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Abstract 

 

The expression of the yolk protein vitellogenin (Vtg) has been used as a biomarker of 

feminisation in multiple fish species throughout the world. Since the late 1990s, 

researchers have attempted to develop similar biomarkers to address whether 

reproductive endocrine disruption also occurs in the males of invertebrate groups such as 

the Crustacea. To date, the vast majority of studies investigating Vtg induction in male 

Crustacea have resulted in negative or inconclusive results, leading researchers to 

question the utility of Vtg expression as a biomarker in this taxon. This study measured 

the expression of Vtg genes in two intersex phenotypes (termed internal and external) 

found in the male amphipod, Echinogammarus marinus, and compared them with those 

of normal males and females. Males presenting the external intersex phenotype are 

infected with known feminising parasites and display a variety of feminised traits 

including oviduct structures on their testes and external female brood plates (oostegites). 

The internal intersex male phenotype, that displays a pronounced oviduct structure on the 

testes without the external intersex characteristics, is not parasite infected and it is 

thought to be a result of environmental contamination. Given their morphology, these 

phenotypes might be considered highly ‘feminised’ or ‘de-masculinised’ and can be 

utilised to test the suitability of feminisation biomarkers. The E. marinus transcriptome 

was searched for genes resembling Vtg and two sequences were revealed, that we 

subsequently we refer to as Vtg1 and Vtg2. Results from a high-throughput transcriptomic 

sequencing screen of gonadal cDNA libraries suggested very low expression of Vtg1 and 

Vtg2 in normal males (ESTs = 1 and 0 for Vtg1 and Vtg2 respectively), internal intersex 

males (ESTs = 0 for both Vtg sequences) and external intersex males (ESTs = 5 and 0 for 

Vtg1 and Vtg2 respectively). In contrast, the sequencing suggested notable levels of 

expression of both Vtg genes in females (ESTs= 1133 and 84 for Vtg1 and Vtg2 

respectively). Subsequent qPCR analysis validates these expression levels, with the signal 

for Vtg1 and Vtg2 transcripts in all male phenotypes being indistinguishable from that 

caused by contamination of trace levels of genomic DNA or the low-level amplification 

non-target sequences. These findings suggest that Vtg expression is not notably induced 

in highly feminised amphipods and is therefore not an appropriate biomarker of 



feminisation/de-masculination in crustaceans.  We discuss our findings in the context of 

previous attempts to measure Vtg in male crustaceans and suggest a requirement for more 

appropriate taxon-specific biomarkers to monitor feminisation in these groups. 
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1. Introduction 

 

There is now strong evidence that oestrogenic contaminants (including natural, synthetic 

and oestrogen mimics) have caused feminisation and intersexuality in fish on an 

international scale (Jobling and Tyler, 2003; Jobling et al., 2006). The yolk protein 

vitellogenin (Vtg) has long been used as a biomarker of feminisation in fish exposed to 

oestrogenic compounds (Sumpter and Jobling, 1995) and is now used extensively as a 

reliable indicator of long-term reproductive disruption in a wide range of fish species (eg 

Kirby et al., 2004; Kidd et al., 2007; Scott et al., 2007; Bosker et al., 2010). 

 Although not as comprehensively studied as those of vertebrates, several Vtg 

genes have been identified within Crustacea (eg Mak et al., 2005; Tsang et al., 2003). The 

primary site of Vtg transcription appears to be the ovary, with several studies having 

highlighted extraovarian synthesis of Vtg in the hepatopancreas of some species 

(Fainzilber et al., 1992; Tsutsui et al., 2000; Mak et al., 2005; Raviv et al., 2006; Tsang et 

al., 2003). Scientists have also developed and utilised Vtg as a biomarker to determine 

whether feminisation and/or reproductive endocrine disruption is occurring in 

invertebrates (Matozzo et al., 2008; Simon et al., 2010; Jubeaux et al., 2012a; Jubeaux et 

al., 2012b). Such studies have included a diverse range of crustaceans, such as Daphnia, 

mysids, amphipods, crabs, crayfish, lobsters and various shrimps and prawns (Fainzilber 

et al., 1992; Lee and Noone, 1994; Sagi et al., 1999; Tsutsui et al., 2000; Allen et al., 

2002; Tsang et al., 2003; Ghekiere et al., 2004; Volz and Chandler, 2004; Ghekiere et al., 

2005; Mak et al., 2005; Sanders et al., 2005; Zapata-Perez et al., 2005; Ghekiere et al., 

2006; Raviv et al., 2006; Simon et al., 2010; Hannas et al., 2011; Xuereb et al., 2011; 

García, and Heras, 2012; Jubeaux et al., 2012b; Jubeaux et al., 2012c). Many of these 

studies measure Vtg or Vtg-like protein levels or the induction of Vtg genes in 

crustaceans following exposure to environmental contaminants in both the field and 

laboratory. 

 Although it has been demonstrated that chemical exposure has the ability to 

interfere with the normal process of vitellogenesis, the utility of Vtg as a biomarker for 

feminisation in crustaceans is controversial and has recently been brought into question 

(Ford, 2012). For example, Ford (2008) noted that the vast majority of studies have 



demonstrated changes in Vtg concentration in juveniles and/or females, and very few 

studies have shown expression of Vtg in males. Hannas et al. (2011) recently found that 

while Vtg is not induced by oestrogens, it was induced (∼>10 fold) by exposure to a 

range of industrial chemicals (notably, piperonyl butoxide, chlordane and nonylphenol) in 

female Daphnia. In addition, Hannas et al. (2011) also found that Vtg was suppressed by 

ecdysteroids (crustacean moulting hormones) suggesting that Vtg induction by certain 

chemicals maybe due to their anti-ecdysteroid activity. Furthermore, the UK Department 

of Environment, Food and Rural Affairs (DEFRA) lead a study entitled ‘Endocrine 

disruption in the marine environment (EDMAR)’ and observed no induction of Vtg in 

male shrimp (Crangon crangon) or crabs (Carcinus maenus) from contaminated sites or 

exposed to oestrogens known to induce Vtg in fish (Allen et al., 2002). The report also 

points out that Vtg could not be detected in crabs infected with Sacuculina carcini, a 

parasite known to cause signs of feminisation in its host. These observations have cast 

doubt on the utility of Vtg as a biomarker of oestrogen exposure in these crustacean 

species (Matthiessen et al., 2002). 

 Due to their high population densities, widespread distribution and key ecological 

position (eg Thomas, 1993; Beare and Moore, 1997; Bocher et al., 2001; Kunz et al., 

2010), amphipods are well suited to the ecotoxicological study of environmental 

contaminants. For these reasons, considerable efforts have been made to develop Vtg as a 

biomarker in this group (Simon et al., 2010; Xuereb et al., 2011). Studies have utilised 

mass spectrometry and q-RT-PCR assays to measure Vtg transcripts and proteins in the 

freshwater amphipod Gammarus fossarum following laboratory exposures and caged 

field studies downstream of urban wastewater treatment plants (Xuereb et al., 2011; 

Jubeaux et al., 2012b; Jubeaux et al., 2012c). However, the authors of the G. fossarum 

studies have also uncovered concerns regarding the utility of Vtg as a biomarker of 

endrocrine disruption in crustaceans. In a study that measured the Vtg levels in caged G. 

fossarum at 16 contaminated sites with a wide range of contamination profiles, 

significant inductions were only observed at two locations (Jubeaux et al., 2012c). 

Furthermore, even when significant Vtg induction was observed (in field studies or 

laboratory exposures), the induction factor was no greater than 15 (Xuereb et al., 2011; 

Jubeaux et al., 2012b; Jubeaux et al., 2012c), a considerably lower level than that 



observed in similarly exposed fish. Also, gammarids with significantly higher Vtg levels 

present notable levels of inter-individual variability (Xuereb et al., 2011; Jubeaux et al., 

2012b; Jubeaux et al., 2012c). The authors suggest this variability may be due to unequal 

sensitivities to the compounds or inter-individual variation in the moult stages (and 

interactions with moulting hormones). It has also been suggested that unknown 

environmental factors may greatly influence Vtg levels in males, and the authors also 

commented that the observed inductions may be the consequence of Vtg fulfilling a 

poorly understood and non-reproductive functional role in immune response (eg 

Nakamura et al., 1999; Zhang et al., 2005; Seehus et al., 2006; Shi et al., 2006; Rono et 

al., 2010; Zhang et al., 2011). Therefore, despite the significant induction of Vtg proteins 

and transcripts in some field studies and exposure experiments, the robustness and 

sensitivity of the Vtg as a marker of endocrine disruption and feminisation in amphipods 

is questionable. 

