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Abstract

The discovery of the Ammonium Major Facilitator (AMF) family in plants and yeast by
overexpression of the soybean transcription factor GmbHLHm1 in yeast has opened up new insights into
the transport of NH4* in eukaryotic systems. Using both yeast and Xenopus oocyte expression systems,
ScAMF1 and a plant homolog (GmAMF3) were shown to transport NHs* and the toxic ammonium
analogue methylammonium (MA). The AMF family is conserved in most plants including Arabidopsis
thaliana where three homologs exist, these being AtAMF1 (At2g22730), AtAMF2 (At5g64500) and
AtAMF3 (At5g65687). All three AMF genes are expressed throughout the plant with noticeable expression
in senescing shoot tissues. Transient expression in Nicotiana benthamiana leaves indicated AtAMF1,
AtAMF2, and AtAMF3 proteins are located on the ER, tonoplast and plasma membrane, respectively.
Functional testing in an ammonium transport deficient yeast strain (31019b) did not result in activities
which rescued growth of yeast cells grown on low ammonium concentrations. However, like GmAMF1;3
and SCAMF1, AtAMF2 was capable of inducing an increased sensitivity to the toxic ammonium analogue
methylammonium. These alternative protein locations and activities may reflect a distinct function of each
protein in cellular NH4* transport and homeostasis.

A disruption of both the high (Trk1) and low (Trk2) affinity K* transport proteins in the yeast strain
CY162 (trk1A; trk2A) was found to inhibit growth on high concentrations of NH4*, a process potentially
linked to the efflux of amino acids out of yeast cells. The overexpression of the tonoplast-localised AMF
protein, AtAMF2, was shown to rescue CY162 when grown at high NH4* concentrations while continuing
to induce a toxic phenotype to high concentrations of MA. The data suggests that AtAMF2 may participate
in the release of acid-trapped NH4* from the vacuole into the cytoplasm, a process required to supply
nutrients to support cellular growth in NH4* grown but amino acid-starved cells. In contrast, when MA is
supplied, vacuole-localised MA* is released by AtAMF2 into the cytoplasm inducing a toxicity phenotype.
This process was enhanced when cells were supplied with only proline or limited concentrations of amino
acids. Collectively these data suggest the tonoplast-localised AtAMF2 is a functional NH4* efflux protein
that can support cellular growth when limited by available nitrogen (NH4+ and or amino acid) resources.

Individual amf T-DNA knockouts in Arabidopsis were identified and used to create multiple amf
mutations through selected crosses. The amf1 mutant displayed an increased rate of unidirectional 15NH4*
influx into Arabidopsis roots that was not present in either amf2 or amf3. The growth of mutants with amfl
background (amfl, amflamf2 or amflamf3) on low NOz (0.05 mM) and adequate K* (3.75 mM) were
found to be sensitive to 20 mM MA. In the presence of low or high NO3z (0.05 and 7.5 mM, respectively)
and low K* (<0.1 mM), root growth in the amf2amf3 mutant was significantly inhibited by 2 mM NHg4*, a
phenotype that could be rescued with the provision of external K*. These data demonstrated that AtAMF1
might have a dominant role in NH4* toxicity tolerance when supplied low concentrations of NOs while
AtAMF2 and AtAMF3 aid in the management of NH4* toxicity in a K*-dependent manner. Collectively with

\Y



experiments in yeast, the in-planta experiments confirm the importance of K* availability in mitigating NH4*
toxicity in Arabidopsis, a process which appears to involve members of the AMF family.
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1. Literature review

1.1 Nitrogen in agriculture

Nitrogen (N), along with phosphorus (P) and potassium (K), is an essential nutrient required for
plant growth. Nitrogen has important functions as a structural component of proteins, nucleic acids,
pigments, chlorophyll, secondary metabolites and other molecules required by plants to grow. As N
uptake and storage is essential, plants have developed various mechanisms including physiological,
biochemical and morphological strategies (Garnett et al., 2009) including N root-to-shoot translocation
(Giehl et al., 2017) and remobilisation from senescing leave (Masclaux-Daubresse et al., 2010) as well
as crosstalk of plant phytohormones (Xu et al., 2012) to assure an adequate availability of N. However,
in most agricultural soils, reduced forms of N (i.e. other than N) can be limiting. Therefore, in agricultural
situations, maintaining adequate N supply for crop production is required involving the application of N-
containing fertilizers. In the US, N fertiliser application was approximately 60% of the total fertilisers used
in farming systems in 2011 (USDA-ERS, 2013). Furthermore, data from FAO indicates that in 2017, world
N fertilizer demand was 113.6 million tonnes (FAO, 2017). Farmers tend to apply excess amounts of
fertilizers to ensure maximum yield is met, often exceeding the N requirements for growth and productivity.
Unfortunately, most agronomically important crops are low in N-use efficiency. This is a combination of
factors based on agronomy, plant genetics, soil microbial competition and soil chemistry. Furthermore,
low NUE is often translated into wastage of N fertilizers. Lost N is economically costly to growers and
contributes to significant environmental problems globally that includes; excessive use of fossil fuels to
generate N fertilisers, degradation of drinking water through N contamination and, pollution of aquatic
ecosystems that influence toxic algae blooms causing eutrophication/hypoxia episodes that reduce O
concentration in the water required to support aquatic life (Camargo and Alonso, 2006). Therefore,
improving NUE of crop plants is essential in order to ensure sustainable agriculture with limited N fertiliser
supply. This improvement can be partially achieved by understanding the mechanisms of N uptake,
storage and assimilation within plants (Garnett et al., 2009). Selection and use of NUE-improved crops
will ultimately reduce N application dosage, and simultaneously decrease N pollution in the environment.

In soil, apart from N2 gas, N is available to plants in various forms including inorganic N - nitrate
(NOz") and ammonium (NH4*), as well as organic N forms including, amino acids and nucleic acids. The
available concentrations of these N species depends on the physical, chemical and biological condition
of the soil, such as accumulation of organic matter, water supply, temperature, pH microbial activity and
the presence of alleopathic chemicals (Britto and Kronzucker, 2002). In aerobic soils, NOs-is abundant
as microbial activity quickly converts most forms of reduced N to NOs-, while in anaerobic and cold soils,
NH4* becomes more prevalent than NOz (Yamaya and Oaks, 2004; Miller, 2010; Xu et al., 2012). In
addition, free amino acid concentrations are generally high at the surface of soils rich in organic matter
ranging from 0.1 to 50 mM. This is in contrast to agricultural soils, which have a lower concentration range
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between 1 and 100 uM (Jones et al., 2002). In plants, transport systems for NOs-, NH4*, and amino acids
exist including, nitrate (NRTs), ammonium (AMTs) and amino acid transporters, respectively.

1.2 Current understanding of ammonium transport in Arabidopsis thaliana

1.2.1  Ammonium transport by AMT protein families

Some plants prefer NH4* rather than NOs as it requires lower energy inputs for uptake and
assimilation (Touraine, 2004). For NOs-, uptake and assimilation is more energy-dependent where an
energy equivalent of 8-12 adenosine triphosphate (ATP) molecules is required per molecule of NOz
reduced (Bloom et al., 1992). In contrast, the assimilation of NH4* in roots or shoots only requires an
energy equivalent of 2 ATPs (Bloom, 2011). However, NH4* influx into plant cells must be regulated, as
elevated concentrations in the cytoplasm are toxic, causing detrimental effects on plant growth and
development (Britto and Kronzucker, 2002). Some studies have shown that osmotic balance and cell
function disruption are the main reasons for growth inhibition of plants grown at high NH4* concentrations.
An experiment by Gerendas et al. (1997) showed that NH4* toxicity relates to disrupted water potential
and osmotic balance in plant cells. Additionally, Britto et al. (2001) explained that in NH4* sensitive plants,
such as barley, NH4* toxicity is due to the inability of cells to exclude NH4* through plasma membrane
regulation, which eventually leads to intracellular toxicity. Therefore, plants have evolved mechanisms
(morphological, physiological and / or biochemical) to avoid toxicity including the up-regulation of NH4*
uptake during limited supply and down-regulation of NH4* uptake during excess supply (Glass et al.,
2002). Better understanding of these mechanisms would be essential for the development of higher NUE
in crop plants.

AMT's have been widely known and studied as the main transport proteins of NH4* though NH3
is known to be transported via some aquaporins (Holm et al., 2005; Loqué et al., 2005; Bertl and
Kaldenhoff, 2007; Kirscht et al., 2016). AMT proteins are conserved in bacteria, yeast, plants and animals
(named Amt/Mep/AMT/Rh, respectively) showing their importance in living organisms (Marini et al., 1997,
Howitt and Udvardi, 2000; Shelden et al., 2001; Mayer et al., 2006; Andrade and Einsle, 2007). In plants,
AMTSs are the primary transport proteins known to transport NH4*. In Arabidopsis thaliana, there are six
AMTSs divided into two families. The first family is comprised of five genes, AMT1;1-AMT1;5 while the
second family only has one gene, AMT2;1 (Sohlenkamp et al., 2000; Glass et al., 2002; Sohlenkamp et
al., 2002; Yuan et al., 2007). All known AMTs are assumed responsible for NH4* transport at low
concentrations representing the high affinity transport system —-HATS. No AMT has been associated with
NHg4* transport at high concentrations, which would represent the low affinity transport system — LATS.
Although previously it was suggested AtAMT1;2 was a potential LATS transporter (Yuan et al., 2007).
The expression of plant AMT genes in various tissues and cellular locations is strongly correlated with N
availability, therefore it is assumed that every gene has a distinct function in NH4* transport (Yuan et al.,

2007). AMT1;1, AMT1;2, AMT1;3 and AMT1;5 are the main transporters involved in NH4* influx from soil
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as they are mostly expressed in root cells including the epidermis, cortex and endodermis (Yuan et al.,
2007; Masclaux-Daubresse et al., 2010). Additionally, Gazzarrini et al. (1999) showed AtAMT1;1 is
expressed in all plant organs, while AtAMT1;2 and AMT1;3 expression is mainly expressed in the roots.
Furthermore, Yuan et al. (2007) in a study utilizing transgenic plants expressing green fluorescence
protein (GFP) driven by a native promoter, showed that AtAMTZ1;5 is highly expressed in the root tip and
root hairs. In contrast, AMT1:4, is specifically expressed in pollen, however there is no visible or functional
difference between wild type plants and amtl;4 mutant plants in pollen function (Yuan et al., 2009). In
addition, it has been shown that AMT2;1 is also expressed in roots, however its role in NH4* influx remains
unclear as an amt2;1 mutant shows no phenotypical differences compared to wild type plants
(Sohlenkamp et al., 2002; Yuan et al., 2007).

The regulation of NH4+ uptake is controlled by the overall N status of the whole plant and often
controlled to match the N requirements for normal growth across different growth stages (von Wiren et
al., 2001). It includes regulation by concentration of external NHs* and/or the level of N assimilation
products. At high NH4* concentrations, plants tend to regulate NH4* influx in order to avoid NH4*-induced
toxicity. Some studies have shown that NH4* influx is down-regulated when plants are grown in elevated
N levels, while influx is up-regulated under low N (Gazzarrini et al., 1999; Glass et al., 2000). Glutamine,
as one of the primary N assimilation products, also regulates NH4* uptake possibly as a negative feedback
regulator as suggested by Rawat et al. (1999). In this study, there was clear evidence that showed
AtAMT1 transcript levels decreased when exogenous glutamine was applied. Stimulation by light is
another regulatory mechanism involved in NH4* uptake. Expression of AtAMT1;1, AtAMTL1;2 and
AtAMT1;3 increased 1.5, 1.7 and 3 times respectively, and correlated to 15N influx that increased during
the daytime and decreased during the dark (Gazzarrini et al., 1999). Additionally, in a study in A. thaliana,
N metabolism was altered when chloroplast fructose-1,6-bisphosphatase, an enzyme involved in the
Calvin cycle during photosynthesis, was silenced indicating the possible regulation of N by sugars
(Sahrawy et al. (2004). Likewise, a study in field pea (Pisum arvense L. var. Nieznaniecki) revealed that
the application of exogenous supply of sucrose or glucose increased NH.* uptake. Furthermore, addition
of 1% of sucrose could maintain expression levels of AtAMT1 transcripts as well as NH4* influx during the
dark period in A. thaliana grown on 1 mM NHsNO3z (Lejay et al., 2003). This particular regulation may
relate to the nitrogen/carbon (N/C) balance and photosynthesis production (sugar) within plants.

Every AMT gene may have a distinct function and they are also predicted to contribute differently
in the overall NH4* transport pathway in A. thaliana. AtAMT1;1 has been shown to contribute ~30 % of
overall NH4* uptake (Kaiser et al., 2002). Similar activities have also been shown for AtAMT1;3, which
contributes ~30 % of overall NH4* uptake (Loque et al., 2006). An experiment using double knockout
mutants (dko) revealed that AtAMT1;1 and AtAMT1;3 have an additive contribution, approximately 60-70
% of net NHs* uptake (Loque et al., 2006). Furthermore, subsequent experiments using a quadruple
knockout mutant (gko) showed that ~90% of NH4* influx is facilitated by AMT1;1, AMT1;2, AMT1;3 and
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AMT1;5 sharing a contribution of ~30%, ~20%, ~30%, and ~10%, respectively (Yuan et al., 2007). The
fact that there is still unknown mechanism(s) contributing ~10% of NH4* influx, poses an intriguing
question regarding the possibility of unidentified transporters involved in NH4* uptake system in A.
thaliana.

1.2.2  Ammonium transport by non-AMT protein families

Although AMT protein families were thought to be only transporters responsible for NH4* transport,
some recent data have shown that other transport proteins are able to transport NH4*. Experiments using
the gko Arabidopsis mutant line which has lost all four root-expressed AMTSs, still showed evidence of
NHa* influx through the root tissues (Yuan et al., 2007). Similarly, the yeast triple mep mutant that has
mutations in all three MEP genes (Amepl-3), was able to grow on buffered media (pH 6.1) and high
concentration of NH4* (>20 mM) (Marini et al., 1997). These studies provide evidence that there is other
NHg4* transport mechanism(s) unrelated to AMT/Mep proteins that contribute to overall NH4* transport.

Nonselective cation channels (NSCC) have been shown to facilitate NH4* transport in some plant
species. However, information regarding the role of NSCC to regulate NH4* transport in Arabidopsis is
still limited. Using electrophysiology approaches on the plasma membrane of Arabidopsis root
protoplasts, it was shown that NSCC's allow permeation of NHs* (Demidchik and Tester, 2002).
Subsequent experiments using protoplasts isolated from wheat roots also showed similar results
(Davenport and Tester, 2000), however wheat showed a higher NHs* conductance compared to the
conductance observed in Arabidopsis root protoplasts. The difference in conductance among species
might determine the unique physiological roles and important functions of the NSCC in regulating ions
balance and transport in different species. Additionally, the NSCC may also serve as an alternative
nutritional acquisition pathway in symbiotic plants such as legumes. In soybean root nodules, unidentified
channels, predicted to be NSCC, showed the ability to facilitate NH4* movement across peribacteroid
membrane (Tyerman et al., 1995; Obermeyer and Tyerman, 2005). Unfortunately, the molecular identity
of the NSCC permeable to NH4* yet to be uncovered. A candidate for NSCC has been identified as PIP2;1
aquaporin (Byrt et al., 2017) that can show NSCC activity when expressed in Xenopus oocytes, however
the NH4* permeability of these aquaporins has yet to be determined.

In animal systems, potassium transporters and channels are also believed to transport NH4* due
to their similarity in chemical size (mw) and charge (Martinelle and Haggstrom, 1993; Weiner and Hamm,
2007). A study by Moroni et al. (1998) showed that root-expressed AtKAT1 is permeable to NH4*and a
single amino acid mutation of Threonine (at position 256) to either Aspartic Acid or Glycine (T256D or
T256G, respectively) significantly increased the permeability of NH4* through the mutated KAT1 channel
(Uozumi et al., 1995). Another study on rye also showed that NHs* is permeable through a voltage-
independent K* channel located in the plasma membrane of rye roots (White, 1996). Studies in barley
clearly demonstrated a competitive interaction between NH4* and K* (Hoopen et al., 2010). However, the



contribution of K* channels in the overall NH4* transport and uptake in plants is relatively unknown and
needs further research.

The main role of aquaporins (AQPS) are to facilitate water transport in and out of cells however, in
some cases they can also transport small solutes (Takata et al., 2004) including NHz (Niemietz and
Tyerman, 2000; Jahn et al., 2004), glycerol, CO,, urea, H.02, NO, metalloids, and ions (Wu and Beitz,
2007; Yool and Campbell, 2012; Zhao et al., 2016). Heterologous expression in yeast and Xenopus
oocytes were used for the functional characterisation of plant AQPs in relation to NH4*/NHs transport
ability across the plasma membrane. Tonoplast intrinsic proteins (TIPs) from wheat (TaTIP2;1, TaTIP2;2
and TaTlIP2;3) showed the ability to restore growth inhibition of Amep1-3 mutant yeast (31019b) at 2 mM
NHs* as a sole N source (Jahn et al., 2004). Additionally, expression of TaTIP2;1 in Xenopus oocytes
increased the influx of methylammonium (MA), a toxic analogue of NH4*, at pH > 7 (Jahn et al., 2004,
Holm et al., 2005). Subsequent experiments by Bertl and Kaldenhoff (2007) using stopped-flow
spectrometric studies provided further evidence of the ability of TaTIP2;2 to facilitate NHs transport across
the plasma membrane of yeast protoplasts. Experiments by Loqué et al. (2005), showed that TIPs isolated
from Arabidopsis thaliana (AtTIP2;1 and AtTIP2;3) were able to transport MA into the vacuole, hence
increase the tolerance of wild type yeast (BY4741) to MA . When AtTIP2;1 was expressed in Xenopus
oocytes, a significant increase of MA influx across the plasma membrane was also evident. A recently
published crystal structure of AtTIP2;1 revealed a unique side pore which is speculated to deprotonate
NHg4*, thereby increasing NHs permeability (Kirscht et al., 2016) adding more evidence of TIPs ability to
transport NHs. Unfortunately, Arabidopsis transgenic plants overexpressing AtTIP2;1, failed to
demonstrate a significant physiological impact or changes on overall NHs/NH4* transport and regulation

in planta (Loqué et al., 2005).

1.2.3 Identification of Ammonium Major Facilitator (AMF) families

In 2014, a novel gene was discovered in yeast when a soybean membrane-localised transcription
factor GmbHLHm1 (Chiasson et al., 2014) was overexpressed in the yeast mutant strain 26972c (Amep1-
2). Microarray analysis was conducted by using RNA extracted from the yeast mutant overexpressing
GmbHLHmM1 grown under low NH4* conditions (Mazurkiewicz, 2008). The microarray results showed that
a yeast gene, YOR378w, was significantly upregulated (~57-fold). Based on homology, YOR378w was
classified as a Major Facilitator Superfamily protein (MFS). The uncharacterised YOR378w gene was
renamed Ammonium Major Facilitator 1 (AMF1).

Subsequent experiments were carried out by Mazurkiewicz (2013) to functionally characterize this
novel protein in relation to NH4* transport and regulation. Yeast mutants 26972c and 31019b were used
to investigate the capability of AMF1 to facilitate MA uptake. Overexpression of the yeast AMF1 (SCAMF1)
caused MA toxicity and a significant increase in the accumulation of 1 mM 4C-MA in both strains of yeast
compared to control cells (pYES3-DEST empty vector). However, complementation of ScCAMF1

demonstrated limited ability to restore yeast growth at 1 mM NHa4*. These results indicated a clear ability
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of SCAMF1 to mediate MA transport but NH4* influx occurred only at higher concentrations (>1 mM).
Additionally, heterologous expression systems and electrophysiology studies using Xenopus oocytes
consistently showed the ability of SCAMFL1 to facilitate NH4* transport across the oocyte plasma
membrane. There was a significant increase of 14C-MA uptake in the oocytes injected with SCAMF1 cRNA
compared to water-injected oocytes. Using a two-electrode voltage clamp, a consistent NH4* inducible
inward current across the oocyte plasma membrane was detected in the oocytes injected with SCAMF1-
CRNA while in the water-injected controls the current was not present.

Chiasson et al. (2014) produced a phylogenetic tree showing the amino acid sequence homology
of AMF1 families across different plant species including, Glycine max, A. thaliana, Medicago truncatula,
Vitis vinifera, Zea mays, Oryza sativa, Populus trichocarpa, Ricinius communis, Sorghum bicolor, Picea
sitchensis, Physcomitrella patens. A high degree of conservation may reflect the importance of the protein
in plants, possibly in relation to NH4* transport mechanisms. Subsequent experiments on AMF homologs
in soybean (GmAMF3) demonstrated similar features to SCAMFL. In yeast (strain 26972¢ and 31019b),
overexpression of GmAMF3 significantly increased 4C-MA uptake relative to the empty vector control.
Similarly, when GmAMF3 was expressed in Xenopus oocytes, it generated an NH4*-dependent inward
current (Chiasson et al., 2014).

Even though the previous results have shown that AMF1 proteins possess the characteristics of
an NHs* transport protein, the definitive functions of AMF1 and its mode of activity remain unclear.
Therefore, further studies are needed to understand whether AMF1 is involved in NH4* uptake into roots
or NH4* redistribution within plants.

