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Chapter 1: Literature Review

GSD vs. ESD

The mechanisms of sex determination are highlyabéeiacross vertebrate
species [1]. The two most common patterns of g&rchination among vertebrates are
genetic sex determination (GSD) and environmemtaldetermination (ESD). In
vertebrate animals with GSD, two sex chromosomepeesent and different
combinations of these chromosomes determine wh#tkayrganism will develop as a
male or a female. Animals that exhibit ESD oftacki sex chromosomes and their sex is
determined by environmental factors that includegerature, population structure, and
exogenous hormones or other chemicals. Mammal$iatsl exhibit GSD, whereas fish,

reptiles, and amphibians often exhibit ESD.

Sex determination in mammals

In mammals, the male is heterogametic and sexuislliysdetermined by the
presence a Y chromosome (XY = male) or two X chreomaoes (XX = female) [1]. The
Srygene (sex region Y-chromosome gene) linked tortbteromosome of mammals is a
transcription factor responsible for initiating thathway of male development [2].
Without a functionabry gene, ovaries will develop even if the individisabtherwise
genetically XY. As a result of mutations that alteale development in mammals,
several elements of the pathway downstreafrghave been identified [3]. Thus, a
great deal is known about sex determination arfdréifitiation of the gonads in

mammals.



Sex determination in fish

In contrast to mammals, the underlying mechanisrasdontrol fish sex
determination and differentiation of the gonad remtargely elusive. Fish exhibit a
variety of reproductive strategies [4]. Not susprgly, the mechanisms of sex
determination among fish species are also highfiakike [5]. Most fish are
gonochoristic, that is, males possess only testididsue and females possess only
ovarian tissue for the duration of their lives. $¢lbermaphroditic fish develop first as
male (protandrous) or female (protogynous) befoidengoing a sex reversal and are
deemed sequential hermaphrodites. Although uncamméew species develop

functional ovotestes and are called simultaneousdéghrodites.

Environmental sex determination

Very few fish (~10%) are known to possess morpgickdly distinct
chromosomes responsible for determining sex [SMist fish species exhibit other
methods of sex determination and sex may be infle@iby certain environmental factors
including temperature and population structureviiBmmental sex determination is not
uncommon among vertebrates. The bluehead wrakatgssoma bifasciatum
exemplifies ESD based on population structure Fgpulations are comprised of
protogynous hermaphrodites and primary males. &syirmales are easily distinguished
from secondary males as primary males possess &@sigar in appearance to
gonochoristic species, whereas secondary malds mt@ence of previous ovarian
function. The development of primary males camlbered depending upon the structure

of the population when the fish is a juvenile. 8mpapulations contain few primary



males while large populations contain many prinragles. When these fish are raised
under laboratory conditions, individuals maintaimedsolation develop as females but at
least one individual would develop as a primaryewahen raised in groups of three. It
has been suggested that this developmental strateggyome genetic basis but
population size clearly plays a role in determinsegy in bluehead wrasse.

The most prevalent form of environmental sex deitegion is temperature-
dependent sex determination. For instance, feawturtles are known to have sex
chromosomes and most rely heavily on environmentes such as nest temperature for
sex determination [8]. Additionally, recognizallex chromosomes have not been
identified in any crocodilian species in which neshperature also plays a critical role in
sex determination [8, 9]. Interestingly, amongcodilians there also appears to be a
general pattern such that females develop followixgpsure to low and high
temperatures while males develop following exposarnatermediate temperatures
during the temperature-sensitive period [9].

Similar to many reptiles and amphibians, some disécies display temperature-
dependent sex determination. Although these enmemtal factors play an important
role in sex determination, sex is most likely det@ed by an interaction between genes
and the environment [6]. For example, evidenceafoXX-XY sex-determination
system in flatfishes as abundant [10]. Howeveleadt two species of the genus
Paralichthysare known to exhibit TSD opposite that observedratodilians. In the
Japanese flounddparalichthys olivaceusand the southern floundétaralichthys
lethostigmalow and high temperatures induce these fish ¥eldg as males while an

intermediate temperature produces females.



