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Abstract The molecular mechanisms controlling

sex determination and differentiation in zebrafish

(Danio rerio) are largely unknown. A genome-wide

analysis may provide comprehensive insights into the

processes involved. The mRNA expression in zebra-

fish gonads has been fairly well studied, but much less

data on the corresponding protein expression are

available, although the proteins are considered to be

more relevant markers of gene function. Because

mRNA and protein abundances rarely correlate well,

mRNA profiles need to be complemented with the

information on protein expression. The work presented

here analyzed the proteomes of adult zebrafish gonads

by a multidimensional protein identification technol-

ogy, generating the to-date most populated lists of

proteins expressed in mature zebrafish gonads. The

acquired proteomics data partially confirmed existing

transcriptomics information for several genes, includ-

ing several novel transcripts. However, disagreements

between mRNA and protein abundances were often

observed, further stressing the necessity to assess the

expression on different levels before drawing conclu-

sions on a certain gene’s expression and function.

Several gene groups expressed in a sexually dimorphic

way in zebrafish gonads were identified. Their

potential importance for gonad development and

function is discussed. The data gained in the current

study provide a basis for further work on elucidating

processes occurring during zebrafish development

with use of high-throughput proteomics.

Keywords Sex differentiation � Testis � Ovary �
Proteomics � Multidimensional protein identification

technology (MudPIT) � Zebrafish

Introduction

Zebrafish (Danio rerio) is widely used as a model

organism for studies in diverse research fields,

including developmental biology, endocrinology,

toxicology, and human diseases. At the same time,

the basic mechanisms of sex determination and sex
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differentiation in this species still remain largely

unknown and require further investigation, although a

considerable amount of research has been dedicated

to this question.

Sex determination refers to the genetic and

environmental processes and variables that influence

sex differentiation of the developing embryo—the

phenotypic realization of sex determination in terms

of testicular and ovarian development (Devlin and

Nagahama 2002). The mechanisms of sex determi-

nation and differentiation have been fairly well

studied in higher vertebrates. In mammals, genetic

sex determination (XX/XY) depends on the presence

of a distinct sex chromosome in male (Morrish and

Sinclair 2002), and the Sry gene is a key switch

guiding the male development (Sinclair et al. 1990).

Alternatively, in a ZZ/ZW genetic system, such as

that present in chicken, it is the female that possesses

two different sex chromosomes (Mizuno et al. 2002;

Smith and Sinclair 2004). In fish, diverse mechanisms

of sex determination have been observed, including

both genetic and environmental mechanisms. For

instance, a male-dominant genetic determination

system similar to the mammalian one has been

characterized in medaka (Matsuda 2005). However,

in other fish species, in addition to chromosomal

cues, a wide variety of biochemical, developmental,

endocrine, and environmental signals have been

found to influence sex differentiation (Luckenbach

et al. 2009; Devlin and Nagahama 2002), and the

exact mechanisms are not yet completely clarified.

In zebrafish, despite some contradictory reports,

the present consensus supports the absence of distinct

sex chromosomes (Wallace and Wallace 2003; Traut

and Winking 2001). An environmental sex determi-

nation mechanism has been proposed (Pelegri and

Schulte-Merker 1999), while others suggested that

the possibility of polygenic sex determination with or

without an environmental component also cannot be

ruled out (Traut and Winking 2001; Baroiller et al.

2009). Recently, genetic mating experiments pro-

vided evidence that the sex of zebrafish is determined

by female-dominant genetic factors, thus putting it

into a group of vertebrates using the ZZ/ZW system

(Tong et al. 2010). It has also been shown that the

presence of germ cells is necessary for the zebrafish

gonad to adopt the ovary versus testis fate choice

(Siegfried and Nuesslein-Volhard 2008). Despite

significant research efforts, the sex-determining genes

in zebrafish still remain elusive. Although several

candidate genes have been associated with this role

due to their developmental expression patterns and/or

comparisons with data available from studies in other

species (von Hofsten and Olsson 2005), none of

them has yet been identified as the single factor

responsible for specifying sex in zebrafish. For

example, the expression of aromatase, an enzyme

influencing androgen/estrogen ratio in the organism,

was proposed to be a key factor guiding the gonadal

differentiation (Trant et al. 2001). However, later it

has been shown that the aromatase expression in

zebrafish fry is highly variable in the same sex, and

the initial increase occurs only after the gonad has

already committed to a specific sex, thus ruling out

the possibility that this gene serves as a first switch

in guiding the sex differentiation (Kallivretaki et al.

2007). Regardless of the presence or absence of a

single sex-determining gene in zebrafish, the final

manifestation of phenotypic sex may depend on

complex signaling networks involving develop-

mentally coordinated actions of several players,

combining both genetic and environmental

influences.

In order to gain an understanding of the complex

processes involved in sex differentiation and main-

tenance of differentiated sex in fish, simultaneous

examination of the expression of multiple genes is

desirable. This would allow a better understanding of

the interactions and signaling between those genes,

and possibly lead to the discovery of yet new players.

Genome-wide approaches possess the ability to

provide the information needed on this large scale.

Indeed, a considerable amount of information on

sexual development in zebrafish has already been

gained through the studies of gene expression profiles

of zebrafish gonads on the mRNA transcript level

(Knoll-Gellida et al. 2006; Santos et al. 2007;

Jorgensen et al. 2008; Sreenivasan et al. 2008;

Li et al. 2004; Zeng and Gong 2002; Wen et al.

2005; Small et al. 2009). These studies resulted in the

identification of several hundred genes differentially

expressed between male and female gonads. Some of

these genes, including several novel transcripts, were

suggested to be important for sexual differentiation or

gender phenotype maintenance in zebrafish, voicing

the need for further studies on the functions of

the identified candidates. However, the proteins,

as opposed to mRNA, are considered to be more
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relevant markers of gene function, as they are usually

the final products of gene expression, responsible for

carrying out specific processes. Thus, the sexually

dimorphic expression observed on the mRNA level

needs to be reflected on the protein level in order to

make meaningful conclusions on the possible roles of

a specific gene. As it is quite well known that the

mRNA levels do not always reliably predict protein

expression (Anderson and Seilhamer 1997; Washburn

et al. 2003), the information obtained in studies on

mRNA expression needs to be complemented with

the characterization of resulting proteomes. However,

little data on the protein expression in zebrafish

gonads have been acquired so far. In particular, a

moderate number of 60 proteins were identified in

fully grown zebrafish ovarian follicles utilizing a gel-

based approach (Knoll-Gellida et al. 2006); while in a

more extensive study, around 600 proteins were

detected in zebrafish oocytes of different stages,

using gel-based and gel-free analyses (Ziv et al.

2008). To the best of our knowledge, until now

testicular protein expression in zebrafish has not been

studied with high-throughput techniques, and no

comparison of testicular and ovarian proteomes in

zebrafish has been carried out so far.

Gel-based proteomic platforms involve electro-

phoretic separation of proteins, excision of spots, in-

gel digestion and identification of the resulting

peptides by tandem mass spectrometry (MS/MS).

In principle, two-dimensional gel electrophoresis

(2D-GE) allows resolving up to several thousand

proteins; however, this technique suffers from a

limited dynamic range and poor solubilization of

proteins at extremes of hydrophobicity and isoelectric

point (Gorg et al. 2004). In an alternative approach,

termed ‘‘shotgun’’ proteomics, the entire protein

mixture is digested, the resulting peptides then

separated by liquid chromatography (LC) and ana-

lyzed by MS/MS. This technique allows for higher

throughput and is suitable for the rapid identification

of the components of complex protein mixtures and

for the comparative quantitative analysis of the

proteins present in different samples (Domon and

Aebersold 2006). Recently, proteome profiles of

cytosolic components of the liver and embryonic

proteome have been characterized in zebrafish using

this method (Wang et al. 2007; Lucitt et al. 2008).

Both studies utilized off-line 2D-LC fractionation of

the peptide mixtures. However, it is also possible to

directly interface 2D-LC and mass spectrometry, as is

done in multidimensional protein identification tech-

nology (MudPIT) (Washburn et al. 2001). In com-

parison with off-line LC fractionation, MudPIT offers

a straightforward approach with less intermediate

steps. This approach was recently used to character-

ize the proteome of zebrafish gills (De Souza et al.

2009).

In the present study, MudPIT has been utilized to

characterize global protein profiles of adult zebrafish

ovary and testis. We wanted to (1) determine how

many proteins expressed in adult zebrafish gonads

can be reliably detected using MudPIT, (2) compare

the obtained data with the available information on

mRNA expression, and (3) compare the proteomes of

adult gonads in order to identify the molecular

pathways and processes shared between both gonads,

and those showing sexual dimorphism.

Materials and methods

Chemicals and reagents

Tris(2-carboxyethyl)-phosphine hydrochloride (TCEP),

iodoacetamide (IAA), dithiothreithol (DTT), tricaine

methanesulfonate (MS222), CHAPS, and Protease

Inhibitor Cocktail were purchased from Sigma–Aldrich,

Switzerland. Endoproteinase Lys-C (sequencing grade)

and trypsin (recombinant, proteomics grade) were

obtained from Roche Applied Science. Bradford reagent

was from Bio-Rad. Other conventional chemicals

were either from Sigma–Aldrich or Fluka, Switzerland.

HPLC solvents were from Acros Organics, Belgium.

Fused silica tubing was purchased from BGB Analytik

AG, Switzerland. RP (C18) and SCX resins were

obtained from Macherey–Nagel AG, Switzerland.

Zebrafish maintenance and gonads dissection

The zebrafish (Tübingen strain) were maintained

according to recommended procedures (Nüsslein-

Volhard and Dahm 2002). Briefly, fish were reared in

a recirculating flow-through system filled with a

mixture of tap and desalted water of carbonate

hardness index 7, treated with active carbon and

UV light. The room was maintained at 28�C and a

14/10 h light/dark cycle. The diet consisted of

live food (Artemia nauplia) and dry vitamin flakes.
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Pair-wise matings were set up with adult (approxi-

mately 1-year-old) zebrafish to confirm the repro-

ductive activity. The successful breeders were then

kept together and used for gonad dissection on the

third day following the confirmed spawning event.

The fish were sexed based on their morphological

characteristics, later confirmed by the overall appear-

ance of the gonad under the light microscope. After

euthanization of fish in MS222, testes or ovaries

(with the ducts) were dissected, washed in ice-cold

PBS, and processed for protein isolation.

Protein extraction and preparation of tryptic

digests

The gonads (pool of three for each gender) were

placed in the lysis buffer (9 M urea, 2 M thiourea,

0.1 M Tris–HCl, 4% CHAPS, 100 mM DTT, 19

Protease Inhibitor Cocktail) and homogenized with

the grinder. The mixture was then sonicated on ice

with three successive 15-s bursts (20 s pauses) and

centrifuged for 15 min at 4�C.