1.3 Ammonium toxicity

1.3.1  Ammonium toxicity in plants

Despite NH4* being the preferred source of reduced N for many plants especially grown under
anaerobic conditions, NH4* uptake must be carefully regulated. Hyperaccumulation of NH4* is toxic and
detrimental to most plants. This problematic situation usually happens in areas with intensive agricultural
and livestock cultivation where NH4* deposition is relatively high (van der Eerden, 1982; Pearson and
Stewart, 1993). NH4* deposition in some parts of Europe was estimated to be as high as 50 kg/halyear
(Pearson and Stewart, 1993). The reasons for NHs* toxicity is still unclear. van der Eerden (1982)
proposed that NH4*/NH3 toxicity is due to: (i) inhibitory effects of NH3 on photosynthetic phosphorylation
presumably working as an uncoupler, which consequently reduces carbohydrate production and growth.
Gerendas et al. (1997) hypothesized that NH4* toxicity is a combined result of the following effects,
including (i) nutrient deficiency due to an impaired uptake of essential metal ions, particularly K*; (i) root
growth inhibition as a consequence of medium acidification; (iii) disturbance to intercellular pH and
osmotic balance; (iv) uncoupling of photophosphorylation due to accumulation of NH4* in leaves and (v)

a shift in plant carbohydrate allocation to compensate for the energy demand of NH4* detoxification.
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Additionally, Barker (1999) suggested that incorporation of NH4* into amino acids is a pathway for
detoxification of accumulating NH4* in leaf tissues.

One hypothesis is that NH4* toxicity is a consequence of the high energetic cost required for cell
detoxification by pumping NHs* back out of root cells that eventually leads to growth inhibition (Britto et
al., 2001). This hypothesis was based on a comparative study of two cereal plants (rice and barley) known
to differ significantly in their tolerance to high NH4*. Rice is considered a species with an exceptional
tolerance to high NH4* while barley is a susceptible species. Using short-lived 13N radiotracer, Britto et al.
(2001) showed that barley roots have a higher NH4* efflux from root cells to the external medium
compared to rice roots. The efflux from barley roots reached almost 80% of initial influx. This detoxifying
mechanism demands a substantial energy requirement. Based on theoretical calculations for barley roots,
Kronzucker et al. (2001) proposed that 3.2 kJ energy is required to pump out one mol of NH4* from the
cell, or around 9-18 ions/ATP hydrolyzed. This is consistent with an increased O, consumption observed
in barley roots subjected to high NH4* and is strongly associated with the magnitude increase of NH4*
efflux (Britto et al., 2001). Eventually, growth inhibition is a consequence of the energy demanding
process.

Despite extensive studies being carried out to elucidate NH4* tolerance mechanism in Arabidopsis,
most results have only revealed partial answers. This is probably a consequence of the complex nature
of NH4* toxicity. A review by Li et al. (2014) detailed molecular studies that demonstrated genes important
for NH4* sensitivity and tolerance in Arabidopsis. Surprisingly, only three of those genes discussed in the
review are related to ion transport, a potassium transporter; TRH1 (Zou et al., 2012) and two NHg4*
transporters; AMT1 and AMT3 (Lima et al., 2010). Other studies have mainly considered the proceeding
consequences of NH4* intrusion and accumulation in cells, such as root growth perturbation and
biochemical changes in plants suffering NH4* toxicity (Li et al., 2014). This is in contrast to the proposed
hypothesis of Britto et al. (2001), which suggests regulation of NH4* ion through transport proteins across
the plasma membrane is the fundamental mechanism in NH4* toxicity tolerance. Therefore, identification
and elucidation of novel NH4* transporters located in the plasma membrane and/or tonoplast will help to
comprehensively answer the elusive question of NH4* toxicity tolerance.

1.3.2  Ammonium toxicity tolerance mechanisms: efflux and sequestration

A high energy demanding NH4* efflux mechanism is considered as the first step in NH4* toxicity
tolerance in most plants (Coskun et al., 2013a). Through this step, plants can fine-tune NHs* homeostasis
in the cytoplasm to maintain appropriate concentrations and avoid toxicity. Unfortunately, the gene(s)
responsible for this mechanism have yet to be identified. Aquaporins were suggested to facilitate NHs3
efflux in plants (Howitt and Udvardi, 2000; Coskun et al., 2013a) as shown in symbiotic membrane of
infected nodules in legumes (Udvardi and Day, 1997; Day et al., 2001). This process is mostly considered
as a nutrient exchange step between the plant host and invaded bacteria rather than a toxicity tolerance

mechanism. Nevertheless, aquaporins might participate in efflux mechanisms in both symbiotic and non-
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symbiotic plants when NH3 concentrations are elevated. Note that aquaporins (TIP2;1, TIP2;2) have been
shown to transport NHs, not NH4*, though some that function as NSCCs may also transport NH4* (Byrt et
al., 2017). Since the cytoplasm is slightly alkaline, NH3 may be sufficiently elevated to efflux via
aquaporins to the external more acidic apoplast.

Identification of NH4* transporters in yeast (Mep) and plants (AMT) has led to the identification of
related proteins in animals and humans (Rh). In contrast to Mep and AMT which only show influx capability
(Marini et al., 1997; Yuan et al., 2007), some Rh and Amt proteins have been identified to facilitate NH4*
efflux. Human rhesus-associated RhAG protein and a kidney homologue (RhGK) enhanced resistance of
yeast mutant Amepl1-3 grown at a toxic concentration of MA (Marini et al., 2000b; Westhoff et al., 2004).
Subsequent studies by Mayer et al. (2006) and Marini et al. (2006) also revealed an enhanced tolerance
when RhCG-expressing yeast were grown on toxic MA concentration. This enhancement was related to
the ability of the Rh protein to pump out the toxic MA from cells.

In plants, vacuolar sequestration is also believed to confer NH4* toxicity. When cells fail to maintain
appropriate NH3s/NH4* concentrations in the cytoplasm, storing excess NHs/NH4* into the vacuole seems
to be a crucial step. However, the mode of action, transported species (NH4* or NHs3) and transport
proteins responsible for this pathway are still unclear. Coskun et al. (2013a) suggested that NHz is the
species passively transported into the vacuole facilitated by tonoplast-localized proteins such as
aquaporins. Accordingly, a study by Logué et al. (2005) revealed that overexpression of AtTIP2;1 and
AtTIP2;3 in yeast increased tolerance to toxic MA concentrations and the detoxifying ability of these
tonoplast-localized proteins depended on a functional vacuole. On the other hand, the pathway facilitating
NHa* transport out of the vacuole back into the cytoplasm when required for assimilation is yet to be

discovered.
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Figure 1.1 Schematic representation of transporters involved in NHs/NH4* uptake across plant cell
membranes. Adapted from from Plant Science, 248, Esteban, R., Ariz, I., Cruz, C., and Moran, J.F.
Review: Mechanism of ammonium toxicity and the quest for tolerance, Pages 92-101., Copyright (2016),
with permission from Elsevier.

Under low/non-toxic NH4* concentrations and adequate K* provision, plant cells facilitate NH4* influx
through high-affinity AMT transporters. When NHa+ is present at high concentrations accompanied by low
K*, the AMT transporters are inactivated to avoid hyperaccumulation. However uncontrolled NH4* influx
may still occur through AQPs and NSCCs permeable to NHs/NH4* and contribute to net NHa/NH4* influx
into the cytoplasm. Once inside the cytoplasm, the NH4* is de-protonated to form NHs. Sequestration of
NHjs into the vacuole is facilitated by tonoplast-localized AQPs. Due to acidic environment of the vacuole,
the NHz is protonated to form NH4* and acid-trapped inside the vacuole. Release of NH4* from the vacuole
back into the cytoplasm is facilitated by unidentified vacuolar NHs* effluxer @. In cytoplasm the released
NHs* is de-protonated to form NHs. To achieve appropriate NHz concentration inside the cytoplasm,
excessive NHz is pumped out into the apoplast by unidentified plasma membrane NH; effluxer @. Once
gets into the apoplast, the NHz is protonated into NH4*.

OF plasma membrane NHjs effluxer; @& : vacuolar NH4* effluxer; @ : plasma membrane proton pump;
© : vacuolar proton pump; = =9 : NHs/NH4* flux through transport across plasma membrane and

tonoplast.

1.3.3 Kt*and NOs are essential for NH4* toxicity alleviation
Interaction between K and N is complicated, yet interesting, as plants require both in relatively large
quantities for proper growth and productivity. Both elements intersect in some important mechanisms
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including influences of K+ on regulation NOs- and NH4* uptake, and vice versa (Lin et al., 2008; Hoopen
et al., 2010; Zheng et al., 2016; Coskun et al., 2017). However, excessive concentrations of NH4* under
low external K* leads to NH4* toxicity (Hoopen et al., 2010; Coskun et al., 2013a). In these conditions,
both competition and inhibition effects of NH4* on K* transport have been linked to NH4* toxicity. Therefore,
adequate K* is essential for NH4* toxicity tolerance in plants (Szczerba et al., 2008; Hoopen et al., 2010;
Coskun et al., 2017). In NH4*-sensitive plants such as barley, increasing external K* concentration
significantly reduces the apparent energetic cost of NH4* futile cycling (Szczerba et al., 2008). While in
rice (NH4*-tolerant), additional K* improved NH4* acquisition and metabolism leading to improved growth
(Balkos et al., 2010). Likewise, root inhibition in Arabidopsis under NH4* stress can be reversed by
additional K* (Cao et al., 1993; Hirsch et al., 1998; Spalding et al., 1999). However, the mechanism
underlying this alleviation remains unclear and may be due to differences in NH4* sensitivity. In barley,
reduction of NH4* accumulation following K* supply was proposed to prevent disturbance on K*-
dependent metabolic processes and enzymatic reactions (Hoopen et al., 2010). Furthermore, elimination
of NH4* from media dramatically increased K* uptake in rice and Arabidopsis (Coskun et al., 2013b), and
restored growth of Arabidopsis mutant lines defective in K* transport, aktl and athak5, grown under low
K* (Pyo et al., 2010). In NH4*-sensitive plants, reduction of NH4* futile cycling (across the plasma
membrane) with additional K* is a fundamental mechanism for growth improvement (Szczerba et al.,
2008) while in NH4*-tolerant species, improvement in growth is related to improved NH4* assimilation and
increased enzyme activity associated with elevated K* (Balkos et al., 2010).

Co-provision of NO3" can alleviate NH4* toxicity in many species. Several mechanisms underlying
this have been proposed. Wang et al. (2004) showed that NOs- acts as a signal to induce genes
participating in NH4* assimilation (GS/GOGAT). Therefore, rapid assimilation of NH4* may lead to the
reduction of free-NH4* in the cytosol, thus reducing toxicity. Medium alkalinisation by NOs is also
postulated to participate in alleviation of NH4* toxicity (Britto and Kronzucker, 2002; Escobar et al., 2006).
Mutation of the SLAH3 gene (a nitrate efflux channel) increases toxicity of slah3 mutant plants grown
under high NH4* combined with low NOs-, or low pH conditions, suggesting that pH regulates function of
SLAH3 during a NH4* toxicity event (Zheng et al., 2015). It is commonly believed that NH4* toxicity
generally leads to deficiency of organic acids and inorganic cations following NH4* accumulation.
Surprisingly, Hachiya et al. (2012) reported that NOs- can alleviate NH4* toxicity without lessening NH4*
accumulation and reduced depletion of organic acids and inorganic cations. It was suggested that this
alleviation is closely associated with physiological processes corresponding to NOz'signaling, uptake and
reduction. However, more studies need to be carried out to fully elucidate this phenomenon.

1.4 Aims, significance and contribution of the project to the discipline
The aim of this PhD study was to functionally characterize members of the AtAMF family in relation
to NH4* regulation in Arabidopsis thaliana. Previous heterologous expression studies on AMF homologs
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from yeast and soybean (Chiasson et al., 2014) have demonstrated potential function related to NHa*
transport mechanisms. However, the definite roles of the proteins in-planta are yet to be determined. Here
it is hypothesized that AMF is a transport protein involved in NH4* regulation mechanisms distinctive to
the well-studied ammonium transporter (AMT/Mep/Rh) families. The specific aims of were:

a.  To functionally characterize AMFs in wild type Arabidopsis thaliana plants.

b.  To investigate the function of AMFs by heterologous expression in yeast.

c.  To study the physiological impact of AMF mutations in amf mutated lines.

Having a better understanding of AMF functionalities in the model plant Arabidopsis thaliana will
broaden our insight into how plants regulate NH4* transport. This information can be translated into a
more comprehensive knowledge of how AMFs function and are regulated in agriculturally important
crops. Furthermore, collectively with previous knowledge on N regulation in plants, additional
information from studying AMFs would help to gain better insight in the quest for developing plants with
improved NUE.
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2. AMF studies in Arabidopsis thaliana

2.1 Introduction

The Major Superfamily (MFS) is one of the most diverse and largest groups of secondary active
transport proteins conserved in living organisms (Yan, 2013). The transport mechanisms of MFS
members include uniport, symport and antiport activities. MFS covers a broad spectrum of solutes,
including ions, carbohydrates, lipids, amino acids, peptides, nucleosides and other molecules. The
original MFS cluster are classified as (1) drug-resistance proteins, (2) sugar facilitators, (3) facilitators for
Krebs cycle intermediates, (4) phosphate ester-phosphate antiporters and (5) a distinct group of
oligosaccharide-H* symporters (Marger and Saier, 1993). Following the rapid growth of genome
sequences, currently there are 76 subfamilies identified in the Transporter Classification Database
(http://www.tcdb.org) based on phylogenetic analysis, data on substrate specificity, and the

characterisation of transport activity. Unfortunately, nearly half of the subfamilies functions are
hypothetical and have yet to be characterized (Yan, 2013). MFS members have been shown to play a
vital role in physiological processes, including sugar and nitrate transport in organisms ranging from
Arabidopsis thaliana, yeast to mammals (Ozcan and Johnston, 1999; Biittner, 2007; Wilson-O'Brien et
al., 2010).

A novel yeast gene, YOR378W, was identified through the overexpression by a non-yeast
soybean transcription factor, GmbHLHm1 transformed and expressed in a yeast strain defective in NH4*
transport (26972c). Microarray results showed a significant up-regulation of YOR378W in cells expressing
GmbHLHm1. Based on the encoded protein sequence of YOR378W, the gene belongs to the MFS super
family (Chiasson et al., 2014) and has been named Saccharomyces cerevisiae Ammonium Major
Eacilitator 1 (SCAMF1).

2.1.1 Preliminary functional data of AMF

There is a lack of information or studies that have examined the function of AMF and its potential
role in NH4* transport or other ions. AMF1 itself has been classified by sequence comparisons as a
spinster-like MFS protein (TC 2.A.1.49) (http://www.tcdb.org). For example, AtAMF2 (At5g64500) shares
29 and 24% similarity with spinster proteins identified in fruit fly (Drosophila melanogaster) and zebra fish

(Danio rerio), respectively. Furthermore, Nakano et al. (2001) showed that spinster proteins are essential
in neuron cell development as well as glial cell migration along nervous systems (Yuva-Aydemir et al.,
2011). The spinster protein is predicted as a lysosomal sugar carrier in D. melanogaster (Dermaut et al.,
2005), while in D. rerio it plays important roles in the signalling mechanisms involving a bioactive lipid
mediator, sphingosine 1-phosphate (Osborne et al., 2008). Moreover, a loss of spinster proteins leads to
perturbed carbohydrate mobilization (Dermaut et al., 2005) and carbohydrate accumulation (Rong et al.,
2011) in D. melanogaster mutants. These data suggest that spinster proteins including its plant homologs,
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the AMFs, are potentially related to a putative efflux mechanism of carbohydrates, however no
experimental measurements have ever been conducted to verify this.

In yeast, SCAMF1 shares limited similarity to members of the DHA2 family of H*/drug antiporters
(ATR1: YML116W, 38.7%identity; ATR2: YMR279c,36.5% identity) involved in boron efflux and tolerance
(Kaya et al., 2009; Bozdag et al., 2011). However, Chiasson et al. (2014) demonstrated an NH4* transport
capability of SCAMF1, following functional characterization studies in yeast and Xenopus oocytes.
Overexpression of SCAMF1 in a yeast mutant strain 26972¢ (mepl1-1 mep2A MEP3) and 31019b (Amep1-
3) increased cells sensitivity to methylamine (MA). Correspondingly, heterologous expression of SCAMF1
in Xenopus oocytes also increased 14C-MA uptake into oocytes. Subcellular localisation using GFP-
tagged protein revealed that SCAMF1 is located on the plasma membrane. These data clearly showed
the ability of AMF to facilitate NH4* influx into the cells through the plasma membrane. Subsequent
experiments showed that SCAMF1 was likely to participate in low affinity NH4* transport (Chiasson et al.,
2014).

Several AMF homologs have been identification in plants. In soybean, AMF expression in yeast
and Xenopus oocytes also demonstrated similar transport properties to that of SCAMF1. However, these
preliminary studies have not completely explained the definite function of AMF and how it contributes to
global NH4* transport in organisms. The fact that AMF proteins are conserved in most plants might
indicate that AMF proteins have important roles in plant physiology. Therefore, more studies using both
genetic and physiological means are essential to help fully elucidate AMF function.

2.1.2  Utilization of Arabidopsis thaliana for functional studies in planta

Since the completion of the Arabidopsis thaliana genome sequence, it has been a fundamental tool
for genetic and physiological studies in plants. Data discovered from experiments using Arabidopsis
thaliana have provided an enormous quantity of data that is allowing for an improved understanding of
plant function and a mechanism to translate discovery to other plant species such as crop plants.
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2.2 Materials and methods

2.2.1 Plant material and growth conditions

Arabidopsis thaliana Columbia-0 ecotype (Wild type) was utilised to study AtAMFs in this chapter.
For plant growth in soil, a combination of cocopeat: vermiculite (4:1) was used. Three to five seeds were
directly sown in soil media and then thinned to select the best seedling after two weeks. Plants were also
grown in an aerated hydroponic system. The base nutrient solution contained: 1 mM MgSQ4.7H20, 1 mM
KH2PQg4, 0.05 mM H3BO3z, 0.005 mM MnS04.H20, 0.001 mM ZnS04.7H,0, 0.001 CuS04.5H20, 0.0007
mM Na:M00s.2H,0, 0.1 mM Fe-Na-EDTA, 0.25 mM K,S0O4, 0.25 mM CaCl,.2H,0. In most situations,
the nitrogen concentration was adjusted to 1 mM NH4NOs unless otherwise indicated. Plants were tested
for their response to nitrogen provision and starvation. With these experiments 2 mM NH4Cl was used as
the sole nitrogen source after a period of nitrogen starvation. All nutrient solutions were buffered with
0.05% MES (~ 2.5 mM) (Kagenishi et al., 2016) and pH adjusted with NaOH to 5.7 - 5.9. Prior to seedling
transplantation into the hydroponic system, seeds were previously vernalised for 48 h at 4°C in the dark
and then single seeds sown directly onto holed-microtube lids filled with % strength base nutrient solution
solidified with 0.7 % w/v agar. The lids were arranged on a holed-pizza tray and grown on nutrient solution
for two weeks before transplantation. Plants were initially grown on short day (8 h light/16 h dark) at
22°C/18°C (light/dark) with light intensity of 110-120 pmol m-2 st Photosynthetically Active Radiation
(PAR) at rosette level. When required, light conditions were changed to a long day setting (16 h light/8 h
dark) to induce flowering.

2.2.2 RNA extraction and cDNA synthesis

Tissue samples were harvested and immediately frozen with liquid N> and kept at -80°C until
analysed. The samples were then ground frozen to fine power using 2010 Geno/Grinder pre-cooled with
liquid nitrogen for RNA extraction. Total RNA was extracted from ~100 mg frozen tissues using
Spectrum™ Plant Total RNA Kit (Sigma-Aldrich) following manufacturer’s instructions. The extracted RNA
was treated with DNase following TURBO DNA-free™ Kit protocols to remove residual genomic DNA
prior to cDNA synthesis. Approximately 1 pug DNase treated-total RNA was used for cDNA synthesis
following SuperScript™ IlI First-Strand Synthesis System (Invitrogen) protocol using oligo(DT)2o primer
and half of the recommended enzyme added per reaction. The cDNA was diluted 10-fold with sterile water
and then stored at -20°C until required.

2.2.3 Quantitative PCR analysis

KAPA SYBR ® FAST gPCR Master Mix (2X) Kit was used to perform gPCR analysis using a
QuantStudio 12K Flex Real-Time PCR System. The primer pairs (Table 2.1) used for gPCR experiments
were designed with Geneious software (Biomatter Inc.) and tested for efficiency. Arabidopsis thaliana
TUB4 was chosen as a housekeeping gene for expression normalisation. gPCR reactions were run in 20

ul reactions consisting of 5 pl of diluted RNA, 10 pl master mix and 200 nM of each primer.
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2.2.4  Tissue specific localisation of AtAMF

Investigation of tissue specific localisation of AtAMF homologs in Arabidopsis were carried out by
developing transgenic plants harbouring an AMF native promoter fused with a GUS/GFP reporter. A ~1
kb portion of genomic DNA sequence upstream of the start codon of each AtAMF was cloned and inserted
into the promoter-less binary vector pPKGWFS7 (Supplemental Figure S2.1). The sequenced constructs
were then transformed into wild type Arabidopsis thaliana Col-0 plants using the floral dip method (Clough
and Bent, 1998). Transformed seeds were selected on media containing 50 pg/ml kanamycin. The
resistant seedlings were transplanted into soil and grown to maturity for seed collection. These seeds
were then used for further genomic analysis.

