGGACGAGCTGGGCTGCTTCGTGGGCACGGCCGAGG

CGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGG

GCCGCTGCGCCGCCGCCGGCATCTGCTGCAGCCCCGGTGAGTGGGGCCGGGCCGGCGGGGACCGGGGCCGG

GGGCCCGGGACGACGTGCGGCGGGCGGGGCGGCGCTGACCTGGCGTCTCTCCCCGCAGACGGCTGCCGCGCC

GAGCCCGCCTGCGACCCCGAGGCCGCCTTCTCCCAGCACTGAGACCCCTCCACAGCCACCGCCAGGAATTATG

AAAATGAAATAAAGCAGATTTCCGCTCCAACTCGACTGGCGTCTAAGTGTCAGAACTGGGAGGGGAGGGCCC

TGACGGAGTCAAAGATCGCGGCGGGACTCGGCGCGGCCGAGGGCAGAAGAGGGAGG 

 

> Vicugna pacos OXT gene 

ACTACATAGTTCTTGGTTGGGCCACCGCGCCCCCCGTACTCCCTATTCCACCCTAGGACCCAGGCCACCGCATCG

CTCCCATCCTCGAGCAGCTTCCTTCGCCCAGCGGCACTCGCTATCATCACCGGTCCATTAGCCATTAGCCCGATG

CGGTGACCTTGACCCGGGCGTGGCCGCTGCAAATGAGTGGGCGCGCCGGGGGCGCAGGGCTTGACCCGCAGC

GGCCCGCTGTGACCAGCCATGCGGCGGCCCTCTTAGACACGGCTCCGCCGGCGCGGCCCCCGGGCATAAAACG

CCGGGCCGCAGAGACCGTGGCAGTCGCCGGACCCCGGACCCAGCGCACCCACACCATGGCCGGCCTCAGCCT

CGCCTGCTGCCTGCTCGGCCTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAACTGCCCCTTGGGCGGCAAGA

GGGCCGCGCTGGACCTCGACGTGCGCCAGGTGAGCTCTGGTCCCGCGGCCCCCGCCGCTCCCTTCCCCCCGCCG

GCTCCCCAGAGAGCTGAGTGGCTTTTGATTCCCCCTCTTCCACCGCTGTTGGGGGCGCAAACAGCACCAGGAAG

ACCCCAACCTCGGGCGCTCCTCCGTTCCGCCCTCCCCCGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCG

ACCCAGCCCGGCCCCCTCCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGG

GCAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGCGGACGAGCTGGGCTGCTTCGTGGGCACGGCCGAGG
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CGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGG

GCCGCTGCGCCGCCGCCGGCATCTGCTGCAGCCCCGGTGAGTGGGGCCGGGCCGGCGGGGACCGGGGCCGG

GGGCCCGGGACGACGTGCGGCGGGCGGGGCGGCGCTGACCTGGCGTCTCTCCCCGCAGACGGCTGCCGCGCC

GAGCCCGCCTGCGACCCCGAGGCCGCCTTCTCCCAGCACTGAGACCCCTCCACAGCCACCCCCAGGAATTATG

AAAATGAAATAAAGCAGATTTCCGCTCCAACTCGACTGGCGTCTAAGTGTCAGAACTGGGAGGGGAGGGCCC

TGACGGAGTCAAAGATCGCGGCGGGACTCGGCGCGGCCGAGGGCAGAAGAGGGAGG 

 

> Lama guanicoe OXT gene 

ACTACATAGTTCTTGGTTGGGCCACCGCGCCCCCCATACTCCCTATTCCACCCTAGGACCCAGGCCACCGCATCG

CTCCCATCCTCGAGCAGCTTCCTTCGCCCAGCGGCACTCGCTATCATCACCGGTCCATTAGCCATTAGCCCGATG

CGGTGACCTTGACCCGGGCGTGGCCGCTGCAAATGAGTGGGCGCGCCGGGGGCGCAGGGCTTGACCCGCAGC

GGCCCGCTGTGACCAGCCATGCGGCGGCCCTCTTAGACACGGCTCCGCCGGCGCGGCCCCCGGGCATAAAACG

CCGGGCCGCAGAGACCGTGGCAGTCGCCGGACCCCGGACCCAGCGCACCCACACCATGGCCGGCCTCAGCCT

CGCCTGCTGCCTGCTCGGCCTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAACTGCCCCTTGGGCGGCAAGA

GGGCCGCGCTGGACCTCGACGTGCGCCAGGTGAGCTCTGGTCCCGCGGCCCCCGCCGCTCCCTTCCCCCCGCCG

GCTCCCCAGAGAGCTGAGTGGCTTTTGATTCCCCCTCTTCCACCGCTGTTGGGGGCGCAAACAGCACCAGGAAG

ACCCCAACCTCGGGCGCTCCTCCGTTCCGCCCTCCCCCGCCCGGCTCCGCATCCCCCACCTCTCGGGGTCTCCCG

ACCCAGCCCGGCCCCCTCCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGG

GCAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGCGGACGAGCTGGGCTGCTTCGTGGGCACGGCCGAGG

CGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGG

GCCGCTGCGCCGCCGCCGGCATCTGCTGCAGCCCCGGTGAGTGGGGCCGGGCCGGCGGGGACCGGGGCCGG

GGGCCCGGGACGACGTGCGGCGGGCCGGGGCGGCGCTGACCTGGCGTCTCTCCCCGCAGACGGCTGCCGCGC

CGAGCCCGCCTGCGACCCCGAGGCCGCCTTCTCCCAGCACTGAGACCCCTCCACAGCCACCCCCAGGAATTATG

AAAATGAAATAAAGCAGATTTCCGCTCCAACTCGACTGGCGTCTAAGTGTCAGAACTGGGAGGGGAGGGCCC

TGACGGAGTCAAAGATCGCGGCGGGACTCGGCGCGGCCGAGGGCAGAAGAGGGAGG 

 

> Lama glama OXT gene 

ACTACATAGTTCTTGGTTGGGCCACCGCGCCCCCCGTACTCCCTATTCCACCCTAGGACCCAGGCCACCGCATCG

CTCCCATCCTCGAGCAGCTTCCTTCGCCCAGCGGCACTCGCTATCATCACCGGTCCATTAGCCATTAGCCCGATG

CGGTGACCTTGACCCGGGCGTGGCCGCTGCAAATGAGTGGGCGCGCCGGGGGCGCAGGGCTTGACCCGCAGC

GGCCCGCTGTGACCAGCCATGCGGCGGCCCTCTTAGACACGGCTCCGCCGGCGCGGCCCCCGGGCATAAAACG

CCGGGCCGCAGAGACCGTGGCAGTCGCCGGACCCCGGACCCAGCGCACCCACACCATGGCCGGCCTCAGCCT

CGCCTGCTGCCTGCTCGGCCTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAACTGCCCCTTGGGCGGCAAGA

GGGCCGCGCTGGACCTCGACGTGCGCCAGGTGAGCTCTGGTCCCGCGGCCCCCGCCGCTCCCTTCCCCCCGCCG

GCTCCCCAGAGAGCTGAGTGGCTTTTGATTCCCCCTCTTCCACCGCTGTTGGGGGCGCAAACAGCACCAGGAAG

ACCCCAACCTCGGGCGCTCCTCCGTTCCGCCCTCCCCCGCCCGGCTCCGCATCCCCGGCCTCTCGGGGTCTCCCG

ACCCAGCCCGGCCCCCTCCCCTGTCCCCGGCTCACCCCCGCCCTCCCGCCAGTGCCTCCCCTGCGGCCCCGGGG

GCAAAGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGCGGACGAGCTGGGCTGCTTCGTGGGCACGGCCGAGG
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CGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGCCGTGCGGGAGCGGGG

GCCGCTGCGCCGCCGCCGGCATCTGCTGCAGCCCCGGTGAGTGGGGCCGGGCCGGCGGGGACCGGGGCCGG

GGGCCCGGGACGACGTGCGGCGGGCGGGGCGGCGCTGACCTGGCGTCTCTCCCCGCAGACGGCTGCCGCGCC

GAGCCCGCCTGCGACCCCGAGGCCGCCTTCTCCCAGCACTGAGACCCCTCCACAGCCACCCCCAGGAATTATG

AAAATGAAATAAAGCAGATTTCCGCTCCAACTCGACTGGCGTCTAAGTGTCAGAACTGGGAGGGGAGGGCCC

TGACGGAGTCAAAGATCGCGGCGGGACTCGGCGCGGCCGAGGGCAGAAGAGGGAGG 

 

> Homo Sapiens OXT gene 

CTCGAGGTACTGGGAGGCTGGATAAAGTCTTCGGCTGGGCCACACCCCACCCCAAATTCTCCCTGTCCCACCCT

AGTGGCCCAGGCCACCCCGGCCTGCTCCCTTCCGCAAGGCACCTCACCTTCTGTGCCCAGACCATTAGCCAACG

CGGTGACCTTGACCCCGGCCCAGGCCCTGCTAATGAAGAGGAAAGCCCGTACGCACTCGGCCTGACCCACGGC

GACCCTCTGTGACCAATCATACTACCAACCTCTTAAACAGAGCTCCACCGACGCAATGCCCAGGCATAAAAAGG

CCAGGCCGGAGAGACCGCCACCAGTCACGGACCCTGGACCCAGCGCACCCGCACCATGGCCGGCCCCAGCCT

CGCTTGCTGTCTGCTCGGCCTCCTGGCGCTGACCTCCGCCTGCTACATCCAGAACTGCCCCCTGGGAGGCAAGA

GGGCCGCGCCGGACCTCGACGTGCGCAAGGTGAGTCCCCAGCCCTGGTCCCGCGGCGCTCCGGGGAGGGAGG

GACCCGCAGCCACAGGGGCGCGCCCCGCTCCGGCCTCGCCTGAGAACTCCAGGAGCTGAGCGGATTTTGACGC

CCCGCCCTTGACCGCGGTCGAGGCCCCCACGGCGCCCCAGCGCGTCTCAGCCCCGCTGTCCCGCCCGAACTCCG

AACCCCGGACCCCAGCATCCTTGCCCGGCGCACCCCGGCCGGCCTCGCAGGGTCCTCCGAGCGAGTCCCCAGC

GCCGCCCCGGCTCCCGCTCACCCCGCCCGTCCCCGCAGTGCCTCCCCTGCGGCCCCGGGGGCAAAGGCCGCTGC

TTCGGGCCCAATATCTGCTGCGCGGAAGAGCTGGGCTGCTTCGTGGGCACCGCCGAAGCGCTGCGCTGCCAGG

AGGAGAACTACCTGCCGTCGCCCTGCCAGTCCGGCCAGAAGGCGTGCGGGAGCGGGGGCCGCTGCGCGGTCT

TGGGCCTCTGCTGCAGCCCGGGTGAGCGGGGCAAGGCGCTCCGGGGCCAGGGGGAGGCGGGCGGGGGTGC

GGCCGGGATTCCCCTGACTCCACCTCTTCCTCCAGACGGCTGCCACGCCGACCCTGCCTGCGACGCGGAAGCCA

CCTTCTCCCAGCGCTGAAACTTGATGGCTCCGAACACCCTCGAAGCGCGCCACTCGCTTCCCCCATAGCCACCC

CAGAAATGGTGAAAATAAAATAAAGCAGGTTTTTCTCCTCTACCTTGACTCGTGTCTAAGTGCCAGAAATGGG

ACGGGGAGGGGGCATTGTGGGACTGGAAGATCGCGCGCGTTGGACCTGTGGCTTGTTGCGCTCAGAGCT 

 

> Procavia capensis OXT gene 

TTAGCAATGTAAGACACTGCCCATTTATTATCTCAGTTTTCATGGGTCGACACCCACCCTCCATTCCCTGTGCTAC

TATGGGGCACACCTCACCCCTGCCTCCTCTGTCTCCGCTAGTGGCAGCCACTTTCTGCACCCAGTTAGCCTACGC

AATGACCCTGACCGACGCCTGGCCTCTGCAAATGAGAGGGCCTGCAGGGAGCACAGGGTTTGACCCGTAGCG

ACCCGCTGTGACCAATAATGCAGGCACCCTCTTAGCCAATGCTCCACCCGCGCAGCCACCAAGAATAAAAAGGC

CAGGCGGGAGAGACAGCTGCCAGACGCCGACCCCCGGACTGCGCGAGCCAACCATGGCCGGGTCCTGCCTCG

CCTGCTGCCTGCTGGGCCTCCTGGCACTGACCTCCGCCTGCTACATCCAGAACTGCCCGCTGGGCGGCAAGAGG

GCAGTACGCGACCTCGACGTCCGCAAGGTGAACGCGTCCTGGCCTCACTCCTTGGTGGTCACGGGGCAAGGGA

GGGCTGGAAGGGCCTCTCAGGACAGGGTCTCACCCGGCCACACCGTCCTGTGCCCCGACGCCGCGGTGACCAA

CCGCAGCCTGCCCGGGCTTCGCCTGTGAACCAGAGGAATCCTTAGGTTTCGATCCCGTACCACTTTTGAGGCTCT

AACAGAGCCACCAAGCCCCAGAACCACCGGCTTCCGAGAACCTGGCCCCGGCCCCGTGGGGAGCGGCTCCGG
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GAGTCCGAGCCCGGACCCCAGCATCGCTGCCCTGCTCACCCGCTCCCTCCCCTCGTCCCCTCCCCGCCTTCCCCG