The interaction between a genetic system and thieoement is also apparent in
Menidiaspecies [11]. In this case latitudinal locatiotedaines the strength of the
genetic system. At intermediate latitudes, ESBdse prevalent whereas GSD is more
prevalent at the northern and southern extremethése fish. Additionally, higher
temperatures result in a larger proportion of malk#e lower temperatures result in a
larger proportion of females. It has also beergested that this unique variability in the
roles that GSD and ESD play in these species istaga

The interaction between the environment and genétidilapia is also
multifaceted [12]. Tilapias also utilize an XX-X&&x determining system but
temperature is known to override this system dutiegcritical period of sex
differentiation. In tilapias, phenotypic males dmp following exposure to high
temperatures during the critical period sex diffeigion despite being genetically XX
(female). Additionally, there is evidence thats#uity to a temperature-dependent sex

change is heritable; thus, the role of TSD in tdags not uniform.

The mangrove rivulus

The mangrove rivulusSryptolebias marmoratyss a species of fish that exhibits
environmental sex determination. Rivulus is a-fstilizing hermaphrodite that was
discovered in Cuba and originally described by Hoey880 [13]. Wild hermaphrodites
are typically a dark brown or maroon color and biha distinct ocellus on the caudal
peduncle (Figure 1-1). As a self-fertilizing hegpheodite, this fish possesses a bilobed
ovotestis with discrete ovarian and testiculamugssthat produce eggs and spermatozoa,

which are released into a common lumen for fedilan (Figure 1-2). However, fish



that possess only testicular tissue have beenddsbar the laboratory as well as in the
wild (Figure 1-1) [14]. Adult males are visuallistinct from adult hermaphrodites with
an orange body color and no caudal ocellus (Figetg[13].

Rivulusinhabits mangroves in the Caribbean, Gulf of Mexammd western
Atlantic [13]. Its range includes as far souttsastheastern Brazil with a northern limit
around Tampa Bay and Melbourne Beach in Florid [B8nong these mangroves,
rivulus reside in crab holes that are often suldclry periods. It is evident that rivulus
has evolved to live in environments that can charegg quickly. The versatility of this
species is most likely what has allowed it to becegsful in the climates within its range.
For instance, some individuals, including embrywse also been found in damp logs
and leaf litter. Rivulus can also tolerate salsitranging from 0-68 ppt and temperatures
from 7-38 °C. Despite its tolerance for a widegawf environmental conditions, it is
hypothesized that rivulus will leave the water earment when conditions are not ideal
and return when conditions improve. Amazinglyuhis can survive under extended
exposure to humid air enabling this fish to traaloss land; hence, this fish is
sometimes referred to as amphibious [16].

However, the most unique aspect of rivulus is itgleof reproduction. Although
a majority of rivulus collected from the wild halkeen hermaphrodites, males have been
observed in the laboratory and found in the wildam occasions [14]. Currently, no
females have been found in the wild or observetienaboratory. The existence of
males in a hermaphroditic species that self-fegsiis of particular interest. The reason
for the existence of these males is often attribtiethe need for outcrossing.

Fertilization in rivulus occurs internally and emibs are emitted after various lengths of



time following fertilization and develop outsideetbody until hatching [13]. Therefore,
it would be necessary for a hermaphrodite to eraltle unfertilized eggs in order for a
male to execute external fertilization as rivulusl@s lack an intromittent device. While
this process has been documented in the laborédtagypears that this occurs in the wild
as well [17, 18]. With the existence of some gendriation in populations of rivulus,
external fertilization by males of unfertilized egg a logical explanation for the
prevention of inbreeding depression.