GUS histochemical staining was conducted following that of Kim et al. (2006). During harvesting,
tissue samples were kept on ice in a cold acetone-H20 (9:1, v/v) solution followed by 20 min incubation at
room temperature. The samples were rinsed with staining buffer three times on ice. The staining buffer
consisted of 50 mM sodium phosphate buffer (pH 7.0), 0.2% Triton X-100, 2 mM potassium
ferrocyanide, and 2 mM potassium ferricyanide. The samples were then incubated in staining solution
(staining buffer supplemented with 1 mM X-Gluc) and vacuum infiltrated for 15 min, followed by
overnight incubation at 37°C. After overnight incubation, the samples were washed with 70% ethanol
repeatedly until samples turned colourless. Stained tissues were analysed, and images taken using a
Nikon SMZ25 stereo microscope at Adelaide Microscopy, Waite campus.

2.2.5 Tissue culture
Tissue culture techniques were used in experiments that require intact plants with antibiotic
resistance and tissue specific expression. Media for tissue culture grown plants was based on MS media
with modifications. The media contained 2.5 mM KCl, 2 mM CaClz, 1.5 mM MgSQ4.7H20, 1.25 mM
KH2PQ4, 0.1 mM Na,-EDTA, 0.1 mM FeSO4.7H20, supplemented with micronutrients and vitamins (Table
2.2), 1% (w/v) sucrose, 0.8% agar (w/v), buffered with 0.05% MES and pH adjusted with NaOH to 5.7-
5.9. For antibiotic resistance screening and control treatment, plants were supplied 1 mM NH4NO3 in the
modified MS media.
Prior to germination, seeds were surface sterilized as follows: first, the seeds were washed with
20% (v/v) bleach solution containing 0.1% Tween 20 (v/v) for 5 min with vigorous shaking. After carefully
discarding the bleach solution, seeds were rapidly washed (30 s) with vigorous shaking) in 70% ethanol
(twice) and 100% ethanol (once). Next, the seeds were rinsed with sterile H,O (5-6 times) to remove any
residual bleach. The water was replaced with ~1 ml sterile 0.1% agar (w/v) to disperse the seeds. The
seeds were then carefully placed into the media using 200 pl large orifice pipette tips. The seeds were
vernalised at 4°C for 48 hr before proceeding to germination in a growth chamber (environmental

conditions explained in section 2.2.1).
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2.2.6  Cloning of AtAMFs

The coding sequence of three Arabidopsis AMF homologs were amplified from previously
generated cDNA using high fidelity DNA polymerase (NEB Phusion® High Fidelity Polymerase) with the
following PCR conditions: 30 s initial denaturation at 98°C, 35 cycles of denaturation at 98°C, annealing
at 70°C for 30 s, and 45 s elongation at 72°C, followed by final extension at 72°C for 5 min. Based on the
TAIR database (https://www.arabidopsis.org), primer pairs were designed for at2g22730, at5g64500, and
at5g65687 representing AtAMF1, AtAMF2 and AtAMF3, respectively (Table 2.1). The 5-end of each
forward primer was modified to contain CACC sequence which is a requirement for cloning into entry
vector pENTR™/D-TOPO™. The entry vector was transformed into TOP10 competent cells and screened
on selective media containing 50 pg/ml kanamycin. The resistant colonies were propagated on selective
liquid media followed by plasmid extractions using FavorPrep™ Plasmid Extraction Mini Kit (FAPDE 300,
FavorGen). The accuracy of cloned sequences was reviewed by sequencing purified plasmid DNA at
Australian Genome Research Facility (AGRF), Adelaide.

2.2.7  Sub-cloning of AtAMFs into pUBN-GFP-DEST expression vector using Gateway® System

The entry vectors harbouring the correct sequences of the AtAMFs (pENTR-AtAMFs) were
recombined with the expression vector pUBN-GFP-DEST (Grefen et al., 2010) using the LR clonase™ II
enzyme. The expression vector contains ubiquitin10 (UBQ10) promoter driving a N-terminal GFP fusion
to a target protein (Supplemental Figure S2.2). A final LR reaction was transformed into TOP10 competent
cells and screened on selective media containing 50 pg/ml spectinomycin. Following transformation,
multiple colonies were picked and grown on liquid selective media, followed by plasmid isolation using
FavorPrep™ Plasmid Extraction Mini Kit (FAPDE 300, FavorGen). Sequencing analysis was performed
on the isolated plasmid to ensure no mutation occurred to the sequences. A heat shock protocol (Weigel
and Glazebrook, 2006) was used to transform the expression vectors, organelle markers and p19 plasmid
(Supplemental Table 2.3) into Agrobacterium AGLL.

2.2.8  Subcellular localisation in Nicotiana benthamiana leaves

A soil mixture consisting of cocopeat: vermiculite: perlite (4:1:1) was used to grow Nicotiana
benthamiana plants. Seeds were directly sown into soil. Two-week-old seedlings were transplanted into
a new pot and grown for another 3-4 weeks in a growth chamber under a 16-h day/night cycle at 23°C
and 50% air humidity. Five - six week old plants were infiltrated following the methods described by Arpat
etal. (2012). Two days before infiltration, starter cultures of Agrobacterium harbouring expression vectors
and p19 plasmid were initially grown overnight at 28°C with 200 rpm shaking in 2 ml 2YT media (Table
2.4) supplemented with appropriate antibiotics (20 pg/ml rifampicin + 50 pg/ml spectinomycin for pUBN-
GFP-AtAMFs and pUBC-CBL1-RFP, and 20 pg/ml rifampicin + 50 pg/ml kanamycin for p19 and pER-rk-
CD3-959). 200 ul of the initial starter culture was transferred into 5 ml fresh 2YT media and grown
overnight at 28°C with 200 rpm shaking. The culture was centrifuged at 4000 x g for 12 min at room
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temperature to collect a cell pellet. Supernatant was discarded, and the cell pellet resuspended in 2 ml
acetosyringone (AS) media (Table 2.4), followed by centrifugation at 4000 x g for 7 min. After removing
the supernatant, the pellet was resuspended again with 2 ml AS media and ODego Was measured. The
concentration of infiltration culture mix was adjusted to have ODego ~0.3 for the expression vectors and
organelle markers and ~0.1 for p19. A 1 mlinfiltration culture sample was infiltrated using syringe on the
abaxial side of a leaf. The infiltrated leaves were allowed to grow for two-three days prior to image analysis

using confocal microscopy (Nikon A1R laser scanning confocal, Adelaide Microscopy Waite Facility).
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2.3 Results

2.3.1 Identification of AMF homologs in plants

A database search based on AMF protein similarities showed that AMF homologs are present in
most genome sequenced plants. The database search also identified a large number of uncharacterized
AMF genes. Based on these data alignments, a phylogenetic tree was developed to highlight evolutionary
change and similarities amongst plant AMFs (Figure 2.1). In most dicot plants, including Arabidopsis,
soybean, Medicago, Brassica, and Vitis, there were multiple AMF homologs identified with high amino
acid similarities that were clustered into six clades. In Arabidopsis, there are three AMF homologs that
can be identified by sequence analysis: AtAMF1 (At2g22730), AtAMF2 (At5g64500) and AtAMF3
(At5g65687) with predicted amino acid lengths of 536, 484 and 492, respectively. Furthermore, each AMF
has 56.5 - 57.4% protein similarity to each other. Interestingly, each of the AtAMFs belong to a specific
clade suggesting conserved functional roles within the family. In contrast, most monocots examined
including barley, sorghum, Setaria, and Brachypodium, rice and its relatives only have one AMF gene
homolog. Furthermore, the monocot branch consists of three clades which strongly correlate to Poaceae
evolution. Maize, and close relatives, Sorghum bicolor and Setaria italica, are in the same clade. Similarly,
related species, wheat, barley and Brachypodium, are grouped together. Rice and relatives belong in the
same clade. Monocot plants that have multiple AMF homologs are Triticum aestivum and maize. There
are three homologs identified in the hexaploid, Triticum aestivum. These multiple homologs may have
evolved due to genome multiplication during T. aestivum evolutionary development. The three genes,
(TRIAE_CS42 2AL_TGACv1 093684 AA0285140, TRIAE_CS42 2BL_TGACv1 129681 AA0392390,
and TRIAE_CS42 2DL_TGACv1l 158329 AA0515760) are located on the long-arm of chromosome 2 of
each chromosome set A, B and D respectively, with 86.6 - 94.2% similarity to each other. Accordingly, its
diploid ancestor, Triticum urartu, has only one AMF homolog (TRIUR3_31027). T. urartu is the ancestor
of chromosome set A in T. aestivum, hence, it is not surprising that this homolog has 88.1% similarity with
TRIAE_CS42 2AL TGACv1 093684 AA0285140. Unexpectedly, even though maize is a diploid plant,
it has only two AMF homologs that are located on separate chromosomes. The ZmAMF1
(Zm00001d002964) is located on chromosome 2 while ZmAMF2 (Zm00001d025894) is located in

chromosome 10. Both genes have 93.7% similarity to each other.

2.3.2  Structural characteristic and conserved sequences

The prediction of trans-membrane spanning helices was conducted using Trans-Membrane
Hidden Markov Models (TMHMM) with Geneious software. The results showed that AtAMF1, AtAMF2
and AtAMF3 are predicted to have 10, 9 and 11 trans-membrane spanning domains, respectively
(Figure 2.2 and Supplemental Figure S2.3). It also predicted that AtAMF2 has a longer extracellular N-
termini (90 amino acid residues) compared to the N-termini of AtAMF1 and AtAMF, with 43 and 22
amino acid residues, respectively. Additionally, the C-terminus end of AtAMF1 and AtAMF2 is predicted
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to be cytoplasmic whereas the C-terminus of AtAMF3 is predicted to be extracellular (Figure 2.2).
However, trans-membrane prediction using Phobius algorithm showed that AtAMF1, AtAMF2 and
AtAMF3 are predicted to have 12, 11 and 10 trans-membrane spanning domains (Supplemental Figure
S2.4).

Several conserved amino acid residues were observed among the AtAMF family protein
sequences. The second transmembrane domain of AtAMF1 and AtAMF3 has a highly conserved region
compared to the first transmembrane of AtAMF2. Similar conservation was also observed in the third
and fourth transmembrane of AtAMF1 and AtAMF3 and the second and the third transmembrane of
AtAMF2, respectively (Figure 2.2).

2.3.3  AtAMF expression across different plant tissues

Understanding the expression patterns of AtAMFs in different tissues will ultimately help to uncover
their function and role in plant growth. Therefore, expression analysis was carried out on hydroponically
grown wild type Arabidopsis thaliana Col-0 plants grown under ‘control conditions’ where an adequate
and balanced nitrogen regime was provided (1 mM NH4NOs). The plants were grown for six weeks under
a short-day regime (16 h night, 8 h day) and then transferred into a long day photoperiod (8 h night, 16 h
day) to initiate flowering. The results revealed that AtAMFs were expressed in all of the plant tissues
sampled (Figure 2.3). In general, AtAMF2 is expressed at the highest level, followed by AtAMF3 and
AtAMF1. In contrast to the high-affinity ammonium transporters (AtAMT), the AtAMFs showed higher
expression in shoot tissues compared to the roots. This discrepancy might indicate a distinct role of
AtAMFs compared to AtAMTSs. Furthermore, the highest expression of AtAMF2 and AtAMF3 appeared in
senescing leaves, while AtAMF1 showed highest expression in young leaf tissues. Both AtAMF2 and
AtAMF3 also displayed considerable expression in stem tissues. Interestingly, expression of AtAMF2
showed a similar pattern to that of AtAMF3. This might suggest a functional redundancy between these
genes. On the other hand, AtAMF1 expression showed a considerably distinct pattern compared to the
other two genes. All genes showed a low expression pattern in reproductive organs including flowers and
siliques.

2.3.4 Diurnal regulation of AtAMFs

Earlier studies have demonstrated a diurnal regulation pattern of AtAMTs expression (Gazzarrini
et al., 1999). Therefore, we were intrigued to investigate whether the AtAMFs have similar regulation to
light/ dark cycles. Shoot tissue samples were collected from soil grown plants at different time points
following light/ dark cycle under long day period (16 h light/8 h dark). We identified that AtAMFs were
responsive to a light/ dark cycle and diurnally regulated similar to the AtAMTSs. All AtAMFs expression
reached their peak after midday around 3 PM and then came back down before the dark cycle started
(Figure 2.4).
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2.3.5 Expression changes in response to N-starvation and resupply

Information on how gene expression changes in response to nitrogen-based treatments is crucial
to properly understand the relationship between AMF genes and the nitrogen transport and assimilatory
pathways in plants. In particular, changes in gene expression following N-starvation and/or resupply will
help to accurately reveal the function of the gene of interest. All AtAMFs were responsive to both N-
starvation as well as resupply of NH4* when supplied as the sole N source. Both AtAMF1 and AtAMF2
were up-regulated mostly in leaf tissues in response to N starvation and resupply (Figure 2.5). Following
three days of N-starvation, AtAMF1 and AtAMF2 were up-regulated in leaf tissues while AtAMF3 did not
show a significant up-regulation in the same tissues. However, AtAMF3 showed an apparent up-
regulation 1 h after N resupply in both root and leaf tissues. Surprisingly, all genes remained up-regulated
following the resupply of 2 mM NH.Cl. Both AtAMF1 and AtAMF2 showed up-regulation (24 h) after
resupply which then gradually decreased by 48 h. The induction by AtAMF3 peaked in the first 6 h then
gradually reduced 24 - 48 h after resupply. Interestingly, AtAMF3 responded to resupply in both shoot
and root tissues, while AtAMF1 and AtAMF2 showed a response predominantly in shoot but not root

tissues.

2.3.6  Cloning of AtAMFs

Based on database search on TAIR (https://www.arabidopsis.org), three AMF homologs exist in
Arabidopsis thaliana, At2g22730, At5g64500, At5g65687 representing AtAMF1, AtAMF2 and AtAMF3,
respectively. At2g22730 is predicted to have up to seven splice variants (At2922730.1-7)

(http://www.arabidopsis.org/servlets/TairObject?type=locus&name=At2g22730). For each gene,
individual sets of primers were designed based on online sequence data (Table 2.1). AtAMF2 and AtAMF3
were readily amplified in a single PCR reaction from 7-day-old seedlings grown on modified MS plate.
However, the same reaction failed to amplify AtAMF1, possibly due to a low expression level and or cDNA
copy number in the reaction. Therefore, amplification of AtAMF1 involved two PCR reactions, where 1
PCR product from the first reaction was used as template for the second PCR reaction. This experiment
successfully amplified AtAMF1 sequence from the enriched template library. Each sequence was cloned
into the entry vector pENTR-D-TOPO and amplified plasmids sequenced. The sequencing results
indicated that both AtAMF2 and AtAMF3 sequences matched the online reference sequence.
Unexpectedly, sequencing results indicated the attempt to amplify the reference sequence At2g22730.1
(1533 bp) failed. A re-evaluation of the annotated reference sequence and predicted splice variants
allowed new PCR primers to be synthesised. The splice variant At2g22730.2 (1611 bp) and a second
unidentified splice variant, hereafter named At29g22730.8 (1677 bp) were amplified from the cDNA
templates. In comparison to At2g22730.1, both At2g22730.2 and At2g22730.8 have 15 bp and 63 bp
additional exons at +382 and +741, respectively, whereas another 66 bp of additional exon at +1182 is
only present in At2g22730.8 (Figure 2.6). The clones At2g22730.2 (1611 bp) and At2g22730.8 (1677 bp)

were named AtAMF1.1 and AtAMF1.2 respectively and used in the following experiments.
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2.3.7 Localisation of AtAMFs expression in specific tissues

The native promoter sequence of each AtAMF (~1 kb upstream the start codon) was inserted into
the promoter-less vector pKGWFS7 harbouring GUS/GFP reporter genes (Supplemental Figure S2.1)
and transformed into Arabidopsis thaliana (Col) using Agrobacterium-mediated transfection following
floral dip protocols (Clough and Bent, 1998). Following seedling selection on media containing kanamycin,
surviving plants were grown to maturity for seed collection. In general, tissue specific localisation of each
AtAMF was distinct. In young seedlings (10-day old plate grown plants with sufficient nitrogen), AtAMF1
was found strongly localised to the vascular bundles in both roots and shoots (Figure 2.7.B, C, E, F) but
also in guard cells of the first primary leaves (Figure 2.7.C and D). In contrast, AtAMF2 was localised
strongly in the root cap just after the root primordia region (Figure 2.8.F). There was a low level of signal
in vascular tissues opposing secondary roots (Figure 2.8.D and E). AtAMF3 showed low promoter activity
with signal appearing in roots as part of the region where vascular bundles reside (Figure 2.9.D).

2.3.8 Subcellular localisation of AtAMFs

Previous findings showed a basic level of tissue specific localisation for the three AtAMFs.
However, the data was not sufficient to help understand the potential function of each of these proteins.
Therefore, a transient protein expression was used to help identify the default intercellular localisation of
each AMF. To do this, the Nicotiana benthamiana transient expression system was employed where the
coding sequence of each AtAMF was subcloned into the N-terminal in-frame expression vector pUBN-
GFP (Grefen et al., 2010). The expression vector contains the ubiquitin-10 (UBQ10) promoter driving the
transcriptional expression of the hybrid N-terminal GFP fusion mRNA (Supplemental Figure S2.2). The
pUBN-GFP (AMF) constructs were transformed into Agrobacterium tumefaciens AGL1, and then
infiltrated into the abaxial side of tobacco leaves. After a short incubation period, GFP signal was detected
in the endoplasmic reticulum (ER) for both AtAMF1.1 and AtAMF1.2. AtAMF2 signal was localised to the
tonoplast while the AtAMF3 was localised at the plasma membrane. To strengthen these findings, each
expression vector was co-expressed with secondary expression vectors containing various organelle
markers (Supplemental Table 2.3). Both pUBN-GFP-AtAMF1.1 and pUBN-GFP-AtAMF1.2 were co-
expressed with pUBC-CBL1-RFP, an expression vector containing CBL1, a plasma membrane marker
fused with RFP (Yue Wu, unpublished), and pER-rk-CD3-959, an expression vector containing the HDEL
sequence to act as a ER marker fused with mCherry (Nelson et al., 2007). The pUBN-GFP-AtAMF2 and
pUBN-GFP-AtAMF3 were co-expressed with pUBC-CBL1-RFP and pB7-H2B-RFP (Wege et al., 2016),
an expression vector containing the nuclear H2B marker fused with RFP.

Figure 2.10 shows the localisation of AtAMFL1.1 to the ER. Signals detected from GFP-AtAMF1.1
and HDEL-mCherry displayed overlapping ER signatures. On the other hand, there was a distinct
subcellular localisation of GFP-AtAMF1.1 from CBL-RFP where CBL-RFP showed a clear subcellular
localisation to the plasma membrane (Supplemental Figure S2.5). Comparable results were observed in

GFP-AtAMF1.2 subcellular localisation. Signals overlapping in the ER were detected between AtAMF1.2
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and HDEL-mCherry (Figure 2.11). Additionally, Supplemental Figure S2.6 shows localisation of GFP-
AtAMF1.2 to the ER while CBL1-RFP was localised in the plasma membrane.

AtAMF2 localisation on the tonoplast of the epidermal cells is evident based on the co-expression
of GFP-AtAMF2 and H2B-RFP (Figure 2.12). One particular feature observed in GFP-AtAMF2 is the
presence of loop-like GFP signals around the nucleus (N). Accordingly, RFP signal clearly identifies the
nucleus inside the cells. Another character that signifies the tonoplast localisation is presentation of two
membranes with a significant gap between each other. In contrast, when GFP-AtAMF2 was co-expressed
with CBL1-RFP, GFP signal was absent around the nucleus and not overlapping with RFP signal on the
plasma membrane (Supplemental Figure S2.7). Collectively, these data suggest AtAMF2 localisation to
the tonoplast.

Localisation of AtAMF3 is detected in the plasma membrane. Figure 2.13 shows overlapping
signals for GFP-AtAMF3 and CBL1-RFP in the epidermal cells. Additionally, Supplemental Figure S2.8
shows the absent of GFP signal around the nucleus that distinctively discriminate plasma membrane from
tonoplast. Altogether, these data exhibit the localisation of AtAMF3 in the plasma membrane.
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Figure 2.1. AMF is conserved among plants.

Analysis of AMF protein sequence homology in plants. The tree was generated using Geneious 6.1.7

software with global alignment and neighbour-joining methods. The branch length is proportional to the
number of amino acid substitutions per site.
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Markov models (TMHMM) using Geneiuos software. Conserved regions are highlighted with orange
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Figure 2.3. Gene expression of AtAMF1 (A), AtAMF2 (B) and AtAMF3 (C) in different tissues of
eight-week-old Arabidopsis plants.

Data values represent the means of 4 biological replicates + SEM. Different letters indicate significant
differences among means at P<0.05 and uncorrected Fisher's LSD post-test. AtTUB4 was used as a
housekeeping gene. Old leaf: >50% of leaf senescence; Young leaf: 10-50% leaf senescence; Youngest
leaf: <10% leaf senescence.
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Figure 2.5. Relative expression of AtAMF1 (A), AtAMF2 (B) and AtAMF3 (C) in six-week-old
Arabidopsis plants in response to N-starvation and resupply.