CAGTGCCTCCCCTGCGGCCCCGGGGGCAAGGGCCGCTGCTTCGGGCCCAGCATCTGCTGCGGGGACCAGCTGG

GCTGCTTGGTGGGCACCGCCGAGGCGCTGCGCTGCCAGGAGGAGAACTACCTGCCGTCGCCCTGCCAGTCGG

GCCAGAAGCCGTGCGGGAGTGGGGGCCGCTGCGCCGCCGCCGGCATCTGCTGCAGTCCCGGTGCGTCGGGCG

CGGGGGGCGGGGCGCGGGGCGCGGGGCGCGGGGCGCGGGGCGCGGGGCGCGGGGCGCGGGGCGCGGGG

CGCGGGGCGCGGGCCCGGACGGCCCCTGACCCCGAATCTCTGCTTCCAGACGGCTGCCGCACGGAGCCCGCCT

GTGACCCCGAGACCGCCTTCTCTCCGCTCTGAGTCCTGACTGGCTGTCCACACTACCCAAGTGCCCTTTCTTCCT

CCCCATAGCCACCTCCAGAAATAATGAAAATTAAATAAAATAGATTTTCTTCCCTCCAACCCGGCTTGAGTCTG

TCGTTATTAACTGCCGTCCAGTCGGTTCTGACTCCTTGAGACCACCGTGTGCAGAGCTGAACTGCTCCGCTGGTT

TTTATCTCTGTGACCTTTCCCGAAGCCGAGTGTCCATCTTTCCGGG 

 

> Nannospalax galili OXT gene 

GTCCACTTTCCCTATCCTGCTGCACTCAGAGGCATTGGAGGTCTGGACAAACAGTCCCTGAATGGACTATGCTCT

CCACCCCGACCCAGTTCTCTCTTTTTTCCTGTGGCTGCTCTCAGGCATCAACCATCTGTGCTCCAGACCTATTAGC

CACGGTGCTGACTTTGACCTTAGCCTAGACCCTGCTAATAAATGGGCCTGCTTGTGGTTTGACCCTGGCGACCT

GCTGTGACCAGCCATGCAGTTGTTCCCTTAAGCCTGTGCTTCACCAACGCAGTGTCCAGGCATAAAAAGGCTGG

ACTGGAGAAATCATCAGCTCCGCTGGACGAGGGACCCAGATCACCAACGCCATGGCCTGCCCGAGTCTCGCTT

GCTGCCTGCTTGGCCTACTGGCTCTGACATCTGCCTGCTACATCCAGAACTGTCCCCTGGGCGGCAAGAGGGCT

GCCCTGGACCTCGACATGCGCAAGGTGAGCATCTTGTCCCCTTCCAGCTAGCTGAAGGCCAGAAAGGACTCCCC

CCTGGAGGGCACCTCCCCTGTCTTCCCAGCCATGCCCTGGCCTTGTGTGGGAGCCCAGGCTTTGGTAGGGTTGA

GGCAGAGCCCCCGTACCCACAGCCTGGTCGGTCCCAACGCTCTCCCAAGCGCAGAACCACAGCACCCCAGGAG

ATGCGCAGCAATCCTCGCGCTGACCCGGGTCCACCCCCGCAGTGCCTCCCCTGCGGCCCGGGCGGCAAAGGGC

GCTGCTTCGGGCCCAGCATCTGCTGTGGGGACGAGCTGGGGTGCTTCGTGGGCACCGCCGAGGCGCTGCGCT

GCCAGGAGGAGAACTACCTGCCTTCGCCCTGCCAGTCCGGCCAGAAGTCGTGCGGGAGCGGAGGCCGCTGCG

CCGCCACGGGCATCTGCTGCAGCCCGGGTAAGCAGGGCGAAGCTGGCGAGACCGACAGACCGAATGCTCCCG

GGTTTGCAGCCCAAGTCACTGACTCACTCTTCTTGCAGATGGCTGCCGCATGGATCCAGCCTGCGACCCTGAAT

CCGCATTCTCCGAGCGCTGAGCCCATTTTGCAGATACCCTCGGGACGCCATCTTCGCTCTGCTTAGCCACGTCC

AGAAGAAATGAAAAATAAAGCAGATTTTCCCTCCAACTTGACTGGCGTCTGTGTGTCAGAAAGGGAGGGAGG

GAAAGAGGACACTGGGGAGCAGCCGGTTGCTCTGGTCTGGACCTGAGTCCAGGCTGCTTGAG 

 

> Rattus norvegicus OXT gene 

TTCTGAGGTATTGGATTTCTATGAAAAACAGCTCCTGGCTAGGCTGCACCTCCACCCCCTCCAAGTCTCTTTATCC

TCTTGTAGCTTAGGCCTCCCCTTCCAGGCTGTGTCCCTTTTGAGCTCCAGGTCATTAGCTGAGGCGGTGACCTTG

ACCCCAGCCCAGACCCTGCAAATGAAGGGCCTGCTTCTAAACAGTGTGGAACAGTTTGACCCAAGAGACCTGCT

GTGACCAGTCATGCAGTCACCCTCTTTAGACTGGGCCCCACCATGGCAGTGGCCAGGCATAAAAAGGTCGGTCT

GGGCTGGAGAAACCATCACCGACGGTGGATCTCGGACTGAACACCAACGCCATGGCCTGCCCCAGTCTTGCTT

GCTGCCTGCTTGGCCTACTGGCTCTGACCTCCGCCTGCTACATCCAGAACTGCCCCCTGGGCGGCAAGAGGGCT

GCGCTAGACCTGGATATGCGCAAGGTGAGTCTCCCCGACGCCATCCTGTCCCGTTCTGGCAAGGCTAAGGACC
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AGAGATGCTCTCCCACCTTCAGAGAGCATCCCCTCACACTTGCCAGCCCTACGCGGCCTCGCAAGGGAACCCGG

GGCTCCCTCTTGACGCCGTGAAGGCACGCTGTCCCTGCCCCACCACAGTCCCGATATGGATTGTGCACAGCGCC

CATCCGCGTCTTTCCCCCCCCCGCAGTGTCTTCCCTGCGGACCCGGCGGCAAAGGGCGCTGCTTCGGGCCGAGC

ATCTGCTGCGCGGACGAGCTGGGCTGCTTCGTGGGCACCGCCGAGGCGCTGCGCTGCCAGGAGGAGAACTAC

CTGCCCTCGCCCTGCCAGTCTGGCCAGAAGCCTTGCGGAAGCGGAGGCCGCTGCGCCACCGCGGGCATCTGCT

GTAGCCCGGGTGAGCAGGAGGGGGCCTAGCAGGACCGACCGGCAGGGAGCCGTCGGGTTTGCTGCTCAGGC

CACTGACCCATTTCTCTTGCAGATGGCTGCCGCACCGACCCCGCCTGCGACCCTGAGTCTGCCTTCTCCGAGCGC

TGAGCCCGCTTTGTGATGATACCTTTAGGGCGCTTCCTTCATTCCCCATGGCCACTACCAGAAAAAATTAAAAA

AAAAACATAAATAAATAAATAAATAAATAAAGCAGATTTCCTCTTCAAACTTGACTGGCGTCTAATTGTCAGA

AACGGGAGGGAGGAAAGGCACCGGGAACGCCATGGACATTGGCAATTCAGAGGGAGAACAGCCCAGCAGGC

TGCTA 

 