 The amphipod Echinogammarus marinus (Leach, 1815) lives in the intertidal 

zone and is widely distributed throughout northwest coasts of Europe. Surveys of E. 

marinus populations recorded an increased incidence of intersexuality (an abnormal 

sexual phenotype that results in both male and female secondary sex characteristics 

occurring on the same individual) at industrially contaminated sites (Ford et al., 2004a; 

2006). Intersexuality and the associated reproductive costs can occur in amphipods of 

both sexes (Ford et al., 2003; Ford et al., 2004b; Yang et al., 2008). In addition, it is 

known that E. marinus males present two morphologically and transcriptomically distinct 

intersex phenotypes, termed external and internal intersexuality (Ford et al., 2005a; Yang 

et al., 2008; Short et al., 2012a). External intersex males possess rudimental brood plates 

(oostegites), a feature normally associated with females, and sometimes exhibit an 

ovotestis (consisting of a pronounced oviduct-like structure on the testes as described in 

Ford et al., 2005b). Internal intersex males possess an ovotestis but never present brood 

plates (Yang et al., 2008; Yang et al., 2011). External intersexuality has been linked to 

infection by feminising microsporidian and paramyxean parasites (Ginsburger-Vogel, 

1991; Ironside et al., 2003; Ford et al., 2006; Yang et al., 2010, Short et al., 2012b), while 

Short et al. (2012a) found that the internal intersex phenotype is not associated with 

infection by any known feminising parasite and may result directly from the influence of 



endocrine disrupting contaminants. Given the extent of feminisation or ‘de-

masculinisation’ displayed by both the E. marinus male intersex phenotypes, Ford et al. 

(2004a) suggested they may serve as useful models for crustaceans with endocrine 

disruption and could be utilised to test the suitability of feminisation biomarkers. 

 Recently, the transcriptomes of E. marinus specimens presenting various sexual 

phenotypes have been sequenced using a high throughput sequencing platform  

(unpublished data) enabling both the search for Vtg transcript sequences and the 

comparison of expression patterns of Vtg in males, females and the male intersex 

phenotypes. This study aimed to identify Vtg and Vtg-like sequences within the E. 

marinus transcriptome and quantify the expression of these genes in the gonads and 

hepatopancreas of males, females and the two male intersex phenotypes. In the light of 

these results and that of the published literature, the utility of Vtg as a biomarker of 

feminisation in crustaceans is discussed. 



2. Materials and methods 

 

2.1. Sampling 

 Echinogammarus marinus were collected from beneath seaweed and stones in the 

intertidal zone of Inverkeithing, Scotland (56° 1’ 38” N, 3° 23’ 37” W). Animals were 

anaesthetised for 20-30 seconds using a mixture of clove oil and seawater (0.2 l/ml) and 

categorised using a stereo-microscope into the following phenotypes: normal male, 

external intersex males (possessing brood plates), internal intersex male (only possessing 

an ovotestis) and females (Ford et al., 2005a; Yang et al., 2008; 2011). 

2.2. Animal dissection, parasite screening and RNA isolation 

 Tissues were expeditiously dissected from animals and snap frozen in liquid 

nitrogen and stored in RNAlater-ICE solution (Ambion, UK) according to the 

manufacturer instructions. A sample of muscle tissue was taken from each animal and 

genomic DNA was purified using the DNeasy Blood and Tissue Kit (Qiagen, UK) 

following the manufacturer’s protocol, and then quantified using spectrophotometry 

(NanoDrop ND-1000). The genomic DNA was then screened using PCR (Yang et al., 

2011; Short et al., 2012b) for the presence of ribosomal DNA from the feminising 

intracellular paramyxean and microsporidian parasites known to infect E. marinus. 

Following determination of parasite infection, RNA was extracted from the stored tissue 

samples using Tri-Reagent, according to the manufacturer protocol (Ambion, UK). The 

RNA was cleaned using RNA clean and concentrator 5 columns (Zymo Research, 

Orange, California, USA) according to the optional manufacturer protocol that includes 

the addition of 10 U of DNase I to digest genomic DNA (DNase I (RNase free), New 

England Biolabs, UK). RNA purity was assessed using a spectrophotometer (NanoDrop 

ND-100) to assess suitable 260/280 and 260/230 ratios and RNA integrity was 

established using agarose gel electrophoresis. 

2.3. Identification of Vtg sequences 

 Isolated RNA (see Section 2.2) from a range of tissues (muscle, head, 

hepatopancreas and gonad from parasitised, unparasitised, male, female, and juveniles) 

was pooled and 1.5 g was reverse transcribed into double stranded cDNA (ds cDNA) 

using the MINT cDNA synthesis kit (Evrogen, Moscow, Russia). The ds cDNA library 



was then normalised using the Trimmer normalisation kit (Evrogen, Moscow, Russia) 

and subsequently sequenced using the 454 GS-Flx titanium sequencing platform to 

generate expressed sequence tags (ESTs) that were assembled into contiguous (contig) 

sequences to create an E. marinus transcriptome database (unpublished data). This 

database was mapped (e-value cut-off 1e-5) against non-redundant sequences in 

GenBank using BLASTX. Any contig sequences annotated as ‘vitellogenin’ or 

‘vitellogenin-like’ were extracted and aligned using Clustal Omega (Goujon et al., 2010; 

Sievers et al., 2011) against published crustacean Vtg sequences available in GenBank. 

2.4. Determination of Vtg expression using high-throughput sequencing 

 Total RNA was isolated as previously described (see Section 2.2) from the gonads 

of animals presenting a range of phenotypes (normal uninfected males and females, 

external intersex males and internal intersex males). Messenger RNA (mRNA) from each 

phenotype group was purified using the Poly(A) Purist kit (Ambion, UK) from total RNA 

isolated from the gonadal tissues (for each phenotype, RNA was isolated from 27 animals 

except for the internal intersex male group, where 12 animals were used). The quantity 

and integrity of the isolated mRNA was assessed using an Agilent 2100 bioanalyzer 

(Agilent Technologies, California, USA) and used to generate barcoded SOLiD fragment 

libraries (at the Centre for Genomic Research, University of Liverpool) suitable for high-

throughput sequencing (ABI-SOLiD system v4) following ABI-SOLiD protocols 

(SOLiD™ 4 System Library Preparation Guide, Life Technologies). The libraries were 

sequenced on one lane of a single flow-chip and the resulting 75 bp ESTs (20.5 million 

for normal uninfected males, 17.3 million for external intersex males, 14.1 million for 

internal intersex males and 22.1 million for normal uninfected females) were trimmed to 

remove adapter sequences and mapped to the previously assembled ‘transcriptome atlas’ 

(CLC Genomics Workbench v4.9) to give a digital gene expression profile for the contig 

sequences annotated as Vtg or Vtg-like. The ESTs attributed to each putative Vtg 

sequence were normalised for each phenotype library using the kilobase of exon model 

per million mapped reads (RPKM) method (Mortazavi et al., 2008). 

2.5. Primer design and reference gene choice for qPCR 

 Forward and reverse primers predicted to produce a suitably sized product were 

designed against the two putative Vtg sequences (Vtg1 and Vtg2) using primer3 software 



(Rozen and Skaletsky, 2000). The resulting oligonucleotide primers for Vtg1 (Vtg1F 5’-

ACA CCA CCT CAC CAG TCT CC-3’ and Vtg1R 5’-TCC TAT TCT GGG TCG AGT 

GG-3’) and Vtg2 (Vtg2F 5’-TGT GCA TCC ACG GAG TAG AG-3’ and Vtg2R 5’-CTG 

GGG CAC GAC TGA TAG AT-3’) were synthesised (MWG Eurofins, Germany) and 

used to perform qPCR validation of Vtg gene expression. To allow an accurate 

comparison of Vtg1 expression relative to Vtg2, a standard curve was created to 

determine the amplification efficiencies of both Vtg primer sets. Primer set efficiencies 

differed by 3.8% and fell within the accepted range (90-110%). These efficiencies were 

accounted for when determining differences in Vtg1 expression relative to Vtg2. The 

qPCR validation of Vtg gene expression was performed in conjunction with the reference 

gene T-complex protein 1 subunit theta (TcompF 5’-GTG ACG CCA CTA CCA GGA 

AT-3’ and TcompR 5’-GCC CTT CGT GGT ACA CTC AT-3’).  