Plants were hydroponically grown under short day conditions for six weeks prior to three-day N-starvation
treatment. Resupply treatment with 2 mM NH4Cl was initiated following the starvation. Root and shoot
samples were harvested in various time points. RNA was extracted individually from plants grown under
identical condition. Data values represent the means of 4 biological replicates + SEM. AtTUB4 was used
as a housekeeping gene.
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2. AT2622730_2 ATGAAAGTTCTGTATAAAGAARAGGTC TTTGTTGTTAATGTCTTAGGTTATGTAT CATACAATT TCGTTATAGGAGCATACT CATATTGGGGACCAAAGGCTGGT
3. AT2G22730.8 ATGAAAGTTCTGTATAAAGAAAAGGTC TTTGTTGTT AATGTCTTAGGTTATGTAT CATACAATT TCGTTATAG GAGCATACT CATATTGGG GACCARAGGE

1,060 1,070 1,080 1,090 1,100 1,110 1,120 1,130 40

Consensus. TATAAGATTTATAAAATG AAMANGG A GATATG ATGTTEGG GG OAGTAAGTATEA TG TG GG ATCG TG G AN CATRATEAG GAGGETITA TACTIGATE GG
Identy e

1. AT2G22730.1 TATAACATT TATARAATG AAAARCGCA GATATGATC TTTGGGGCAGTAACTATCA GGGATCGTTGGAACATTATCAG GAGGCTTTA TACTTGATC GTGTT
L AT2G22730.2 TATAACATTTATAAAATG AAAAACGCA GATATGATC TTTGGGGCA GTARC GGATCGTTGGARCATTATCAG GAGGCTTTA TACTTGATC GTGTT
30.8

3. AT2G22730. TATAACATTTATAAMATG AAAAACGCA GATATGATC TTTGGGGEA GTAACTATCA TTTGTCGGA TCGTTGGAACATTATCAG GAGGO TTTA TACT TGATC GTGTT

1.160 1,170 1,180 1190 1,200 1210 1.220 1.230 1,240 1250 1,260

Consensus ACTOETAGAATICEAANT GETEETAA- GETETTATEEGGA
identiy — =
1. AT2G22730.1 ACTGCTACAATTCCAAAT GCT GCREPTAT OO
2. AT2G22730.2 ACTGCTACAATTCCAAATGCTTTTAA b ket
3.AT2G22730.8  ACTOCTACAATTCCAAATGCTTTTAAGGERRRNARG KGONNCHICHAG HATCG AN CHONGG AT AR SORICC NIENC = 7 TAT CCOGA

1270 1.280 1,290 1,300 1,310 1,320 1,330 1,340 1,350 1.3.68
GRGAGETRCITGEGEITG

Consensus CEARCATITERCGCGGEC GG TICACIGER TRTACCERG ANGAS
\dentty = ——

1. AT2G22730.1 GCAACATTTE! 'GC TTCACTGCA TTTACCETG AAGAGTT COGTTTCATCGCTCTCT PTGCTTTAG GAGAGCTTC TGTTTGCTACA
2. AT2G22730.2 GCAACATTTCTCGO! TTCACTGCATTTACCCTGAAGA TCOCTCTCT TTGCTTTAG GAGA! TTGCTACA
3. AT2G22730.8 GCAACATTTCTCG GC TTCACTGCATTTACCCTG AAGAGTTTAT ACGGTTTCATCGCTCTCT TTGCTTTAG GAGAGCTTC TTCTCTTTGCTACA
1,370 1,380 1,390 1,400 1,410 1,420 1,430 1,440 l‘ﬂliﬂ 1.4_61) 1,470
Consensus COATATEEACCOTCOGAA TTEACATATIECGEGATG T1EET

identiy e ——— |

1. AT2G22730.1 CAGGCTCCTGTAAACTAT GTGTCTTTG CATTGTGTG AAACCAAGT TTACGACCAT TATCAATGG CTATATCCACCGTCGCAA TTCACATAT TCCECGATG TTOCT

2.AT2G22730.2 CAGGCTCCTGTAAACTAT GTGTGTTTG CATTGTGTG AAACCAAGT TTACGACCAT TATCAATGG CTATATCCACCGTCGCAA TTCACATAT ZCGGCCATG TTCCT

3. AT2G22730.8 CAGGH TGTAAACTAT GTG: TG CATTGTGTG AAACCAAGT TTACGACCAT TATCAATGG CTATATCCACCGTCOCAN TTCACATAT TCGGCGATG TTCCT
1,480 1,490 1,500 1.510 1.520 1530 1,540 1,550 1,560 1,570

Consensus TCTTCGCCTCTRGTCGCTATCGTTCAG GATCATATCAACAG TTGG

Identity

1. AT2G22730.1 TCTTCECCTCTTGTCGOT ATCGTTCAG GATCATATC AACAGT TGG AGAAAARCCA CACTCATTC TTACATCOATTCTGTTCT TAGCTGCTG

2. AT2G22730.2 CAG GATCATATC AACAGTTGGAGARAAACCA CACTGATTC TTACATCGATTCTGTTCT TAGCTGCTG CARTATGGT TTATA

3. AT2G22730.8 CAGGATCATATC AACAGTTGG AGAAAAACCA CACTGATTC TTACATCGATTCTGTTCT TAGCTGCTG CAATATGGT TTATA

1,580 1,590 1,600 1,610 1,620 1,630 1,640 1,650 1,660 1,670 1,677

Consensus

Identity e e ]

1. AT2G22730.1 TCCARA TCAAGCTTT TTGTTGCGARTTTGTGCT TTTGE AR TATTCATAR

2. AT2G22730.2 GGTAAAATAAATCTCAAT TCTT AT TCAAATGAT GAAAGCTTT CTGGTCCAAA TCAAGCTTT TTCTTGCGAATTTGTGCT TTTGCAAGG GATATTCATAA

3. AT2G22730.8 GGTAAAATAAATCTCAAT TCT AT TCAAATGAT GAAAGCTTT CTGCTCCARA TCAAGCTTT TTGTTCCCAATTTGTGCT TTTGOAAGG SATATTCAT AR

Figure 2.6. Nucleotide sequence alignment of cloned AtAMF1 splice variants

There are multiple splice variants predicted originating from the AtAMF1 locus. Comparison overview of
reference sequence At2922730.1 with the cloned splice variants At2922730.2 (AtAMF1.1) and
At2922730.8 (AtAMF1.2). Green blocks indicate consensus identitiy while joining dashes indicate
discrepancy in nucleotide alignment between the clones to the reference sequence.
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Figure 2.7. GUS expression of AtAMF1 is expressed in guard cells and in vascular tissues of 10-

day-old Arabidopsis seedlings.

Seeds of transgenic plants were grown on agar plates with 1 mM NH4NO3z for 10 d under short days prior
to GUS staining. A. Overview of GUS expression in a whole seedling. Scale bar = 2 mm. B and C, GUS
expression in vascular tissues and guard cells in leaves. D, GUS expression in guard cells. E and F, GUS

expression in the vascular tissues of roots. Scale bar = 2 mm (A); 0.5 mm (B); 0.1 mm (C); 25 um (D-F)
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Figure 2.8. AtAMF2 is expressed in the root cap and pericycle cells under root primordia and

lateral roots of 10-day-old Arabidopsis seedlings.

Seeds of transgenic plants were grown on agar plates with 1 mM NH4NO3 for 10 d under short days prior
to GUS staining. A, Overview of GUS expression in a whole seedling. B and C, GUS expression is absent
in leaf tissues. D, GUS expression appeared with vascular tissues next to root primordia. E, GUS
expression in vascular tissues in root branches and F, GUS expression in the root tip localised to the root
cap. Scale bar =1 mm (A); 0.5 mm (B); 0.1 mm (C); 50 um (D-F)
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Figure 2.9. AtAMF3 is expression in vascular tissues of 10-day-old Arabidopsis seedlings.

Seeds of transgenic plants were grown on agar plates with 1 mM NH4NO3 for 10 d under short days prior
to GUS staining. A, Overview of GUS expression in a whole seedling. B and C, GUS expression is absent
in leaf tissues. D, GUS expression is localised to the vascular bundle in root tissues. Scale bar =1 mm
(A); 0.5 mm (B); 0.1 mm (C); 50 um. (D)
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GFP-AtAMF1.1

Al B FITC

HDEL-mCherry Bright field

Figure 2.10. Subcellular localisation of GFP-AtAMF1.1 in the Endoplasmic reticulum (ER)
transiently expressed in Nicotiana benthamiana leaf cells.

GFP-AtAMF1.1 was co-expressed with an ER marker, HDEL-mCherry. Scale bars = 25 um
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Figure 2.11. Subcellular localisation of GFP-AtAMF1.2 in Endoplasmic reticulum (ER) transiently
expressed in Nicotiana benthamiana leaf cells.

GFP-AtAMF1.2 was co-expressed with an ER marker, HDEL-mCherry. Scale bars = 25 pum.
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Figure 2.12. Subcellular localisation of GFP-AtAMF2 in the tonoplast transiently expressed in
Nicotiana benthamiana leaf cells.

GFP-AtAMF2 was co-expressed with a nuclear marker, H2B-RFP. Distinctive loop-like GFP signal around
nucleus appears on GFP-AtAMF2. Location of nucleus (N) is clearly identifiable from RFP signal. T =

tonoplast. Scare bars = 25 um.
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GFP-AtAMF3

CBL1-RFP Bright field

Figure 2.13. Subcellular localisation of GFP-AtAMF3 in the plasma membrane (PM) transiently
expressed in Nicotiana benthamiana leaf cells.
Co-expression of GFP-AtAMF2 and CBL1-RFP (a plasma membrane marker). Evident overlapping is

evidently observed in the plasma membrane of epidermal cells. Scare bars = 25 um.
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2.4 Discussion

Identification of the low affinity NH4* transport protein SCAMF1, has led to new research on the
regulation of NH4* transport in various organisms. To the best of our knowledge, SCAMF1 and the
soybean homolog GmAMF1 are the only AMF proteins empirically shown to be involved in low affinity
NHg4* transport. Interestingly, protein amino acid sequence analysis revealed that AMF is conserved
broadly amongst plants across both monocots and dicots, reflecting an important role in plant growth and
development. Based on phylogenetic analysis of multiple AMF proteins, most dicotyledonous plants have
multiple AMF homologs, this is contrary to monocots, that mostly have one AMF homolog except for
maize (two) and wheat (three) (Figure 2.1). Additionally, all of the AMF homologs from monocot plants
are closely related as they are clustered together in similar clades, whereas dicot plants display multiple
clades. This might indicate a diverse physiological function of AMF in different plant classes.
Unfortunately, empirical functional studies of AMF plant homologs are still very limited.

24.1 AtAMFs show a distinct expression pattern from AtAMTs

Using both yeast and Xenopus oocyte heterologous expression systems, SCAMF1 and a plant
homolog (GmAMF3) were shown to transport NH4* (Chiasson et al., 2014). However, the physiological
implications of the protein in planta are still unknown. Therefore, Arabidopsis thaliana was used to study
the gene(s) in planta. This study investigated the expression patterns of the three AMF homologs that
exist in Arabidopsis thaliana: AtAMF1, AtAM2 and AtAMF3. All three genes are expressed across various
parts of the plant with increased expression in senescing shoot tissues (Figure 2.3). This expression
profile is in contrast to the well-studied NH4* transporters (AtAMT1 and AtAMT2), which are highly
expressed in root tissues and widely known for their role in NH4* uptake from soil and redistribution to the
shoots (Gazzarrini et al., 1999; Loque et al., 2006; Yuan et al., 2007). In contrast, it would appear AtAMFs
may have a more defined role in senescing shoot tissues, although their role in daily management of NH4*
transport cannot be ignored as they are broadly expressed across most tissues. This discrepancy
suggests a distinct function between AtAMFs and AtAMTS in relation to NH4* regulation. Although AtAMFs
and AtAMTs are different in an organ-dependent expression profiles, both gene families display
responses to light and dark cycles, suggesting a link to photoperiodic control of nitrogen and carbon
metabolism. AtAMTs have been shown to be up-regulated following a light cycle and down-regulated
during a dark cycle in root tissues (Gazzarrini et al., 1999). Interestingly, AtAMF expression profiles in
shoot tissues also displayed a day/night regulated expression profile. All three AMF genes reached a
peak in expression after midday, followed by a down-regulation before the dark cycle started (Figure 2.4).
This suggests a synchronized response to light availability and the potential coordination of NHa*
transport. Additionally, NH4* resupply following a N-starvation period triggered up-regulation of all AtAMFs
in shoot tissues while only AtAMF3 responded to NH4* resupply in root tissues (Figure 2.5). This may
indicate a distinct function of AtAMF3 in relation to NH4* transport and homeostasis in shoot and root

tissues, while AtAMF1 and AtAMF2 suggest NH4* transport processes to manage internal NH4*.
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2.4.2  Promoter activity in GUS lines do not correspond with gPCR results

Results generated from the analysis of AtAMF promoter::GUS fusion lines, indicated that promoter
activity for each AtAMF did not correspond to the expression profiles obtained using qPCR. gPCR
experiments demonstrated that AtAMF2 was expressed at the highest level followed by AtAMF3, while
the AtAMF1 showed the lowest level in most tissue analysed (Figure 2.3). However, the GUS lines
displayed contrasting results where proAtAMF2::GUS was only expressed in the root tip and within
pericycle cells located under emerging lateral root nodes (Figure 2.8). In contrast, proAtAMF1::GUS
displayed significant GUS signal around the pericycle and in guard cells (Figure 2.7). Low levels of
AtAMF3 promoter activity was limited to vascular bundles in root samples (Figure 2.9). The identities of
the GUS lines were confirmed with PCR using specific primers flanking promoter and the backbone
plasmid (data not shown). It is possible the promoter sequences (~1 kb) that were cloned and inserted in
the expression vector were not adequate in size to properly drive gene expressions due to some missing
motifs or other essential transcription elements. Further analysis of more extensive promoter fragments
will be required to better understand tissue and cellular expression profiles.

The gPCR results of the three AMF genes reported in this thesis demonstrated corresponding
expression patterns compared to the online database (Klepikova Atlas), which is based on a high
resolution RNA sequencing profiles (Klepikova et al., 2016). Based on the absolute expression level, the
RNA sequencing data revealed that AtAMF1 (Figure S2.9.A) is expressed at the lowest level, followed by
AtAMF3 (Figure S2.9.C) and AtAMF2 has the highest expression level within the family members (Figure
S2.9.B). Similar to our findings, the expression of the AtAMF family members are evident in the senescing
leaves compared to other tissue samples (Figure S2.9.A-C). At this point, compared to the tissue specific
expression using native promoter::GUS lines, the expression data profiles (QPCR and online database)
are more informative in regards to the elucidation of the potential function of the AtAMF family members,
particularly in NH4* transport in senescing leaves.

2.4.3 Proposed functions of AtAMFs

AtAMF proteins display distinct features on structural characteristics (Figure 2.2), tissue specific
expressions (Figure 2.7-9) and subcellular localizations (Figure 2.10-13). These diversities may relate to
their functionalities in NHs* homeostasis.

Studies in both attached and detached leaves have shown that free NH4* accumulates during
senescence as the consequences of nucleic acid, amino acid, protein and chlorophyll degradation
(Mattsson and Schjoerring, 2003). Accumulated NH4* in the cytoplasm must be remobilized and/or stored
to maintain NH4* homeostasis and avoid potential cytoplasmic toxicity. This could be facilitated by
pumping out NH4* via an efflux mechanism (Coskun et al., 2013a) as well as storing excess NH4* into the
vacuole (Wood et al., 2006; Zhou et al., 2015). Unfortunately, despite an exhaustive number of studies,
the identity of genes involved in the mechanisms are still elusive. AtAMFs may be involved in these NH4*

homeostatic mechanisms to some extent. Interestingly, this study identified the subcellular localisation of
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AtAMF2 to the tonoplast, which reflects its potential function for NH4* sequestration or release (Figure
2.12). Recently, Zhou et al. (2015) proposed an unknown tonoplast-localised NH4* transporter responsible
for facilitating NH4* influx into the vacuole during NH4* toxicity event. This unknown transporter is
predicted to be phosphorylated by CAP1 (a tonoplast-localized receptor-like kinase) which is essential for
root growth during NH4* stress. Intriguingly, AtAMF2 demonstrates expression and localisation profiles
that resemble the unknown protein, although it is unclear on the direction of transport that AtAMF2.
Another compelling line of evidence that supports AtAMF2’s role in NH4* homeostasis is its specific
localisation in the cells under lateral primordia and the root tip (Figure 2.8.F). Excess NH4* has been
widely documented to inhibit both primary and lateral root growth (Cao et al., 1993; Li et al., 2010; Zou et
al., 2012; Liu et al., 2013; Li et al., 2014). Moreover, previous studies in Arabidopsis have demonstrated
the importance of the root tip as a potential sensor to detect exogenous NH4* concentrations (Li et al.,
2010; Bai et al., 2014). For example, direct contact between the root tip and NH4* has been shown to
inhibit root elongation (Li et al., 2010; Zou et al., 2012). Similarly, Zou et al. (2013) demonstrated an
increased activity of GSAL in the root tips in response to prolonged NHs* exposure. Reduced cell
expansion is proposed to be the underlying mechanism in NH4*-mediated root inhibition (Li et al., 2010;
Liu et al., 2013). Therefore, root tip-localised and root primordia localised genes, including AtAMF2, may
play important roles in a NH4* tolerance mechanism, particularly in pathways related to root growth
mechanisms. Li et al. (2010) suggested that root growth inhibition is associated with energetic-costly efflux
in the elongation zone. As AtAMF2 is localised on the tonoplast it could have a diverse role in either NH4*
sequestration into the vacuole or its potential release from the vacuole for efflux out of the cell.

AtAMF3 was found expressed around the vascular bundles and speculatively in pericycle cells.
This is an exciting finding for an NH4* transporter to be localised around the vascular bundle. Current
thought about NH4* regulation is based on the assumption that most (if not all) NH4* is assimilated in the
root and then translocated as amino acids following assimilation by the GS/IGOGAT pathway (Lea and
Miflin, 2011). However, studies by Schjoerring et al. (2002) have demonstrated that significant
concentrations of NHs* is detected in the xylem sap and in leaf apoplastic solutions, suggesting NH4*
translocation to shoot indeed takes place via the xylem. Unfortunately, molecular mechanisms underlying
this process is not well understood. A schematic model by Yuan et al. (2007) suggests that NH4* loading
from the soil into the xylem occurs by both symplastic and apoplastic pathways coordinated by the AtAMT
families. AtAMT1;1, AtAMT1;3 and AtAMF1;5 are responsible for the symplastic pathway, whereas
AtAMF1;2 is proposed to facilitate NH4* movement into the cortex and endodermis following the apoplast
pathway. However, this model does not demonstrate how NH4* loading from the pericycle into the xylem
occurs and the molecular mechanisms involved. Therefore, identification of NH4* transporters expressed
in the pericycle is crucial to help complete the model. This yet to be identified protein(s) must be able to
facilitate bidirectional flux (influx and efflux) of NH4* in pericycle cells. The influx mechanism is essential
for passing NH4* from the endodermis into the pericycle cells while the efflux mechanism is fundamental
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for NH4* loading into xylem from the pericycle cells. A recently published paper by Giehl et al. (2017)
demonstrated the function of AtAMT2;1 to facilitate NH4* loading into the xylem. However, there is limited
evidence to support the essential bidirectional capability of the AtAMT2;1 and it is still an open question
whether the protein is capable of efflux activity. Therefore, the efflux from the pericycle into the xylem
could be facilitated by other unidentified proteins. AtAMF3 seems to fit the profile of the unidentified
protein(s) based on the following data: 1) Tissue expression in pericycle cells (Figure 2.9.D); 2)
Subcellular localisation in the plasma membrane (Figure 2.13) and 3) Responsiveness to NH4* resupply
(Figure 2.5). This protein may be involved in the efflux mechanism to facilitate NH4* loading into the xylem
possibly in coordination with AtAMT2.1. However, this hypothesis still needs extensive research,
particularly to exhibit the efflux mechanism capability of AtAMF3.

Based on limited data available, AtAMF1 involvement in NH4* regulation is far from clear,
especially due to its subcellular localisation in the ER (Figure 2.10 and Figure 2.11). However, this finding
needs further research to investigate whether its localisation in the ER happens due to protein misfolding
following fusion with GFP. It has been reported that positioning of reporter proteins such as GFP (N or C
terminally tagged) plays a vital role for proper protein folding (Snapp, 2005). Furthermore, reports show
that terminally misfolded proteins are retained in the ER (Nehls et al., 2000) and will be degraded following
ER associated protein degradation (Bagola et al., 2011). However, its tissue specific localisation in guard
cells and around vascular tissues (e.g. pericycle cells) may indicate the potential involvement in NH4*
transport. Its function in pericycle cells maybe similar to AtAMF3, predicted to participate in xylem loading.
Furthermore, it was fascinating to find out that AtAMF1 is expressed in guard cells. Studies have shown
that NH4* stress is detrimental on chloroplast function in guard cells (Li et al., 2012). Similarly, Kumar et
al. (1986) have demonstrated the effect of NH4Cl, a photophosphorylation uncoupling agent, on stomatal
movement. The presence of 10 mM NH4Cl at pH 8.0 significantly inhibited stomatal opening. Therefore,
based on this limited information it is possible that AtAMF1 is responsible for guard cell chloroplast NH4*
homeostasis as well as for NH4* transport.
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2.5 Supplementary materials of Chapter 2

pKGWFS7

12,700 bp

Supplemental Figure S2.1. Schematic representation of pKGWFS7 vector used for tissue specific
localisation.

This vector is used for promoter activity analysis with GFP/GUS reporter genes.

LB: left border; Kan: kanamycin resistance gene; eGFP: green fluorescent protein gene; GUS: blue-colouring

B-glucuronidase gene; T35S: cauliflower mosaic virus 35S terminator; and RB: right border.

pBR332

Bl |

LB
.| puBN-GFP-DEST
e 11,492 bp
CaMV_355 term
“E:Eiﬂz—\ atthl / \‘R{;

v pUBQ10
EGFP reporter

Supplemental Figure S2.2. Schematic representation of pUBN-GFP-DEST vector used for subcellular
localisation.