To prepare the samples for MudPIT analysis, the

proteins were precipitated from the supernatant using

a conventional methanol/chloroform method (Wessel

and Fluegge 1984), air-dried for 5 min and redis-

solved in resolubilization buffer (9 M urea, 2 M

thiourea, 50 mM Tris–HCl). To improve the solubil-

ity, the pellet was wetted with 0.2 M NaOH before

addition of resolubilization buffer. The protein con-

centration was measured by the Bradford method.

According to recommended procedures, 100 lg of

proteins was reduced with TCEP, alkylated (carbox-

amidomethylated) with IAA, and digested with

endoproteinase Lys-C followed by trypsin digestion

(Washburn 2008).

2D-LC separation and mass spectrometry

A three-phase MudPIT column was made in-house

from a fused silica capillary (ID 100 lm, OD 375 lm)

drawn to a fine tip with a needle puller (Sutter-2000,

Science Products AG, Basel) and packed successively

with C18 3 lm (analytical column), SCX on 5-lm

beads, and C18 5-lm (precolumn) resins by using a

pressurized custom-made filling unit. Following

equilibration, the peptides were loaded and desalted

on a column, which was then placed in-line between

an HPLC system and a nanoelectrospray ionization

source on the LTQ-Orbitrap XL (Thermo Scientific,

Bremen, Germany). The elution proceeded using a

standard 11-step MudPIT protocol. The machine was

mass calibrated using a polyLys mixture and operated

at 1.5 kV spray voltage in positive ion mode with the

tube lens set to 110 V and the ion transfer capillary

temperature to 200�C. One full scan FT mass

spectrum (400–2,000 m/z, resolution of 60’000) was

followed by seven data-dependent MS/MS scans

acquired in the linear ion trap with normalized

collision energy (setting of 35%). This procedure

was continuously repeated throughout each MudPIT

step. Dynamic exclusion was activated for 120 s, and

data-dependent acquisition was triggered by the most

intense peaks carrying 2 or 3 positive charges. For

each sample, minimum three technical replicates were

performed and analyzed. Ovarian samples were

additionally analyzed using a Reject Mass List

containing the masses of highly abundant peptides

(resulting mostly from vitellogenin proteins) detected

with the standard protocol.

Analysis of LC-MS/MS data

Peak lists for database searching were generated

using scripts developed in-house that convert the raw

data files into MASCOT generic format (mgf) files

compatible with a variety of search engines. The data

generated were searched for peptide sequences using

the Open Mass Spectrometry Search Algorithm

(OMSSA) (Geer et al. 2004) against the International

Protein Index (IPI) D. rerio protein sequence data-

base version 3.62 (Kersey et al. 2004), curated

in-house. Redundant protein entries were partially

removed by the software CD-HIT (Li and Godzik

2006) with the threshold set to 0.9. Further, the

database was supplemented with the sequences of

known contaminants originating from sample pro-

cessing, including endoproteinase Lys-C, trypsin and

highly abundant human proteins such as keratins.

Equal numbers of randomized sequences produced by

the decoy.pl PERL script freely available from

MASCOT (Matrix Sciences, Boston, MA, USA)

were then added to the database. The observed

number of randomized sequences found among

identifications was used to calculate false discovery

rate (FDR) based on the target-decoy database

approach (Kaell et al. 2008; Elias and Gygi 2007).

During the database search with OMSSA, maximum
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two miscleavage sites were allowed. The charge of

precursors to be searched was ?2 and ?3, and

minimum precursor charge to start considering mul-

tiply charged products was set to ?2. Carbamidom-

ethyl-Cys was used as a fixed modification, and

variable modifications were oxidation of Met, deam-

idation of Asn and Gln, protein N-acetylation and

cyclization of N-term Gln to pyroGlu. A slightly

modified recalibration procedure suggested previ-

ously (Zubarev and Mann 2007) was used to elim-

inate the systematic mass errors. Briefly, mass

accuracy windows were initially set to 0.05 Da for

the precursor ions and 0.3 Da for fragment ions. For

all peptides identified in this search, the mass

difference (MD) divided by charge (z) was plotted

against their masses (M) divided by z plus 1.007277

(proton mass). Linear regression was used to deter-

mine the equation parameters (MD/z = a 9 (M/z ?

1.007277) ? b). Based on this, the masses were

recalculated by subtracting the MD/z calculated in

regression analysis from the original M/z ?

1.007277. The recalibrated mass list files were

searched again with a more stringent 0.005 Da mass

tolerance for precursor ions. All other parameters of

OMSSA search remained unchanged.

The results of technical replicates were combined

by merging OMSSA files generated by searching

recalibrated mass lists. Protein identifications result-

ing from single peptide hits with a sum logE-value

higher than -6 were rejected. This ensured that all

the accepted spectra of single peptide hits fulfilled the

criteria of containing the high-intensity fragment ion

peaks (i.e., peak intensity of [30% in a normalized

spectrum), of which at least 5 belong to y- or b-ions,

not internal fragment ions (Wang et al. 2007). For the

testis list, the FDR threshold was set to 1%, while 3%

FDR was used for the ovary lists. At the chosen FDR

values, the cutoff p-scores in testicular and ovarian

lists were similar. Only the protein identifications

with p-scores lower than those corresponding to the

set FDR values were considered reliable and sub-

jected to further analysis. To create a final list of

proteins identified in the ovary, additional identifica-

tions resulting from the analysis with the Reject Mass

List were added to those identified with the standard

protocol. The lists of reliable protein identifications

generated for analyzed samples were then manually

examined in order to fuse the redundant entries

identifying the same gene with different IPI numbers.

Identifications of proteins which could not be reliably

distinguished by unique peptides (i.e., subtypes or

isoforms) were also fused and reported as ambiguous

identification for a group of proteins.

Protein classification and functional enrichment

analysis

The functional enrichment analysis of associations to

Gene Ontology (GO) annotations for biological

process, molecular function, and cellular component

(Gene Ontology Consortium 2001) was performed

using the FatiGO tool at Babelomics resource

(Al-Shahrour et al. 2005, 2006). Only discretely

identified proteins were analyzed, omitting those

resulting from ambiguous peptide identifications. To

explore the relationships between different GO terms,

the AmiGO visualization tool was used (Carbon et al.

2009). Diverse tools provided by the DAVID plat-

form were used for gene ID conversion and further

exploration of functions and relationships between

the identified genes (Huang et al. 2009).

Results and discussion

The proteomes of adult zebrafish testis and ovary

We performed 2D-LC-MS/MS experiments to char-

acterize the proteins present in the fully differentiated

gonads of adult zebrafish, producing lists of pro-

teins reliably detectable by MudPIT. Proteins were

extracted from the pooled gonads of 3 individual

actively breeding fish, either male or female, thus

presenting average proteome patterns of differenti-

ated gonads in the mature reproductive stage. Our

approach yielded 2,214 discrete protein identifica-

tions in the testis and 1,379 in the ovary. Non-

redundant lists of proteins reliably detected in ovary

and testis can be found in the electronically supplied

material to this article (Online Resources 1, 2).

The number of proteins detected in the ovary was

about 1.5 times lower than that in the testis. This may

be due to the stochastic nature of the scan-dependent

MS acquisition approach. The peptides present with a

very high abundance are analyzed much more often,

thus potentially preventing the detection of the lower

abundant ones. This may particularly apply to the

ovarian proteome, where the presence of high
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amounts of vitellogenin fragments results in the

exceptionally high dynamic range, complicating the

identification of lower abundance proteins (Ziv et al.

2008). The top five positions in the ovarian protein

list, with total peptide hits ranging between 3,901 and

14,593, were occupied by vitellogenins. The next

protein detected after vitellogenins, glyceraldehyde-

3-phosphate dehydrogenase, had only reached 418

total peptide counts. In comparison, the first five

positions in the testicular list were taken up by

proteins with 906 to 2,034 total counts, pointing to a

more even distribution of protein abundances in the

testis, which led to a higher number of total protein

identifications.

While the data on the zebrafish testicular proteome

characterized by high-throughput approaches, to the

best of our knowledge, are the first to be reported to

date, the proteome of zebrafish oocytes had already

been investigated previously by means of 2D-GE

(Knoll-Gellida et al. 2006; Ziv et al. 2008). A large

proportion of the highly abundant proteins identified

by Knoll-Gellida et al. in the fully grown ovarian

follicles was also found by Ziv et al. in the oocytes of

different stages and also detected by MudPIT in the

whole ovarian extracts in the current study. Several

notable exceptions included the protein products of

tuba8l (tubulin alpha 8 like), which was not detected

in the two latter studies, and tuba1, found only in

testis in the present work. On the transcript level,

both genes are actually more enriched in testis

(Santos et al. 2007; Small et al. 2009). In addition,

several translation-related proteins, including elonga-

tion factor Tu (tufm) and ribosomal proteins P0

(rplp0), SA (rpsa), S3 (rps3), L6 (rpl6) and L7a

(rpl7a), as well as the ubiquinol-cytochrome c

reductase core protein 1 (uqcrc1), involved in the

proteolysis, and dihidrolipoyl dehydrogenase (dldh),

related to the maintenance of cell redox homeostasis,

were found by both Knoll-Gellida et al. and Ziv et al.

but could be detected only in the testis in the current

study. This may be due to the different sampling

strategies (isolated follicles vs. whole ovarian tissue).

For all of the genes mentioned, lower expression in

the ovaries when compared to testis has also been

observed on the transcript level (Santos et al. 2007;

Small et al. 2009).

For a large proportion of the characterized mRNA

transcripts found to be expressed in zebrafish follicles

at over 0.15% of the total population (Knoll-Gellida

et al. 2006), corresponding protein products could be

detected both by Ziv et al. and in our study. By

comparing the information available in the expres-

sion libraries for oocytes/unfertilized eggs from

diverse vertebrates, including fish, frog, pig, mouse

and human, several of these highly expressed tran-

scripts were identified to be a part of a commonly

expressed vertebrate ovarian gene signature (Knoll-

Gellida et al. 2006). However, it has to be noted that

while some of these genes, such as those coding for

diverse zona pellucida proteins, are clearly female-

related, the signature specificity for some other

abundant transcripts is questionable, as they may be

highly expressed in several tissue types, being

involved in general cellular functions. Protein expres-

sion data for seven such genes, found to be most

abundantly expressed in the ovarian proteome, are

listed in Table 1. There it can be seen that compa-

rable expression levels for most of these genes have

been observed in the male gonad as well. Two more

genes, nots (nothepsin) and chia (eosinophil chemo-

tactic cytokine), are also listed in Table 1. Their

protein products have also been found in the zebrafish

oocytes both by Knoll-Gellida et al. (2006) and by

Ziv et al. (2008). Since the corresponding transcript

counterparts have not been observed, it was sug-

gested that these proteins undergo extraovarian

synthesis, similar to vitellogenins (Knoll-Gellida

et al. 2006). While for nots this may indeed be the

case, chia transcripts have been detected in the

zebrafish ovary by a recent study (Small et al. 2009).