2.6. Construction of cDNA libraries and qPCR 

 The mRNAs contained within 500 ng of total RNA isolated from gonadal and 

hepatopancratic tissue of animals presenting a range of phenotypes was reverse 

transcribed using the GoScript Reverse Transcription System (Promega, Germany) 

following the manufacturer specifications and using OligoDT15 primers and RNasin
 

Ribonuclease Inhibitor. The resulting 20 l solutions containing single stranded cDNA 

were stored at -80°C. The qPCR reations were carried out using a real-time PCR cycler 

(Eco Illumina) using GoTaq qPCR Master Mix (Promega, Germany) in a 15 l volume 

containing 5.7 l ultra-pure water, 1 l of cDNA, 0.4 l of the forward and reverse 

primer (from a 10 M stock) and 7.5 l of 2X GoTaq qPCR Master Mix. Each 15 l 

PCR reaction was performed in triplicate with minus Reverse Transcriptase controls. All 

reactions were initially incubated at 95C for 2 minutes before undergoing 45 cycles of 

95C for 5 seconds and 60C for 30 seconds. Following the final cycle, the reactions 

underwent a 15 second 95C denaturing step followed by a 15 second 55C hybridisation 

step before PCR product melt curves where determined during a further temperature 

increase to 95C. Melt curve analysis was performed to confirm the specificity of the 

PCR product in each reaction. Upon completion of the melt curve analysis, the 

amplification data were analyzed by plotting the fluorescence signal ΔRn against the 

cycle number. An arbitrary threshold was selected within the linear phase of the log ΔRn 



against cycle number plot. The quantification cycle (or Cq value) was defined as the 

cycle number at which ΔRn crossed the threshold. The relative expression of Vtg1 and 

Vtg2 genes between normal males, females and the intersex male phenotypes was 

determined using the ΔΔCq method with normalization to the expression to the T-

complex protein 1 subunit theta reference gene using the dedicated software package 

(Eco Software v3.0). To confirm the amplification of the of correct target sequence of 

Vtg1, Vtg2 and the T-complex protein 1 subunit theta, representative PCR products were 

purified using the QIAquick PCR Purification Kit (Qiagen, UK) and sequenced using the 

Sanger method (Source BioScience UK Ltd). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.0 Results 

 

3.1. Identification of two E. marinus Vtg sequences 

  The Echinogammarus marinus transcriptome database (unpublished) was 

searched for any contiguous sequences reasonably annotated (e-value below 1e-5) as 

‘vitellogenin’ or ‘vitellogenin-like’. This revealed the existence of two distinct putative 

E. marinus vitellogenin partial coding sequences (submitted to GenBank) that we have 

termed Vtg1 and Vtg2. The 2115 bp Vtg1 sequence contains a 1827 bp open reading 

frame predicted to encode 609 amino acids. A BLAST analysis (tblastx) against non-

redundant sequences in GenBank reveals the sequence is most similar to multiple 

unannotated ‘transcribed RNA sequences’ (eg GAKD01006973.1 and GAJQ01003147.1) 

belonging to freshwater amphipods Melita plumulosa and Hyalella azteca. The annotated 

sequence with highest level of similarity (e-value 2e-20) to Vtg1 is a partial coding 

sequence described as ‘vitellogenin-like protein precursor’ (GU985184.1) isolated from 

the freshwater amphipod Gammarus fossarum, a sequence that has been characterised for 

its potential application in studies of endocrine disruption (Simon et al., 2010; Xuereb et 

al., 2011; Jubeaux et al., 2012a; Jubeaux et al., 2012b). The Vtg2 sequence consists of a 

643 bp open reading frame predicted to encode a 214 amino acid sequence. Similar to 

Vtg1, a BLAST analysis reveals the Vtg2 sequence is highly similar to multiple 

unannotated Melita plumulosa ‘transcribed RNA sequences’ (eg GAKD01007467.1). The 

sequence showing the highest degree of similarity (e-value 6e-26) with annotation was 

the complete coding sequence for the vitellogenin protein of the decapod Cherax 

quadricarinatus (AF306784.1) (Abdu et al., 2002)  

 

3.2. Determination of gonadal Vtg expression using high-throughput sequencing 

 RNA isolated from the gonads of animals presenting a range of phenotypes and 

infection statuses (normal males uninfected by feminising parasites, n=27, females 

uninfected by feminising parasites, n=27, external intersex males infected by feminising 

parasites n=27 and internal intersex males uninfected by feminising parasites, n=12) was 

used to make cDNA libraries for sequencing using a high-throughput sequencing 

platform. The resulting ESTs were mapped to the already assembled ‘transcriptome atlas’ 



(unpublished data) to give a digital gene expression profile for Vtg1 and Vtg2 (Table 1). 

The results suggest expression of both Vtg genes in female ovaries, with notably higher 

levels of Vtg1. In contrast, the results suggest low or negligible expression of both Vtg1 

and Vtg2 in the testes of normal males as well as both external and internal intersex 

males. 

3.3. Determination of Vtg expression using qPCR 

 To expand our understanding of Vtg expression and validate the levels suggested 

by the high-throughput sequencing, qPCR experiments were performed to determine the 

relative expression of Vtg1 and Vtg2. The T-complex protein 1 subunit theta gene was 

chosen as a reference gene for these experiments on the basis of similar levels of 

expression in male and female gonads as suggested by the high-throughput 

transcriptomic screen (an average RPKM of 45.88 in male gonadal libraries and an 

RPKM of 48.11 in the female library). In addition, qPCR reactions performed using eight 

biologically independent cDNA libraries constructed using the same amount of male 

gonadal RNA presented similar Cq values (the cycle number at which the fluorescent 

signal (ΔRn) crossed an identical arbitrary threshold set within the linear phase of 

amplification), with a maximum 0.91 Cq value difference for the eight independent male 

libraries and a maximum 0.65, 0.23 and 0.27 difference between three independent 

external intersex, normal male and two internal intersex male libraries respectively. A 

similar maximum Cq value difference of 0.27 was observed between three independent 

female libraries (data not shown). A comparison of the average Cq value for all eight 

male libraries with the average for the three female libraries revealed a difference in Cq 

value of 2.3 between male and female gonadal libraries, with a similar maximum 

difference in Cq value being observed between the gonads and hepatopancreas (data not 

shown). 

 A comparison of Vtg1 expression in ovaries and female hepatopancreas suggests 

expression in both organs, with appreciably more Vtg1 transcripts in the ovaries 

suggesting it is the main site of Vtg1 expression (Figure 1A). The signal representing 

Vtg2 expression in the hepatopancreas cannot clearly be distinguished from the low-level 

amplification of non-target sequences (data not shown). A further comparison of Vtg1 

and Vtg2 expression in ovaries reveals a greater quantity of Vtg1 transcripts (Figure 1A) 



and suggests a difference that is in broad agreement with the value revealed by the high-

throughput sequencing (Table 1). To determine whether the two male intersex 

phenotypes present an elevated level of Vtg2 expression, qPCR was performed using 

gonadal cDNA libraries made from RNA pooled from 27 animals for the normal male, 

female and external intersex male library and 12 animals for the internal intersex male 

library. The findings suggest that while Vtg2 expression in females is high relative to 

normal males, no discernable difference is observed in the levels of Vtg2 expression in 

both male intersex phenotypes relative to normal males (Figure 1B). Although the 

internal intersex phenotype presents an apparent 1.5 fold increase in comparison to 

normal males, the expression range within the error bars reveals this value does not 

represent meaningful upregulation of Vtg2. 