LB: left border; SpecR: spectinomycin resistance gene, BastaR: basta resistance gene; EGFP: green
fluorescent protein gene; pUBQ10: ubiquitin-10 promoter; CaMV_35S term: cauliflower mosaic virus 35S

terminator; and RB: right border.
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Supplemental Figure S2.3. Transmembrane helices prediction based on Transmembrane Hidden Markov
models (TMHMM).

Visualisation of transmembrane helices arrangement of AtAMF1 (A), AtAMF2 (B) and AtAMF3 (C) was
developed by online software TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMMY/).
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Supplemental Figure S2.4. Transmembrane prediction of AtAMF1 (A), AtAMF2 (B) and AtAMF3 (C)

using Phobius algorithm.

Membrane topology prediction was generated by Protter software (http://wlab.ethz.ch/protter/start/).
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GFP-AtAMF1.1

o FITC

CBL1-RFP Bright field

Supplemental Figure S2.5. Co-expression of GFP-AtAMF1.1 and CBL1-RFP (a plasma membrane
marker).

ER = endoplasmic reticulum; PM = plasma membrane. Scale bars = 25 um
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GFP-AtAMF1.2

] FITC

CBL1-RFP Bright field

Supplemental Figure S2.6. Co-expression of GFP-AtAMF1.2 and CBL1-RFP (a plasma membrane
marker).

ER = endoplasmic reticulum; PM = plasma membrane. Scale bars = 25 um
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CBL1-RFP Bright field

Supplemental Figure S2.7. Co-expression of GFP-AtAMF2 and CBL1-RFP (a plasma membrane
marker).

N = nucleus; PM = plasma membrane; T = tonoplast. Scare bars = 25 um.
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GFP-AtAMF3

CBL1-RFP

Bright field

Supplemental Figure S2.8. Co-expression of GFP-AtAMF3 and H2B-RFP (a nuclear marker).
GFP signal is evident in plasma membrane (PM) and absent around the nucleus (N) which is clearly
identifiable from RFP signal. Scare bars = 25 um.
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Data from A high resolution map of the Arabidopsis thaliana developmental transcriptome based on RNA-seq profiling: Klepikova et al, 2016, Plant 1, 88;1058-1070. Total
RMA was extracted with RNeasy Plant Kit and Illumina cDNA libraries were generated using the respective manufacturer's protocels, cDMA was then sequenced using
Ilumina HiSeq2000 with a 50bp read length, The read data are publicly available in NCEI's Sequence Read Archive under the BioProject 1D 314076 (accession:
PRINAZ14076). Reads were aligned to the reference TAIR10 genome (Lamesch et al, 2012) using TopHat (Trapnell et al,, 2009). Default TopHat settings and job resource
parameters were used, with read groups unspecified, Reads per gene were counted with an in-house Python script using functions from the HTSeq package (&nders et al,,
2015), Reads were filtered so that only uninterrupted reads corresponding to a region within exactly one gene were used for RPKM calculation. If a gene's expression level
is not displayed, this indicates the reads for this gene did not pass the filtering criteria. RPKM values were compiled using an in-house R script,

(B aGasnoRTEEEn Klepikova Arabidopsis Atlas eFP Browser at bar.utoronto.ca

Klepikova et al. 2016. Plant J. 88;1058-1070

Young leaf
™ (petiole/lamina)
O
§ ’*‘—"_rj Hypocotyl . Rt Roct

SAM
:3;5‘ - »

Days (dry) 1 2 3 Cotyledons apex
after T e i
ot 1-day-old seedling

Intermediate leaf 1 Intermediate leaf 2
{petiole/lamina) (petiole/vein/lamina)

Seeds during germination
Flower 1 2 3

5 6-8 9-11 12-14 15-18 19+

\‘: — Parts
g of leaf
1ist Axis of -
e internode § inflorescence Pedicel
Mature leaf
(petiolefveln/lamina/whaole)
1 J
y Yoﬁng flower )Carpel of Bth/7th flower
Mature flower sep/stam/carp (stifovu/carp) Seriascent leaf
(sep/pet/stam[fil/anth{closed/open}]/carp) (petiole/vein)
| J
.
A';:'I"T“'" : x S » 'a '*_ Parts of flower Seeds of 1st silique
abscission 'y -
- LR ] - a_
& 5 se,
Seeds [
At Bth nower| ¥ gl a7 g L ;
abscission ‘ # & - - . Siligue 2 Senescent
- - F % Pod of 1st siligue (pod + seeds) organs
Apzolute [
2435 1st internod
2233 Without st internode
199 sesds
17.41 1
1482 |
12.44 Siligue 1 :
9.85
748 3
4a7 bl
048 seeds
oo
Hasked L —ad
Silique 1 Z 3 4 5 6 7 8

Data from A high resolution map of the Arabidopsis thaliana developmental transcriptome based on RNA-seq profiling: Klepikova et al, 2016, Plant 1, 88;1058-1070. Total
RMA was extracted with RNeasy Plant Kit and Illumina cDNA libraries were generated using the respective manufacturer's protocels, cDMA was then sequenced using
Ilumina HiSeq2000 with a 50bp read length, The read data are publicly available in NCEI's Sequence Read Archive under the BioProject 1D 314076 (accession:

PRINAZ14076). Reads were aligned to the reference TAIR10 genome (Lamesch et al, 2012} using TopHat (Trapnell et al,, 2009). Default TopHat settings and job resource

parameters were used, with read groups unspecified, Reads per gene were counted with an in-house Python script using functions from the HTSeq package (&nders et al,,

2015), Reads were filtered so that only uninterrupted reads corresponding to a region within exactly one gene were used for RPKM calculation. If a gene's expression level

is not displayed, this indicates the reads for this gene did not pass the filtering criteria. RPKM values were compiled using an in-house R script,

48




T5GA563 FATSGES687 s % %
C (1566 Klepikova Arabidopsis Atlas eFP Browser at bar.utoronto.ca
Klepikova et af. 2016. Plant J. 88:1058-1070
Young leaf
” \ {petiole/lamina) = !
(= :: Hisboatyl Root .
SAM :
Days (dry) 1 2 3 Cotyledons
after i
soaking 1-day-clo:seediing o Intermediate lealf 1 Intermediate leaf 2
Seeds during germination {petiole/lamina) {petiole/veinflamina)
Flower 1 2 3 4 5 6-8 9-11  12-14 15-18 19+
i‘@ (A Jart .
i of leaf
1st { Axis of Y A 4 " ' f ;
s internode . inflorescence Pedicel 4
- Mature leaf
- gy L (peticlef/vein/lamina/whole)
\I' \. ‘/ /— i p
\“\ ' ’
b T = \ 5%
{5 \ Young flower Carpel of 6th/7th flower g
\ \ Mature flower (sep/stam/carp) (sti/ovu/carp) Senescent leaf
| (sep/pet/stam[filfanth{closed/open}]/carp) (petiole/vein)
| |
At 1st flower g Parts of flower Seeds of 1st siligue
abscission
Seeds
A:E;:::a?;v:r Siligue 2 Senescent
Pod of 1st siliqgue (pod + seeds) organs
N
Ahszolute Y
?g :5 Without 1st internode
1636 seeds |
1431 |
1227 / b
1022 Silique —
| ERE] i b
B.13 \
| with \ )
ggi seeds A
0o
Masked ,/ ol
Silique 1 2 3 4 5 6 7 8
profiling: Klepikova et al, 2016, Plant J, &
p

Figure S2.9. General expression profile of the AtAMF family based on the Klevikova Atlas.

The figure was created online in TAIR website by querying the corresponding locus identifier: A.
at2g22730 (AtAMF1); B. at5g65400 (AtAMF2); and C. at5g65687 (AtAMF3).

Colour key at bottom left represents the absolute expression of the gene and must be used only to

compare the expression of the same gene in different tissue samples.
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Supplemental Table 2.1. Primer pairs used for gPCR and cloning experiments

Primer name Primer sequence (5’-3) Purpose
at2g22730_qper_F1 CTTCTTCTACTCCCCTTGCGG qPCR of AtAMF1
at2g22730_gpcr_R1 GCCATTGACACCATTGCTCG

at5g64500_gper_F1 CTGGACTCTCGCTGTGATTGG gqPCR AtAMF2
atbg64500 gper_R1 GCAAGCCACGCTGATTTCTG

At565687_Fw_gpcr TACTCGGCGCAGCGTTTTGTT gqPCR AtAMF3

At565687_Rv_gpcr

TUB4-F
TUB4-R

AtAMF1-F
AtAMF1-R

AtAMF2-F
AtAMF2-R

AtAMF3-F
AtAMF3-R

CGGAGCCTGTGGTGCAAAGAT

TTTCTCAGTGTTTCCTTCTCC
CCTCATTGTCCAAAACCATAC

CACCATGGTGACCAAAGAAGAA
TTATGAATATCCCTTGCAAAAGCAC

CACCATGGATGTTGACGGAGAA
TCATGCTTCCTGGAGAAGAGGC

CACCATGACGAGAGTTGGCCA
TTAGGCGAGAGTAGAGTTCTCTGTTTTGCT

AtTUB4 (housekeeping
gene)
Cloning of AtAMF1

Cloning of AtAMF2

Cloning of AtAMF3

Supplemental Table 2. 2.

Micronutrients and vitamin stocks for tissue culture media

Micronutrients (uM)  Vitamins (mglL)
MnS04.H20 100  Glycine 2
ZnS04.7H20 30 Myo-inositol 100
H3BO3 100  Nicotinic acid 0.5

Kl 5 Pyridoxine-HCI 05
NaMo0O4.2H20 1 Thiamine-HCl 0.1
CuS04.5H20 0.1

CoClI2.6H20 0.1
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Supplemental Table 2.3. Expression vectors used for transient expression on tobacco leaves

Plasmid name Type

Purpose

Reference

PpENTR/D-TOPO  Entry vector

PUBN-GFP-DEST  Destination vector

pUBN-GFP- Expression vector
AtAMF1.1

pUBN-GFP- Expression vector
AtAMF1.2

pUBN-GFP- Expression vector
AtAMF2

pUBN-GFP- Expression vector
AtAMF3

PER-rk-CD3-959  Expression vector

pUBC-CBL1-RFP  Expression vector

pB7-H2B-RFP Expression vector

p19

To clone target genes

To fuse target gene with GFP
reporter protein

To express AtAMFL1.1 tagged with
GFP reporter protein

To express AtAMF1.2 tagged with
GFP reporter protein

To express AtAMF2 tagged with
GFP reporter protein

To express AtAMF3 tagged with
GFP reporter protein

Endoplasmic reticulum marker with
mCherry reporter gene

Plasma membrane marker with
RFP reporter gene

Nucleus marker with RFP reporter
gene

Anti-silencing

Grefen et al. (2010)

Nelson et al. (2007)

Yue Wu,
unpublished

(Wege et al., 2016)

Supplemental Table 2.4. Media for transient expression on tobacco leaves

2YT media

AS media

16 g/l bactotryptone

10 g/l yeast extract

5 g/l NaCl

Water to 2000ml

Mixtures are autoclaved for sterilisation

10 mM MgCl;
10 mM MES-KOH pH 5.6

150 uM Acetosyringone (in DMSO, store in -20°C)
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3. Heterologous expression of AMF proteins in
Saccharomyces cerevisiae

3.1 Introduction

3.1.1 Yeastas atool for studying plant protein function

Saccharomyces cerevisiae (yeast) has been widely utilised in functional studies of expressed
genes. Aside from its versatility, yeast cells offer benefits including simple and inexpensive culture
conditions, tractable genetics and a fully sequenced and annotated genome. More importantly, it shares
similarity of basic cellular machinery and signal transducing pathways with higher eukaryotes, including
plants (Ton and Rao, 2004). As an eukaryotic organism, yeast has intercellular compartmentation that
ensures expressed plant proteins are highly likely to be processed through appropriate machinery and
undergo any necessary modifications such as protein glycosylation in the endoplasmic reticulum (ER) or
Golgi (Scheiner-Bobis, 2018). The ease of molecular and genetic manipulation in yeast (Kingsman et al.,
1985), the availability of knockout mutants and the growing number of online databases providing
comprehensive transcriptomes, proteomes or phenome data, make yeast a preferred system for
functional studies (Ton and Rao, 2004) even with genes with very limited information. Several discoveries
have been made on plant transporters through heterologous expression in yeast, including the
identification of novel NH4* transport proteins, the AMFs (Chiasson et al., 2014) and other important genes
identified from plants and mammalian systems (Frommer and Ninnemann, 1995). Functionalities of target
genes are confirmed following complementation studies in mutant yeast strains. If the appropriate mutants
are not available, specific mutations can be introduced via gene disruption methods (Rothstein, 1983).
However, some modifications might be needed for the heterologously expressed protein to complement
the loss of function in a specific yeast mutant. For example, removal of the C-terminal domain of
Arabidopsis thaliana AHA2 is essential for full complementation of the pmal yeast mutant (Regenberg et
al., 1995).

3.1.2 Functional studies of ammonium transporters in yeast

There are three ammonium transporters in yeast, namely Mepl1, Mep2 and Mep3. These proteins
belong to an evolutionary conserved protein family that includes plant AMTs and the mammalian rhesus
(Rh) blood group polypeptides of erythrocytes (Marini et al., 2000a). The availability of yeast strains
defective in NH4* transport, including 26972¢c (mepl-1 mep2-1) and 31019b (meplAa mep2A4 mep3A)
have enabled identification of various NH4* transporters across organisms including bacteria, plants and
mammals. These strains are useful particularly for characterisation of ammonium transporters localised
to the plasma membrane. Both yeast strains have also helped to clarify the definitive function of GmSAT1,
which was initially characterized as an ammonium transporter (Kaiser et al., 1998) but later
recharacterized by Marini et al. (2000a) where they showed GmSAT1 could facilitate NH4* influx in 26972¢
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yeast strain based on an interaction with MEP3. Further studies revealed that GmSAT1 behaves as a
novel membrane localized transcription factor (now called GmbHLHm1), which is important for nodule
growth and NHg4* transport in soybean. Interestingly, overexpression of GmbHLHm1 in the 26972¢ yeast
strain significantly upregulated SCAMF1, a low affinity NH4* transporter and modified the expression of
Mep3 (Chiasson et al., 2014). A wild type yeast strain, BY4741 has also been utilized to confirm
functionalities of AtTIP2;1 and AtTIP2;3 in relation to NHz sequestration into the vacuole resulting in an
increased tolerance to methylammonium (MA), a toxic analogue of NHs* (Loqué et al., 2005).
Unfortunately, yeast mutant’s sensitive to high ammonium have yet to be discovered. Such a mutant will
be beneficial especially for the functional characterization of genes responsible for ammonium toxicity
tolerance either by NH4* efflux or internal NH4* sequestration.

3.1.3 Ammonium toxicity in yeast

As hyperaccumulation of NH4* inside the cytoplasm is detrimental for yeast cells, the ion influx must
be finely regulated to achieve appropriate concentrations. The Mep protein family is mainly responsible
for regulation of NH4*/MA* in yeast (Marini et al., 1997). Dysfunctionalities of these proteins increase
tolerance to MA in the yeast mutant 31019b (mepl-3A). Additionally, overexpression of tonoplast-
localized proteins permeable to NHs, e.g. AtTIP2;1 and AtTIP2;3, has also been shown to improve MA
tolerance in wild type strain BY4741 (Loqué et al., 2005). Furthermore, Hess et al. (2006) have
demonstrated that NH4* toxicity in yeast is more evident at low K+ availability and also revealed that amino
acid excretion is one of the NH4* tolerance mechanisms used by yeast cells. Accordingly, a recent report
by Ariz et al. (2018) consistently confirmed the detection of higher concentrations of amino acids in the
external medium of yeast grown at high NH4* and low K* concentrations. These data suggest that amino
acid extrusion through SPS amino acid transporters (Hess et al., 2006) is a consequence of NH4* toxicity
particularly at low K*and potentially leads to an amino acid deficiency by yeast cells.

The aim of this study was to functionally characterize the AtAMF family (AtAMF1, AtAMF2, and
AtAMF3) by using heterologous expression in yeast. Based on the studies described previously, similar
experiments were conducted in various yeast strains to investigate the ability of AtAMF proteins to
transport NH4* as well as their potential roles in NH4* toxicity tolerance mechanisms. MA tolerant mutant
31019b was utilized to study the functionalities of AtAMF proteins in facilitating NH4*/MA* influx. Wild type
strain BY4741 was used in MA toxicity experiments to examine the potential roles of the AtAMFs in
NH4*/MA* tolerance mechanisms. A yeast strain, CY162 (trk1A4; trk2A) defective in two main K*
transporters (TRK1 and TRK2), was used in experiments focusing on the implication of K* availability on
NHg* toxicity in yeast.
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3.2 Material and methods

3.2.1 Yeast strains and plasmids

Multiple strains were used in this chapter depending on the purpose of each experiment as detailed
in Supplemental Table S3.1. Expression vector pDR196 (Rentsch et al., 1995) (Figure S3.1) was used in
most experiments including for GFP-AtAMF2 subcellular localization. For subcellular localization of C-
terminally tagged AtAMF2 (AtAMF2-GFP), pAG426GPD-ccdB-EGFP (Alberti et al., 2007) was utilised.
Both pDR196 and pAG426GPD-ccdB-EGFP carry a functional URA3 gene, responsible for the

complementation of uracil auxotrophy.

3.2.2 Growth media

In most experiments, yeast nitrogen base media without amino acid and ammonium sulfate (Sigma)
supplemented with drop-out mix without uracil (SD AA-ura) was used unless otherwise indicated. The
concentrations of NHs* and MA were adjusted with either (NH4).SO4, NH4Cl or CH3NHsCl (MA-CI),
respectively. Medium M (Ramos and Wiame, 1979) and asparagine-phosphate (AP) media (Rodriguez-
Navarro and Ramos, 1984) were utilized in some experiments using yeast strain 31019b and CY162,
respectively. Addition of 100 mM KCl is necessary to culture the CY162 yeast strain. For the BY471 strain,
essential amino acids: histidine (76 mg/l), leucine (380 mg/l) and methionine (76 mg/l) were added into
the SD-ura media for culturing and growth assays. Media used in this chapter is detailed in Supplemental
Table S3.2.

3.2.3  Gene cloning in expression vectors

Cloning protocols as detailed in Chapter 2.2.6, were used to clone AtAMF1-3 and AtTIP2.1-3 genes
into yeast expression vectors. Specific primers pairs (Supplemental Table S3.3) were designed to include
distinct sequences corresponding to multiple cloning sites (MCS) of the backbone vector pDR196.
Restriction sites Spel-Xhol and EcoRI-Xhol were included in the 5" and 3’ end of the cloning primer pairs
of AtAMF and AtTIP2 gene families, respectively. AtAMF gene sequences were amplified using high
fidelity DNA polymerase (NEB Phusion® High Fidelity Polymerase) with entry vector pENTR-AtAMFs
previously generated (Chapter 2.2.6) as DNA templates. Using the same strategy, AtTIP2 sequences
were amplified from previously generated entry vector pENTR-AtTIP2;1-3 (Scharwies, 2017). Cloning into
pDR196 was carried out using restriction-ligation cloning protocol. Vector DNA pDR196 was linearized
with appropriate restriction enzymes and purified and then ligated with T4 DNA ligase to the digested and
purified transporter CONA.

3.24  Yeast transformation protocol

Introduction of the expression vector into yeast cells was carried using lithium acetate/single-
stranded DNA/PEG method (Gietz, 2014) with modification. Starter cultures were grown overnightin YPD
media (1% (w/v) Bacto yeast extract, 2% (w/v) Bacto peptone and 2% (w/v) D-glucose) at 28°C with 200
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rpm rotation prior to transformation procedure. Approximately 2 ml of overnight culture was transferred
into 30 ml of YPD media to obtain an ODeoo = ~ 0.2-0.3. The inoculated culture was grown for
approximately 3-4 hours to reach an ODggo = ~ 0.5-0.6 at 28°C with 200 rpm rotation. Cells were collected
by centrifugation at 3000 x g for 5 minutes, rinsed twice with sterile water and resuspended with 1 ml of
0.1 M lithium acetate. The resuspended cells were collected by spinning at maximum speed for 15 s and
supernatant removed. The cells were resuspended in 500 ul 0.1 M lithium acetate and 50 pl aliquot was
distributed into sterile 1.5 ml microtubes. The 50 pl aliquot was centrifuged to remove the lithium acetate
by aspiration. The remaining pellet was overlaid with the following reagents in order: i) 240 ul 50% PEG,
i) 36 ul 1 M lithium acetate, iii) 5 pl single-stranded DNA carrier (10 mg/ml), iv) plasmid DNA 2-3 ul in a
final volume of 50 ul. The mixture was vigorously vortexed and then incubated at 28°C for 30 min.
Following the incubation, the mixture was subjected to heat shock at 42°C for 25 min. Cells were collected
by centrifugation at 6000 rpm for 15 s, supernatant removed, and resuspended with 500 pl sterile water.
100-150 pl resuspended cells were plated onto selective media SD AA-ura and incubated at 28°C for 2-
3 d. Multiple single colonies were re-streaked onto fresh SD AA-ura media to confirm successful
transformation. For transformation and transformant selection of CY162 strain, additional KCI (final
concentration 100 mM) was added to the YPD and SD AA-ura media.

3.25 Growth assay

Selected transformants were grown overnight in SD AA-ura (with 100 mM KCl for CY162 strain). A
small portion from the overnight culture was transferred into 10 ml of fresh SD AA-ura media to obtain an
ODgoo = ~ 0.2-0.3 and grown for 3-4 hours to reach ODgoo = ~ 0.5-0.6 at 28°C with 200 rpm rotation. Cells
were collected by centrifugation at 5000 rpm for 5 min and rinsed twice with sterile water. The cells were
resuspended with sterile water to ODeoo = ~ 1.0 and then subjected to 1 in 10 serial dilutions. Aliquots (5

ul) of each dilution was spotted onto media and incubated at 28°C for 5-10 days.