Harrington (1967) was the first to observe malethelaboratory. After ten
generations, he observed less than 5% males deaelopg 350 fish at ambient
temperature (25C). After experimenting with various combinatiasfgemperature,
light, and salinity, only temperature was founglay a role in determining whether or
not an embryo would develop as a male or hermajlerfiidl]. Harrington determined
that these males resulted from exposure to colgéeatures (~20 °C) during a critical
phase of development, termed the phenocriticabgdfi4]. These males were labeled as
primary males. Secondary males refer to fish thafiest functional, self-fertilizing
hermaphrodites and become male as ovarian tisguesses and testicular tissue
proliferates. The upper limit of the threshold pwoducing primary males is 21.2 °C
[14]. Embryos incubated in salt water (36 pptl&0°C suffered from high mortality
[14]. Thus, 20 °C effectively produces male fisithout incurring high rates of
mortality.

A total of thirty-three stages of rivulus embryodievelopment have been
described [19]. The stage of embryonic developrdanng which rivulus are most

susceptible to male-producing temperatures is 24g420]. Although the phenocritical



period is just before hatching, the duration o$ ttiage, which may be up to several days,
is the longest of any of the embryonic stages [B{tended time in the phenocritical
period may allow ample opportunity for gene expiesand synthesis of proteins that
comprise the sex determining gene network in rigsulEmbryos from Harrington’s
second experimental series were exposed to colpeatures (20 °C) at stage 22 and
were then removed from the cold prior to hatchistgde 32). Among these embryos,
only hermaphrodites were observed. Another setrddryos were exposed to cold
temperatures (20 °C) at various stages (stage Parllremained exposed until they
reached stage 32. Among these embryos approxiyr@&b were primary males. By
exposing embryos to cold temperatures at stage@ta@ntinuing exposure for a various
number of hours following stage 31, it was conctitteat stage 31b was the
phenocritical period at which rivulus primary matesild be produced [20].

Similar to many other fish species, the sex ofltgican also be manipulated with
hormones [5]. For example, a potent androgen;r&thyltestosterone (MT), effectively
produces primary male rivulus [21]. In this studyapproximately twelve days post
fertilization (dpf), embryos were immersed in ag@n of seawater and MT. This
exposure to MT continued for ten days at which pthie embryos were removed from
the MT solution and placed in salt water only. dlagh not 100% effective, Kanamori
et al. (2006) observed 97% of MT-treated fish asmary males (compared to 80%
produced by exposure to cold temperatures duriaglienocritical period). Kanamori et
al. (2006) also tracked gonadal development inlws.u Both the MT-treated and control
fish followed similar paths of development until 88f when the number of oocytes in

MT-treated fish significantly decreased relativetmtrol fish. MT-treated fish also



began spermatogenesis earlier than control fisterdstinglyfig (factor in the germline

), an ovarian-specific gene, decreased, wihihet1 (doublesex and mab-3 related
transcription factor 1), a testis-specific generéased in MT-treated fish at 39 dpf [21].

As a result of the unique ability of rivulus tofstdrtilize and be manipulated in

terms of sex determination via temperature and boss, this species is a good model
for learning how sex is determined The develofgrméthese tissues can be manipulated
by exogenous hormone treatment. Many methodsheanlie used to examine gene
expression, gonad morphology, hormone levels, aoidin levels in order to better

understand how the development of ovarian andctdatitissue is regulated.

Sex determining genes

Many of the genes that have been shown to plaleansex determination
appear to be highly conserved among vertebratesuded in this set of genes ahartl
andsox9(sex determining region Y-box 9) which are assedavith the development of
testicular tissue aniiy , cypl9alacypl9albandfoxl2 which have been shown to be
crucial for ovarian development. There is evidethed many of these genes function
early in the sex determination pathways of vertidsraFor examplesox9andfox|2 are
often implicated for their roles early in sex deteration [2, 22]. In medaka&(tyzias
latipes, dmrtlandfig have also been implicated as playing importargsah early sex
determination [23]. In some cases, there is algdeace that these genes directly repress
or upregulate one another to coordinate the irtgio@echanisms that are responsible for
sex determination. For examptemrtlrepressesypl9alafoxI2 repressesox9 and