 Further qPCR experiments were performed to determine whether the two male 

intersex phenotypes present an elevated level of Vtg1 expression. Three biologically 

independent gonadal cDNA libraries were made for the normal male, female and external 

intersex male phenotype (nine animals contributing to each library). Two biologically 

independent cDNA libraries were constructed to represent the internal intersex male 

phenotype (six animals contributing to each library). As for Vtg2, high Vtg1 expression is 

seen in females, however, none of the three external intersex or two internal intersex male 

samples present a higher level of Vtg1 expression than is seen in normal males (Figure 

1C). A qPCR experiment using cDNA libraries constructed using RNA isolated from the 

hepatopancreas of normal and intersex animals (27 animals contributing to each library) 

also revealed no increase in Vtg1 expression in males presenting an intersex phenotype 

(Figure 1C). 

 It is important to note that the contribution of Vtg1 and Vtg2 transcripts to the 

fluorescent signal observed in any of the male phenotypes is questionable. Although 

analysis of the PCR product obtained from the female libraries revealed unambiguously 

that the intended target sequence had been amplified, the male libraries revealed a mixed 

sequencing trace (data not shown), suggesting the amplification of non-target sequences. 

This is not completely unexpected given the low, and perhaps effectively non-existent, 

expression (evidenced by a high Cq value) of Vtg1 and Vtg2 in all male phenotypes. 

Given this finding, it can be said that both the Vtg1 and Vtg2 qPCR assays reveal that the 



observed fluorescent signal in the male intersex libraries is indistinguishable from that 

observed in normal males, whether that signal results from the amplification of weakly 

expressed Vtg, low-level amplification of non-target sequences, or some combination of 

both. 



4.0 Discussion 

 

4.1.  E. marinus Vtg genes 

 A search of the Echinogammarus marinus transcriptome database revealed two 

distinct Vtg sequences (termed Vtg1 and Vtg2) that are similar to sequences previously 

isolated from other crustacean species and annotated as Vtg. The E. marinus Vtg1 

sequence is clearly orthologous to the Vtg-like sequence of the amphipod G. fossarum 

(Xuereb et al., 2011) and several unannotated ‘transcribed RNA sequences’ belonging to 

the amphipods Melita plumulosa and Hyalella azteca (see Section 3.1). Interestingly, the 

closest matches after the amphipod sequences are for predicted Vtg-like and Vtg 

sequences from the honeybees Apis Florea (XM_003689645.1) and Apis mellifera 

(NM_001011578.1) respectively, followed by a Vtg sequence isolated from the 

branchiopod Daphnia magna (AB114859.1). A search for matches outside the 

Amphipoda but still within the Malacostraca do not reveal a clear Vtg1 orthologue. The 

closest match is the result of a relatively weak similarity (24.2%) between a 327 amino 

acid region of the predicted E. marinus sequence and a sequence isolated from the signal 

crayfish Pacifastacus leniusculus (AF102268.1) annotated as a clotting protein precursor; 

a protein that is expressed in both sexes (Hall et al., 1999) and plays a role in the 

crustacean immune system (reviewed in Vazquez et al., 2009). Given the considerable 

number of decapod Vtg sequences available, the lack of a clear decapod orthologue in 

GenBank may suggest that the E. marinus Vtg1 sequence and its amphipod orthologues 

represent a type of Vtg that is only present in some crustacean clades, a possibility that 

requires further investigation. In contrast to Vtg1, the E. marinus Vtg2 sequence has clear 

amphipod and decapod orthologues, with strong similarities being observed between 

Vtg2 and apolipoprotein sequences isolated from a wide range of arthropod species. 

4.2. Vtg expression in normal male and female tissues 

 The high-throughput sequencing screen and qPCR experiments both suggest that 

Vtg1 is more abundant than Vtg2 in the ovary (using a cDNA library constructed with the 

pooled RNA from 27 animals). Furthermore, although lower than observed for the ovary, 

qPCR analysis reveals Vtg1 expression is clearly evident in the hepatopancreas, while the 

expression signal corresponding to Vtg2 cannot clearly be distinguished from the low-



level amplification of non-target sequences. These findings are consistent with studies 

that show the ovary and hepatopancreas are major sites of Vtg synthesis in crustaceans 

(eg Fainzilber et al., 1992; Chen et al., 1999; Tsutsui et al., 2000; Tseng et al., 2001; 

Abdu et al., 2002; Tseng et al., 2002; Tsang et al., 2003; Serrano-Pinto et al., 2004; 

Tsutsui et al., 2004; Mak et al., 2005; Kang et al., 2008; Raviv et al., 2006; Phiriyangkul 

and Utarabhand, 2006; Tiu et al., 2006; Xie et al., 2009; Ara and Damrongphol, 2012) 

and suggest that the ovary is the primary site of Vtg synthesis in amphipods, as has been 

established for other crustaceans (Fainzilber et al., 1992; Raviv et al., 2006). In many 

crustacean species, some Vtg genes are expressed predominantly or even exclusively in 

the hepatopancreas (eg Chen et al., 1999; Abdu et al., 2002; Tsang et al., 2003; Tsutsui et 

al., 2004; Mak et al., 2005; Ara and Damrongphol, 2012), however, the qPCR carried out 

for this study suggests that neither of the two E. marinus Vtg sequences present a bias 

towards hepatopancreatic expression. However, whether the expression patterns of the 

two Vtg genes change throughout the reproductive and moult cycles would require further 

investigation. 

 Comparison of expression levels suggest that the Vtg genes are ~140-500 fold 

more highly expressed in E. marinus females than males. This figure is in broad 

agreement with previous comparisons conducted on G. fossarum samples using both 

mass spectrometry and qPCR (Xuereb et al., 2011; Jubeaux et al., 2012b). However, 

sequencing of the PCR product following amplification of Vtg transcripts in male cDNA 

libraries revealed a mixed sequencing trace, meaning that the fluorescent signal recorded 

for males included contributions from non-target sequences (very likely amplified as a 

result of the low number of specific target sequences in those libraries). This indicates 

that the extent of differential expression observed between males and females suggested 

by this study can only represent a minimum estimate. The levels of Vtg1 expression 

between the three biologically independent samples (using cDNA constructed with RNA 

pooled from nine animals for each sample) suggest that transcript levels can fluctuate 

considerably in E. marinus females. The mRNA levels of Vtg were also observed to vary 

significantly in female G. fossarum during the moult cycle, with higher levels recorded 

during inter-moult and first pre-moult stages (Xuereb et al., 2011). As no consideration 

was given to the moult stages of animals used in this study, it is possible that the female 



sample displaying a notably higher level of Vtg1 transcripts contained more inter-moult 

and first pre-moult stage animals. These findings suggest that in order to reliably 

distinguish between naturally and chemically induced changes of gene expression in 

females, a fuller understanding of the moult and reproductive cycles in E. marinus is 

needed. 

4.3. Expression of the Vtg gene in feminised males 

 This study has used both high-throughput sequencing and qPCR assays to 

determine that the level of Vtg expression in E. marinus males presenting distinct intersex 

phenotypes is very low and indistinguishable from that observed in normal males. The 

extent of feminisation or ‘de-masculinisation’ presented by both the male intersex 

phenotypes has made E. marinus a potential model for the study of sexual dysfunction in 

crustaceans, from the molecular to the population level (eg Ford et al., 2008; Short et al., 

2012a; Ford et al., 2007). Furthermore, the very low level of Vtg expression in normal 

male amphipods (Xuerub et al., 2011), combined with findings showing that this 

expression remains effectively unchanged throughout all stages of spermatogenesis 

(Jubeaux et al., 2012c), makes an amphipod species presenting male intersex phenotypes 

ideal for testing the suitability of Vtg genes as biomarkers of feminisation. Therefore, we 

suggest that the failure to observe any discernable increase in Vtg levels in males 

presenting intersex phenotypes reflects poorly on the possibility of reliably detecting Vtg 

expression in a phenotypically normal male crustacean that has undergone subtle 

feminisation. The reasons why such feminised, or ‘de-masculinised’, male amphipods do 

not present an increased level of Vtg are not known.  However, Ford (2008) has 

suggested that it might be quite difficult to feminise a male crustacean without some prior 

‘de-masculinisation’ (due to the over-riding influence of the androgenic gland) and 

concluded ‘in determining whether endocrine disrupting chemicals maybe impacting the 

sexual chemistry of male crustaceans it might be more fruitful, especially when 

attempting to design early-warning biomarkers of exposure (and effect), to address the 

question of de-masculinisation, rather than feminisation’.  