3.2.6  Yeast staining and confocal imaging

Vacuole staining was conducted using the protocol described by Vida and Emr (1995) with
modifications. Yeast transformants harboring expression vectors were grown overnight in 4 ml selective
media SD AA-ura (containing 100 mM KCI for the CY162 background) to maintain selection pressure.
The cells were pelleted by centrifugation at 5000 rpm for 5 min and supernatant removed. The cells were
then resuspended in 500 ul YPD containing 8 uM FM4-64 in 2 ml microtubes to improve the efficiency of
FM4-64 staining. The microtubes were then wrapped with aluminum foil and incubated at 30°C for 30 min.
Residual dye was removed by rinsing the cells twice with 1 ml SD AA-ura. The stained cells were
resuspended in 1 ml SD AA-ura and transferred into 50 ml falcon tubes with 4 ml SD AA-ura (5 ml total
volume) and incubated at 30°C for 90-120 min with 200 rpm rotation. The cells were collected by 5000
rpm centrifugation for 5 min, supernatant removed, and cells resuspended in 1 ml SD AA-ura.
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Prior to visualization using confocal microscopy, an agar pad was pre-made on a microscope slide
following a protocol previously described by Sundin et al. (2004) with modifications. The pad contained
SD AA-ura and 1% agarose. 30 ul of molten agar was carefully spotted on one microscope slide fitted
with masking tape on each side. Another microscope slide was carefully aligned on top of the agar with a
gentle pressure on each side. The microscope slide sandwich was carefully placed on top of a flat ice-
cold surface covered with Kim wipes to protect the slide. After 2-3 min, the slide sandwich was contained
in new Kim wipes and stored in a clean container for analysis.

For imaging, 15 ul of previously stained cells was spotted onto the agar pad of one of the
microscope slide sandwiches and covered with microscope slide. Image analysis was carried out using
Nikon A1R laser scanning confocal microscope (Adelaide Microscopy Waite Facility).

Subcellular localisation of ZMAMF1 in Nicotiana benthamiana leaves was conducted with the same
protocol as previously described in Chapter 2.2.8.

56



3.3 Results

3.3.1  AtAMFs are not involved in high affinity transport system of NH4*

To investigate the involvement of AtAMF1.1, AtAMF1.2, AtAMF2 and AtAMF3 in high affinity
ammonium transport, we utilised the Amep (1,2,3) triple knockout mutant, 31019b. Growth analysis was
carried out to study the ability of the AtAMFs to rescue growth on SD-ura media under low NH4* (1-5 mM)
concentrations when supplied as the sole N source. Figure 3.1 shows that there was no significant
difference among the yeast strains overexpressing the four AtAMF genes compared to the one
overexpressing empty vector pDR196. Additionally, growing yeast under a range of pH levels (5.5-6.5)
also failed to significantly support yeast growth on low NHs* (Supplemental Figure S3.2). These results
indicated that AtAMFs are not able to complement the growth recovery of 31019b cells at low
concentrations of NHs4*.

3.3.2  Overexpression of AtAMF2 increases toxicity under high MA at pH 6.5 while AtAMF3
slightly improves growth at pH 7.0

To gain further insight of the functionality of AtAMFs, subsequent experiments were conducted
utilising high concentrations of the toxic analog methylammonium (MA). 31019b transformants were
grown on SD-ura media containing high MA (100 mM) at different pH (5.5 - 7.0) supplemented with 2%
(w/v) glucose and 0.1% (w/v) proline as sole N source. Figure 3.2 shows that only yeast cells
overexpressing AtAMF2 exhibited a typical ‘death phenotype’ at 100 mM MA at pH 6.5. At pH 5.5, there
was no impact of methylammonium on AtAMF1 and AtAMF3, while at pH 7.0, all cells became sensitive
to 100 mM methylammonium. This result indicated that the ability of AtAMF2 to facilitate MA transport
into the cells might be pH dependent. To confirm this finding, subsequent experiments were conducted
using either SD-ura or M media. These experiments revealed comparable outcomes, in which yeast cells
overexpressing AtAMF2 displayed arrested growth at 100 mM MA at pH 6.5 (Figure 3.3). Surprisingly,
31019b cells overexpressing AtAMF2 and grown on medium M demonstrated an improved growth
compared to that on SD-ura (Figure 3.3). SD-ura and medium M have different K* concentrations of 7.3
and ~160 mM, respectively. This difference in K* concentration might contribute to the contrasting growth.
To investigate this hypothesis, cells were grown on SD-ura containing 0.1% (w/v) proline as the sole N
source at pH 6.5 and supplemented with 200 mM MA with increasing concentrations of KCI (0, 10, 20, 50
and 100 mM KCI). As external [KCI] increased, yeast overexpressing AtAMF2 gradually grew better
overcoming the MA induced toxicity (Supplemental Figure S3.3). In these media, CI- concentration was
increased as well, however, due to the nature of the strain, it was suggested that the improved growth is
related to increased availability of K* not CI-. These findings corroborate other studies suggesting an
essential role of K* to help overcome NHg4* toxicity events in yeast and plants (Kronzucker et al., 2003;
Hess et al., 2006; Barreto et al., 2012). Additionally, we observed a slight growth improvement of yeast
cells overexpressing AtAMF3 grown on media containing toxic MA only at pH 7.0 (Figure 3.2). This data

suggests that the protein might be involved in NH4* efflux mechanisms possibly the uncharged NHs.
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3.3.3  Overexpression of AtAMF2 rescues CY162 strain growth

It was intriguing that the additional K* helped to improve growth of 31019b yeast grown at high MA
concentrations. To get a better understanding of the relationship between K+ and NH4s*/MA*, AtAMF
members were expressed in the yeast strain CY162 (irk14, trk24), which is defective in high-affinity
(TRK1) (Gaber et al., 1988) and low-affinity (TRK2) K* transport at the plasma membrane (Ko et al.,
1990). Transformants were grown on SD AA-ura supplemented with 5 g/l (NH4)2SO4 (75.6 mM NH4*) in
the absence or presence of 100 mM KCl at pH 5.5. All media contained a basal K* concentration of 7.3
mM. Yeast overexpressing AtAMF2 were able to grow without additional K* while the empty vector control
and other AMF1 homologs (AMF1;1, AMF1;2, AMF3) failed to grow (Figure 3.4). All strains were rescued
with 100 mM K*. Accordingly, at pH 5.5 increasing the KCI concentration in the media improved yeast
growth (Supplemental Figure S3.4).

Further experiments were carried out to investigate whether AtAMF2 functions in a pH dependent
manner as previously suggested in 31019b. Transformants were grown on SD AA-ura supplemented with
5 g/l (NH4).SOsat pH 5.5 and 6.5. AtAMF2 was able to rescue CY162 at pH 5.5 but at pH 6.5, all yeast
transformants were able to grow regardless of external K* concentrations (Figure 3.5). This indicates that
growth pressure on CY162 is diminished at higher pH. Sensitivity of CY162 (trk1A4, trk2A4) mutants to low
pH has been documented previously (Ko and Gaber, 1991). Accordingly, Navarrete et al. (2010)
demonstrated that at 5-10 mM K* and pH 5.8, both the wild type strain BY4741 and its double mutant
derivative BYT12 (trk14::loxP, trk2A::10xP) did not show a significant growth difference. It is possible that
at higher pH, K* is more readily available in the media which enables trk1A4, trk2A mutant cells to grow.
Another suggestion is that at higher pH, unidentified yeast proteins might facilitate K* influx, therefore
increasing K+ availability to the cells as proposed by Ko and Gaber (1991).

3.34  AtAMF2 failed to rescue CY162 growth at low K* concentration

Previous results demonstrated the ability of AtAMF2 to rescue growth of CY162 strain (Figure 3.4).
To confirm whether the AtAMF2 is a functional K* transporter, transformed CY162 cells were plated onto
modified AP media which contain arginine as an alternative N source and controlled K* concentrations.
In contrast to SD media which contain 7.3 mM K*, basal AP media is a K*-free media, therefore specified
concentration is the final concentration in the media. Unexpectedly, all transformants, including CY162
yeast cells overexpressing AtAMF2 failed to grow on AP media at low K* concentration (0-0.1 mM K*).
On the other hand, all transformations including the empty vector control could grow on media containing
K+ between 1 and 4 mM (Supplemental Figure S3.5). These data suggested all AtAMF family members,
AtAMF1, AtAMF2, and AtAMF3 are unlikely transporting K* at low concentrations.

3.35 CY162 is an ammonium sensitive strain
Overexpression of AtAMF2 in CY162 cells allowed growth on SD AA-ura media supplemented with
5 g/l (NH4)2SO0s. In contrast, the low K+ media failed to rescue cells containing AtAMF1;1, AtAMF1;2 and
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AtAMF3 (Figure 3.4). This complementation could be overcome when plated on AP media containing 10
mM arginine and K* at concentrations greater than 1 mM K* (Supplemental Figure S3.5). To help clarify
these results, CY162 transformants were plated onto SD AA-ura media in the presence or absence of 5
g/l (NH4)2SO4. Yeast cells expressing AtAMF1.1, AtAMF1.2 and AtAMF3 were able to grow on SD AA-
ura media without NH4* (0 mM) but failed to grow on media containing ~ 75.6 mM NHs4* (Figure 3.6).
These findings show that the CY162 strain is sensitive to high NH4*. However, when AtAMF2 was
expressed in CY162, the cells were able to grow on high NH4*. Subsequent experiments have shown that
overexpression of AtAMF2 enabled CY162 yeast to grow on toxic levels of NH4* of up to 140 mM
(Supplemental Figure S3.6). The other AMFs were unable to grow above 60 mM NHa4*. The ability of
AtAMF2 to rescue growth at high NH4* suggests that AtAMF2 may facilitate some level of NH4* tolerance
either through NHg4* efflux or a process involving AtAMF2-mediated internal sequestration.

3.3.6  AtAMF2 displays strong localization in the tonoplast of BY4741 strain

The observations using the 31019b strain indicated that AtAMF2 may be localised to the plasma
membrane when expressed in yeast, where transport activities would allow MA uptake, eventually leading
to MA accumulation poor growth and cell death. This is in contrast to observations using plant-based
transient expressions systems that showed localisation at the tonoplast (Chapter 2.3.7). To verify this
discrepancy, the membrane localisation of AtAMF2 in yeast cells was determined using a GFP tag added
to N-terminus of AtAMF2. In transformed CY162 cells, we identified GFP signal targeted to the tonoplast,
there was no signal at the plasma membrane but some signal detected in other organelles, potentially the
ER and or Golgi (Figure 3.7.A). However, when AtAMF2 was expressed in BY4741, the localisation at
the tonoplast was clearly defined and no signal was detected at the plasma membrane. Furthermore, the
GFP signal overlapped with the red signal created by the vacuole specific dye, FM4-64 (Figure 3.7.B). A
C-terminal tagged AtAMF2 (AtAMF2-GFP) was developed but the level of expression was poor relative
to the N-terminal tag (Supplemental Figure S3.7).

3.3.7 GFP-AtAMF2 partially complement CY162 growth at high NH4*

Growth assays at high NH4* were conducted to investigate the functionality of the GFP-AtAMF2
construct to alleviate NH4* toxicity conditions in CY162. Yeast cultures were grown on SD AA-ura media
supplemented with 40 mM (NH4)2.SO4 (80 mM NHg4*). The GFP-AtAMF2 construct when transformed into
CY162 showed reduced activity and only partially rescued yeast growth at elevated NH4* concentrations
(80 mM) (Supplemental Figure S3.8). The yeast overexpressing GFP-AtAMF2 demonstrated less growth
compared to yeast overexpressing non-tagged AtAMF2. This lack of performance of GFP-AtAMF2 is
possibly due to a disruption in AMF2 activity with the fusion of a N-terminal GFP tag and or the mis-
localisation of the protein.
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3.3.8 ZmAMF1 and ZmAMF2 also rescue CY162 growth at high NH4*

AMF proteins are broadly conserved amongst most plants including both dicots and monocots. In
collaboration with Wenjing Li (University of Sydeny), we focused on characterising the functional activity
of two AMF homologs from maize, ZmAMF1 and ZmAMF2. Both ZmAMF1 and ZmAMF2 were able to
rescue CY162 yeast growth on yeast media containing elevated (80 mM) concentrations of NH4* (Figure
3.8). These data suggest that both maize and Arabidopsis AMF proteins possess similar activities when
expressed independently in the yeast strain CY162. Both most likely have a role in plants which mediate

ammonium transport and potentially ammonium toxicities.

3.3.9 ZmAMF1l s localized in the tonoplast of Nicotiana benthamiana

As both AtAMF2 and ZmAMF1 display comparable functionalities in yeast we tested whether in
plants ZmAMF1 also shares a similar subcellular localisation as AtAMF2. Transient expression of
ZmAMF1 clearly showed that the encoded GFP-tagged protein was localised at the tonoplast of Nicotiana
benthamiana leaf cells (Supplemental Figure S3.11). The tonoplast localisation is clearly identifiable by
the presence of loop-like signals around the nucleus (N). Accordingly, a significant gap between two
adjacent GFP-emitting membranes as well as membrane invagination also denote strong tonoplast
features. Further experiments are required to investigate ZmAMF1 subcellular localisation in yeast cells
which was not conducted in this study due to time constraints.

3.3.10 AtTIP2 family members display diverse functionalities to rescue CY162 growth at high
NH4*

As the AtTIP2 family has been widely known to enhance high ammonium tolerance, all of the
AtTIP2 family members (AtTIP2;1-3) were expressed in CY162 strain. Interestingly, overexpression of
AtTIP2 members in CY162 displayed diverse activities in alleviating NH4* toxicity (Figure 3.8). AtTIP2;3
displayed the strongest efficiency to rescue CY162, followed by AtTIP2;1. In contrast, overexpression of
AtTIP2;2 completely failed to rescue growth of CY162 at 80 mM NH4*. These findings indicate the
functionalities of AtTIP2 might be dependent on the K* concentrations available to the cells and whether
disruptions in K* transport influence NH4* sensitivity.

3.3.11 AtAMF2 and ZmAMF1 increase MA sensitivity in CY162 yeast strain

Previous data showed that AtAMF2 and ZmAMF1 possess a comparable function in rescuing yeast
grown at high NH4* (Figure 3.8). To support this finding, all transformant cells (transformed with empty
vector pDR196, AtAMF2, ZmAMF1 or AtTIP2;3) were grown on media containing proline as a sole amino
acid in the presence of 50-100 mM MA. In these conditions, all transformants grew poorly (Supplemental
Figure S3.9). A subsequent experiment was conducted, where cells were grown on Low Amino-N (LAN)
media and a complete amino acid supplement without uracil (SD AA-ura) in the presence or absence of
100 mM MA (Figure 3.9.A-C). Results from this experiment demonstrated that overexpression of AtAMF2
and ZmAMF1 increased yeast sensitivity to toxic MA conditions at both pH 5.5 and 6.5 (Figure 3.9).
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Interestingly, the MA toxicity phenotype was significantly alleviated on SD AA-ura (Figure 3.9.C)
compared to the growth on just 0.1% proline (Figure 3.9.A) or the LAN media (Figure 3.9.B). These data
indicate that sufficient amino acids supply is essential in supporting tolerance to MA toxicity.

3.3.12 AtAMF2 and ZmAMF1 overcome NH4* toxicity in CY162 when supplied with proline as a
sole amino acid.

Subsequent experiments were carried out to investigate how the CY162 cells response to high
NHa* in the presence of proline as a sole amino acid. Contrary to the previous observations on cells grown
on MA, overexpression of AtAMF2 and ZmAMF1 enabled the cells to grow on media containing 100 mM
NHas* supplied with 0.1% proline as sole amino acid source at pH 5.5 (Figure 3.10). Surprisingly, cells
overexpressing AtTIP2.3 failed to grow at pH 5.5, however all transformants grew well at pH 6.5. Indeed,

the ability of the CY162 cells to grow well at pH 6.5 has been shown before (Figure 3.5).

3.3.13 AtAMF2 plays different roles in NH.* tolerance mechanisms compared to AtTIP2

All AtTIP2 family members (Scharwies, 2017) and AtAMF2 have been shown to localise in the
tonoplast (Chapter 2. Figure 2.12 and Figure 3.7). However, both protein classes demonstrated distinct
functionalities in regard to NH4*/MA toxicity alleviation mechanisms. The AtTIP2 family members have
been shown to facilitate NH3 sequestration into the vacuole (Loqué et al., 2005) as proposed in Figure
3.12.A and C. On the other hand, AtAMF2 is suggested to facilitate the NH4* release from the vacuole for
further assimilation as pictured in Figure 3.12.D. This hypothesis was clearly confirmed in Figure 3.10
where overexpression of AtAMF2 and ZmAMF1 in CY162 rescued the cells growth at 100 mM NH4*
supplied with 0.1% proline as sole amino acid. Accordingly, when supplied with MA, overexpression of
AtAMF2 induced toxicity phenotype due to the release of MA from the vacuole into the cytoplasm (Figure
3.9, Figure 3.12.B and Figure 3.12.E).

To confirm these findings, wild type yeast strain BY4741 was transformed with AtAMF2 and all
AtTIP2 members. The ability of AtTIP2;1 and AtTIP2;3 to rescue the wild type yeast strain BY4741 grown
on toxic concentrations of MA (> 100 mM) (Loqué et al., 2005) was confirmed as shown in Figure 3.11. It
was concluded that AtTIP2;1 and AtTIP2;3 were involved in a NH4*/MA tolerance mechanism involving a
possible NH3 vacuolar-sequestration pathway. Additionally, it was also revealed that overexpression of
AtTIP2;2 enhanced MA tolerance in the BY4741 (Figure 3.11) potentially by the same NH3 vacuolar-
sequestration pathway. On the other hand, overexpression of AtAMF2 induced toxicity phenotype in the
wild type strain BY4741, most evidently on LAN media at pH 5.5 (Figure 3.11.A) where the cells failed to
grow. In contrast, the cells transformed with empty vector pDR196 displayed mild toxicity phenotype while,
as expected, cells overexpressing AtTIP2;1-3 grew well (Figure 3.11.A). Previously, Cohen and
Engelberg (2007) have reported that BY4741 grew poorly in minimal media such as SD-ura supplemented
with a drop-out amino acid mix, while increasing amino acid concentrations improves the strain’s growth.

To differentiate between poor growth and MA toxicity, subsequent experiments were carried out on SD-
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ura media containing 2 g/l histidine, 4 g/l leucine, 2 g/l methionine, supplemented with 1 g/l proline (high
amino N/HAN), in the absence or presence of 100 mM MA. The AtAMF2-induced toxicity phenotype was
slightly alleviated when the cells were grown on HAN at pH 5.5 whereas the cells transformed with
pDR196 empty vector overcame the MA toxicity (Figure 3.11.B). This finding confirmed that the toxicity
phenotype on cells overexpressing AtAMF2 was due MA toxicity rather than a poor growth of the cells.
Interestingly, in the following experiments where cells were grown on media containing complete amino
acids without uracil (SD AA-ura), the toxicity phenotype was completely overcome (Supplemental Figure
S3.10). Additionally, at pH 6.5, all transformed BY4741 cells including AtAMF2 and the empty vector
control grew in the presence of MA on LAN, HAN (Figure 3.11.A and B, respectively) and SD AA-ura
(Supplemental Figure S3.10) media, suggesting a pH dependent insensitivity to MA in the BY4741 strain.
This sensitivity is negatively influenced at more alkaline pH (6.5) when amino N is provided.

3.3.14 Adequate amino acid concentrations overcome MA toxicity

Previous studies have demonstrated that NH4* toxicity in yeast only occurs when supplied with low
concentrations of K+, and that amino acid excretion is most-likely an outcome to help detoxify excess
NHs* (Hess et al., 2006; Ariz et al., 2018). Additionally, this process might lead to N or amino acid
starvation in the yeast cells which eventually promotes growth arrest or death. Therefore, we propose that
supplementation of amino acids is crucial under toxic NH4*/MA conditions. Experiments using different
concentration of amino acid supplies in both CY162 strain (Figure 3.9) and BY4741 (Figure 3.11 and
Supplemental Figure S3.10) clearly confirmed the hypothesis. Under toxic concentrations of MA, cell
growth of both strains grown on media containing complete amino acids without uracil (SD AA-ura) was
significantly improved. Collectively, these data suggest that MA sensitivity in general is linked to the amino
acid status of the yeast cells, where elevated amino acids can overcome general MA sensitivities.
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Figure 3.1. Overexpression of the AtAMFs failed to support significant growth of the 31019b yeast

101 102 108 104

1 mM NH4CI

3 mM NH4CI

5 mM NH4CI

0.1% proline

strain when grown on SD-ura media containing low concentrations of NH4CI.

Transformed 31019b (mep1-34) cells transformed with AtAMF members did not show a significant growth

improvement compared to the cells transformed with empty vector pDR196 on SD-ura media (pH 6.1)

containing low 1 mM NH4* as a sole N source. Cells were grown at 28°C for 6 days.
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Figure 3.2. Yeast strain 31019b overexpressing AtAMF2 shows a toxicity phenotype at pH 6.5 while
overexpression AtAMF3 slightly improves growth at pH 7.0 under toxic [MA].