foxl2 regulatexyp19al424-26]. Therefore, the expression patterndroftl, sox9 fig ,



cypl9alacypl9albandfoxI2in rivulus embryos could provide important infortoa
on putative mechanisms that control gonad developmeivulus and other vertebrates.
Among fish species and other vertebrates, theafodienrtlin gonad development
and function has been relatively well characterizeldwever, the role almrtlis not
necessarily conserved. THmrtlgene encodes a protein with a zinc finger-like DNA
binding motif (DM-domain). Although it was origiliyacharacterized iDrosophila
melanogasteandCaenorhabditis elegangmrtlis present in a variety of vertebrates [2].
This gene is required for normal testis developnagict appears to be located
downstream of primary sex determining genes, sa@nain mice [27, 28]. Being
highly conserved, it is not surprising tlthhrt1 plays a similar role in testis development
in many fish species. In a study where the expeassffig anddmrtlwere compared
between MT-treated and control fisdmrtl was localized byn situ hybridization in the
testis [21]. dmrtlhas also been shown to repress transcriptioneob¥arian aromatase
genecypl9alain Nile tilapia [24]. Aromatase is responsibde €onverting androgens
to estrogens. Sufficient concentrations of estnggee necessary for the development
(and maintenance) of ovarian tissue [5]. Inhilited estrogen production via
suppression of aromatase diyrtl allows for development of male fish gonads [29].
The expression afmrtlalso appears to be regulated by temperature ielwate
species with temperature-dependent sex determmakor example, red-eared slider
turtle, Trachemys scripteembryos displayed an increasalimrtl expression in the
genital ridge when exposed to cold temperaturesiwtaivored subsequent testis
differentiation [30]. Howeverdmrtlis not likely to be the primary sex determininghge

and appears to be downstream of other genes tedlis-determining pathway [27]. For



example, the expression anrtlin spermatogenic (germ) cells of the protogynous
orange-spotted groupdEpinephelus coioidetias been demonstrated [31]. Thirsstl
may be required for maintaining the testis in aflstt as well as producing
spermatogonia and spermatocytes. In order to pioara maintain testis

differentiation, it would seem likely thamrtl suppresses ovarian development in some
manner.In turn, it is hypothesized thatdmrtl expression will be elevated in embryos
that are incubated at the male-producing temperatue of 20 °C compared to the
control (25 C). Itis also hypothesized that 31C will produce males anddmrt1 will
also be elevated in embryos incubated at 31 °C wheompared to control embryos.

It is clear thatdmrtlis not solely responsible for the differentiatmiithe testis.
Another testis-specific genspx9 is suspected to play a role early in the sex
determination pathway [2]. In mammatex9has been proposed to be a direct target of
theSRYgene on the Y chromosome of males [2]. In tel&sbt there was a duplication
event ofsox9during evolution resulting in two formspx9aandsox9l that are
homologous with theox9gene of other vertebrates [32]. Althouggx9is also highly
conserved among vertebrates, the roles of thedwod in fish do not appear to be
conserved. In fish, the two forms six9may be involved in maintenance of the gonads
rather than early sex determination. In zebrafddmio rerio, sox9ais expressed in the
adult testis whereax9bis expressed in previtellogenic oocytes of thepya2]. In
contrastsox9bis expressed in XY gonads of the Philippine med&kduzonensisbut
not in XX gonads [33]. Interestingly, the expresspatterns ofox9have been
correlated to temperature in the red-eared sligifletas increased expression of these

genes occurs during differentiation at male-prodge¢emperatures [34]t is

10



hypothesized that expression asox9aand sox9bwill also be affected by temperature
in rivulus, such that onesox9isoform will be expressed in embryos incubated &0
°C and 31 °C while the other isoform will be expresed in embryos incubated at 25
°C.