4.4. Implications for the use of Vtg as a biomarker 

 The expression of Vtg in crustaceans has been shown to change following 

exposure to hydrocarbons, fungicides and heavy metals (Soetaert et al 2006; Soetaert et al 



2007; Vandenbrouck et al., 2009; Vandegehuchte et al., 2010a Vandegehuchte et al., 

2010b; Vandenbrouck et al., 2010). Therefore, if an adequate account is taken of natural 

fluctuations associated with the normal female reproductive cycle, Vtg expression may 

have applications as a marker of general stress or reproductive disruption in females. 

However, given the importance of Vtg in monitoring the feminisation of male vertebrates 

(e.g. Kidd et al., 2007; Bosker et al., 2010), the aberrant expression of the Vtg gene in 

male crustaceans is of great interest. The exposure of crustaceans to oestrogen and other 

vertebrate oestrogen receptor agonists results in a diverse range of effects and phenotypes 

(e.g. Billinghurst et al., 1998; Brown et al., 1999; Olmstead and LeBlanc, 2000; Atienzar 

et al 2002; Watts et al., 2002; Vandenbergh et al 2003; Lye et al 2008). Further 

investigations into the influence that such exposure has on the expression of crustacean 

Vtg (and Vtg-like) proteins reveals that the induction of Vtg is not universal (Billinghurst 

et al., 2000; Lye et al 2005; Clubbs and Brooks, 2007; Lye et al 2008). Furthermore, A 

DEFRA lead survey of marine organisms observed no induction of Vtg in crabs 

(Carcinus maenus) or the male shrimp (Crangon crangon) from contaminated sites or 

when exposed to oestrogens known to induce Vtg in fish (Allen et al., 2002). The same 

study also revealed that Vtg could not be detected in crabs infected with Sacuculina 

carcini, a parasite known to cause signs of feminisation in its host. In summarising the 

survey, Matthiessen et al. (2002) concluded ‘it is therefore clear that vitellin is not a 

suitable biomarker of oestrogen exposure in these species’. Efforts to develop Vtg as a 

biomarker in the amphipod G. fossarum have also been undertaken (Simon et al., 2010; 

Xuereb et al., 2011) but the suitability of Vtg was questioned following its subsequent 

application. Studies measuring the induction of Vtg proteins in caged animals located 

downstream of urban wastewater treatment plants only found significant inductions at 

two out of 16 locations (Jubeaux et al., 2012c). Furthermore, even when significant Vtg 

inductions were seen (in field studies or laboratory exposures), a Vtg induction factor of 

no more than 15 is observed, with the animals that do show a significantly greater Vtg 

level presenting high levels of inter-individual variability (Xuereb et al., 2011; Jubeaux et 

al., 2012b; Jubeaux et al., 2012c). The authors suggest that the inter-individual variability 

may be due to unequal sensitivities to the compounds, inter-individual variation in the 

moult stages or a consequence of Vtg fulfilling a poorly understood and non-reproductive 



functional role in the immune system. Indeed, the authors reporting on the recently 

published field study noted ‘that it is difficult to propose Vg measurement in G. fossarum 

as a specific endocrine disruption biomarker’ (Jubeaux et al., 2012c). 

 The varied and inconclusive results obtained following examination of Vtg 

expression in male crustaceans is likely to be indicative of the complicated, and relatively 

poorly understood, relationship between the steroid receptors of various crustacean 

groups and compounds known to influence the vertebrate endocrine system. Although the 

relationship between oestrogenic chemicals and crustacean feminisation is still uncertain, 

other (non-oestrogenic) chemicals in the environment may cause unambiguous 

crustacean feminisation. Indeed, chemical contaminants (or mixtures of contaminants) 

have been implicated as a cause of the intersex phenotypes observed in multiple 

crustacean groups (Moore and Stevenson, 1994; Jungmann et al., 2004; Ayaki et al., 

2005; Short et al 2012a; Stentiford, 2012). However, the finding that obviously female 

sexual characteristics can appear on males in the absence of any Vtg expression suggests 

that the aberrant expression of Vtg in males is not suitable as an ‘early warning’ 

biomarker, even if there are chemicals that unambiguously feminise crustaceans. 

 

5.0 Conclusion 

 

The aim of this study was to assess the suitability of Vtg as a biomarker of feminisation 

in crustaceans by identifying Vtg and Vtg-like sequences within the E. marinus 

transcriptome and quantifying their expression in males, females and two male intersex 

phenotypes. This study found no discernable increase in the levels of either of the E. 

marinus Vtg genes in the intersex males. Therefore, on the basis of our findings and those 

in the literature, we propose that Vtg is not an appropriate biomarker for feminisation in a 

crustacean and suggest that to fully assess whether endocrine disruption is a problem in 

these ecologically and economically important taxa, crustacean-specific biomarkers of 

feminisation and de-masculinisation need to be developed. 

 

Acknowledgements 



 The authors would like to acknowledge the Natural Environmental Research 

Council (NERC) for funding this work. SS was supported by NE/G004587/1 awarded to 

PK and ATF. This work was also supported by NERC MGF223, NBAF438 & 479 and 

the staff at the NERC Biomolecular Analysis Facility based at the University of 

Liverpool. We would also like to thank the two anonymous reviewers for their thoughtful 

and constructive comments. 

 

References 

 

Abdu, U., Davis, C., Khalaila, I.,  Sagi, A. 2002. The vitellogenin cDNA of (Cherax 

quadricarinatus) encodes a lipoprotein with calcium binding ability, and its 

expression is induced following the removal of the androgenic gland in a sexually 

plastic system. General and Comparative Endocrinology, 127, 263-272. 

Allen, Y., Balaam, J., Bamber, S., Bates, H., Best, G., Bignell, J., et al. 2002. Endocrine 

disruption in the marine environment (EDMAR). ISBN 0, 907545, 5. 

Atienzar, F.A., Billinghurst, Z., Depledge, M.H. 2002. 4-n-Nonylphenol and 17-β 
 estradiol may induce common DNA effects in developing barnacle larvae. 
 Environmental Pollution, 120, 735-738. 
Ara, F.,  Damrongphol, P. 2012. Vitellogenin gene expression at different ovarian stages 

in the giant freshwater prawn, Macrobrachium rosenbergii, and stimulation by 4-

nonylphenol. Aquaculture Research. 

Beare, D.,  Moore, P. 1997. The contribution of Amphipoda to the diet of certain inshore 

fish species in Kames Bay, Millport. Journal of the Marine Biological Association 

of the United Kingdom, 77, 907-910. 

Billinghurst, Z., Clare, A., Fileman, T., McEvoy, J., Readman, J., Depledge, M. 1998. 
 Inhibition of barnacle settlement by the environmental oestrogen 4-
 nonylphenol and the natural oestrogen 17β oestradiol. Marine Pollution 

 Bulletin, 36, 833-839. 
Billinghurst, Z., Clare, A., Matsumura, K., Depledge, M. 2000. Induction of cypris 
 major  protein in barnacle larvae by exposure to 4-n-nonylphenol and  17β-
 oestradiol. Aquatic Toxicology, 47, 203-212. 
Bocher, P., Cherel, Y., Labat, J.-P., Mayzaud, P., Razouls, S.,  Jouventin, P. 2001. 

Amphipod-based food web: Themisto gaudichaudii caught in nets and by seabirds 

in Kerguelen waters, southern Indian Ocean. Marine Ecology Progress Series, 

223, 251-260. 

Bosker, T., Munkittrick, K. R.,  MacLatchy, D. L. 2010. Challenges and opportunities 

with the use of biomarkers to predict reproductive impairment in fishes exposed 

to endocrine disrupting substances. Aquatic Toxicology, 100, 9-16. 

Brown, R., Conradi, M., Depledge, M. 1999. Long-term exposure to 4-nonylphenol 

affects sexual differentiation and growth of the amphipod Corophium volutator 

(Pallas, 1766). Science of the Total Environment, 233, 77-88. 