> Mus musculus OXT gene 

TCTGAGATATTGGATATCTGTGAAAAACAGCTCCTGGCTAGGGCGCACCTCCAACCCCTCCCAAGTCTCTCTAGC

CTCTTGTAGCCTAGGCCACCCCTTCCAGGCTGCTTCTCTTTTGAGTTCCAGGTCATTAGCAGAGACGATGACCTT

GACCCTAGCCCAGACCCTGCAAATGAAGGGCCTGCCTCTAAACAGCGTGGAACAATTTGACCCAAGAGACCTTC

TGTGACCAGTCATGCTGTCACCCTCTTTAGACAGTGCTCCACCATGGCAGTGCCCAGACATAAAAAGGTCGGTC

TGGGCCGGAGAAACCATCACCTACAGCGGATCTCAGACTGAGCACCATCGCCATGGCCTGCCCCAGTCTCGCT

TGCTGCCTGCTTGGCTTACTGGCTCTGACCTCGGCCTGCTACATCCAGAACTGCCCCCTGGGCGGCAAGAGGGC

TGTGCTGGACCTGGATATGCGCAAGGTGAGTCTCCCCGACCCTGTCCCTTCCCTTCCCGTTCTGGCGATGCTAAG

GACCAGAGAAGCTCTCCCACCTACAGAGAGCATTCCCGCACACTTGCCAGCCCTACCAAGGCCTCGCGTGGGAA

CCCAGGGCTTTGGGAAGTGTTAGGCTCCCTCTTGACGCCGTGAAGGTAACGACAATGCCGGAGCACCCACTGC

CCCTCGCTCTGCCACAGTCCGGATTCGGATTGTGCACGGCGCCCACCCGCATCCTTCCCCACAGTGTCTCCCCTG

CGGCCCGGGCGGCAAAGGACGCTGCTTCGGACCAAGCATCTGCTGCGCGGACGAGCTGGGCTGCTTCGTGGG

CACCGCCGAGGCGCTGCGCTGCCAGGAGGAGAACTACCTGCCTTCGCCCTGCCAGTCTGGCCAGAAGCCCTGC

GGGAGCGGAGGCCGCTGCGCCGCCACAGGCATCTGCTGCAGCCCGGGTGAGCAGGAGGGGGCCCAGCAGGG

TGACCCGGCAAGGAGCCGTCGGGTTTGCAGCTCAGAACACTGACCCATTTCTCTTGCAGATGGCTGCCGCACAG

ACCCCGCCTGCGACCCTGAGTCTGCCTTCTCGGAGCGCTGAGCCCACTTTCTGGGAATACCTTTAGCGCGCTTC

CTTCGTTCCCCATGGCCACTGCCAGAAAAAAAAAAAAAAAAGAAAAGAAAAGAAAAGAAAAGAAAAATAA

AGTAGATTTCCTCTTCAAACTTGACTGGTGTCTAATTGTCGGAAACGGGAGGGAGGAAAGGCACCGGGAACG

CCGTGGATCTTGGCATTTTGTAGCAAAAACAGTCCAGCAGGCTGCTC 
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Appendix B 
 

Identification of the SON in camel 

hypothalamus 
Images of hypothalamus samples collected from 4 control, 3 dehydrated and 5 rehydrated 
camels are archived in each panel (images listed in alphabetical sequences are following the 
rostral-caudal sequence). Note that both rostral and caudal SONs were found in each sample, 
caudal SON for some samples were not recorded by imaging. SON: supraoptic nucleus, 3V: 
third ventricle, OX: optic chiasm, OT: optic tract; sectioning at the coronal plane.  
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Appendix C 
Supplementary Table SC.1: qRT-PCR primer designs for genes in dromedary camel.  

HnAVP: heteronuclear AVP, hnOXT: heteronuclear OXT. *: referring to the NCBI, the CREM 
primers were designed to align with the common sequence that is conserved in all 25 
predicted transcript variants in Camelus dromedarius. For genes denoted with multiple 
reference sequence accessions, the primers were designed based on the homologous region 
shared between all related transcript variants in order to detect the overall expression of the 
gene.  

Gene 
Corresponding 
protein or transcript 

Reference 
sequence 
accessions (NCBI) 

5’ to 3’ primer sequence 
(F: forward, R: reverse) 

Product 
size (bp) 

ABHD8 
Abhydrolase domain 
containing 8 

XM_031437564.1 
XM_031437567.1 

F: GTTCAACGTGTCGTCCTTCG 
R: TCGGCATGGTAGACCTCATC 

   81 

AGT Angiotensinogen XM_010997954.2 
F: ATGCCTACGTCCACTTCCAA 
R: TGACACAGAGGTGGTGTTGT 

   92 

ARC 
Activity regulated 
cytoskeleton 
associated protein 

XM_011000071.2 
F: TCCAGAACCACATGAACGGG 
R: ACTCCACCCAGTTCTTCACC 

   75 

ATF4 
Activating 
transcription factor 4 

XM_010983554.2 
F: GGCATCTGTATGAGCCCTGA 
R: CTATTTGGAGAGCCCCTGGT 

   77 

ATP6V0B 
ATPase H+ 
transporting V0 
subunit B 

XM_010982305.2 
XM_031465620.1 

F: CGCAGAACCCCAGTCTCTTT 
R: CACTCGGGAAGTCTGAAGGA 

  104 

C1QB 
Complement C1q B 
chain 

XM_010979833.2 
F: CCAACAGGAACTACGAGCCT 
R: GAGCTGGCATGGTAGGTGAA 

   82 

CAMK2A 
Calcium/calmodulin 
dependent protein 
kinase II alpha 

XM_031449336.1 
XM_031449338.1 

F: CCTACTGGTTGGCTATCCCC 
R: GGTGTCCCATTCTGGTGATG 

  103 

CCKAR 
Cholecystokinin A 
receptor 

XM_031436349.1 
F: GCAGACAAAATCCCACGCTT 
R: CATATTCGCGGTCTGGTTGT 

  130 

COL18A1 
Collagen type XVIII 
alpha 1 chain 

XM_031461048.1 
F: TCTACGACAGCAACGCATTC 
R: TTCTCCTCTGTCACCCTTCG 

   98 

COL1A1 
Collagen type I alpha 
1 chain 

XM_031469629.1 
XM_031469630.1 
XM_031469631.1 

F: AGAACATCCGCAGTCCTGAA 
R: TTGGTTGGGGTCAATCCAGT 

  113 

COL1A2 
Collagen type IV 
alpha 2 chain 

XM_031466312.1 
F: AGACGGGTCATCCTGGAAAC 
R: GAACCTCTACCGCCTTTTGG 

   82 

COL3A1 
Collagen type III 
alpha 1 chain 

XM_031451778.1 
XM_031451779.1 

F: TGAGGCTGATGGGGTCAAAT 
R: TTCCCCAGTGTGTTTAGTGC 

  101 

COL4A1 
Collagen type IV 
alpha 1 chain 

XM_031466313.1 
F: CCAGGCACAGTCAGACGATA 
R: GGACGTAGAGCAGGGAGTAG 

   84 

COL5A2 
Collagen type V alpha 
2 chain 

XM_031451780.1 
XM_031451781.1 

F: CCCCTTCCGGAGTTTACTGA 
R: GAGTGACTTCAGGGTAGCGT 

   87 
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CREM 
cAMP responsive 
element modulator 