Of some 600 proteins identified in staged zebrafish

oocytes (Ziv et al. 2008), around 60% could be

detected in the whole ovarian proteome. Additional

20% were seen only in the male gonad; thus, around

20% of the proteins identified by Ziv et al. were not

detected in either gonad in our study. Again, the

inability to detect in the whole ovarian tissue all the

proteins found in the staged oocytes may be the result

of different sampling strategies. However, it can also

be viewed as an example of uniqueness of proteome

fractions which can be characterized by gel-based

and gel-free methods, indicating the significant

contribution of both approaches. Interestingly, most,

but not all of the 150 highly expressed proteins,

accounting for around 25% of the abundance in the

ovarian proteome characterized in our study (exclud-

ing vitellogenins), were also found by Ziv et al.,

indicating that the majority of highly abundant
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proteins detected in the ovary originated from

oocytes of different stages. The newly identified

proteins and the possible sources of their origin are

briefly discussed next. Non-ATPase subunits 1 and 2

of the proteasome 26S subunit (psmd1 and psmd2)

were highly expressed in the ovarian proteome, but

not detected previously in the staged oocytes, which

may point to the fact that increased proteolysis

happens not only in the oocytes themselves but also

in the supporting ovarian tissue. Alternatively, it may

be possible that the 2D-LC-MS/MS approach is more

sensitive for detection of proteasome subunits, as

remarkably more such proteins have been detected by

this technique. For example, in addition to PSMD3,

PSMD4, PSMD7, PSMD12 and PSMD13, found by

both approaches, PSMD1, PSMD2, PSMD5, PSMD6

and PSMD11b could also be detected in the ovarian

proteome in the present study. A similar picture was

observed for ATPase (PSMA) and b- (PSMB)

subunits of the proteasome. Several enzymes, includ-

ing muscle creatine kinase a (ckma), alcohol dehy-

drogenase 5 (adh5), ATP citrate lyase (aclya),

nucleoside diphosphate kinase Z2 (ndpkz2), quinoid

dihydropteridine reductase b2 (qdprb2), NADP?

-dependent methylenetetrahydrofolate dehydrogenase

(mthfd1), phosphoribosylglycinamide formyltransfer-

ase (gart), and seryl-tRNA synthetase (sars), were

also among the most abundant in the total ovary

proteome, but were not detected in the oocytes

previously. The latter protein is involved in the

angiogenesis (Fukui et al. 2009) and therefore could

possibly originate from blood. Further, karyopherin

(importin) beta 3 (kpnb3), nucleoplasmin 2b (npm2b),

heat-shock protein 5 (hspa5), and several cytoskele-

ton-related proteins, including parvalbumin 2

(pvalb2), radixin (rdx), and dynein cytoplasmic 1

heavy chain 1 (dync1h1), were also abundant in the

ovarian proteome, but unseen in the oocytes previ-

ously. In addition, high expression of several poorly

characterized proteins, including zgc:193613,

zgc:162944, and wu:fd14c01, was observed in the

ovarian proteome. Their functions and origin are not

known currently. Interestingly, while most of the

mentioned proteins were also found in the testis at

comparable levels, further supporting their general

roles in metabolism, or similar roles in male and

female gonads, DYNC1H1 was unique to the ovarian

proteome. Its possible significance for the ovarian

function is discussed in more details in one of the

following sections.

Overall, although the dynamic range problem in

the ovary samples led to a lower number of protein

identifications when compared to the testis, our study

confirms and further extends the already available

knowledge on the protein repertoire in female gonad.

Furthermore, the data obtained in the current study

allowed us to perform a detailed comparative analysis

of the testicular and ovarian proteome in adult

zebrafish, described in the following sections. Firstly,

to compare the protein expression data obtained for

Table 1 Protein expression in zebrafish ovary and testis of several genes which were previously identified on the transcript level to

be a part of a vertebrate ovarian expressed gene signature (Knoll-Gellida et al. 2006)

Gene Peptides in ovary Peptides in testis Coverage

(%)

Identifier Description Hits Species Discr.a Hits Species Discr. Ovary Testis

IPI00491598 hsp90b, heat-shock protein 90 beta 150 35 23 150 24 13 51.17 37.24

IPI00495855 ldhb, L-lactate dehydrogenase B chain 127 19 14 101 13 9 64.37 54.49

IPI00896894 bactin2, beta-actin 2, actin cytoplasmic 2 48 7 5 93 7 5 44.7 45.45

IPI00502668 gstp1, glutathione S-transferase pi 28 9 6 158 9 7 55.7 60.1

IPI00482393 fth1, ferritin heavy polypeptide 1 26 7 7 103 10 10 56.5 53.11

IPI00800342 lectomedin-1, im:7140333 weakly similar to latrophilin 28 6 6 58 10 10 37.5 57.69

IPI00570286 cirbp, cold-inducible RNA-binding protein, zgc:112425 23 3 3 526 8 8 32.43 43.78

IPI00500653 chia, eosinophil chemotactic cytokine 39 12 11 95 8 7 37.26 28.63

IPI00492743 nots, nothepsin 17 5 5 14.9

a discr discrete
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male and female gonads, we performed functional

gene enrichment analysis to look at the groups of

genes similarly or differentially enriched in testis and

ovary, addressing the overall functioning and metab-

olism of the differentiated gonad. In order to evaluate

the correlation between mRNA and protein abun-

dances detected in zebrafish gonads, we sought to

compare the obtained protein expression data with

the available information on mRNA levels, both in

terms of enrichment of gene groups and for the

individual genes. Next, we set out to explore selected

genes whose protein products were detected in our

experiments, concentrating on those that could pos-

sibly be relevant for gonad development and function

in zebrafish, as inferred from previous studies in this

and other species.

Functional gene enrichment analysis of protein

expression in testis and ovary

Functional gene enrichment analysis allows the

characterization of the presence (representation) of

groups of genes associated to a common term in the

analyzed set of genes which are grouped together by

a certain feature, for example, overexpression in

examined tissue or condition found by microarray

analysis. Since it is well known that the scan-

dependent MS-based acquisition has a stochastic

nature, leading to higher probability of detection of

more abundant proteins, the genes detected as

proteins may be considered as ‘‘overexpressed’’ in

comparison with those that were not detected in our

MudPIT analysis. Therefore, during the functional

enrichment analyses, we compared the set of all the

genes discretely identified on the protein level in

either testis or ovary, against the whole zebrafish

genome. Associations to diverse GO terms (Gene

Ontology Consortium 2004) were explored, and

several groups were found to be significantly over-

represented in the analyzed lists. Biological Process

(BP), Molecular Function (MF) and Cellular Com-

ponent (CC) GO terms found to be significantly

enriched in testis and/or ovary (Bonferroni corrected

P \ 0.05) are shown in Fig. 1. To simplify the

presentation, for each term identified as significantly

enriched, only the lowest significantly enriched

‘‘child’’ term(s) are shown. In addition, the terms

connected with ‘‘part of’’ or ‘‘regulates’’ are shown as

well. As an example, of the significantly enriched

terms ‘‘translation’’ and ‘‘protein folding’’, which are

‘‘children’’ of ‘‘cellular protein metabolic process’’

which is in turn ‘‘protein metabolic process’’, only

‘‘translation’’ and ‘‘protein folding’’ are shown.

Fig. 1 Selected Gene Ontology terms found to be significantly

enriched (corrected P \ 0.05) among the proteins detected in the

adult zebrafish testis and/or ovary. Data are presented as Pcorr

value for the enrichment of particular GO term in the list of

proteins expressed in the testis (black bars) or ovary (white bars).

a Enrichment of Biological Process ontology terms: 1 energy

derivation by oxidation of organic compounds (GO:0015980),

2 glycolysis (GO:0006096), 3 actin cytoskeleton organization

and biogenesis (GO:0030036), 4 oxidative phosphorylation

(GO:0006119), 5 proton transport (GO:0015992), 6 coenzyme

metabolic process (GO:0006732), 7 cell redox homeostasis

(GO:0045454), 8 serine family amino acid biosynthetic process

(GO:0009070), 9 purine ribonucleotide biosynthetic process

(GO:0009152), 10 mRNA metabolic process (GO:0016071), 11
tRNA aminoacylation for protein translation (GO:0006418), 12
ribonucleoprotein complex assembly (GO:0022618), 13 transla-

tion (GO:0006412), 14 translational elongation (GO:0006414),

15 translational initiation (GO:0006413), 16 regulation of

translation, 17 protein folding, 18 ubiquitin-dependent protein

catabolic process (GO:0006511), 19 DNA-dependent DNA

replication (GO:0006261), 20 lipid transport (GO:0006869).

b Enrichment of Molecular Function ontology terms: 1 actin

binding (GO:0003779), 2 electron carrier activity (GO:0009055),

3 ATPase activity, coupled (GO:0042623), 4 NAD or NADH

binding (GO:0051287), 5 oxidoreductase activity, acting on the

aldehyde or oxo group of donors (GO:0016903), 6 oxidoreductase

activity, acting on the CH–CH group of donors (GO:0016627),

7 oxidoreductase activity, acting on the CH–OH group of

donors, NAD or NADP as acceptor (GO:0016616), 8 oxidore-

ductase activity, acting on NADH or NADPH (GO:0016651), 9
antioxidant activity (GO:0016209), 10 glutathione transferase

activity (GO:0004364), 11 translation initiation factor activity

(GO:0003743), 12 ligase activity, forming aminoacyl-tRNA and

related compounds (GO:0016876), 13 RNA binding (GO:

0003723), 14 structural constituent of ribosome (GO:0003735),

15 translation regulator activity (GO:0045182), 16 unfolded

protein binding (GO:0051082), 17 protein domain specific binding

(GO:0019904), 18 threonine endopeptidase activity (GO:0004

298), 19 aminopeptidase activity (GO:0004177), 20 metallopep-

tidase activity (GO:0008237), 21 endopeptidase inhibitor activity

(GO:0004866), 22 lipid binding (GO:0008289), 23 pyrophospha-

tase activity (GO:0016462), 24 hydro-lyase activity (GO:

0016836), 25 intramolecular transferase activity, phospho-

transferases (GO:0016868), 26 cis–trans isomerase activity

(GO:0016859). c Enrichment of Cellular Component ontology

terms: 1 endoplasmic reticulum (GO:0005783), 2 cytosolic part

(GO:0044445), 3 proton-transporting two-sector ATPase complex

(GO:0016469), 4 small ribosomal subunit (GO:0015935), 5
ribosome (GO:0005840), 6 proteasome core complex (sensu

Eukaryota) (GO:0005839), 7 signalosome complex (GO:

0008180), 8 endomembrane system (GO:0012505), 9 Golgi-

associated vesicle (GO:0005798), 10 membrane-bound vesicle

(GO:0031988), 11 coated vesicle membrane (GO:0030662)
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‘‘Translational elongation’’ and ‘‘translational initia-

tion’’, which are parts of ‘‘translation’’, as well as

‘‘regulation of translation’’, are also shown. The

terms are grouped in such a way as to aid the

discussion flow. Full lists of the GO terms found to be

significantly enriched in testis and/or ovary (corrected

P \ 0.05) can be found in the electronically supplied

material to this article (Online Resources 3, 4, 5 for

BP, MF and CC, respectively).