Transformed 31019b cells were grown on SD-ura media supplemented with 0.1% (w/v) proline, 2% (w/v)
glucose 100 mM MA buffered at pH 5.5, 6.0, 6.5 and 7.0 with 50 mM MES-Tris. Cells were grown at 28°C
for 10 d. Yellow outlined box identifies AMF2 inhibiting growth of 31019b at pH 6.5. White outlined box
identifies a slight growth improvement facilitated by AMF3.
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Medium M (160 mM K¥)
Figure 3.3. AtAMF2-induced MA toxicity is overcome with media containing high [K*].

Transformed 31019b cells were grown on SD-ura or Medium M differentiated by K* concentrations of 7.3
mM K*and 160 mM K*, respectively. SD-ura and Medium M were supplemented with 0.1% (w/v) proline,
2% (wlv) glucose and 100 mM MA buffered with 50 mM MES-Tris to pH 5.5, 6.0 and 6.5. Cells were
grown at 28°C for 10 d. Yellow and white outlined boxes identify AtAMF2 inhibiting growth of 31019b on
SD-ura and Medium M, respectively, at pH 6.5.
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Figure 3.4. AtAMF2 rescues growth of the potassium transport mutant CY162 on high ammonium
and low K* concentration.

Transformed CY162 cells were grown on SD-ura media supplemented with 5 g/l (NH4)2SOx (~75.6 mM
NH4*) £ 100 mM KCI. Basal [K*] concentration is 7.3 mM. Media pH was 5.5. Cells were grown at 28°C
for 6-10 d. Yellow box identifies AtAMF2 containing cells growing at low K* and high NH4".
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Figure 3.5. CY162 growth improves on SD AA-ura media at elevated pH.

Transformed CY162 cells were grown on SD AA-ura media supplemented 5 g/l (NH4).SO4 and buffered
with 50 mM MES-Tris to pH 5.5 or 6.5. Cells were grown at 28°C for 6 d. At pH 5.5 AtAMF2 (yellow box)
begins to complement growth a low K*. At pH 6.5 all cells grow at low K*. White outlined box indicates
recovery of empty vector control when grown on SD AA-ura (pH 6.5) without additional K* (basal

concentration of the media is 7.3 mM).
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Figure 3.6. CY162 cells expressing AtAMF genes grown on media with and without NH4*.
Transformed CY162 cells were grown on SD AA-ura in the absence or presence of 5 g/l (NH4)2SOs at pH
5.5. SD AA-ura has a default 7.3 mM K* concentration. Cells were grown at 28°C for 6 d.
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Figure 3.7. AtAMF2 is localised in the tonoplast of CY162 (A) and BY4741 (B) yeast cells.

Both yeast strains were transformed with pDR196 containing a N-terminal GFP fusion to AtAMF2,
activated by the PMA promoter. Prior to analysis, cells were grown in SD AA-ura supplemented with 5 g/l
(NH4)2S0a4. In BY4741 strain, N-terminal tagged GFP-AtAMF2 displays strong localisation at the tonoplast
with secondary signal possibly in the ER and or cytoplasm (A) while in CY162, AtAMF2 localisation is

more diffuse across the tonoplast and the ER (B). Scale bare =5 um.
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Figure 3.8. Overexpression of ZmAMF1, ZmAMF2, AtTIP2;1 and AtTIP2;3 in CY162 with low or high
NHg4*.

Transformed CY162 cells were grown on SD AA -ura in the absence or presence of 80 mM NHg4*. Cells
were grown at 28°C for 6 d. Yellow boxes highlight rescue of CY162 by AMF2, ZmAMF1, ZmAMF2
AtTIP2;1 and AtTIP2;3 on 80 mM NH4*.
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Figure 3.9. Overexpression of AtAMF2 and ZmAMF1 increases MA sensitivity in CY162 strain.
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Transformed CY162 cells were grown on media containing different concentration of amino acids (A-C)
in the presence or absence of 100 mM MA at pH 5.5 and 6.5. The media were buffered with 50 mM
MES-Tris. A. 0.1% (1 g/l) proline as sole amino acid source. B. 76 mg/l histidine, 380 mg/l leucine, 76
mg/l methionine and 1 g/l proline (Low Amino N). C. 1 g/l yeast synthetic drop-out media supplement
without uracil (SD AA-ura). Cells were grown at 28°C for 5 d. Yellow outlined boxes show MA toxicity at
both pH 5.5 and 6.5.
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pPH5.5 PH 6.5

Figure 3.10. Overexpression of AtAMF2 and ZmAMF1 overcomes ammonium toxicity in CY162
with proline as the sole amino acid.

Transformed CY162 cells were grown on SD-ura supplemented with 100 mM NH4Cl and 0.1% proline
(w/v) as the sole amino acid. Media was buffered with 50 mM MES-Tris and pH adjusted to 5.5 and 6.5.

Yellow outlined box indicates a growth improvement by AtAMF2 and ZmAMF1 overexpression.
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Figure 3.11. AtAMF2 displays increased sensitivity to MA when grown with both high and low

amino-N media.

Transformed BY4741 cells were grown on SD-ura supplemented with either Low Amino-N (LAN) media
containing 76 mg/l histidine, 380 mg/l leucine, 76 mg/l methionine and 1 g/l proline or High Amino-N (HAN)
media containing 2 g/l histidine, 4 g/l leucine, 2 g/l methionine and 1 g/l proline. Media was buffered with
50 mM MES-Tris. Cells were grown at 28°C for 5 d. Yellow outlined box highlights AtAMF2 induced MA
sensitivity on LAN media. White outlined box indicates an improved MA tolerance on HAN media.
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MA-tolerant yeast cells (31019b) grown on
media with proline as the sole amino acid
source. Yeast cells without tonoplast-
localised AMF shows tolerance to toxic [MA]

due to MA sequestration in the vacuole.

MA-tolerant yeast cells (31019b) grown on
media with proline as sole amino acid
source. Yeast cells with tonoplast-localised
AMF becomes sensitive to toxic [MA] due to
AMF facilitates efflux of acid-trapped MA
from the vacuole into the cytoplasm.

NHg*-sensitive yeast cells (CY162) without
tonoplast-localised AMF suffer N-starvation
and fail to grow on media containing a toxic

concentration of NH4*.

Tonoplast-localised AMF in CY162 enables
yeast cells to grow on media containing
toxic concentration of NHs*. AMF slowly
releases NH4* from the vacuole back into
the  cytoplasm  which  undergoes
assimilation to produce amino acids

essential for yeast growth.
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Figure 3.12. Proposed model of tonoplast-localised AMF transporters facilitating NH4*/MA* efflux
in yeast strain 31019b (A and B) and CY162 (C-E).

In 310190 yeast strain (A and B), the plasma membrane localized aquaporins (PIPs) facilitate the
uncontrolled uncharged MA/NHjz fluxes into the cytoplasm. The elevated MA/NHz concentration in the
cytosol may trigger TIP-facilitated MA/NH3 sequestration into the vacuole by the tonoplast localized yeast
aquaporin (AQP?), possibly by AQY3 (Patel, 2013) (A). Alternatively, in yeast, MA/NHz is thought to
diffuse into the vacuole (Wood et al., 2006; Cueto-Rojas et al., 2017). Due to the acidic environment inside
the vacuole, MA is protonated into MA* and acid-trapped inside the vacuole. The release of MA from the
vacuole into the cytosol through AMF activity would increase toxic MA concentrations leading to a toxicity
phenotype (B). Furthermore, at low cytosolic K* (either due to low external K* concentrations or from
disrupted K* transport mechanisms (i.e. CY162 (C-E)) and high NH4*, yeast cells promote amino acid
excretion leading to amino acid-deficient cells (C). In such conditions, SPS is suggested as an amino acid
effluxer induced by ammonium stress (Hess et al., 2006). Uncontrolled NH4* influx mediated by Mep
undergoes disassociation to produce NHs in the cytosol accompanied by NHz flux through PIPs, follow
the same sequestration pathway as described earlier. Tonoplast localized AMF transporters facilitate the
release of NH4* into the cytosol which is assimilated allowing cell growth (D). On the other hand, when
MA is supplied, the release of toxic MA from the vacuole, elevates MA concentration in the cytoplasm and

induces toxicity phenotype (E).
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3.4 Discussion

3.4.1 Kt plays vital roles in NH4* tolerance mechanisms in yeast

NHs* is an essential macronutrient for all living organisms including yeast. If provided at an
appropriate level and balanced with other cations, it is a beneficial N source for yeast growth. Studies by
Hess et al. (2006) on wild type S288C revealed that NH4* toxicity can occur in yeast only when K* is
limited. Similarly, Ariz et al. (2018) reported the same phenomenon also happen to another wild type
strain £1278b. Furthermore, Barreto et al. (2012) revealed that even short-term K* starvation substantially
changed the expression levels of over one thousand yeast genes and activated an oxidative stress
response as well as the retrograde pathway.

Data generated from this thesis confirms the vital role of K* as yeast cells experience NH4*/MA*
toxicity. Overexpression of AtAMF2 in the MA-resistant yeast strain, 31019b, led to a lethal phenotype
(Figure 3.2). However, overexpression of the other homologs (AtAMF1;1, AtAMF1;2 and AtAMF3), failed
to induce a lethal phenotype probably because the other proteins are localised in different organelles
(Chapter 2. Figure 2.10-13). Furthermore, AtAMF2-induced lethality could be reversed by increasing the
concentration of K* in the media. Retarded growth was observed on SD-ura media containing ~ 7.3 mM
K* (a default concentration), whereas in Medium M, containing ~ 160 mM K*, growth improved (Figure
3.3), even in the presence of toxic levels of MA (i.e. 100 mM). Similarly, growth of 31019b cells
overexpressing AtAMF2 improved when grown on SD-ura containing 0.1% proline supplemented with
elevated K* concentrations (Supplemental Figure S3.3). Previous studies have demonstrated that at low
K*, yeast cells fail to control NH4* influx properly due to an unregulated NH4* influx pathway possibly
mediated through the K* transporter, Trk1 (Hess et al., 2006; Barreto et al., 2012). As K* produces a
competitive inhibition on NH4* uptake in yeast (Pefia et al., 1987), any increment of K* concentration will
reduce uncontrolled NH4* influx and diminish toxic conditions, eventually improving yeast growth.

In yeast, Trk1 and Trk2 are important K* transporters involved in both high and low-affinity K*
transport, respectively (Ko and Gaber, 1991). Deletion of both proteins (trkl4, trk24) in CY162,
significantly impairs the high affinity K* transport systems, making cells unable to grow on low K* media.
CY162 has since been widely used to identify and characterise both K+ and Na* transporters from plants
(Schachtman and Schroeder, 1994; Rubio et al., 1999). On this basis, we used CY162 to test if AtAMF1-
3 facilitated K* transport. The original selection of CY162 was based on a growth phenotype on plates by
which cells failed to grow on SD AA-ura media containing 75.6 mM NH4* and 7.3 mM K*, which could be
rescued with the addition of 100 mM K* (Ko and Gaber, 1991). When overexpressed, only AtAMF2
allowed CY162 cells to grow on standard SD AA-ura media at pH 5.5, while yeast cells transformed with
the empty vector control and the other AtAMF homologs (AtAMF1 and AtAMF2) failed to grow. AtAMF2
could rescue yeast growth further on SD AA-ura media containing higher NH4* concentrations (up to 140
mM) when external K* concentrations were kept at 7.3 mM (Supplemental Figure S3.6). However, when

the NH4* was completely removed from the media (0 mM NH4*), CY162 strain would grow normally with
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or without AtAMF2 (Figure 3.6 and Supplemental Figure S3.6). These data suggest that CY162 is
sensitive to high NHs* and that additional K* provision could reverse NH4* toxicity (Figure 3.4 and
Supplemental Figure S3.4). Previous claims by Barreto et al. (2012) and Hess et al. (2006) suggested
that unregulated NH4* flows through Trk1. However, based observations presented in this thesis, CY162
is still sensitive to high NH4* regardless of the dysfunctionality of trk1. Therefore, it is hypothesized that
the primary cause of NH4* toxicity in CY162 is its inability to supply K* into the cytoplasm with the loss of
trk1 and trk2. The flow of NH4* into CY162 most likely involves Mep proteins as well as from the mass
flow of NHs through the plasma membrane aquaporins (PIPS) into the cytoplasm. How the accumulated
NHas/NH4* is managed in the cytoplasm may reflect on the role of AtAMF2.

3.4.2 Tonoplast localised transport proteins are important for NHs* management

The vacuole occupies significant portions of cell volume, ~ 20% in yeast (Hecht et al., 2014) and
~ 90% in plants (Zhang et al., 2014). Although the main function of the yeast vacuole is known for
macromolecule degradation, it also plays a crucial role in cytosolic pH homeostasis, metabolite and ion
storage as well in molecule detoxification (Klionsky et al., 1990). These complex functions are regulated
by approximately ~ 200 vacuolar-targeted proteins for which 27% are believed to be transport proteins
(Li and Kane, 2009).

NH4*/MA* vacuolar sequestration is one of the essential pathways responsible for NHs*
detoxification mechanisms. Only limited studies have been undertaken to understand the mechanism of
ammonium sequestration in the vacuole at the molecular level. There have been few suggestions
regarding transport proteins responsible for NH4*/MA* sequestration. Bai et al. (2014) proposed the
presence of an unknown protein(s) localised in the tonoplast which facilitates NH4+ sequestration by CAP1
phosphorylation. Furthermore, Coskun et al. (2013a) suggested that various protein classes localised in
the tonoplast, including TIPs, (tonoplast-intrinsic proteins), AMTs (ammonium transporters), Kirs (K*
inward rectifiers), and NSCCs (nonselective cation channels) are responsible for NHs/NH4* transport
across (in and out) the tonoplast. However, only AtTIP2;1 and AtTIP2;3 have been shown to facilitate MA
transport into the vacuole (Logué et al., 2005). Based on experiments conducted in this thesis, it was
demonstrated that AtTIP2;2 was functional and most-likely facilitated MA vacuolar sequestration, a
phenotype typified by the rescue of yeast growth when grown on toxic MA concentrations (Figure 3.11.A).
AtTIP2 families have been shown to promote NH3/NH4*/MA influx across the tonoplast, the transport
protein(s) responsible for NHs/NH.* efflux from the vacuole into the cytoplasm remain unknown (Esteban
etal., 2016). Thisis particularly relevant in light of the substantive quantities of reactive N being processed

within vacuoles.

343 AtAMF2 and ZmAMF1 are responsible for NH4*/MA* efflux from the vacuole
The majority of ammonium transport proteins have been characterised using the high-affinity
ammonium transport deficient yeast strain 31019b. Using 31019b, a large number of AMT genes have
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been expressed and confirmed as putative plasma membrane transporters that facilitate NH4*/MA* influx
into the cell. Previously, the activities of both GmAMF3 and ScCAMF1 suggested AMF proteins have a
modified role in facilitating MA influx into yeast cells but are capable of both MA* and NH4* transport when
expressed in Xenopus laevis oocytes (Chiasson et al., 2014). An interesting feature of the yeast
ammonium transport mutant, 31019b is that it can tolerate high concentrations (0.1 M) of
methylammonium when grown at pH levels below 6.5 but is susceptible to MA at more alkaline pH ranges
(>6.5). At pH 6.5, AtAMF2 expression increased the sensitivity of 31019b cells to high concentrations of
MA (Figure 3.2), while AtAMF1 and AtAMF3 failed to elicit a similar response. The increased sensitivity
to MA by AtAMF2 occurred even though AtAMF2 was found localised to the tonoplast (Figure 3.7). In
Nicotiana benthamiana, AtAMF2 is also found targeted to the tonoplast of leaf epidermal cells (Chapter
2. Figure 2.12). The tonoplast location suggests AtAMF2 is not directly responsible for the elevated MA
transport across the plasma membrane into yeast cells and must have a transport role elsewhere in the
cell that influences MA sensitivity.

The partial management of NH4* and MA* concentrations inside yeast and plant cells have been
suggested to involve the activity of aquaporin (AQP) transport proteins. In yeast cells grown in alkaline
media, plasma membrane aquaporins (PIPs) are thought to facilitate the transport of uncharged MA and
NHs across the plasma membrane. Once in the cytosol, both are thought sequestered to the vacuole by
tonoplast-localised aquaporins (AQPs/TIPs) following established concentration gradients. In yeast, these
transport pathways are assumed to help alleviate MA toxicity but also help store excess NHs in the vacuole
as NH4* through a vacuolar acid trapping mechanism, as illustrated in Figure 3.12.A. In the context of the
AtAMF2 activity presented in this thesis and its location on the tonoplast, it would appear AMF2 activity
may act to counter this default storage mechanism (Figure 3.2). Overall, the data suggests both MA* and
NHs* may be released from the vacuole back into the cytoplasm. This results in either a MA induced
cytosolic toxicity (Figure 3.12.B) or a process which helps to compensate N demands with excessive
amino acid excretions from the cell when exposed to toxic concentrations of NH4*.

In experiments using CY162, it was shown that CY162 was NH4* sensitive (Figure 3.6). Contrary
to the observations in 31019b, overexpression of AtAMF2 increased cell tolerance to high external NH4*
concentrations (up to 140 mM) (Supplemental Figure S3.6). Previous studies (Hess et al., 2006; Ariz et
al., 2018) have also demonstrated that amino acid extrusion from yeast cells is a detoxifying mechanism
under toxic NH4* concentrations and low K* availability. This mechanism potentially leads to amino acid
deficiency in the yeast cells (Figure 3.12.C). However, when either AtAMF2 or ZmAMF1 were
overexpressed in the CY162 cells, the cells became tolerant to extreme NH4* concentrations even with
proline being supplied as a sole amino acid (Figure 3.10). In contrast, CY162 cells overexpressing
AtTIP2;3 which is involved in sequestering NHz into the vacuole, the cells remained sensitive to high NH4*
concentrations (Figure 3.10). | believe this difference is due to a limitation of essential amino acids
required to support growth. | propose that AtAMF2 and ZmAMF1 retrieve NH4* from the vacuole and
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transport it into the cytoplasm to be assimilated. This mechanism would provide amino acids to support
growth (Figure 3.12.D). In contrast, cells overexpressing AtTIP2;3 failed to grow due to the absence of an
NH4* supply from the vacuole (Figure 3.12.C). Accordingly, when the cells are grown at high
concentrations of MA*, the presence of the tonoplast-localised AMF also releases the toxic NH4* analogue
from the vacuole into the cytoplasm inducing a toxicity phenotype (Figure 3.9 and Figure 3.12.E).

Subsequent experiments with AtAMF2 and AtTIP2 members in the wild type strain BY4741,
confirmed these hypotheses. When all three Mep transporters are active, MA* transport across the
plasma membrane into the cytoplasm occurs resulting in a MA-induced toxicity phenotype. Interestingly,
cells overexpressing AtAMF2 displayed a more severe toxicity phenotype compared to empty vector
control while cells overexpressing AtTIP2 proteins continued to grow well (Figure 3.11.A). These data
confirm that AtAMF2 facilitates a retrieval of MA from the vacuole into the cytoplasm inducing a cytosolic
toxicity phenotype similar to that observed in the other yeast strains 31019b and CY162. Additionally,
these findings clearly demonstrate that AtAMF2 and AtTIP2 members are functionally distinct in relation
to NH4*/MA* transport.

The presence of NHg4*- efflux proteins in the tonoplast has been postulated previously (Esteban et
al., 2016). TIP families (e.g AtTIP2;1 and AtTIP2;3) have been suggested to participate in NH4*- efflux
(Martinoia et al., 2007; Coskun et al., 2013a). However, this seems unlikely as the TIP2 family was
characterized for its ability to transport uncharged NHs, whereas in the vacuole, charged NH4* will
dominate due to the lower pH in the vacuole. The results reported here have demonstrated that tonoplast-
localised AMF proteins might be the “real player” for the efflux of NH4* and MA out of the vacuole.

3.4.4 Adequate amino acid levels are essential for NH4*/MA toxicity tolerance

Provision of adequate essential amino acids are vital for NH4* tolerance mechanisms in yeast.
Studies by Santos et al. (2012) have shown that NHa*-induced cell death was enhanced when essential
amino acid availability is limited. Accordingly, Hess et al. (2006) and Ariz et al. (2018) have demonstrated
that yeast excrete amino acids during NH4* toxicity events as a detoxification mechanism. Therefore,
growing yeast at high NHs* and limited essential amino acids might lead to a N-starved state, arrested
growth and eventual death. Accordingly, adding proline as a sole amino acid with high concentrations of
MA significantly diminished the ability of CY162 to grow even when overexpressing AtTIP2;3 (Figure 3.9.A
and Supplemental Figure S3.9). On the other hand, Figure 3.9.C and Supplemental Figure S3.10 show
that supplying a complete set of essential amino acids without uracil (SD AA-ura) clearly reversed the
adverse effects of MA* toxicity in CY162 and BY4741 respectively, including yeast cells with an enhanced
sensitivity through AtAMF2 overexpression. These results suggest that when yeast cells become N-
starved following amino acid excretion, provision of only proline is insufficient to promote sufficient N
metabolism in yeast cells. In this scenario, overexpression of AtTIP2;3 in CY162 sequesters NHs/MA into
the vacuole but the cells ability to support cell growth is undermined by a potential deficiency in cytosolic

amino acids levels.
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3.45 Tonoplast-localised AMF proteins may play crucial roles for N recycling

AMF proteins share ~ 25-30% similarities with spinster (Spin) proteins found in animal cells and
both protein classes are classified in the Major Superfamily Facilitators (MFS). Interestingly, similar to
subcellular localisation of AtAMF2 and ZmAMF1, Spin from Drosophila, zebrafish and mammalian (Young
et al., 2002; Dermaut et al., 2005; Rong et al., 2011) homologs are targeted to lysosomes, which are
practically equivalent to plant or fungal vacuoles. Both lysosomes and vacuoles are known for their vital
roles in biological material degradation that promote nutrient recycling and having a low internal pH. The
recycled products include amino acids, monosaccharaides, and possibly NHs*. The presence of
lysosomal efflux transporters (including Spin) are essential for exporting degraded products to avoid
accumulation as mutations in these transporters lead to lysosomal storage diseases (Dermaut et al.,
2005). Additionally, starvation was reported to induce Spin activities as abnormal lysosome function and
morphology of spin mutants became more evident in nutrition-starved cells (Rong et al., 2011).