* 
F: CCTACTTACCAGATCCGGGC 
R: ATCAGCCTCAGCTCTCGTTT 

  131 

CTSA Cathepsin A 
XM_010978614.2 
XM_010978615.2 
XM_010978616.2 

F: GATCCTTATGTGCGGAAGGC 
R: CTGTTGTAGAGACGGCGGTA 

  101 

DLG4 
Discs large MAGUK 
scaffold protein 4 

XM_031467762.1 
XM_031467763.1 
XM_031467764.1 
XM_031467765.1 
XM_031467766.1 
XR_004141793.1 

F: TCCTGTGTTCCCCATACGAC 
R: TCCTTCTCCATCTTCTCCCG 

   95 

DRG1 
Developmentally 
regulated GTP 
binding protein 1 

XM_010992253.2 
F: AAATACGCTCTGGTCTGGGG 
R: CATCCTCGTCCTCCAACGTA 

   82 

ERN1 
Endoplasmic 
reticulum to nucleus 
signalling 1 

XM_031468891.1 
XM_031468892.1 

F: AATGTCCCACTTCGTGTCCA 
R: CACCACAGGGGAAGCATAGT 

 100 

ERP29 
Endoplasmic 
reticulum protein 29 

XM_010995839.2 
F: TGGCTAAAAGGACATGGGGT 
R: ACTAGTGAGGTTGTCCTGCC 

141 

FOS 
FBJ murine 
osteosarcoma viral 
oncogene homolog 

XM_010976475.2 
F: ATGTCTGTGGCTTCCCTTGA 
R: GGTCATTTAGGAGGGGCAGG 

   94 

FOSL2 
FOS Like 2, AP-1 
transcription factor 
subunit 

XM_010991266.2 
XM_031466788.1 
XM_031466789.1 

F: ATTGCTGGGGGCTTCTATGG 
R: GGGTAGGTGAAGACGAGGTT 

 104 

GABBR2 

Gamma-
aminobutyric acid 
type B receptor 
subunit 2 

XM_031450080.1 
XM_010977466.2 
XM_010977467.2 

F: CAGTGGAACACAACAGAGCC 
R: CTGGATGTGTTCTGGGGAGT 

   75 

GLP1R 
Glucagon like peptide 
1 receptor 

XM_010977347.2 
F: GGCTCCTTCGTGAATGTCAG  
R: CCGGCTAGAGTTGTCCTTGT 

  123 

hnAVP Arginine vasopressin GCF_000803125.2 
F: CCAATCACCAGGCTCAGTTC 
R: TAGGTGACTCGGCTTCCAAA 

  133 

hnOXT Oxytocin GCF_000803125.2 
F: CGCCTGCTACATCCAGAACT 
R: GGGGGAATCACTCAGCTCTC 

  140 

HPRT1 
Hypoxanthine 
phosphoribos-
yltransferase 1 

XM_031446174.1 
F: TGGCAAAACAATGCAGACCT 
R: GGGTCCTTTTCACCAGCAAG 

   89 

IRF8 
Interferon regulatory 
factor 8 

XM_031436613.1 
XM_031436614.1 
XM_031436615.1 
XM_031436617.1 

F: GTGGAGGAAGCAGGGAAGAG 
R: AAAGGTCTCTGGTGTGAGGC 

 119 

LMAN1 Mannose binding 1 
XM_010979984.2 
XM_031441814.1 

F: TACGAGACAACCCAGCACTT 
R: GAGTTCTGGGCATTTCGGTC 

 120 

Mature 
AVP 

Arginine vasopressin Sequencing 
F: CTACCTGCCTGCTTCCTCAG 
R: CACTGTCTCAGCTCCAGGTC 