Enrichment of general metabolic terms

and comparison with transcriptomics data

Of all proteins discretely identified in ovarian and

testicular proteome in this study, about 41% were

seen in both gonads. Between gonads of different

gender, the overlap constituted 76% of all the

proteins found in the ovary, and 47% of those found

in the testis. Functional analysis of the respective
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genes revealed that they mostly belonged to the

higher-abundance classes of proteins involved in

basic cellular machinery. This is reflected in the GO

terms scoring with similar significance in the func-

tional enrichment analysis in both ovary and testis,

such as for example BP terms ‘‘energy derivation by

oxidation of organic compounds’’ or ‘‘actin cytoskel-

eton organization and biogenesis’’ (Fig. 1a). Regard-

ing the cellular distribution of the identified proteins,

the cytoplasmic ones were highly enriched in both

ovarian and testicular samples. Compared to intra-

cellular fractions, the membrane proteins were rather

underrepresented in the analyzed samples, although

not completely absent (Fig. 1c; Online Resource 5).

The use of specialized protocols dedicated to isola-

tion of membrane proteins may improve the coverage

of this protein fraction in the future.

Several BP terms associated with biosynthesis and

metabolism, including among others ‘‘carbohydrate

metabolism’’, ‘‘organization and biogenesis of cell’’,

‘‘energy pathways’’, ‘‘protein modification’’ and ‘‘sig-

nal transduction’’, were found to be more significantly

enriched among the genes overexpressed in ovaries

compared with testes on the transcript level (Santos

et al. 2007). On the protein level, we observed that

genes annotated with the higher level GO terms

‘‘metabolic process’’ and ‘‘biosynthetic process’’,

although also well represented among the proteins

expressed in the ovary, were more significantly

enriched in testis (Online Resource 3). However, the

energy pathways or cell-related terms at lower GO

levels, such as ‘‘energy derivation by oxidation of

organic compounds’’ (essentially referring to the

tricarboxylic acid cycle), ‘‘glycolysis’’ or ‘‘actin

cytoskeleton biogenesis and assembly’’, were in many

cases enriched with similar significance among the

proteins expressed in either gonad (Fig. 1a). The MF

term ‘‘catalytic activity’’, as well as CC terms

‘‘intracellular’’ and ‘‘cytoplasm’’, found to be simi-

larly enriched among ovarian and testicular tran-

scripts, appeared to be stronger enriched in testis on

the protein level (Online Resources 4, 5). Moreover,

similar enrichment among testicular and ovarian

proteins was observed for the CC term ‘‘endoplasmic

reticulum’’, reported as higher enriched among ovar-

ian transcripts, while ‘‘cytosol’’, found to be higher

represented in testis on the transcript level, was

instead more enriched in ovary on the protein level

(Fig. 1c; Online Resource 5). The latter observation

may reflect the fact that oocytes generally undergo a

dramatic increase in size and therefore cytosolic

content, while differentiating male germ cells undergo

a dramatic reduction in cytoplasmic volumes by the

end of their development (Lubzens et al. 2010; Schulz

et al. 2010).

Certain contradictions observed between mRNA

and protein expression of genes associated with

metabolism may point to the fact that although many

gene transcripts are present at higher abundance in

the ovary, they may not be simultaneously translated

into corresponding proteins, but may rather be

deposited to serve as maternal transcripts used as

protein synthesis templates in the newly fertilized

egg. It has to be noted, however, that a lower

enrichment of many metabolism-related terms

observed in ovary may partially be due to the

generally lower proteome coverage obtained for

ovarian samples. It could be assumed that a higher

number of proteins detected in testis led to the

presence of more genes associated with a certain

term, resulting in smaller P-values (higher enrich-

ment). However, the total number of genes present in

the analyzed list is taken into consideration in the

course of gene enrichment analysis, thus decreasing

the possible bias that could result from differing gene

list sizes.

Oxidative phosphorylation

The BP terms ‘‘oxidative phosphorylation’’, ‘‘proton

transport’’ and ‘‘coenzyme metabolic process’’,

reflected in MF terms ‘‘electron carrier activity’’,

‘‘ATPase activity, coupled’’, ‘‘NAD or NADH bind-

ing’’ and those related to diverse oxidoreductase

activities, as well as in the CC term ‘‘proton-

transporting two-sector ATPase complex’’, were

found to be significantly overrepresented in testis

only (Fig. 1). The BP term ‘‘cell redox homeostasis’’

was significantly enriched in gonads of both sexes,

albeit higher in testis (Fig. 1a). Oxidative phosphor-

ylation, taking place in mitochondria, is one of the

most important ATP generating pathways. Overrep-

resentation of components of the oxidative phosphor-

ylation machinery in the testis may point to the high

energy demand of the male gonad, also observed

by others (Gomez-Requeni et al. 2010). Furthermore,

it has been shown in humans that oxidative phos-

phorylation is important for sperm function (St. John
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et al. 2007), and that rearrangements of mitochondrial

DNA, including both point mutations and large-scale

deletions, may have an impact on sperm motility and

morphology, possibly leading to infertility (St. John

et al. 2005).

Protein synthesis, processing and degradation

Genes related to amino acid and nucleotide biosyn-

thesis, as well as to RNA metabolism and ribonucleo-

protein complex assembly, were found to be

overrepresented among proteins found in the testis

(Fig. 1a). This observation correlates well with the

drastic enrichment of the genes associated with the BP

term ‘‘translation’’, which had the highest significance

level among others represented in the testis proteome

(Fig. 1a). This finding was reflected in other GO

categories, as testis-enriched MF associations included

‘‘translation initiation factor activity’’, ‘‘activity of

ligase forming aminoacyl-tRNA’’, ‘‘RNA binding’’

and structural constituents of ribosome (Fig. 1b). Also,

‘‘small ribosomal subunit’’ and ‘‘ribosome’’ were

among the highly enriched CC terms (Fig. 1c). A

strong bias toward translation in zebrafish testis has

also been observed on the mRNA level (Santos et al.

2007). Domination of metabolic and protein synthesis

processes in testis reflects the high rates of continuous

sperm production in this species.

Zebrafish ovaries are also characterized by the

rapid rates of oocyte growth; however, the translation

itself seems to be of lower significance for the ovary

functioning. Interestingly, the BP terms ‘‘protein

folding’’ and ‘‘ubiquitin-dependent protein catabolic

process’’, the child term of ‘‘proteolysis’’ (Fig. 1a;

Online Resource 3), were found to be similarly

enriched in both testis and ovary, indicating the

comparable rates of post-translational protein pro-

cessing in both gonads. The MF term ‘‘unfolded

protein binding’’ was overrepresented in both gonads,

with higher enrichment in ovary than in testis, while

the terms ‘‘protein domain specific binding’’, ‘‘thre-

onine endopeptidase activity’’, and ‘‘aminopeptidase

activity’’ were significantly enriched only in ovary

(Fig. 1b). Concomitantly, significant enrichment of

components of the proteasome complex was observed

in both gonads, while significant overrepresentation of

the CC terms ‘‘signalosome complex’’ and ‘‘endo-

membrane system’’ was found only in ovary (Fig. 1c).

Furthermore, the vesicle-associated CC terms were

consistently overrepresented in the ovary (Fig. 1c;

Online Resource 5). The signalosome, with most

subunits largely similar to those of a proteasome, is a

protein complex that catalyzes the deneddylation of

some proteins, including the cullin family ubiquitin

ligases, which increases their activity. Endomembrane

system and originating vesicles are involved in

transport of diverse molecules within the cells.

Significant enrichment of protein folding and degra-

dation processes in ovary co-occurring with the lack

of translation itself, further stresses the importance of

protein processing within the oocyte, which may not

necessarily rely on the active synthesis of proteins in

these cells. It is well known that many proteins

deposited in the oocyte are not synthesized in the

ovary itself, but are rather transported from other sites

through the blood and incorporated in the oocytes. For

example, vitellogenins, which are primary compo-

nents of yolk proteins used as a supply of nutrients for

the developing embryo, are produced primarily by the

liver and transported to developing oocytes, where

they are acquired through endocytosis, proteolytically

cleaved, and stored (Lubzens et al. 2010; Wallace

1985). Several classes of proteases are implicated in

the broad-spectrum proteolysis accompanying matu-

ration and ovulation processes (Carnevali et al. 2006;

Lubzens et al. 2010).

Interestingly, the BP term ‘‘translational initia-

tion’’ was found to be significantly enriched in ovary,

although indeed lower than in testis, and largely

similar enrichment of the BP term ‘‘regulation of

translation’’ and MF term ‘‘translation regulator

activity’’ was observed in both gonads (Fig. 1a, b).

The protein products of these genes may be stored in

the oocyte to serve as maternal factors during early

embryogenesis. Maternally supplied factors are

needed to support all basic cellular functions in

the embryo in the developmental period before the

midblastula transition, when the zygotic genome is

activated (Kane and Kimmel 1993; Pelegri 2003).

Other terms significantly enriched in ovary

Significant overrepresentation of DNA replication

processes was observed only in ovary (Fig. 1a),

which could possibly indicate a high level of

supporting cell division in the growing follicles.

The BP term ‘‘lipid transport’’ and the MF terms

‘‘lipid binding’’ and ‘‘pyrophosphatase activity’’ were
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overrepresented only in ovary (Fig. 1a, b), in accor-

dance with the known importance of lipid uptake and

storage during oocyte development (Lubzens et al.

2010).