Chen, Y. N., Tseng, D. Y., Ho, P. Y.,  Kuo, C. M. 1999. Site of vitellogenin synthesis 

determined from a cDNA encoding a vitellogenin fragment in the freshwater giant 

prawn, Macrobrachium rosenbergii. Molecular Reproduction and Revelopment, 

54, 215-222. 

Clubbs, R.L., Brooks, B.W. 2007. Daphnia magna responses to a vertebrate oestrogen 

receptor agonist and an antagonist: A multigenerational study. Ecotoxicology and 

Environmental Safety, 67, 385-398. 

Fainzilber, M., Tom, M., Shafir, S., Applebaum, S.,  Lubzens, E. 1992. Is there 

extraovarian synthesis of vitellogenin in penaeid shrimp? The Biological Bulletin, 

183, 233-241. 

Ford, A., Fernandes, T., Read, P., Robinson, C.,  Davies, I. 2004b. The costs of 

intersexuality: a crustacean perspective. Marine Biology, 145, 951-957. 

Ford, A., Rodgers-Gray, T., Davies, I., Dunn, A., Read, P., Robinson, C., et al. 2005a. 

Abnormal gonadal morphology in intersex, Echinogammarus marinus 

(Amphipoda): a possible cause of reduced fecundity? Marine Biology, 147, 913-

918. 

Ford, A. T. 2008. Can you feminise a crustacean? Aquatic Toxicology, 88, 316-321. 

Ford, A. T. 2012. Intersexuality in Crustacea: An environmental issue? Aquatic 

Toxicology, 108, 125-129. 

Ford, A. T.,  Fernandes, T. F. 2005b. Notes on the occurrence of intersex in amphipods. 

Hydrobiologia, 548, 313-318. 

Ford, A. T., Fernandes, T. F., Rider, S. A., Read, P. A., Robinson, C. D.,  Davies, I. M. 

2004a. Endocrine disruption in a marine amphipod? Field observations of 

intersexuality and de-masculinisation. Marine Environmental Research, 58, 169-

173. 

Ford, A. T., Fernandes, T. F., Robinson, C. D., Davies, I. M.,  Read, P. A. 2006. Can 

industrial pollution cause intersexuality in the amphipod, (Echinogammarus 

marinus)? Marine Pollution Bulletin, 53, 100-106. 

Ford, A. T., Martins, I.,  Fernandes, T. F. 2007. Population level effects of intersexuality 

in the marine environment. Science of the Total Environment, 374, 102-111. 

Ford, A. T., Sambles, C.,  Kille, P. 2008. Intersexuality in crustaceans: genetic, individual 

and population level effects. Marine Environmental Research, 66, 146-148. 

García, C. F.,  Heras, H. 2012. Vitellogenin and Lipovitellin from the prawn 

(Macrobrachium borellii) as hydrocarbon pollution biomarker. Marine Pollution 

Bulletin. 

Ghekiere, A., Fenske, M., Verslycke, T., Tyler, C.,  Janssen, C. 2005. Development of a 

quantitative enzyme-linked immunosorbent assay for vitellin in the mysid 

(Neomysis integer)(Crustacea: Mysidacea). Comparative Biochemistry and 

Physiology Part A: Molecular  Integrative Physiology, 142, 43-49. 

Ghekiere, A., Verslycke, T., De Smet, L., Van Beeumen, J.,  Janssen, C. R. 2004. 

Purification and characterization of vitellin from the estuarine mysid (Neomysis 

integer)(Crustacea; Mysidacea). Comparative Biochemistry and Physiology Part 

A: Molecular  Integrative Physiology, 138, 427-433. 

Ghekiere, A., Verslycke, T.,  Janssen, C. 2006. Effects of methoprene, nonylphenol, and 

estrone on the vitellogenesis of the mysid (Neomysis integer). General and 

Comparative Endocrinology, 147, 190-195. 



Ginsburger-Vogel, T. 1991. Intersexuality in Orchestia mediterranea Costa, 1853, and 

Orchestia aestuarensis Wildish, 1987 (Amphipoda): A Consequence of 

Hybridization or Parasitic Infestation? Journal of Crustacean Biology, 530-539. 

Goujon, M., McWilliam, H., Li, W., Valentin, F., Squizzato, S., Paern, J., et al. 2010. A 

new bioinformatics analysis tools framework at EMBL–EBI. Nucleic Acids 

Research, 38(suppl 2), W695-W699. 

Hall, M., Wang, R., van Antwerpen, R., Sottrup-Jensen, L.,  Söderhäll, K. 1999. The 

crayfish plasma clotting protein: a vitellogenin-related protein responsible for clot 

formation in crustacean blood. Proceedings of the National Academy of Sciences, 

96, 1965-1970. 

Hannas, B. R., Wang, Y. H., Thomson, S., Kwon, G., Li, H.,  LeBlanc, G. A. 2011. 

Regulation and dysregulation of vitellogenin mRNA accumulation in daphnids 

(Daphnia magna). Aquatic Toxicology, 101, 351-357. 

Ironside, J. E., Smith, J., Hatcher, M., Sharpe, R., Rollinson, D.,  Dunn, A. 2003. Two 

species of feminizing microsporidian parasite coexist in populations of 

Gammarus duebeni. Journal of Evolutionary Biology, 16, 467-473. 

Jobling, S.,  Tyler, C. R. 2003. Endocrine disruption in wild freshwater fish. Pure and 

Applied Chemistry, 75, 2219-2234. 

Jobling, S., Williams, R., Johnson, A., Taylor, A., Gross-Sorokin, M., Nolan, M., et al. 

2006. Predicted exposures to steroid oestrogens in UK rivers correlate with 

widespread sexual disruption in wild fish populations. Environmental Health 

Perspectives, 114, 32. 

Jubeaux, G., Audouard-Combe, F., Simon, R., Tutundjian, R., Salvador, A., Geffard, O., 

et al. 2012a. Vitellogenin-like Proteins among Invertebrate Species Diversity: 

Potential of Proteomic Mass Spectrometry for Biomarker Development. 

Environmental Science and Technology, 46, 6315-6323. 

Jubeaux, G., Simon, R., Salvador, A., Lopes, C., Lacaze, E., Quéau, H., et al. 2012c. 

Vitellogenin-like protein measurement in caged (Gammarus fossarum) males as a 

biomarker of endocrine disruptor exposure: inconclusive experience. Aquatic 

Toxicology 122-123, 9-18. 

Jubeaux, G., Simon, R., Salvador, A., Quéau, H., Chaumot, A.,  Geffard, O. 2012b. 

Vitellogenin-like proteins in the freshwater amphipod (Gammarus 

fossarum)(Koch, 1835): Functional characterization throughout reproductive 

process, potential for use as an indicator of oocyte quality and endocrine 

disruption biomarker in males. Aquatic Toxicology, 112, 72-82. 

Kang, B., Nanri, T., Lee, J., Saito, H., Han, C.-H., Hatakeyama, M., et al. 2008. 

Vitellogenesis in both sexes of gonochoristic mud shrimp, (Upogebia 

major)(Crustacea): Analyses of vitellogenin gene expression and vitellogenin 

processing. Comparative Biochemistry and Physiology Part B: Biochemistry and 

Molecular Biology, 149, 589-598. 

Kidd, K. A., Blanchfield, P. J., Mills, K. H., Palace, V. P., Evans, R. E., Lazorchak, J. M., 

et al. 2007. Collapse of a fish population after exposure to a synthetic oestrogen. 

Proceedings of the National Academy of Sciences, 104, 8897-8901. 

Kirby, M. F., Allen, Y. T., Dyer, R. A., Feist, S. W., Katsiadaki, I., Matthiessen, P., et al. 

2004. Surveys of plasma vitellogenin and intersex in male flounder (Platichthys 

flesus) as measures of endocrine disruption by oestrogenic contamination in 



United Kingdom estuaries: temporal trends, 1996 to 2001. Environmental 

Toxicology and Chemistry, 23, 748-758. 

Kunz, P. Y., Kienle, C.,  Gerhardt, A. 2010. Gammarus spp. in aquatic ecotoxicology and 

water quality assessment: Toward integrated multilevel tests Reviews of 

Environmental Contamination and Toxicology 205, 1-76. 