  107 
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Mature 
OXT 

Oxytocin 
Sequencing 
MF464533.1 

F: CTGCTACATCCAGAACTGCC 
R: CTCATCCCCGCAGCAGAT 

  130 

P4HB 
Prolyl 4-hydroxylase 
subunit beta 

XM_031469354.1 
XM_031469355.1 

F: ATCGTCATCGCCAAGATGGA 
R: TGTAGTCGATGACCGTCTGG 

 115 

PCSK1 

Proprotein 
convertase 
subtilisin/kexin type 
1 

XM_031448682.1 
XM_010993965.2 

F: GGAGACCTTCATGTCACCCT 
R: GTATCCCGCTCTCTCTCAGC 

   74 

PDIA4 
Protein disulfide 
isomerase family A 
member 4  

XM_031455567.1 
XM_031455568.1 

F: TGCTGCTGGAGTTCTATGCT 
R: TCCTTCAAGGTAGTGGCGAT 

85 

PDYN Prodynorphin 

XM_010988290.2 
XM_010988291.2 
XM_031434071.1 
XM_031434072.1 

F: GGAGCAGGTCAAACGCTATG 
R: GCCCACCTTATCCCCATCTT 

   97 

PEX3 
Peroxisomal 
biogenesis factor 3 

XM_010983708.2 
XM_031456463.1 

F: GCAGGCCTTCAAACAAGCTA 
R: GACTCGCAAAAGAACCACCA 

 110 

PTPRN 
Protein tyrosine 
phosphatase 
receptor type N 

XM_031452217.1 
XM_031452218.1 
XM_031452219.1 
XM_031452221.1 
XM_031452222.1 
XM_010988374.2 

F: AGCCCTTCTCGGAGTGACTA 
R: TATGTAGGCTGGCATCCGTG 

   72 

RANGAP1 
Ran GTPase 
activating protein 1 

XM_031463333.1 
XM_031463334.1 
XM_031463335.1 

F: GCTTTTGGGATCATCGGGAC 
R: AGTGACACCAGGGTGATTGA 

   72 

SCG2 Secretogranin II XM_010979109.2 
F: CAAATCGAGCAGGCCATCAA 
R: GAGCCTTTTGCTTACCGAGG 

   84 

SELENOS Selenoprotein S XM_031440466.1 
F: CGTCATCCCGAAACGGAAAT 
R: CTCTTCGTCCAGGTCTCCAG 

 107 

SSR3 
Signal sequence 
receptor subunit 3 

XM_010986437.2 
XM_031449649.1 

F: TCTGTTCCTGGTCTTGGTCA 
R: GTAGACAGGAGGGCGATGAG 

 117 

STK39 
Serine/threonine 
kinase 39 

XM_031451591.1 
F: CCGAGCAGATACAGTCCCTT 
R: TAAAACGAGGTTCACGGCAC 

   98 

TLR4 Toll-like receptor 4 

XM_010998309.2 
XM_010998325.2 
XM_031450320.1 
XM_010998333.2 

F: TCCCAGCACTTCATCCAGAG 
R: ACGACTGCTCAAAAACTGCC 

   78 

VGF 
VGF nerve growth 
factor inducible 

XM_031432640.1 
 
F: ACTGCGAGATTTCAGTCCGA 
R: CGTGCGAGTTTCTGTCTCTG 

   73 

VIP 
Vasoactive intestinal 
peptide 

XM_010994013.2 
F: ACCAGCGACTTTAGCAGACT 
R: GCTATGGCTGACTCGCTTTC 

   84 

XBP1 
X-box binding protein 
1  

ENSCDRT00005032
728.1 
ENSCDRT00005032
706.1 

F: GCAGAAACCAAGGGGAATGG 
R: GATGTTCTGGAGGGGTGACA 

117 
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XBP1s 
X-box binding protein 
1 (spliced form) 

ENSCDRT00005032
728.1 

F: TCTGCTTTCAACCAGCCACT 
R: GGAGCCCTCATAGCTACAGT 

79 

XBP1u 
X-box binding protein 
1 (unspliced form) 

ENSCDRT00005032
706.1 

F: TCAGACTACGTGCACCTCTG 
R: TGAACAGAATGCCCAACAGG 

128 
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Supplementary Table SC.2: Common names of gene symbols presented in this thesis. 
Gene symbol  Gene name  
ACAN  Aggrecan   
ADCY8  Adenylate cyclase 8  
ADCY8  Adenylate cyclase 8  
ADCYAP1R1  Adenylate cyclase activating polypeptide receptor type I  
ADRA1B  Adrenoceptor alpha 1B  
AEN  Apoptosis enhancing nuclease  
AGT  Angiotensinogen  
ANXA5  Annexin A5  
AQP4  Aquaporin 4  
ARC  Secreted protein acidic and cysteine rich  
ASS1  Argininosuccinate synthase 1  
ATP1A3  ATPase Na+/K+ transporting subunit alpha 3  
B2M  Beta-2-microglobulin  
BHLHA9, BHLHE22, 
BHLHE23, BHLHE40, 
BHLHE41,   

Basic helix-loop-helix family member a9, e22, e23, e40, e41. Products 
belong to bHLH family.  

BTBD11  BTB domain containing 11   
C1QA  Complement C1q A chain  
CAMK2A  Calcium/calmodulin dependent protein kinase II alpha  
CAMK2A  Calcium/calmodulin dependent protein kinase II alpha  
CDH13  Cadherin 13  
CEBPA, CEBPB, 
CEBPE, CEBPG, 
CEBPZ  

CCAAT enhancer binding protein alpha, beta, epsilon, gamma and zeta. 
Products belong to C/EBP family  

CHRM2  Cholinergic receptor muscarinic 2  

CITED1  Cbp/p300 interacting transactivator with Glu/Asp rich carboxy-terminal 
domain 1  

COL1A1  Collagen type I alpha 1 chain  
CREBZF, CREB1, 
CREB5  

CREB/ATF bZIP transcription factor; cAMP responsive element binding 
protein 1 and 5. Products belong to CREB family  

DLG4  Discs large MAGUK scaffold protein 4  
DYNC1H1  Dynein cytoplasmic 1 heavy chain 1  
ESR2  Estrogen receptor 2  
FHOD3  Formin homology 2 domain containing 3  
FOXP4  Forkhead box P4  
GABBR1  Gamma-aminobutyric acid (GABA) type B receptor subunit I  
GBA  Glucosylceramidase beta  
GFAP  Glial fibrillary acidic protein  
GLCE  Glucuronic acid epimerase   
HR  HR lysine demethylase and nuclear receptor corepressor  
IGFBP5  Insulin like growth factor binding protein 5  

JUN, JUNB  Proto-oncogene Jun and JunB, AP-1 transcription factor subunits. 
Products belong to JUN family  

KCNAB1  
Potassium voltage-gated channel subfamily A member regulatory beta 
subunit 1  

KLHL1  Kelch like family member 15  
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KLK7  Kallikrein related peptidase 7  
KRT78  Keratin 78  
LAMB3  Laminin subunit beta 3  
LAMC2  Laminin subunit gamma 2  
LCP1  Lymphocyte cytosolic protein 1  
MAFA, MAFB, 
MAFF, MAFK, 
MAFG  

MAF bZIP transcription factor A, B, F, G and K. Products belong to MAF 
family.   

MAP1A  Microtubule associated protein 1A  
MAP1B  Microtubule associated protein 1B  
MLXIPL  MLX interacting protein like  
NFIA  Nuclear factor I A  

NFYA, NFYB, NFYC  Nuclear transcription factor Y subunit alpha, beta and gamma. Products 
belong to NF-Y family  

NME1  Nucleoside diphosphate kinase B  
NR2F1, NR2F2  Nuclear receptor subfamily 2 group F member 1 and 2  
NR2F6  Nuclear receptor subfamily 2 group F member 6  
NR5A1  Nuclear receptor subfamily 5 group A member 1  
OR1L8  Olfactory receptor 1L8  
P4HB  Prolyl 4-hydroxylase subunit beta  
PARP6  Poly (ADP-Ribose) polymerase family member 6  
PCSK2  Proprotein convertase subtilisin/kexin type 2  
PGM5  Phosphoglucomutase 5  
PRKCG  Protein kinase C gamma  
PSAP  Prosaposin  
PTPRN  Protein tyrosine phosphatase receptor type N  
RET  Ret proto-oncogene  
RNaseP_nuc  Nuclear RNase P  
RYR2  Ryanodine receptor 2  
SDF2L1  Stromal cell derived factor 2 like 1  
SFRP4  secreted frizzled related protein 4  
SLC14A1  Solute carrier family 14 member 1 (Kidd blood group)   
SLC24A3  Solute carrier family 24 member 3  
SLC7A11  Solute carrier family 7 member 11  
SON  SON DNA and RNA binding protein  
SP1  Sp1 transcription factor  
SPP1  Secreted phosphoprotein 1  
SYT4  Synaptotagmin 4  
SYT4  Synaptotagmin 4  
SYT9  Synaptotagmin 9   
TFAP2A, TFAP2B, 
TFAP2C, TFAP2D  

Transcription factor AP-2 alpha, beta, gamma and delta. Products 
belong to TRAP2 family.   