Correlation of mRNA and protein abundances

for several gene groups suggested

by transcriptomics studies to be relevant

for gonadal development and function

Due to diverse post-transcriptional and post-transla-

tional processes, a perfect correlation between the

mRNA and protein abundance is rarely observed

(Pradet-Balade et al. 2001; Washburn et al. 2003;

Anderson and Seilhamer 1997). Several studies have

examined gene expression in zebrafish testis and

ovary on the mRNA level (Knoll-Gellida et al. 2006;

Santos et al. 2007; Jorgensen et al. 2008; Sreenivasan

et al. 2008; Li et al. 2004; Zeng and Gong 2002; Wen

et al. 2005). In mature zebrafish ovarian follicles, the

transcript abundance measured by serial analysis of

gene expression provided little predictive value with

respect to the extent of protein abundance, measured

with 2D-GE (Knoll-Gellida et al. 2006). To further

explore the correlation between mRNA and protein

abundances, we chose the three most recent micro-

array-based studies performed by Santos et al., Sreen-

ivasan et al. and Small et al. and compared the data on

mRNA and protein expression for several genes

which showed significantly different mRNA abun-

dance in testis and ovary, and were suggested to be

possibly relevant for gonad development and sex

differentiation by these authors (Small et al. 2009;

Santos et al. 2007; Sreenivasan et al. 2008). To

illustrate the results of this comparison, mRNA and

protein abundances for several genes are shown in

Table 2. Those genes that exhibited a high differential

expression in mRNA studies, but were not detected on

the protein level, are not listed, unless the protein

products of other genes of the same family were

detected in our study. In the latter case, the data for

both the undetected gene and related genes are shown.

A large proportion of proteins detected in our

study was identified with more peptide counts in

testis than in ovary or was detected only in testis. It

has to be noted that due to the smaller total number of

protein identifications that could be obtained in

ovary, the possibility still exists that some of these

proteins produced fewer peptide counts or could not

be detected at all due to lower abundance, especially

in comparison with vitellogenin fragments content.

Therefore, the presented data cannot be used to make

a definite conclusion on the absence of a certain

gene’s expression on the protein level in the ovary.

Nonetheless, relative abundance in the organ in

comparison with other detected proteins can be

pulled out. On the other hand, for those genes whose

protein products were detected only in the ovary,

the much lower or even absent protein expression in

the testis may readily be assumed.

On the transcript level, a differential expression

was not detected in all three studies for some of the

genes, or largely differing or even contradicting

expression values were reported. This may possibly

be due to differences in experimental setup, compo-

sition of used microarrays, and applied calculation

and normalization procedures. Nonetheless, an over-

all agreement between the different studies of mRNA

expression could be observed for most of the genes.

A good correlation between the mRNA and

protein abundance levels was observed for rather

few of the examined genes, including piwil1 (ziwi)

and piwil2 (zili), zebrafish proteins similar to Dro-

sophila PIWI, which are higher expressed in testis

(Table 2A), and retsatl (retinol saturase (all-trans-

retinol 13,14-reductase) like), lpr dan5 (low-density

lipoprotein receptor dan isoform 5), and a gene

similar to egg envelope glycoprotein, which were

more abundant in ovary (Table 2B). For some other

genes, including tfIIIA (similar to transcription factor

IIIA), fen1 (flap structure-specific endonuclease 1),

and rbpms2 (RNA-binding protein with multiple

splicing 2), the reported higher transcript abundance

in the ovary was not clearly manifested on the protein

level, as comparable amounts of corresponding

proteins were detected in both gonads (Table 2B).

A reversed situation could also be observed, as for

some members of dynein chains, reported as higher

expressed on the mRNA level in the testis, the protein

products were detected only in the ovary, indicating

an opposing relation on the protein level (Table 2A).

Further, we were not able to detect protein products

of several relevant genes for which a high mRNA

expression was reported in either testis or ovary,

including numerous putative uncharacterized tran-

scripts, as well as sept4 (predicted gene similar to

septin 4), cdk2 (cyclin-dependent kinase 2), cdc20

(cell division cycle 20), and sox11b (SRY-box
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containing gene 11b) (Table 2). However, some other

related genes could be identified instead. The proteins

from the mentioned groups, and their possible

significance for gonad development and function,

will be discussed in more detail in the next sections.

Novel transcripts

Despite the obviously low correlation between the

mRNA and protein abundance levels, the results of

mRNA expression studies are often used to make

predictions on the effective expression and therefore

on a possible role of a certain gene in the examined

context, assuming a more or less direct link between

the presence of transcripts and corresponding protein

products. Likewise, several genes, among them quite a

few novel transcripts, were suggested to be relevant for

gonad development and function in zebrafish based on

their differential expression detected in microarray-

based studies In our proteomics analysis, we were able

to detect the protein products of only a few of the

reported novel genes, including wu:fd14c01, hypo-

thetical protein LOC556628 (zgc:111868) and

wu:fi40a06 (Table 2B). These proteins were reported

to exhibit a very high expression in the ovary compared

to the rest of the body, or to the testis (Santos et al.

2007; Sreenivasan et al. 2008; Small et al. 2009). In our

study, such expression bias was observed for

wu:fd14c01, however, was not clearly manifested for

the two other proteins (Table 2B). Nonetheless, based

on the confirmation of the presence of protein products

of these genes in the gonads, a further investigation of

their functions may be warranted.

Septins

A poor correlation between mRNA and protein

abundance levels was observed for proteins belonging

to the septin family (Table 2A), which comprises

guanine-nucleotide-binding proteins, most of which

polymerize to form filaments. Septins are associated

with the development of germ cells in fly and are

implicated in exocytosis, tumorigenesis, apoptosis,

synaptogenesis, and neurodegeneration in mammals

(Kinoshita 2003). Microarray studies have detected

the expression of several members of the septin family

in zebrafish gonads. Among them, the predicted gene

similar to septin 4 was consistently reported to be

highly expressed in the testis (Santos et al. 2007;

Sreenivasan et al. 2008; Small et al. 2009). It was

suggested that sept4 may be involved in earlier stages

of spermatogenesis in zebrafish, possibly in cytokine-

sis during meiosis (Sreenivasan et al. 2008). However,

we could not detect a single peptide originating from

the protein product of this predicted gene. Instead, the

presence of protein zgc:63587, which is 70% homol-

ogous to the predicted sept4 sequence, could be shown

(Table 2). It remains to be clarified if the predicted

mRNA transcript is indeed being translated into the

corresponding SEPT4 protein (although obviously at

an unusually low rate), or if the probes used in the

designed microarrays were possibly detecting the

homologous areas originating from the transcripts of

other gene(s).

From the other septins detected by microarrays,

sept6 and sept9 were higher expressed in the ovary,

while sept8 was strongly and sept7 only weakly

expressed in both gonads (Sreenivasan et al. 2008).

In our study, we could obtain protein evidence for

SEPT5a, SEPT6, SEPT8a and SEPT10, which were

found in testis, and SEPT2 and SEPT7a, discretely

identified only in ovary (Table 2A). Among all mem-

bers found, SEPT8a in testis was the most abundant.

Regardless of the discrepancies observed between

mRNA and protein expression data, the detection of

several members of the septin family in the zebrafish

gonadal proteomes further confirms the microarray

findings and may indicate strong involvement of these

proteins in the development and function of the gonads.

Further investigation of potential roles of septins in the

zebrafish gonads may be of interest.

Dyneins

Diverse dynein chains constituted another group of

proteins displaying low correlation between detected

mRNA and protein abundances (Table 2A). DNAI1

(intermediate polypeptide 1 of axonemal dynein) was

reported to be highly expressed in testis on mRNA

level by two groups (Sreenivasan et al. 2008; Small

et al. 2009), however, was not detected in our study.

Some other dynein proteins were found instead.

DYNLRB (dynein light chain, roadblock-type 1) was

seen only in testis, while DYNL2 (similar to dynein

light chain 2) was detected in both ovary and testis at

comparable levels. Interestingly, contradicting mRNA

expression values were reported for the latter gene by

different transcriptomics studies (Table 2A).
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Furthermore, the products of three more genes,

dync1h1 (cytoplasmic dynein 1 heavy chain 1),

dnah9l (axonemal dynein heavy polypeptide 9 like),

and dynlt3 (T-complex-associated-testis-expressed

1-like), reported to exhibit higher mRNA expression

in testis, could be detected only in ovarian samples in

our study.

Cytoplasmic dynein 1 is a large multisubunit

ATPase that serves as a motor protein responsible for

the intracellular transport of various organelles

towards the microtubule minus ends. Mitosis is one

of the cellular processes relying on dynein motor

properties. Cytoplasmic dynein is implicated in the

function of the spindle assembly checkpoint, which

monitors microtubule attachment to kinetochores and

tension across sister kinetochores to ensure accurate

division of chromosomes between daughter cells.

DNAI1 was shown to be important for progress

through the spindle assembly checkpoint (Sivaram

et al. 2009), while DYNLT3 serves to link the dynein

complex to the spindle checkpoint by binding

specifically to Bub3, one of the spindle checkpoint

proteins (Lo et al. 2007). Recently, an unexpected

role for the dynein motor complex was uncovered in

nematodes, where it was demonstrated that dynein

light chain 1 (DLC-1) and its heavy chain partner,

DYNC1H1, inhibit the proliferative fate of germ cells

(Dorsett and Schedl 2009). It would be interesting to

investigate if the homologous genes carry out similar

functions in zebrafish, thereby possibly contributing

to sex differentiation processes.

CDC and CDK proteins

The protein product of cdc20, an essential cell cycle

regulator which serves as an integrator of multiple

intracellular signaling cascades that regulate progres-

sion through mitosis (Yu 2007), was not detected,

although a relatively high transcript abundance in the

zebrafish gonads has been reported for this gene

(Sreenivasan et al. 2008). However, diverse other

cyclins and CDK proteins have been detected in the

gonadal proteomes of zebrafish, including CDC2

(cyclin-dependent kinase 1) and CDC37, detected in

gonads of both genders, and cyclin H, CDC42l,

CDC42l2, CDC73, CDK5 and CDK7, which were

additionally found in testis (Table 2A).

The CDKs are best known for their crucial role in

regulation of cell division (MacLachlan et al. 1995;

Johnson and Walker 1999), but are also involved in

other functions, including transcriptional activation

and signal transduction (Lehner and Lane 1997).

Their general mechanism of action involves an

obligatory binding of a regulatory cyclin subunit,

phosphorylation (that can either activate or inhibit),

and further interaction with activating or inhibiting

proteins (Morgan 1995; Sclafani 1996). Mitosis and

meiosis are governed by differing sets of CDKs and

their cyclin partners; however, the initial activation of

the involved CDKs by phosphorylation is crucial for

progression of cell division in both cases. CDK-

activating kinase (CAK), which is a complex of

cyclin H and CDK7, was shown to carry out this

function in both mitotic and meiotic cells in mice

(Kim et al. 2001). Additionally, CAK also acts in

transcriptional regulation in association with tran-

scription factor II H (TFIIH) (Sclafani 1996; Fisher

and Morgan 1996; Nigg 1996). The latter function is

especially important during early zebrafish develop-

ment, and cdk7 and cyclinH mRNAs were shown to

be maternally loaded (Liu et al. 2007). CDC37 has

chaperoning activity, and in pair with HSP90 is

known to have a special responsibility for folding of

protein kinases (Caplan et al. 2007). CDC2 kinase in

association with cyclin B is important for progression

of meiosis. Accordingly, this catalytic complex is

also known as maturation promoting factor, which,

when activated, causes the final maturation of oocytes

(Bhattacharya et al. 2007).