Lee, R. F.,  Noone, T. 1995. Effect of reproductive toxicants on lipovitellin in female 

blue crabs, (Callinectes sapidus). Marine Environmental Research, 39, 151-154. 

Lye, C., Bentley, M., Clare, A., Sefton, E. 2005. Endocrine disruption in the shore crab 

Carcinus maenas: a biomarker for benthic marine invertebrates? Marine Ecology. 

Progress series, 288, 221-232. 

Lye, C. M., Bentley, M. G., Galloway, T. 2008. Effects of 4-nonylphenol on the 

endocrine system of the shore crab, Carcinus maenas. Environmental Toxicology, 

23, 309-318. 

Mak, A. S. C., Choi, C. L., Tiu, S. H. K., Hui, J. H. L., He, J. G., Tobe, S. S., et al. 2005. 

Vitellogenesis in the red crab Charybdis feriatus: Hepatopancreas-specific 

expression and farnesoic acid stimulation of vitellogenin gene expression. 

Molecular Reproduction and Development, 70, 288-300. 

Matozzo, V., Gagné, F., Marin, M. G., Ricciardi, F.,  Blaise, C. 2008. Vitellogenin as a 

biomarker of exposure to oestrogenic compounds in aquatic invertebrates: a 

review. Environment International, 34, 531-545. 

Matthiessen, P., Allen, Y., Bamber, S., Craft, J., Hurst, M., Hutchinson, T., et al. 2002). 

The impact of oestrogenic and androgenic contamination on marine organisms in 

the United Kingdom—summary of the EDMAR programme. Marine 

Environmental Research, 54, 645-649. 

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L.,  Wold, B. 2008. Mapping and 

quantifying mammalian transcriptomes by RNA-Seq. Nature Methods, 5, 621-

628. 

Nakamura, A., Yasuda, K., Adachi, H., Sakurai, Y., Ishii, N.,  Goto, S. 1999. 

Vitellogenin-6 Is a Major Carbonylated Protein in Aged Nematode, 

(Caenorhabditis elegans). Biochemical and Biophysical Research 

Communications, 264, 580-583. 

Olmstead, A.W., LeBlanc, G.A. 2000. Effects of endocrine-active chemicals on the 

development of sex characteristics of Daphnia magna. Environmental Toxicology 

and Chemistry, 19, 2107-2113. 

Phiriyangkul, P.,  Utarabhand, P. 2006. Molecular characterization of a cDNA encoding 

vitellogenin in the banana shrimp, Penaeus (Litopenaeus) merguiensis and sites of 

vitellogenin mRNA expression. Molecular Reproduction and Development, 73, 

410-423. 

Raviv, S., Parnes, S., Segall, C., Davis, C.,  Sagi, A. 2006. Complete sequence of 

(Litopenaeus vannamei)(Crustacea: Decapoda) vitellogenin cDNA and its 

expression in endocrinologically induced sub-adult females. General and 

Comparative Endocrinology, 145, 39-50. 

Rono, M. K., Whitten, M. M., Oulad-Abdelghani, M., Levashina, E. A.,  Marois, E. 2010. 

The major yolk protein vitellogenin interferes with the anti-plasmodim response 

in the malaria mosquito Anopheles gambiae. PLoS Biology, 8, e1000434. 



Rozen, S.,  Skaletsky, H. 2000. Primer3 on the WWW for general users and for biologist 

programmers. Methods in Molecular Biology, 132, 365-386. 

Sagi, A., Khalaila, I., Abdu, U., Shoukrun, R.,  Weil, S. 1999. A Newly Established 

ELISA Showing the Effect of the Androgenic Gland on Secondary-Vitellogenic-

Specific Protein in the Hemolymph of the Crayfish (Cherax quadricarinatus). 

General and Comparative Endocrinology, 115, 37-45. 

Sanders, M. B., Billinghurst, Z., Depledge, M. H.,  Clare, A. S. 2005. Larval 

development and vitellin-like protein expression in Palaemon elegans larvae 

following xeno-oestrogen exposure. Integrative and Comparative Biology, 45, 51-

60. 

Scott, A. P., Sanders, M., Stentiford, G. D., Reese, R. A.,  Katsiadaki, I. 2007. Evidence 

for oestrogenic endocrine disruption in an offshore flatfish, the dab (Limanda 

limanda L.). Marine Environmental Research, 64. 

Serrano-Pinto, V., Landais, I., Ogliastro, M. H., Gutiérrez-Ayala, M., Mejía-Ruíz, H., 

Villarreal-Colmenares, H., et al. 2004. Vitellogenin mRNA expression in Cherax 

quadricarinatus during secondary vitellogenic at first maturation females. 

Molecular Reproduction and Development, 69, 17-21. 

Shi, X., Zhang, S.,  Pang, Q. 2006. Vitellogenin is a novel player in defense reactions. 

Fish  Shellfish Immunology, 20, 769-772. 

Short, S., Guler, Y., Yang, G., Kille, P.,  Ford, A. 2012b. Paramyxean-microsporidian co-

infection in amphipods: is the consensus that Microsporidia can feminise their 

hosts presumptive? International Journal for Parasitology. 42, 683-691. 

Short, S., Yang, G., Kille, P.,  Ford, A. 2012a. A Widespread and Distinctive Form of 

Amphipod Intersexuality Not Induced by Known Feminising Parasites. Sexual 

Development, 6, 320-324. 

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. 2011. Fast, 

scalable generation of high-quality protein multiple sequence alignments using 

Clustal Omega. Molecular Systems Biology, 7. 

Simon, R., Jubeaux, G., Chaumot, A., Lemoine, J., Geffard, O.,  Salvador, A. 2010. Mass 

spectrometry assay as an alternative to the enzyme-linked immunosorbent assay 

test for biomarker quantitation in ecotoxicology: Application to vitellogenin in 

Crustacea (Gammarus fossarum). Journal of Chromatography A, 1217, 5109-

5115. 

Soetaert, A., Moens, L. N., Van der Ven, K., Van Leemput, K., Naudts, B., Blust, R., De 

Coen, W. M. 2006. Molecular impact of propiconazole on Daphnia magna using 

a reproduction-related cDNA array. Comparative Biochemistry and Physiology 

Part C: Toxicology and Pharmacology 142, 66-76. 

Soetaert, A., Van der Ven, K., Moens, L. N., Vandenbrouck, T., van Remortel, P., De 

Coen, W. M. 2007. Daphnia magna and ecotoxicogenomics: Gene expression 

profiles of the anti-ecdysteroidal fungicide fenarimol using energy-, molting-and 

life stage-related cDNA libraries. Chemosphere 67, 60-71. 

Stentiford, G. 2012. Histological intersex (ovotestis) in the European lobster Homarus 

gammarus and a commentary on its potential mechanistic basis. Diseases of 

Aquatic Organisms, 100, 185-190. 



Sumpter, J. P.,  Jobling, S. 1995. Vitellogenesis as a biomarker for oestrogenic 

contamination of the aquatic environment. Environmental Health Perspectives, 

103, 173. 

Thomas, J. 1993. Biological monitoring and tropical biodiversity in marine 

environments: a critique with recommendations, and comments on the use of 

amphipods as bioindicators. Journal of Natural History, 27, 795-806. 

Tiu, S. H., Hui, J. H., HE, J. G., Tobe, S. S.,  Chan, S. M. 2006. Characterization of 

vitellogenin in the shrimp Metapenaeus ensis: expression studies and hormonal 

regulation of MeVg1 transcription in vitro. Molecular Reproduction and 

Development, 73, 424-436. 

Tsang, W.-S., Quackenbush, L. S., Chow, B. K., Tiu, S. H., He, J.-G.,  Chan, S.-M. 2003. 

Organization of the shrimp vitellogenin gene: evidence of multiple genes and 

tissue specific expression by the ovary and hepatopancreas. Gene, 303, 99-109. 

Tseng, D.-Y., Chen, Y.-N., Kou, G.-H., Lo, C.-F.,  Kuo, C.-M. 2001. Hepatopancreas is 

the extraovarian site of vitellogenin synthesis in black tiger shrimp,  (Penaeus 

monodon). Comparative Biochemistry and Physiology Part A: Molecular  

Integrative Physiology, 129, 909-917. 