THRA  Thyroid hormone receptor alpha  
UNC13A  Unc-13 homolog A  
UNC80  Unc-80 homolog, NALCN channel complex subunit  
ZNF300  Zinc finger protein 300  
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3D RNAseq analysis methodology 
3D RNAseq is a RNAseq data analysis pipeline recently developed by Guo et al. (2021) 

to comprehensively detect the alternative splicing of the genes that is regulated by 

different conditions. It is able to determine transcripts that are changed at the overall 

gene level (DE gene), and at the levels of different transcript variants (DE transcripts), 

genes unchanged at the overall gene level but differentially expressed for at least one 

transcript [differential alternative splicing (DAS) gene], as well as the genes with each 

transcripts showing different patterns of change [differential transcript usage (DTU) 

transcript]. Hence is named as “3D” RNAseq. Guo et al. (2021) reported the application 

of this method to a dexamethasone-treated male and female mouse cortex and 

hypothalamus data, which successfully identified the dexamethasone induced sex- 

and brain region-specific DE of genes and alternative splicing. In this study, the 3D 

RNAseq was adapted to the camel SON RNAseq data to preliminarily quantify the 

expression of different transcripts of key genes identified using the DESeq2 method.  

        After being merged and trimmed, as described in Section 4.3.6, the generated 

RNAseq reads (.fastq files) were loaded to a RNAseq quantification tool named Kallisto 

(Bray et al., 2016) in the high-performance computer “Hydra”. Kallisto (command line 

based) pesudoaligned the reads to an indexed (by Kallisto) Camdro2-based reference 

transcriptome database (Ensembl: Camelus_dromedarius.CamDro2.cds.all.fa), 

producing a list of transcripts that are compatible with each read while avoiding 

alignment of individual bases. The percentage of mapped and unmapped reads are 

available from the Kallisto quantification log files, which was used to plot bar chart in 

R, as a QC step. The Kallisto quantification result files were loaded into R and being 

analysed using the ThreeDRNAseq R package (Guo et al., 2021). The mapping between 

the Ensembl transcripts IDs and gene IDs were carried out by using a BUSpaRse (Moses 

and Pachter, 2022) R package. The reads mapped to genes and individual transcript 

isoforms were counted by tximport function (Soneson et al., 2015) inbuit in the 

ThreeDRNAseq package with the following settings: quant_method: ‘kallisto’; 

tximport_method: ‘lengthScaledTPM’; has no sequencing replicates and no batch 

effect esitimation; parameter for low expression filters: cpm_cut=1, 

cpm_samples_n=2. Raw read counts were normalized using TMM method (Robinson 
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and Oshlack, 2010) inbuilt in ThreeDRNAseq package to estimate library size variation 

between samples of interest.  

        The normalized read counts (TPM) were proceeded to DE analysis at gene and 

transcript levels using the inbuilt generalized linear modelling (GLM) method with 

Benjamini-hochberg correction (Benjamini and Hochberg, 1995). DEGs and DE 

transcripts were identified based on the changes in their expression abundance 

between control and DH conditions when padj ≤0.05. DAS genes were identified by 

deltaPS (delta percent spliced) – the percentage of the abundance of a transcript 

variant in comparison to the overall gene expression. A DAS gene was determined 

when daltaPS>0.1 and padj ≤0.05 for at least one transcript isoform of the gene. DTU 

transcripts are those display differential expression behaviour from other transcript 

isoforms of the same gene. DTU transcripts (padj ≤0.05, |deltaPS|>0.1) were 

identified by the change in expression of each transcript isoform in comparison to the 

average change of abundance of all remaining isoforms of the same gene. QC checks 

were performed at the sample level, gene level and transcript level on the count data 

before and after normalization by PCA. Gene annotations were retrieved by using an 

online tool g: Profiler (g:Convert, Orthology search) (Raudvere et al., 2019). 

Gene/transcript expression profile graphs were plotted using the averaged 

normalized read counts (TPM) with the application of the ‘plotAbundance’ function of 

the ThreeDRNAseq package.  
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Description of supplementary data files 

Supplementary Data S4.1: Statistics for Spearman correlation and linear regression analysis 
for the common DEGs between camels and rats. 

a Simple linear regression and spearman correlation tests on the LFC values of the common 
DEGs (by DH) between camel and rat. b Simple linear regression and spearman correlation 
tests on absolute LFC and -log10padj values of the common DEGs in camel or rat. c Wilcoxon 
matched-pairs signed rank test (two-tailed) for comparing the absolute LFC values of the 
common DEGs between camel and rat. 

Data available from: https://figshare.com/s/01dc4862928589f55b3a.  

 

Supplementary Data S4.2: qRT-PCR statistical analysis. 

For the mature and heteronuclear AVP and OXT genes and DEGs identified by RNAseq (AGT, 
ATF4, ATP6V0B, C1QB, CAMK2A, CCKAR, COL1A1, COL3A1, CREM, CTSA, FOS, GABBR2, PCSK1, 
PDYN, PTPRN, SCG2, VGF, ERN1, P4HB, SELENOS and SSR3), qRT-PCR data was analysed by 
using Brown-Forsythe and Welch one-way ANOVA with Dunnett T3 post-hoc test. For FOSL2, 
GLP2R, IRF8 and TLR4 genes, qRT-PCR data was analysed using two-way, unpaired t test with 
Welch correction.  

Data available from: https://figshare.com/s/77017b065e3b82ab6dde. 

 

Supplementary Data S4.3: Top overrepresented sequences of each library (trimmed reads). 

Top overrepresented sequence in each sample was blasted to find the best match among all 
species and also Camdro2.  

Data available from: https://figshare.com/s/b1579c108809c473dec9. 

 

Supplementary Data S4.4: Differential expression (DE) analysis for DH vs control camels to 
compare the compatibility of Camdro2 and Camdro3 as reference genomes. 

Camel RNAseq data were analyzed by using Camdro2 (a) and Camdro3 (b) as reference 
genome assemblies. DE analysis was performed by using DESeq2 (Wald test with Benjamin-
Hochberg adjustment). Original DE analysis between DH and control camels without any 
filtering are catalogued. CON: control. DH: dehydrated. BaseMean: the average of the 
normalized count values, dividing by size factors, taken over all samples. log2FoldChange (LFC): 
the effect size estimate. LFC value indicates how much the gene or transcript's expression 
have changed between the comparison and control groups. LFC value is reported on a 
logarithmic scale to base 2. lfcSE: the standard error estimate for the LFC estimate. Stat: the 
value of the test statistic for the gene or transcript. Pvalue: P-value of the test for the gene or 
transcript. padj: adjusted P-value for multiple comparison for the gene or transcript.  

Data available from: https://figshare.com/s/129e83f047f593c81cc4. 

 

Supplementary Data S4.5: Basal and DH transcriptomes of camel SON.  