CDK5 is expressed in germ cells, as well as in

Sertoli and Leydig cells in mammals. An association

between CDK5 and microfilaments of Sertoli cell and

meiotic metaphase germ cells suggests a role in both

seminiferous tubule function and meiosis (Session

et al. 2001). Additionally, CDK5 was shown to

increase the production of androgens in mice Leydig

cells stimulated by human chorionic gonadotropin,

possibly by supporting via phosphorylation the accu-

mulation of steroidogenic acute regulatory protein, a

crucial component of steroidogenesis (Lin et al.

2009). CDK5 may also participate in the sperm tail

development by a mechanism involving phosphory-

lation of outer dense fibers in elongating spermatid

tails, as was shown in rats (Rosales et al. 2004).

Zebrafish CDC42l and CDC42l2 belong to the

CDC42 subfamily of the Rho small GTPases (Valen-

cia et al. 1991; Wennerberg and Der 2004). The

cycling of Rho GTPases from the active GTP-bound
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state to the inactive GDP-bound state induces

conformational changes leading to altered binding

affinity for target or effector proteins, thus mediating

the functions of these GTPases. These proteins are

involved in modulation of cell cycle, apoptosis, cell

migration and polarization, membrane trafficking,

cytoskeleton rearrangements, and gene expression

(Takai et al. 2001; Ridley 2001; Chapin et al. 2001).

Rho GTPases also regulate junction dynamics in the

gonads by affecting the actin cytoskeleton network

(Lui et al. 2003). Furthermore, CDC42 was recently

implicated in the regulation of cell polarization and

cell adhesion at the blood-testis barrier in mammals

(Wong and Cheng 2009). The Rho GTPases may also

play a crucial role in modulating the phagocytotic

function of Sertoli cells (Blanco-Rodriguez and

Martinez-Garcia 1999), because this process is tightly

integrated in the reorganization of the cytoskeleton

network (Lui et al. 2003).

SOX family

The transcripts of the SRY-box containing gene 11b

(sox11b) were found to be more abundant in the

ovary (Santos et al. 2007; Small et al. 2009). On the

protein level, from the genes of this family, only the

SOX9b protein in the ovary was detected (Table 2B).

Sox9 is an important regulator of gonadal sex

determination in mammals (Morrish and Sinclair

2002). In mammals, the expression of sox9 is

followed by the expression of anti-Muellerian hor-

mone (amh), leading to inhibition of the aromatase

expression and regression of the Muellerian ducts,

resulting in masculinization of the undifferentiated

gonad. The female developmental pathway is fol-

lowed in the absence of sox9 and subsequent amh

gene expression (Koopman 1999). In zebrafish, the

transcripts of the two isoforms of sox9 gene, sox9a

and sox9b, have been found to be predominantly

expressed in the testis and ovary, respectively

(Chiang et al. 2001), and amh expression is observed

in the testis (Rodriguez-Mari et al. 2005). We were

not able to detect SOX9a or AMH in the testis,

possibly due to the lower abundance of these

proteins. The high protein expression levels of the

SOX9b in the female gonad may point to its higher

significance for maintenance of the phenotype in

comparison with the role of SOX9a in the testis.

Alternatively, only very small levels of SOX9a

protein may be required in the differentiated testis

to maintain the amh expression.

Exploration of other genes possibly relevant

for gonadal development and function selected

on the basis of protein evidence

For the genes found to be expressed on the protein

level in zebrafish testis or ovary, but not yet covered

during the analysis of mRNA/protein correlation

described above, an extensive literature search was

conducted to evaluate their possible significance for

gonadal development and function. Based on infor-

mation obtained, several gene groups were selected to

be further discussed. The protein expression data for

these proteins are listed in Table 3.

Vitellogenin derivatives and zona

pellucida proteins

Vitellogenins, or rather their fragments, comprised

the most abundant group of proteins detected in the

ovary in our study. Surprisingly, tryptic peptides

resulting from several vitellogenin proteins were also

detected in the testis, although with a much lower

frequency (Table 3). Vitellogenins are produced in

high quantities primarily in female liver, but small

amounts of vitellogenin mRNAs are also present in

the ovary itself (Wang et al. 2005). It is commonly

accepted that production of vitellogenins does not

occur in males normally, but can be induced upon

exposure to estrogenic compounds (Stroemqvist et al.

2010; Hashimoto et al. 2000; Wang et al. 2005;

Islinger et al. 2003; Henry et al. 2009; Hiramatsu

et al. 2005). However, several studies have also

reported low levels of vitellogenin mRNAs or

proteins found in presumably unexposed male fish

(Bidwell and Carlson 1995; Copeland et al. 1986;

Gomez-Requeni et al. 2010). Our data on the

detection of peptide evidence for the presence of

vitellogenins or their derivatives in the testis of

unexposed zebrafish further supports these

observations.

Another surprising discovery was the detection of

the expression of several zona pellucida (ZP) proteins

not only in the ovary as expected but also in the testis

(Table 3). ZP proteins are the main components of an

acellular vitelline envelope surrounding the eggs in

all vertebrate species (Modig et al. 2006). They play
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Table 3 Selected proteins detected in zebrafish testis and/or ovary, possibly relevant for gonad development and function

Gene Peptides in testis Peptides in ovary Coverage (%)

Identifier Description Hits Species Discr.a Hits Species Discr. Testis Ovary

IPI00607465 vtg1, vitellogenin 1 12 4 1 5,534 39 10 17.85 83.38

IPI00858854 vtg6, vitellogenin 6 21 8 3 14,593 141 64 8.35 80.19

IPI00919379 novel protein similar to vitellogenin 1 18 6 3 11,069 112 63 6.33 69.4

IPI00500668 vtg2, vitellogenin 2, novel protein similar to

vitellogenin 1

11,174 159 61 75.78

IPI00503804 vtg3, vitellogenin 3, phosvitinless 739 69 44 63.76

IPI00498690 zp2.3, zona pellucida glycoprotein 2.3, 47-kDa

protein

47 11 11 41 8 8 34.03 24.31

IPI00613713 zp2l1, zona pellucida glycoprotein 2 like 1 3 3 3 14.36

IPI00499110 zp3, zona pellucida glycoprotein 3 4 3 3 22 6 3 11.83 19.26

IPI00490855 zgc:171779, zona pellucida glycoprotein 3-like 30 8 8 43 12 12 24.03 35.93

IPI00861970 zp3.1, zona pellucida glycoprotein 3.1;

LOC100007710

2 2 2 13 9 6 8.88 20.56

IPI00512322 zp3a.1, zona pellucida glycoprotein 3a.1 3 3 1 6.33

IPI00503600 zp3a.2, zona pellucida glycoprotein 3a.2 5 2 2 3*b 2* 1* 6.48 6.48*

IPI00618396 zp3c, zona pellucida glycoprotein 3c 5 4 4 11.83

IPI00851327 si:ch211-14a17.7, novel protein with a zona

pellucida-like domain

1 1 1 4 2 2 2.25 8.36

IPI00851418 si:dkeyp-50f7.2, novel protein contatining zona

pellucida-like domains

2 2 2 3.02

IPI00495861 vas, Vasa 171 23 22 44 17 16 39.25 25

IPI00505165 similar to probable ATP-dependent RNA helicase

DDX6 isoform 1; LOC564633

1219 35 21 31 14 10 86.57 42.36

IPI00492280 cugbp1, CUG-BP- and ETR-3-like factor 1 126 12 11 3 2 2 28.28 2.62

IPI00487602 stau1, staufen, RNA-binding protein, homolog 1 2 2 1 3.77

IPI00633205 stau2, staufen, RNA-binding protein, homolog 2 14 8 7 18.58

IPI00499125 tdrd7, tudor domain containing 7 isoform 1 7 6 1 8.06

IPI00488074 tdrd9l, tudor domain containing 9 like 4 3 3 3 1 1 3.42 2.16

IPI00488986 banf1, barrier-to-autointegration factor; zgc:77767 9 2 2 28.89

IPI00512038 ilf2, interleukin enhancer-binding factor 2 homolog 11 6 6 27.13

IPI00489821 ilf3, interleukin enhancer-binding factor 3 homolog 4 4 3 6

IPI00817657 arts1, novel protein similar to vertebrate type 1

tumor necrosis factor receptor shedding

aminopeptidase regulator; zgc:56194

35 13 8 5 5 4 19.17 7.19

IPI00782820 mif, macrophage migration inhibitory factor 123 7 7 12 4 4 89.57 44.35

IPI00505486 tgfb1, transforming growth factor, b 1 2* 1* 1* 9.02*

IPI00497892 igf2bp3, insulin-like growth factor 2 mRNA-binding

protein 3

387 26 21 15 8 7 53.61 19.07

IPI00800578 igf2bp1, insulin-like growth factor 2 mRNA-binding

protein 1

46 4 1 9.87

IPI00494920 bcl2l13, Bcl2l13 protein 4 1 1 2.89

IPI00495909 tradd, tumor necrosis factor receptor type

1-associated DEATH domain protein

3 2 2 11.6

IPI00480902 fadd, Fas (tnfrsf6)-associated via death domain 5 3 3 19.79
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crucial roles during oogenesis and fertilization

(Wassarman et al. 2004). In zebrafish, the synthesis

of ZP proteins occurs in the ovary and is independent

of estrogenic control (Mold et al. 2001, 2009; Liu

et al. 2006). The current study is the first to report on

the presence of low amounts of ZP proteins in the

testis of zebrafish. However, low levels of zp3b

mRNA have already been detected in the testis of

half-smooth tongue sole (Sun et al. 2010).

The detection of vitellogenins and ZP proteins in

the testis of adult zebrafish may question the validity

of these results. The cross-contamination of testicular

and ovarian samples may be excluded, as special

caution was always taken during the processing of

samples, and a fresh column was used during each

MudPIT run. At least in the case of vitellogenins,

which are under estrogenic control, the possibility

remains that a ‘‘hidden’’ exposure to low levels of

estrogenic compounds has occurred, for example,

through estrogen mimics present in the food or due to

estrogens excreted by females. However, the impor-

tance of such an exposure route is highly unlikely.

Another explanation could be the occurrence of

intersex phenomena in the gonads of presumably

male fish, but a histological analysis of the gonads

from 30 adult male zebrafish randomly sampled from

our facility revealed no cases of intersex (data not

shown). Thus, supported by the fact that the expres-

sion of vitellogenins or ZP proteins in the testis has

been occasionally detected by other groups as well,

we assume that our finding represents a real situation

in the testis of adult zebrafish. The functional

significance of vitellogenins and ZP proteins in the

testis is not clear at the moment.