Tseng, D.-Y., Chen, Y.-N., Kou, G.-H., Lo, C.-F.,  Kuo, C.-M. 2002. Hepatopancreas and 

ovary are sites of vitellogenin synthesis as determined from partial cDNA 

encoding of vitellogenin in the marine shrimp, Penaeus vannamei. Invertebrate 

Reproduction and Development, 42, 137-143. 

Tsutsui, N., Kawazoe, I., Ohira, T., Jasmani, S., Yang, W.-J., Wilder, M. N., et al. 2000. 

Molecular characterization of a cDNA encoding vitellogenin and its expression in 

the hepatopancreas and ovary during vitellogenesis in the kuruma prawn, Penaeus 

japonicus. Zoological Science, 17, 651-660. 

Tsutsui, N., Saido-Sakanaka, H., Yang, W. J., Jayasankar, V., Jasmani, S., Okuno, A., et 

al. 2004. Molecular characterization of a cDNA encoding vitellogenin in the 

coonstriped shrimp, Pandalus hypsinotus and site of vitellogenin mRNA 

expression. Journal of Experimental Zoology Part A: Comparative Experimental 

Biology, 301, 802-814. 

Vandegehuchte, M.B., Vandenbrouck, T., De Coninck, D., De Coen, W.M., Janssen, C.R. 
 2010a. Can metal stress induce transferable changes in gene transcription in 
 Daphnia magna. Aquatic Toxicology, 97, 188-195. 
Vandegehuchte, M.B., Vandenbrouck, T., De Coninck, D., De Coen, W.M., Janssen, C.R. 
 2010b. Gene transcription and higher-level effects of multigenerational Zn 
 exposure in Daphnia magna. Chemosphere, 80, 1014-1020. 
Vandenbergh, G.F., Adriaens, D., Verslycke, T., Janssen, C.R. 2003. Effects of 17α-
 ethinylestradiol on sexual development of the amphipod Hyalella azteca. 
 Ecotoxicology and Environmental Safety, 54, 216-222. 
Vandenbrouck, T., Jones, O.A., Dom, N., Griffin, J.L., De Coen, W. 2010. Mixtures of 
 similarly acting compounds in Daphnia magna:  From gene to metabolite 
 and beyond. Environment International, 36, 254-268. 
Vandenbrouck, T., Soetaert, A., van der Ven, K., Blust, R., De Coen, W. 2009. Nickel 

and binary metal mixture responses in Daphnia magna: Molecular fingerprints 

and (sub) organismal effects. Aquatic Toxicology 92, 18-29. 



Vazquez, L., Alpuche, J., Maldonado, G., Agundis, C., Pereyra-Morales, A.,  Zenteno, E. 

2009. Review: immunity mechanisms in crustaceans. Innate Immunity, 15, 179-

188. 

Volz, D. C.,  Chandler, G. T. 2004. An enzyme-linked immunosorbent assay for 

lipovitellin quantification in copepods: A screening tool for endocrine toxicity. 

Environmental Toxicology and Chemistry, 23, 298-305. 

Watts, M.M., Pascoe, D., Carroll, K. 2002, Population responses of the freshwater 

amphipod Gammarus pulex (L.) to an environmental oestrogen, 17α-

ethinylestradiol. Environmental Toxicology and Chemistry, 21, 445-450. 

Xie, S., Sun, L., Liu, F.,  Dong, B. 2009. Molecular characterization and mRNA 

transcript profile of vitellogenin in Chinese shrimp, Fenneropenaeus chinensis. 

Molecular Biology Reports, 36, 389-397. 

Xuereb, B., Bezin, L., Chaumot, A., Budzinski, H., Augagneur, S., Tutundjian, R., et al. 

2011. Vitellogenin-like gene expression in freshwater amphipod Gammarus 

fossarum (Koch, 1835): functional characterization in females and potential for 

use as an endocrine disruption biomarker in males. Ecotoxicology, 20, 1286-1299. 

Yang, G., Kille, P.,  Ford, A. T. 2008. Infertility in a marine crustacean: Have we been 

ignoring pollution impacts on male invertebrates? Aquatic Toxicology, 88, 81-87. 

Yang, G., Short, S., Kille, P.,  Ford, A. T. 2011. Microsporidia infections in the 

amphipod, Echinogammarus marinus (Leach): suggestions of varying causal 

mechanisms to intersexuality. Marine Biology, 158, 461-470. 

Zapata-Perez, O., Del-Rio, M., Dominguez, J., Chan, R., Ceja, V.,  Gold-Bouchot, G. 

(2005). Preliminary studies of biochemical changes (ethoxycoumarin O-

deethylase activities and vitellogenin induction) in two species of shrimp 

(Farfantepenaeus duorarum and Litopenaeus setiferus) from the Gulf of Mexico. 

Ecotoxicology and Environmental Safety, 61, 98-104. 

Zhang, S., Sun, Y., Pang, Q.,  Shi, X. 2005. Hemagglutinating and antibacterial activities 

of vitellogenin. Fish  Shellfish Immunology, 19, 93. 

Zhang, S., Wang, S., Li, H.,  Li, L. 2011. Vitellogenin, a multivalent sensor and an 

antimicrobial effector. The International Journal of Biochemistry and Cell 

Biology, 43, 303-305. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 1. Levels of Echinogammarus marinus Vtg1 and Vtg2 expression in the gonads and 

hepatopancreas of animals presenting a range of sexual phenotypes (error bars on all 

graphs represent standard deviations of qPCR triplicates). (A) A comparison of Vtg1 

expression in ovaries (Ov) and the female hepatopancreas (Hp) suggest a greater level of 

Vtg1 expression in the ovary (left column, Vtg1 Ov v Hp). Comparison of Vtg1 and Vtg2 

expression (right column, Vtg1 v Vtg2 Ovary) in ovaries reveals a greater quantity of 

Vtg1 transcripts (note: the fold change values take account of differences in Vtg1 and 

Vtg2 primer efficiencies). (B) Comparison of Vtg2 expression in the ovaries of females 

and the testes of normal males (left column, Vtg2 FvM) reveals substantial Vtg2 

expression in females relative to males. Comparison of expression in the testes of 

external intersex males and the testes of internal intersex males relative to the testes of 

normal males (Vtg2 EIMvM and Vtg2 IIMvM, middle and right columns respectively) 

reveals no discernable induction of Vtg2 expression in the testes of males presenting 

either intersex phenotype. (C) Analysis of Vtg1 expression in three biologically 

independent external intersex male libraries and two independent internal intersex male 

libraries relative to normal male libraries (columns labelled EIM1-3vM1-3 and IIM1-2vM1-2 

respectively) reveals no discernable induction of Vtg1 in the testes of males presenting 

either intersex phenotype relative to normal males. Comparisons of Vtg1 expression in 

the ovaries of females and the testes of normal males (columns labelled F1-3vM1-3) reveal 

substantial Vtg1 expression in females relative to males. Comparisons of Vtg1 expression 

in the hepatopancreas of females and the hepatopancreas of normal males (column 

labelled FvM Hp) reveal a greater level Vtg1 expression in females. Furthermore, no 

induction of Vtg1 was observed in the hepatopancreas of males presenting either intersex 

phenotype relative to normal males (columns labelled EIMvM Hp and IIMvM Hp). 

 



 

 



Table 1. E.marinus gonadal expression profile for Vtg1 and Vtg2 genes following high-

throughput transcriptomic sequencing of cDNA libraries representing a range of sexual 

phenotypes. Male = Normal Males (uninfected with feminising parasites); Fe = Females; 

EIM = External Intersex Males (infected); IIM = Internal Intersex Males (uninfected). 

 

 
 

    
Vtg transcript Male ESTs (RPKM)  Fe ESTs (RPKM) EIM ESTs (RPKM) IIM ESTs (RPKM) 

    
E.marinus Vtg1 1 (0.04)  1133 (51.76) 5 (0.39) 0 (0.0) 

E.marinus Vtg2 0 (0.0)  84 (12.62) 0 (0.0) 0 (0.0) 

 
 

 

 