In order to better understand testis differentragod development, it is also
necessary to understand the differentiation obtrey as the pathways that lead to
development of a testis or ovary often oppose oiéhar. In some fish species, such as
zebrafish it appears that juvenile fish first deyean ovary regardless of the final sex of
the fish[35]. Zebrafish are considered juvenile hermapitesdas they pass through a
stage in which they have an ovary before developitestis and becoming an adult male
[35]. Although the exact mechanism has yet todterthined, it appears that the ovarian
tissue undergoes apoptosis and testicular tisslidepates as the juvenile hermaphrodite
morphs into an adult male [35].

Similar to zebrafishrivulusalso appear to pass through a juvenile stage inhwhi
the gonad contains strictly ovarian tissue. Karraetaal. (2006) observed rivulus
histologically and noted that MT-treated and corfist had germ cells that had entered
oogenesis by the time of hatching. It was notlamte week following hatching that
histological differences could be observed betwgmrads of MT-treated fish that
developed as primary males and control fish thaéldped as hermaphrodites. “Pure
females” of rivulus have been reported from othstdfogical studies [36]; however, it is
likely that these fish were not yet mature hermaghes. Rather, these fish were likely
to be immature hermaphrodites that had not yet iégdevelop testicular tissue and

were subsequently passing through the female stage.
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Several genes have been shown to be importanef@iabment of the ovary.
Some of the most commonly studied genes in oval@ermination and differentiation
includefig , foxl2, cypl9albandcypl9ala It has been proposed that expression of
aromatases in the brain, i.e., neuroestrogen ssistheay be involved early in the
pathway of sex determination in fish [37]. Yetntoversy remains over this hypothesis
as sexual dimorphism igypl9albexpression was not observed during gonad
differentiation in zebrafish [38]. In a study bgé et al. (2006)5ypl19alkn rivulus was
expressed during all stages of embryonic developmeasured, whileypl9ala
expression was not observed until the midpointnatbig/onic development [39].
cypl9alaexpression was also highest in rivulus embryobantidpoint of
development; however, even the highest expresseiei bfcypl9alawas lower than
cypl9alhat all stages of embryonic development [3&)pl9albexpression was highest
in embryos near the end of embryonic developmenirat the phenocritical period but
expression decreased significantly in recentlyeddry [39]. As brain development
precedes that of the gonad in vertebrates, the spitypl9albexpression around the
phenaocritical period in rivulus may help resolvensoof the outstanding questions
regarding the role of neuroestrogen synthesis dg ganad differentiation in fishlt is
hypothesized that (a)cypl19albexpression will increase beforeypl9alan control
embryos (at 25 C), (b) overall expression levels ofyp19albwill be higher than
cypl9alan rivulus embryos at ambient temperature (25 °C)and (c) it is predicted
that these genes will be down-regulated in embryascubated at 20 °C and 31 °C.

In contrast to brain aromatase, the expressioepatof other genes relevant to

sex determination are less controversial. In tgukxpression of tHfgg gene in the

12



non-MT-treated (control) fish was shown to increas89 dpf and remained elevated
throughout development and into adulthood [Zig. andcypl9alahave also been
shown to be important regulators of oocyte develepnm medaka [40]. In medakay

is expressed as early as one day post hatching. (dshan oocyte-specific markdiga

is not likely to be the first gene in this compleathway nor is it the last. Evidence for
this is observed in the expression of target gehég , includingzpc4andzpb(ZP
domain containing egg envelope genes), which arexmressed until 5 and 15 days
respectively following the beginning 6§ expression [40]. Like many other genes in
the sex determination and differentiation pathwégs, appears to be conserved as it
encodes a protein similar to that producedidpy in mice [40]. This gene is also
expressed in many vertebrate species including,rhigman, zebrafish, and medaka [41-
44].