RNA- and DNA-interacting proteins

The VASA protein was detected in both ovary and

testis of adult zebrafish (Table 3). This protein

belongs to a larger family of DEAD-box RNA

helicases, involved in every aspect of RNA metab-

olism (Cordin et al. 2006). The vas gene is specif-

ically expressed in the germ cell lineage of many

species, including zebrafish (Yoon et al. 1997).

Interestingly, vas mRNA in zebrafish is subjected to

alternative splicing, and the appearance of the longer

transcript is associated with female development

(Krovel and Olsen 2004). Alternative splicing of vas

is also observed in tilapia; however, the association of

particular splice variant with the sex in this species

largely differs from that observed in zebrafish,

indicating the lack of mechanism conservation

(Kobayashi et al. 2002). The interesting feature of

vas is that its mRNA and protein in many cases show

distinct expression patterns and may potentially play

specific roles in the development (Raz 2000). Unfor-

tunately, although relatively high sequence coverage

was obtained for VASA in our analysis, we were not

able to distinguish the protein products of vas splice

variants, as no peptides originating from the region

differing between the longer and shorter transcripts of

vas were detected. Targeted proteomics would allow

such monitoring to be performed in the future.

In addition to VASA, a protein product of the gene

similar to probable ATP-dependent RNA helicase

DDX6 isoform 1 (LOC564633) was detected in both

gonads, with higher abundance observed in testis

(Table 3). Its homolog in mice, rck/p54, is a DEAD-

box RNA helicase with ATP-dependent RNA-

Table 3 continued

Gene Peptides in testis Peptides in ovary Coverage (%)

Identifier Description Hits Species Discr.a Hits Species Discr. Testis Ovary

IPI00511868 dap1a, death-associated protein 1a 37 6 6 54.29

IPI00490537 dap1b, death associated protein 1b 12 4 4 8 3 3 39.45 36.7

IPI00485439 sdf2l1, stromal cell-derived factor 2-like 1 9 4 4 32.11

IPI00631065 casp3a, apoptosis-related cysteine protease

(caspase) 3a

12 5 4 8 5 3 26.24 20.92

IPI00771710 casp7, similar to caspase 7; LOC100000522 5 1 1 3.01

a discr discrete
b The peptide and coverage values marked with * were obtained with the detection protocol containing Reject Mass List
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unwinding activity, which was suggested to play an

important role in gametogenesis and early embryo-

genesis (Matsumoto et al. 2005).

CUG-BP1 (CUG-BP- and ETR-3-like factor 1)

was detected in both gonads, being more abundant in

testis. CUG-BP1 is a multifunctional RNA-binding

protein which is involved in the regulation of

alternative splicing and translation. Both male and

female cugbp1 knockout mice displayed growth

retardation and impaired fertility. Thorough investi-

gation of knockout males showed that CUG-BP1 is

required for completion of spermatogenesis (Kress

et al. 2007).

Two staufen homologs, STAU1 and STAU2, were

detected in zebrafish testis (Table 3). Staufen is a

double-stranded RNA-binding protein, important for

creation and maintenance of cellular polarity and

transport of specific mRNAs to various sub-cellular

locations in several cell types, including oocytes and

neurons (Roegiers and Jan 2000; Miki et al. 2005).

Staufen possesses several conserved double-stranded

RNA-binding domains and a tubulin-binding domain

(Micklem et al. 2000). Its function in transport is

thought to be mediated through the attachment to

microtubule adaptor proteins via its tubulin-binding

domain. In Drosophila, staufen is an important

maternal factor required for germ cell formation

during early development (Santos and Lehmann

2004). There are two staufen genes, stau1 and stau2

(Bateman et al. 2004; Ramasamy et al. 2006).

Depletion or interference with STAU1 or STAU2

function during early zebrafish development results in

aberrant migration and subsequent extinction of

primordial germ cells, suggesting that the function

of staufen in germ cells is evolutionarily conserved

(Ramasamy et al. 2006). In addition to mature

oocytes and early embryos, the transcripts of Stau1

were detected in the brain and testis of adult zebrafish

(Bateman et al. 2004); however, little information on

its possible significance for testis function is avail-

able. The presence of STAU1 and STAU2 proteins in

zebrafish testis warrants studies on their possible

functions in males.

Several other proteins, TDRD7 (tudor domain

containing 7 isoform 1) and BANF1 (similar to

mammalian barrier-to-autointegration factor (BAF)),

detected only in testis, and TDRD9l (tudor domain

containing 9 like), seen also in ovary (Table 3), may

also be interesting candidates for further studies on

their functions in zebrafish gonads. The structure of

the Tudor domain facilitates the interaction with

RNA, single-stranded DNA and proteins (Ponting

1997). Several Tudor domain-containing genes have

been cloned and characterized in different species,

and were often found to be associated with germ cell

development (Smith et al. 2004; Aoki et al. 2008).

Tdrd6 is required for spermiogenesis, chromatoid

body architecture, and regulation of miRNA expres-

sion in murine testis (Vasileva et al. 2009). Tdrd5 was

found to be essential for the development of the male

germ line during embryogenesis. Furthermore, its

expression was found to be restricted to testis in

adults (Smith et al. 2004). BAF is highly conserved in

eukaryotes, where it is required for chromosome

segregation and post-mitotic nuclear assembly and is

involved in gene regulation by affecting the higher

order chromatin organization (Margalit et al. 2005;

Segura-Totten and Wilson 2004). Additionally, BAF

was shown to play a role in gonadal development in

nematodes, in particular by being involved in distal

tip cell migration (Margalit et al. 2005). Low levels

of BAF mRNA are found in most tissues (Manshar-

amani et al. 2003). Recently, a BAF-like protein,

BAF-L, was identified in humans and shown to

regulate BAF function via heterodimerization (Tifft

et al. 2006). Thus, tissue-specific expression of baf-

l may be a hint for the importance of BAF function in

the particular context. Interestingly, the highest

expression of baf-l mRNA was observed in testis,

suggesting a possible function in the germ line (Tifft

et al. 2006).

Proteins related to cytokine and growth factor

signaling systems

Cytokines are small proteins (usually less than

35 kDa) that are secreted by a wide variety of cells,

a significant proportion of which originates from

hematopoietic lineage (Hedger and Meinhardt 2003).

These molecules locally carry the signals between

cells, inducing specific reactions. Among others,

cytokines include interferons (IFNs), interleukins

(ILs), macrophage migration inhibitory factor (MIF),

and tumor necrosis factor a (TNFa). Cytokines are best

known for their immunomodulatory actions, but are

additionally involved in many other cellular processes.

ILs, MIF and TNFa are pro-inflammatory cytokines

carrying out important roles in inflammation and
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immunity, as well as in other processes, including

reproduction (Wisniewski and Vilcek 2004). Diverse

cytokines were shown to modulate steroidogenesis in

both testis and ovary (Svechnikov et al. 2004; Born-

stein et al. 2004), and to affect gametogenesis in

diverse ways, acting as growth or differentiation

factors (Haider 2004; Diemer et al. 2003). The rupture

of the oocyte from the follicle in many ways resembles

an inflammatory reaction, and the IL1 system has been

implicated in the oocyte ovulation process (Gerard

et al. 2004). In fish ovary, the immune abilities are also

crucial for facilitation of constant removal of degen-

erating germ cells (Chaves-Pozo et al. 2010). The

correct functioning of immune system components is

also indispensable for testicular function, allowing on

the one hand to prevent autoimmune diseases in testis

and on the other hand to protect from chronic

inflammation during infection, which could have

deleterious effects on spermatogenesis (Guazzone

et al. 2009). Proinflammatory cytokines are produced

by many testicular cell types and are normally present

in the testis, where they mediate the integration of

testicular processes via various paracrine and auto-

crine mechanisms (Hedger and Meinhardt 2003;

Lysiak 2004).

Two homologs of interleukin enhancer-binding

factors, ILF2 and ILF3, were detected in zebrafish

testis (Table 3). ILF2 is known to form a complex

with ILF3, which, upon binding to several proteins,

may serve to enhance transcription from responsive

promoters (Ting et al. 1998). In mice, Ilf2 mRNA and

protein were shown to be expressed in spermatocytes,

Sertoli cells and oocytes (Lopez-Fernandez et al.

2002), while Ilf3 expression is ubiquitous, but

strongest in the adult testis (Buaas et al. 1999). Ilf2

is regulated during meiosis (Lopez-Fernandez et al.

2002). Another protein related to IL-signaling,

detected in both zebrafish gonads, was a novel

protein similar to vertebrate type 1 TNF receptor

shedding aminopeptidase regulator, detected in both

testis and ovary in the zebrafish (Table 3). In humans,

this aminopeptidase was shown to induce proteolytic

cleavage of the extracellular domain of the type II

interleukin-1 decoy receptor, leading to generation of

soluble IL-1-binding proteins that prevent excessive

bioactivity by binding free IL-1 (Cui et al. 2003).

MIF was detected in the gonads of both sexes

(Table 3). This is a pleiotropic cytokine with a wide

tissue distribution, participating in inflammatory and

immune responses (Bacher et al. 1997). It is unique

among mammalian cytokines in terms of its abundant

expression and storage within the cytoplasm (Don-

nelly and Bucala 1997). Apparently, the same pattern

of abundant production is also maintained in the

teleost fish. In mammals, MIF is involved in the

paracrine regulation of Leydig cell interactions with

other cell types (Meinhardt et al. 2000; Hedger and

Meinhardt 2003) and plays an important role in the

inflammatory reactions during follicle growth and

ovulation (Matsuura et al. 2002).

The transforming growth factor-b (TGFb) family

members are dimeric cytokines with predominantly

immunosuppressive and anti-inflammatory actions,

also involved in multiple other developmental path-

ways. Although diverse members of this family are

reported to act in the gonads of both sexes (Knight

and Glister 2006; Itman et al. 2006; Hedger and

Meinhardt 2003), in our analysis we were able to

detect only TGFb1 protein in the ovary (Table 3).

This finding may indicate the particular importance

of the role played by this cytokine in the zebrafish

female gonad. Recent studies have documented the

overall significance of the TGFb superfamily mem-

bers for the development of ovarian follicles (Knight

and Glister 2006) and the particular role of TGFb in

the oocyte maturation (Tan et al. 2009; Kohli et al.

2005).

Two insulin-like growth factor 2 mRNA-binding

proteins, IGF2-BP1 and IGF2-BP3, were detected in

zebrafish gonads, the latter more abundant in testis

than in ovary, and the former found only in testis.