Camel RNAseq data were analyzed by using DESeq2 (Wald test with Benjamin-Hochberg 
adjustment). a Basal (control) transcriptomes of camel SON show that 21579 genes are 
detectable for expression in basal (control) state (average normalized read counts across all 



291 
 

control samples>0). b Original DE analysis between DH and control camels without any 
filtering are catalogued (22444 genes in total). c A subset of (b) showing that 21986 genes are 
detectable for expression regarding collectively to both control and DH groups (baseMean>0). 
CON: control. DH: water deprived. BaseMean: the average of the normalized count values, 
dividing by size factors, taken over all samples. log2FoldChange: the effect size estimate. LFC 
value indicates how much the gene or transcript's expression have changed between the 
comparison and control groups. LFC value is reported on a logarithmic scale to base 2. lfcSE: 
the standard error estimate for the LFC estimate. Stat: the value of the test statistic for the 
gene or transcript. Pvalue: P-value of the test for the gene or transcript. padj: adjusted P-value 
for multiple comparison for the gene or transcript.  

Data available from: https://figshare.com/s/23360046362b58b40d41. 

 

Supplementary Data S4.6: Functional classifications of camel basal genes and DEGs.  

a-i Functional classifications of the camel basal (control) genes. a Transcription factors. b 
Peptides. c Catalytic receptors. d Enzymes. e G protein-coupled receptors (GPCRs). f Nuclear 
hormone receptors (NHRs). g Ion channels. h Transporters. i Other pharmacological targets. j 
Functional classifications of the camel DEGs.  

Data available from: https://figshare.com/s/c267a4cc1253d07f0ccf. 

 

Supplementary Data S4.7: Detection of AVP and OXT expression in control and DH camel 
SON by RNAseq using ASM164081v1 as reference genome. 

a Normalization of the mapped reads to AVP and OXT using Counts per million mapped reads 
(CPM) method. Statistical analysis for comparing the expression of the two genes between 
control and DH camels are shown in b (AVP) and c (OXT). Data was analyzed by using two-way, 
unpaired t test with Welch correction.  

Data available from: https://figshare.com/s/0024e5e8f940efb53e8d. 

 

Supplementary Data S4.8: Over-representation analysis for gene ontology (GO).  

Over-representation analysis were performed based on a set of genes (with all genes 
expressed in camel or rat SON transcriptome as background) referring to the human (for 
camel) or rat (for rat) biological process, KEGG pathway and Reactome pathway databases. 
Benjamin-Hochberg (BH) adjustment was applied to reduce the false discovery rate (FDR). a 
Gene ontology on all camel DEGs. b Gene ontology on common DEGs between camel and rat. 
c Gene ontology on DEGs unique to camel. GeneRatio=k/n (k is size of the overlap of input 
genes with the specific geneset, n is size of the overlap of input genes with all the members 
of the collection of genesets); BgRatio=M/N (M is size of the geneset, N is the total number of 
genes in the background distribution); pvalue: calculated using hypergeometric distribution; 
p.adjust: pvalue corrected by BH method; qvalue: pvalue adjusted to calculate FDR for 
multiple testing; count: size of the overlap of input genes with the specific geneset.  

Data available from: https://figshare.com/s/b4e4d583ff2ec50b448d. 

 

Supplementary Data S4.9: Differential expression (DE) analysis for DH rat. 

Rat RNAseq data were analyzed by using DESeq2 (Wald test with Benjamin-Hochberg 
adjustment). Original DE analysis results between DH and control rats without any filtering 
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(32402 genes in total) are catalogued. Ensembl was used for retrieving rat gene annotations 
using AnnotationDbi (version 1.50.3) packages. A total of 2247 DEGs (Benjamini-Hochberg 
correction, padj≤0.05) were identified.  

Data available from: https://figshare.com/s/9767c256c7d32230268c. 

 

Supplementary Data S4.10: Differential expression (DE) analysis for DH camel (with 
independent filtering, alpha=0.05). 

Camel RNAseq data were analyzed by using DESeq2 (Wald test with Benjamin-Hochberg 
adjustment). Original DE analysis results between DH and control camels with independent 
filtering (alpha=0.05) are catalogued. A total of 210 DEGs (Benjamini-Hochberg correction, 
padj≤0.05) were identified.  

Data available from: https://figshare.com/s/bbf9f41f73c9522447b0. 

 

Supplementary Data S4.11: Differential expression (DE) analysis for DH camel (modelling 
RIN effects). 

Camel RNAseq data were analyzed by using DESeq2 (Wald test with Benjamin-Hochberg 
adjustment). Original DE analysis results between DH and control camels with modelling RIN 
effects in the DESeq2 design are catalogued. A total of 112 DEGs (Benjamini-Hochberg 
correction, padj≤0.05) were identified.  

Data available from: https://figshare.com/s/5bcc0bbefce7bcfd72bc. 
 

Supplementary Data S5.1: Differential expression analysis between RH and DH camels. 

Camel RNAseq data were analyzed by using DESeq2 (Wald test with Benjamin-Hochberg 
adjustment). a Original DE analysis between RH and DH camels without any filtering are 
catalogued (22444 genes in total). b A subset of (a) showing that 21909 genes are detectable 
for expression regarding collectively to both RH and DH groups (baseMean>0). DH: 
dehydrated; RH: rehydrated. BaseMean: the average of the normalized count values, dividing 
by size factors, taken over all samples. log2FoldChange: the effect size estimate. LFC value 
indicates how much the gene or transcript's expression have changed between the 
comparison and control groups. LFC value is reported on a logarithmic scale to base 2. lfcSE: 
the standard error estimate for the LFC estimate. Stat: the value of the test statistic for the 
gene or transcript. Pvalue: P-value of the test for the gene or transcript. padj: adjusted P-value 
for multiple comparison for the gene or transcript.  

Data available from: https://figshare.com/s/3eb7c63667cd306bec1e. 
 

Supplementary Data S5.2 Differential expression analysis between RH and control camels. 

Camel RNAseq data were analyzed by using DESeq2 (Wald test with Benjamin-Hochberg 
adjustment). a Original DE analysis between RH and control camels without any filtering are 
catalogued (22444 genes in total). b A subset of (a) showing that 21903 genes are detectable 
for expression regarding collectively to both RH and control groups (baseMean>0). c DEGs (RH 
vs. CON) coding for collagen subunits. CON: control. RH: rehydrated. BaseMean: the average 
of the normalized count values, dividing by size factors, taken over all samples. 
log2FoldChange: the effect size estimate. LFC value indicates how much the gene or 
transcript's expression have changed between the comparison and control groups. LFC value 
is reported on a logarithmic scale to base 2. lfcSE: the standard error estimate for the LFC 
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estimate. Stat: the value of the test statistic for the gene or transcript. Pvalue: P-value of the 
test for the gene or transcript. padj: adjusted P-value for multiple comparison for the gene or 
transcript.  

Data available from: https://figshare.com/s/1f912231130d1db347d3. 
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