Compelling resemblances between AMF and Spin proteins strengthen the hypothesis that
tonoplast-localised AMF proteins are crucial in nutrient recycling, particularly for NH4*. Efflux capability of
MFS members have been reported previously, such as lysosomal amino acid transporter (LAAT1) with
specific substrates glycine, alanine, proline and GABA (Boll et al., 2004) and Atg22, a vacuolar leucine
effluxer (Yang et al., 2006). However, there is no evidence of an NH4* efflux transport system. Therefore,
based on the findings reported here, it is proposed that tonoplast-localised AMF proteins are vacuolar
NHg* efflux proteins required for NH4* recycling following substrate degradation in the vacuole. It was also
observed here that expression of AtAMF2 was up-regulated during N starvation and in senescing leaves
(Figure 2.2 and 2.4 in Chapter 2. AMF studies in Arabidopsis thaliana).

3.4.6 Tonoplast-localized AMF proteins facilitate NH4* efflux, but the mechanism is unclear

The exact transport mechanism of AMF proteins is yet to be defined. Based on the limited
evidence available, it is suggested that AMF tonoplast-localised proteins function as uniport transporters.
The acidic environment in the vacuole is maintained through vacuolar H*-ATPase (V-ATPase) and
vacuolar H*-translocating inorganic pyrophosphatase (V-PPase) activities, which preserve high H*
(proton) gradients across the tonoplast and acidify the vacuole. When a tonoplast-localised AMF protein
facilitates NH4* transport into the cytosol, it would also remove one proton equivalent from the vacuole.
Then V-ATPase or V-PPase pumps another proton back into the vacuole to balance the proton gradient
(Figure 3.12.B, D and E).

It is also intriguing to postulate that NH4* efflux, alternatively, could happen following cation-
coupled transport such as NH4*/H* or NH4*/K* antiport mechanisms. An antiporter family of DHA2 proteins
of the Major Facilitator Superfamily (MFS) have been characterised as putative drug/H* antiporters in
yeast (Dias and Sa-Correia, 2013). However, as the H* gradient between cytosol (pH ~7.0-7.5) and the
vacuole (pH ~ 5.0-5.5) is large (1:100 based on pH), it is very unlikely that tonoplast-localised AMF
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proteins operate as a NH4*/H* antiporter unless the NH4* gradient is significant (vacuole to cytosol) to
drive H* import against a concentration gradient. It is proposed that a vacuole of plant cells contains ~200
mM NHs* while in the cytosol, NH4*concentration is ~1.5 mM (Coskun et al., 2013a). If the tonoplast-
localised AMF was acting as an antiporter, it is likely to be an NH4*/K* antiporter. Kronzucker et al. (2003)
demonstrated that the cytosolic K* concentration is flexible and the dynamic interaction between NH4*
and K* fluxes through plant cell membranes. Despite that NH4* toxicity is enhanced at low [K*], however
the plasticity of the cytoplasmic K* concentration and the flexibility vacuolar K* concentration (Kronzucker
et al., 2003) could make it possible for this mechanism to happen.

3.4.7 Functional activities of AtAMF1 and AtAMF3 in yeast remain unclear

Heterologous expression of AtAMF1 and AtAMF3 in various yeast strains did not give a clear
understanding in regard to their potential functions in NH4* transport. AtAMF1 failed to display any
phenotype in all yeast strains overexpressing the protein. Similarly, the plasma membrane-localised
AtAMF3 only exhibited limited capabilities to alleviate MA toxicity at pH 7.0 in 31019b (Figure 3.2), which
indicated a potential role in facilitating MA efflux through the plasma membrane. This finding is in contrast
to the other plasma membrane localised AMF homologs, SCAMF1 and GmAMF3, where both proteins
were shown to facilitate MA influx (Chiasson et al., 2014). Therefore, further experiments in other
expression systems (e.g. Xenopus oocytes or Sf9 cells) need to be carried out. Unfortunately, it was
impossible to follow up these further investigations due to time constraints.
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3.5 Supplementary materials of Chapter 3

Smal (15), TspMI, Xmal (13), Pstl (23), EcoRI (25), Sall (52)
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Supplemental Figure S3.1. Vector map of yeast expression vector pDR196.
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Empty pDR196

pDR196-AtAMF1.1

pDR196-AtAMF1.2 pH 5.5

pDR196-AtAMF2

pDR196-AtAMF3

Empty pDR196

pDR196-AtAMF1.1

PDR196-AtAMF1.2 pH 6.0

pDR196-AtAMF2
pDR196-AtAMF3

Empty pDR196

pDR196-AtAMF1.1

PDR196-AtAMF1.2 pH 6.5

pDR196-AtAMF2
pDR196-AtAMF3

Supplemental Figure S3.2. AtAMFs failed to rescue growth of 31019b on media containing 1 mM
NH,4CI at different pH levels.

Transformed 31019b (mepl-34) cells failed to grow on SD-ura media containing 1 mM NH4* as sole N

source at pH 5.5, 6.0 and 6.5. Cells were grown at 28°C for 6 d.
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Empty pDR196
pDR196-AtAMF1.1
pDR196-AtAMF1.2

pDR196-AtAMF2

pDR196-AtAMF3

0mM MA 100 mM MA + 0 mM KClI

Empty pDR196
pDR196-AtAMF1.1

pDR196-AtAMF1.2
pDR196-AtAMF2

pDR196-AtAMF3

100 mM MA + 10 mM KCI 100 mM MA + 20 mM KCI

Empty pDR196
pDR196-AtAMF1.1
pDR196-AtAMF1.2
pDR196-AtAMF2

pDR196-AtAMF3

100 mM MA + 50 mM KCl 100 mM MA + 100 mM KCl

Supplemental Figure S3.3. Increased KCI concentrations overcomes MA toxicity in AtAMF2
transformed 31019b cells.

Transformed 31019b cells were grown on SD-ura media supplemented with 0.1% (w/v) proline, 2%
(wiv) glucose, 100 mM MA and supplemented with increasing KCI (0, 10, 20, 50 and 100 mM) buffered
at pH 6.5 with 50 mM MES-Tris. Basal [K*] in SD-ura is 7.3 mM. Cells were grown at 28°C for 10 d.
Yellow outline boxes identify AtAMF2 inhibition growth on 31019b at different [K*].
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Empty pDR196
pDR196-AtAMF1.1

pDR196-AtAMF1.2

pDR196-AtAMF2

pDR196-AtAMF3

0 mM KCI 1 mMKCI 2 mM KCI

Empty pDR196

pDR196-AtAMF1.1

pDR196-AtAMF1.2

pDR196-AtAMF2

pDR196-AtAMF3

3mM KCl 4 mM KCI 5 mM KCI

Empty pDR196

pDR196-AtAMF1.1

pDR196-AtAMF1.2

pDR196-AtAMF2

pDR196-AtAMF3

10 mM KClI 100 mM KCI
Supplemental Figure S3.4. CY162 growth improves with added KCI.

Transformed CY162 cells were grown on SD AA-ura media supplemented with 5 g/l (NH4).SOs and
increasing KCl of 1, 2, 3, 4, 5, 10, and 100 mM, pH 5.5. Basal [K*] concentration is 7.3 mM. Cells were

grown at 28°C for 6 d. Empty vector controls can complement CY162 at external K* concentrations > 12
mM final K*.
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1mM K+ 2 mM K+ 4mM K+
Supplemental Figure S3.5. Growth of CY162 overexpressing AtAMFs on K*-dependent AP media

with arginine as sole N source.

Arginine-phosphate (AP) media was used to grow CY162 cells at controlled K* concentrations (0-4 mM
KCI). AP media contained 10 mM arginine, 2% glucose and was buffered at pH 6.1. AtAMFs failed to
rescue growth on low (<0.1 mM) K* but all cell lines regardless of construct grew at > 1 mM K* (D-F).

Cells were grown at 28°C for 6 d.
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Empty pDR196
pDR196-AtAMF1.1

pDR196-AtAMF1.2

pDR196-AtAMF2
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Empty pDR196
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pDR196-AtAMF1.2

pDR196-AtAMF2

pDR196-AtAMF3

Supplemental Figure S3.6. Overexpression of AtAMF2 enables NH4* tolerance in CY162.

Transformed CY162 cells were grown SD AA-ura supplemented with increasing concentrations of
(NH4)2S04. This media contain 7.3 mM K* and was buffered at pH 5.5 with 50 mM Tris-MES. Cells were
grown at 28°C for 6 d. Yellow boxes highlight AtAMF2 induced tolerance of CY162 to high concentrations

of ammonium.
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A. CY162

AtAMF2-GFP

Bright field

B. BY4741
AtAMF2-GFP

Bright field

Supplemental Figure S3.7. AtAMF2-GFP fails to demonstrate evident localisation in tonoplast of
BY4741 (A) and CY162 (B) cells.

GAP promoter driven AtAMF2-GFP displays localisation in cytoplasm and does not overlap with red
signals which denote vacuoles specifically stained by FM4-64.
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NHq* (mM)

pDR196 empty vector

pDR196-AtAMF2 0
pDR196-GFP-AtAMF2

pDR196 empty vector

pDR196-AtAMF2 80

pDR196-GFP-AtAMF2

Supplemental Figure S3.8. Overexpression of GFP-AtAMF2 partially complements growth of

CY162 at high NHg4*.
Transformed CY162 cells were grown on SD AA-ura in the absence or presence of 80 mM NH4*. Cells

were grown at 28°C for 6 d. Yellow box highlights partial rescue of GFP-AtAMF2 on CY162 strain at 80
mM NHg4*.
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Supplemental Figure S3.9. MA sensitivity of CY162 strain increases at low external amino acid

concentrations.

Transformed CY162 cells were grown SD-ura media supplemented with 0.1% proline (w/v) in the absence
or presence of 50 and 100 mM MA. Media was buffered with 50 mM MES-Tris and pH adjusted to 5.5
and 6.5.
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pDR196-AtAMF1.1 0
pDR196-AtAMF1.2
pDR196-AtAMF2

pDR196-AtAMF3

pDR196 empty vector
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Supplemental Figure S3.10. All transformant of BY4741 were able to grow at toxic MA with
adequate amino acids.

Transformed BY4741 cells were grown on SD AA-ura media with + 100 mM MA. pH was adjusted with
50 mM MES-Tris. Cells were grown at 28°C for 6 d. A full complement of amino acids in SD AA-ura
overcomes the AMF2-induced MA sensitivity (highlighted by yellow outlined box).
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\

H2B-RFP Bright field

Supplemental Figure S3.11. Subcellular localisation of GFP-ZmAMF1 in transiently expressed
Nicotiana benthamiana leaf cells

Confocal microscopy images were taken two days after infiltration into leaf tissues of Nicotiana
benthamiana using Agrobacterium tumefaciens transformation. GFP-ZmAMF1 was co-expressed with a

nuclear marker, H2B-RFP. RFP signals clearly identify nucleus (N). Scale bar = 25 um.
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Supplemental Table S3.1. List of yeast strains and their features

Yeast strain

Genotype Special feature Experiment purpose

31019b MATa ura3, meplA, mep2 Fail to grow with low To investigate the ability of
A:leu2, mep3A:KanMX2  NHst as  sole AtAMFs to facilitate NHs*
nitrogen source transport
CY162 MATa, ura3-52, his3A200, Fail to grow under To investigate the ability of
his44-15, trk14, low K condition AtAMFs to facilitate K*
trk2A::pCK64 transport
BY4741 MATa his3A1 leu2A0 Wild type To investigate the ability of
met15A0 ura3A0 AtAMFs to facilitate MA
transport
Supplemental Table S3.2 Media used for yeast experiments
Media Compositions N level
SD-ura Basal component: 1.7 g/l Yeast Nitrogen Base (YNB) N is unavailable
without amino acid and (NH4).SO4 (Difco: DF0335-15-9)
Nitrogen source: depending on experiments.
SD AA-ura Basal component: Basal component: 1.7 g/l Yeast Complete amino acids
Nitrogen Base (YNB) without amino acid and (NH4).SO4 available
(Difco: DF0335-15-9)
Nitrogen sources: 1.92 g/l Yeast synthetic drop-out
media supplement without uracil (Sigma: Y1501)
Medium M Based on Ramos and Wiame (1997). Supplemental 0.1% proline available
Table S3.2.1 details all compositions
Arginine- Based on Rodrigues-Navarro and Ramos (1984). 10 mM  arginine
phosphate (AP) Supplemental Table S3.2.2 details all compositions available

media

Low Amino N
(LAN)

High Amino N
(HAN)

Basal component: Basal component: 1.7 g/l Yeast
Nitrogen Base (YNB) without amino acid and (NH4)2SO4
(Difco: DF0335-15-9)

Nitrogen sources: 76 mg/l histidine, 380 mg/l leucine, 76
mg/l methionine and 1 g/l proline

Basal component: Basal component: 1.7 g/l Yeast
Nitrogen Base (YNB) without amino acid and (NH4)2SO4
(Difco: DF0335-15-9)

Nitrogen sources: 2 g/l histidine, 4 g/l leucine, 2 g/l
methionine and 1 g/l proline

0.1% proline available
with limited
concentrations of
histidine, leucine and
methionine

0.1% proline available
with high concentration
of histidine, leucine and
methionine
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Supplemental Table S3.2.1 Medium M compositions

Solution | (basal solution)

Mass or volume per litre

MgS0s4.7H.0

KH2PO4

CaCl2.2H20

NaCl

K2SO4

Citric acid.H.0

10 M KOH

pH: 6.1 with 10 M KOH

07 ¢
1
04
0.5
1
10.5
16 ml

o o o «o

Solution Il (trace metal solution): 1000X stock

Mass per litre

H3BO3
CuS04.5H.0
Kl
NaxM004.2H,0
ZnS04.7H20
Citric acid.H.0
MnS0O4.H,0
FeCl3.H.0

10 mg

1 mg

2 mg

4 mg

14 mg

10 mg

400 mg
5 ¢

Solution IIl (vitamin solution): 100X stock

Mass per litre

D-hiotin
Thiamine-HCI
Inositol

Calcium-D-pantothenate (D-pantothenic acid hemicalcium

salt)
Pyridoxine-HCI

250 ug
100 mg

19
200 mg
100 mg

Solution Il and 11l must be autoclaved prior to use. Solution | must be made fresh each time. To make 1 |

final solution, 1 ml solution Il and 10 ml solution Il are added into solution | together with 20 g glucose

(2% wiv). Concentration of NH4* or MA are adjusted accordingly.
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Supplemental Table S3.2.2 Arginine-phosphate (AP) media compositions

Components Final concentration
Carbon Glucose 2%
Nitrogen source L-arginine 10 mM
Phosphate phosphoric acid 8 mM
Magnesium MgS04.7H20 2 mM
Calcium CaCl2 (anhydrous) 0.2mM
Vitamins Mass per litre
Biotin 20 ug
Calcium pantothenate 2mg
Folic acid 2ug
Inositol 10 mg
Niacin (nicotinic acid) 400 ug
p-Aminobenzoic 200 ug
Pyridoxine-HCI 400 ug
Riboflavin 200 ug
Thiamine-HCl 400 ug
Trace elements Mass per litre
Boric acid 500 ug
Copper sulphate 40 ug
Potassium lodide 100 ug
Ferric chloride 200 ug
Manganese sulphate 400 ug
Sodium molybdate 200 ug
Zinc sulphate 400 ug
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Supplemental Table S3.3. Primer pairs for cloning into yeast expression vector

Primer name Primer sequence (5'-3) Purpose

pDR196-AMF1-Spel-F  CCTCAACTAGTATGGTGACCAAAGAAGAA  To clone AtAMFL.1
PDR196-AMF1-Xhol-R  CAATACTCGAGTTATGAATATCCCTTGCA and AtAMF1.2

pDR196-AMF2-Spel-F CACGAACTAGTATGGATGTTGACGGAGAA To clone AtAMF2
pDR196-AMF2-Xhol-R ATATACTCGAGTCATGCTTCCTGGAGAAG

pDR196-AMF3-Spel-F CAACGACTAGTATGACGAGAGTTGGCCAG To clone AtAMF3
pDR196-AMF3-Xhol-R CGAAGCTCGAGTTAGGCGAGAGTAGAGTT

pDR196-AtTIP21-EcoRI-F  TAATAGAATTCATGGCTGGAGTTGCCTTT To clone AtTIP2.1
pDR196-AtTIP21-Xhol-R  ACCTACTCGAGTTAGAAATCAGCAGAAGCA

pDR196-AtTIP22-EcoRI-F  TCCTAGAATTCATGGTGAAGATTGAGATAGGA To clone AtTIP2.2
pDR196-AtTIP22-Xhol-R ~ ATATACTCGAGTCAAGGGTAGCTTTCTGTGGT

pDR196-AtTIP23-EcoRI-F  AGTTAGAATTCATGGTGAAGATCGAAGTTGG  To clone AtTIP2.3
pDR196-AtTIP23-Xhol-R ~ ATATACTCGAGTTACACTCGGATCTCACGG

pDR196-GFP-Spel-F ATTTACTAGTATGGTGAGCAAGGGCGAG To clone GFP-
AtAMFs (combined
with reverse primer
of each cloning

primer pair)
AtAMF2-F CACCATGGATGTTGACGGAGAA To clone AtAMF2
AtAMF2-R-no stop TGCTTCCTGGAGAAGAGGCG without stop codon
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4. Phenotypic analysis of Arabidopsis thaliana amf
mutant lines

4.1 Introduction

4.1.1 Arabidopsis mutant lines for functional studies

Arabidopsis thaliana has been utilised as a model plant for more than 50 years. Features of
Arabidopsis include, a small sequenced and annotated genome, high-level omic resources available
online, high seed productivity yet short seed reproduction time, ease of crossing and an uncomplicated
process for mutagenesis and mutant screening. Collectively these attributes have made Arabidopsis a
fundamental research tool for gene functional characterization studies in plants (Provart Nicholas et al.,
2015). Before whole genome sequence data of Arabidopsis became available, most gene
characterization studies were conducted using forward genetic approaches. This required the generation
of large, randomly mutagenized populations of plants and their individual screening for desired
phenotypes, followed by fine mapping of the genes responsible for the phenotype and sequencing the
genomic region for the target gene. ldentified mutants were then subject to complementation assays to
confirm the observed phenotype (Alonso and Ecker, 2006).

Following the completion of the Arabidopsis whole genome sequencing project, thousands of new
genes have been identified and the available information has enabled researchers to characterize their
respective genes of interest using a directed reverse genetic approach. Accordingly, identification and
functional characterization of ammonium transporters (AMTS) in Arabidopsis was accelerated by the
availability of T-DNA mutants. By utilising the amt1;1 mutant, Kaiser et al. (2002) revealed a reduction of
between 30 and 40% NH4* uptake in the mutant plants compared to WT plants. Similarly, disruption of
both AtAMT1;1 and AtAMT1;3, further reduced the NH4* uptake capability of a double knockout (dko)
mutant amt1;1amt1;3 up to 60-70%, suggesting an additive contribution of the proteins (Loque et al.,
2006). Furthermore, combination of single mutant lines to generate plants harbouring multiple mutations
e.g. quadruple knockout (gko) has led to a deeper understanding of the organization of the transporters
involved in NH4* uptake pathway in Arabidopsis (Yuan et al., 2007). These studies have demonstrated
the benefits of T-DNA mutant lines in functional studies of ammonium transport proteins.

Aside from beneficial features of the mutants, gene redundancy in the Arabidopsis genome must
be taken into consideration when considering observed results with Arabidopsis T-DNA mutants. Often,
closely related genes are functionally redundant, thus generation of mutants with multiple mutations and
or combinations are necessary to develop noticeable phenotypes. Furthermore, understanding how
different family members of genes interact is crucial to help interpret results generated from experiments
using single and multiple mutations (Mani et al., 2008). For example, individual mutations of K*
transporters HAK5S and AKT1 displayed visibly indistinguishable phenotypes compared to WT plants

grown at 100 uM K*. On the other hand, the double mutant athak5 akt1 failed to germinate when grown
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under similar conditions (Pyo et al., 2010). Nevertheless, it is feasible to employ Arabidopsis mutants for
studying genes with limited information, including the Ammonium Major Facilitator (AMF) family. The aim
of this chapter was to functionally characterize the AMF proteins using amf mutant lines by applying similar

strategies used in previous AtAMT studies.
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4.2 Materials and Methods

T-DNA knockout mutant lines were used to characterize the functionalities of the AMF family.
Mutant lines SAIL_692_G04, SAIL_164 G06 and SAIL_569_GO1 represent the target genes AtAMF1,
AtAMF2 and AtAMF3, respectively, and wild type (WT) Columbia-0 (Col-0) was used as a control. All
seed stocks were obtained from Nottingham Arabidopsis Stock Centre (NASC). All mutants were
backcrossed to WT (Col-0) two times prior to the development of double knockout (dko) mutants.

42.1 Mutant development and genotyping

PCR-based screening on both genomic DNA and cDNA was utilised to confirm homozygosity of
the backcrossed mutants. DNA was extracted following the method described by Edwards et al. (1991).
RNA was isolated from 7-day-old seedlings grown under control condition at 1 mM NH4NOs. cDNA was
generated as previously described in Chapter 2.2.2. Gene specific primer pai