IGF2-BPs are members of the VICKZ family of RNA-

binding proteins that regulate mRNA nuclear export,

localization, stability, and translation. During early

development, IGF2-BP1 likely plays a role in cell

migration via the ability to localize RNA (Lemeer

et al. 2008; Yaniv et al. 2003). The IGFs, along with

the growth hormone, regulate the growth axis and

multiple other developmental functions, including

reproduction. In mammalian gonads, IGFs are

involved in mediation of gonadotropin functions (Yu

et al. 2003), regulation of steroidogenesis (Manna

et al. 2006; Mukherjee et al. 2006), and oocyte

maturation (Mukherjee et al. 2006; Patino et al. 2001).

In addition, an involvement in male sex determination

has been shown in mice (Nef et al. 2003). Recently

acquired evidence suggests that IGFs may be similarly

important for reproduction in fish (Davis et al. 2008;

Fish Physiol Biochem (2011) 37:619–647 639

123



Wuertz et al. 2007; Reinecke 2010; Lubzens et al.

2010; Vinas and Piferrer 2008). No IGFs themselves

could be detected in the current study. However, the

detection of high levels of IGF2BP1 and IGF2BP3 in

testes may indicate that IGF2 may be particularly

important for testicular function.

Apoptosis-related proteins

Two key apoptotic signaling mechanisms exist in

vertebrates, including fish: the cell-intrinsic and the

cell-extrinsic (Krumschnabel and Podrabsky 2009;

Eimon and Ashkenazi 2010). The intrinsic pathway,

regulated by the Bcl-2 gene family, can be triggered by

a variety of external unfavorable stimuli (Youle and

Strasser 2008). The extrinsic pathway, essentially

under the control of the death domain receptor,

functions in immune system operation and homeosta-

sis (Wilson et al. 2009). Additionally, apoptosis can be

triggered by several other signals, for example those

originating from the endoplasmic reticulum (ER)

(Rasheva and Domingos 2009; Eimon and Ashkenazi

2010). In zebrafish gonads, several proteins were

detected which may point to the functioning of

several apoptosis-triggering pathways, including

intrinsic (BCL2l13 (B-cell lymphoma 2l13)), extrinsic

(TRADD (tumor necrosis factor receptor type 1-asso-

ciated DEATH domain protein), FADD (Fas (tnfrsf6)-

associated via death domain), and DAP1a and DAP1a

(death associated proteins 1a and 1b)), and ER-

triggered (SDF2l1 (stromal cell-derived factor 2-like

1)) pathways. In humans the SDF2l1 is expressed in

both gonads, but stronger in testis (Fukuda et al. 2001).

It has a limited homology with the O-mannosyltrans-

ferase (Pmt) proteins of yeast which are involved in

transduction of ER overload response from the ER to

the cytoplasm and the nucleus (Gentzsch and Tanner

1996), where it results in adaptation for survival or

induction of apoptosis (Welihinda et al. 1999).

All upstream apoptosis pathways are converged at

the level of the effector caspases (caspase-3, caspase-6

and caspase-7), which initiate the final stages of

programmed cell death (Eimon and Ashkenazi 2010).

Caspase 3a was detected in adult zebrafish testis

and ovary, and caspase 7 was found only in testis

(Table 3). Although tightly linked to apoptosis, casp-

ases also play essential roles in non-apoptotic signal-

ing pathways, including those involved in

regeneration, cell differentiation, and cell migration

and motility (Kuranaga and Miura 2007; D’Amelio

et al. 2010). One interesting novel function of caspases

refers to ‘‘subcellular’’ apoptosis, where locally and

temporally restricted activation of caspase mediates

localized cellular remodeling (Yi and Yuan 2009).

This pathway, as was recently shown in Drosophila,

may be involved in spermatogenesis at the stage of

terminal differentiation, when a dramatic removal of

bulk cytoplasm occurs (Arama et al. 2007).

The occurrence of apoptosis among testicular and

ovarian cell populations is well documented (Hussein

2005; Matta et al. 2002; Schulz et al. 2010; Matsuda-

Minehata et al. 2006). However, the dissection of

precise molecular mechanisms and interactions

between different apoptosis pathways may require

further studies. Due to a high degree of similarity

with higher vertebrates, zebrafish is now being

established as an excellent model for studies in

programmed cell death research (Eimon and Ashke-

nazi 2010). It would also be interesting to further

investigate, if caspases carry out any nonapoptotic

functions in zebrafish as well, in particular in gonads.

WD40 repeat-containing proteins

The WD40 repeat domain is commonly found in

eukaryotic proteins involved in a wide range of diverse

biological functions including signal transduction, cell

cycle regulation, RNA splicing and transcription, and

apoptosis (Smith 2008; Saeki et al. 2006; Li and

Roberts 2001). In addition to some better character-

ized proteins, numerous other WD40 repeat-contain-

ing proteins with unknown function have been

detected in the gonads of adult zebrafish (see Online

Resource 6). The potential relevance of these proteins

for gonad development and function in zebrafish has

not been investigated so far. However, several studies

in mammals have reported on the possible roles in the

gonads played by several proteins from this family.

For example, wdr13 was found to be predominantly

expressed in germ cells of male mice from early

developmental stages to adulthood, and the nuclear

localization of WDR13 suggests a regulatory function

(Suresh et al. 2005). In humans, wdc146 expression

was found in male germ cells at diverse stages of

spermatogenesis, and a role in cytodifferentiation and/

or DNA recombination was suggested for this protein

(Ito et al. 2001). Another WD40 repeat protein,

Monad, was found to be highly expressed in human
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testis and shown to function as a novel modulator of

apoptosis (Saeki et al. 2006). Thus, further investiga-

tion of the functions of diverse WD40 repeat-contain-

ing proteins, in particular those found to be

differentially expressed in the zebrafish gonads, may

be of interest.

Proteomics for the analysis of proteins present

in low copy numbers

The MudPIT-based global proteomics approach used

in the current study has proven to be a useful and

reliable method for high-throughput analysis of

complex protein samples. As we have demonstrated,

this approach may serve as a starting point for

defining the molecular pathways functioning in

specific context, and for identifying the genes carry-

ing out particular functions. However, although gel-

free proteomics are capable of providing much

deeper proteome coverage in comparison with the

gel-based platforms, a certain undersampling of

proteins present in complex mixtures with a large

dynamic range of concentrations still occurs. During

our global proteomics analysis, we were not able to

detect the protein products of several genes which

were proposed to be the important players in the

process of sex determination and differentiation in

zebrafish based on mRNA studies (see Table 2). Due

to the stochastic nature of a scan-dependent acquisi-

tion, MS-based approaches are biased toward the

detection of higher abundance proteins. Thus, sub-

stantial amounts of low abundance proteins escape

the detection with current shotgun techniques. The

strategies to overcome this hurdle are generally

headed in two directions, one concerned with sample

preparation and another with the development of new

data acquisition approaches aimed at the detection of

specific proteins of interest.

The proteomic analysis of the whole tissues,

organs or even animals does not allow distinguishing

between the proteins originating from the cells of a

certain type, which might be of a specific interest.

Due to the very high complexity of the resulting

protein mixture, such analysis of whole entities

further decreases the chances of low abundance

proteins to be detected. Thus, some recent studies

have aimed at decreasing the complexity of analyzed

sample in order to improve proteome coverage. For

example, the protein repertoire was characterized in

the developing fish oocytes at different stages distin-

guished by overall morphology (Ziv et al. 2008).

However, such manual separation of different cell

populations is not always feasible. The application of

a recently developed laser capture microdissection

methodology may allow a very precise isolation of

different cell types (Jorgensen et al. 2009; Vinas and

Piferrer 2008), but this method may need further

refinement in order to improve its compatibility with

downstream MS analysis. Other methods that reduce

the complexity of analyzed protein mixtures include

diverse fractionation or enrichment methods, notable

examples being the subcellular fractionation, size

separation, isoelectric focusing, tandem affinity puri-

fication or enrichment of proteins carrying specific

post-translational modifications, such as glycosyla-

tion or phosphorylation (Jiang et al. 2009).

On the other hand, dedicated MS detection meth-

ods can be developed that are aimed at specific

proteins of interest. For example, selected reaction

monitoring (SRM), based on the acquisition of

specific fragmentation transitions of chosen proteo-

typic peptides, can greatly enhance the sensitivity of

MS detection, allowing the identification and quan-

tification of proteins present in low copy numbers

with high sensitivity and reproducibility (Lange et al.

2008). Up to several hundred SRMs can then be

monitored simultaneously (multiple reaction moni-

toring—MRM), thus sufficiently increasing the

throughput for detection and quantification of pro-

teins of interest in multiple samples (Anderson and

Hunter 2006). The initial global proteomic survey

serves as a foundation for the development of

targeted detection procedures. For those proteins that

were already identified, the obtained data can be used

as a basis for establishment and optimization of

SRMs, allowing the transition to absolute quantifica-

tion. For until now undetected proteins, SRMs can be

developed on the basis of in silico predictions and

empirical testing of synthetic proteotypic peptides

(Lange et al. 2008). MRM protocols established in

this way can then be used further to monitor the

expression of relevant proteins during the period of

sexual differentiation or other developmental stages.

The work on establishing the targeted detection panel

for the proteins possibly relevant for sexual differen-

tiation in zebrafish is currently ongoing in our

laboratory.
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It is important to acknowledge that the identifica-

tion of the proteins present in a sample is only the

first step in the long process of understanding their

function, since it is now generally accepted that the

diversity of biological processes is governed by

intermolecular interactions in the cell (Alberts 1998).

Thus, a successful model of protein function and

regulation requires a broad understanding and thor-

ough mapping of its molecular interactions with other

proteins and ligands, for which the data acquired with

transcriptomics, proteomics, and metabolomics have

to be integrated using dedicated bioinformatics tools.

Conclusions

In the present study, global protein profiles of

differentiated testis and ovary of zebrafish have been

characterized with the use of 2D-LC-MS/MS. The

technology used allowed us to generate the to-date

most populated lists of proteins expressed in the adult

male and female gonads in this species. The acquired

protein expression data partially confirmed the exist-

ing data on mRNA expression in the zebrafish gonads

for several genes, including three novel transcripts.

However, for several highly expressed transcripts, the

corresponding protein products were not found.

Moreover, a direct correlation between detected

transcript and protein abundances was rarely

observed, stressing the necessity to gather the infor-

mation on different expression levels before drawing

conclusions on the expression and function of a

certain gene. Further, our analysis allowed docu-

menting the protein expression of several genes

potentially important for gonad development and

function. However, although MudPIT is a very

suitable method for studying the relatively abundant

proteins, the detection of lower abundance proteins

by this technique may be limited. Such proteins can

be assayed by using dedicated targeted detection

protocols, and future research efforts will head in this

direction. The data gained in the current study

provide a basis for further research aimed at eluci-

dation of processes occurring during zebrafish devel-

opment with the use of high-throughput proteomics.
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