In zebrafishfig is expressed later in development around 22 dgjf [However,
cypl9alaexpression was highest almost immediately aftestinag from 4-8 dpf [45].
The expression pattern fiff in zebrafish therefore resembles the expressitinrpaof
fig in rivulusbut not medaka. Thus, it remains thgt andcypl9alaare sufficient
indicators of ovarian differentiation. Note thhétexpression of these genes late in
development may suggest a more powerful role indgéerentiation rather than
determination in zebrafish. Accounting for the eegsion pattern dfg observed by
Kanamori et al. in rivuludjga may also play a more important role in gonad
development in juvenile or adult rivulus ratherrtreanbryos [40]Thus, it is

hypothesized thatfiga will be expressed in very low concentrations in viulus

13



embryos incubated at ambient temperature (25 °C) ahwill not be expressed in
embryos incubated at 20 °C and 31 °C.

In contrast to the late expressiorfigf andcypl9alathe early expression of
foxI2 (forkhead box L2) in many vertebrate species presigvidence for its role in sex
determination. In mammals and figbxI2 is suspected to be a regulatocgpl9ala
[25, 29]. This gene may also be directly respdaditr down regulation ofimrtlin
order to prevent testis differentiation and pronmtarian differentiation. RecentligxI2
has been shown to not only be important in sexraetation in mice but also for
maintaining a functional ovary [25]. FOXL2 repressox9,which functions at the
beginning of the sex determination pathway andvslved with initiating testis
development. Thus, expressiorfafl2 ultimately represses the formation of testicular
tissue.

While foxI2 has long been suspected to play a role in eaxlgsermination, the
study by Uhlenhaut et al. (2009) showed foat2 expression is necessary to maintain
suppression of testicular development. By deléefx¢? in XX mice, granulosa cells
transformed into Sertoli-like cells and theca celése transformed to Leydig-like cells
[25]. While sex reversal in adult fish is not alcammon event, sex reversal in adult
mammals with differentiated gonads has not yet legnonstrated. With this new
insight on mammalian sex determination and diffeation, Uhlenhaut et al. (2009)
suggest that the sex reversal phenomenon in logrégghrates (including fish) may be
explained by mechanisms which incldd&l2 and its regulators and targe#ss one of

the known conserved ovarian genes, it is hypothesid that foxI2 will be expressed in
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rivulus embryos incubated at ambient temperature (8 °C) and expression of this
gene will be lower or nonexistent in rivulus embrys incubated at 20 °C and 31 °C.

There are many genes known to play important rioléise development of
ovarian and testicular tissue. These genes amdytignserved throughout the vertebrate
lineages; however, the specific roles of these g@msex determination appear to be
species specific in some cases. In general, thelalgment of the ovary is dependent
upon genes that incluadgpl9alacypl9albfig , andfoxl2 These genes have been
identified as markers for ovarian development & fand other vertebrates and will be
used as markers for ovarian development in rivalabryos in this thesis research. The
expression of genes suchdmartlis highly correlated with development of testicula
tissue and will be used to mark development ofdelsir tissue in rivulus as well. The
relatively recent discovery of twanx9isoforms may make it difficult to interpret the
functional significance afox9aandsox9bin rivulus; however, expression patterns that
correlate with ovarian or testicular gene markeay provide insight into the roles that
these genes play in rivulus sex determination affierentiation.

The genes used to study sex determination in thdysare not exclusive and the
involvement of other genes should be noted. Uuafately, the role of other genes in
sex determination and differentiation may be highdyiable among different classes of
vertebrates. For exampk}, steroidogenic factor 1, is expressed in thedestrats and
mice but is expressed in ovaries of the chicken 4. Even among vertebrates with
temperature-dependent sex determination, tissuafspexpression oéflis variable. In
American alligatorsAlligator mississippiensjsfl expression is limited to the ovaries,

whereassfl expression is confined to testes of turtles [48, 4
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The sexual dimorphism of other genes associatddseit determination and
differentiation is also questionable. An examdisuch a case can be found in the
American alligator wherdax1(dosage sensitive sex reversing- adrenal hypa@plasi
congenita critical region of the X chromosome) artdl (Wilms' tumour suppressor gene)
expression levels did not differ between malesfanthles [48]. It has also been shown
that DAX1 is not necessary for ovarian developniemice, and it has been suggested
that WT1 is not directly involved in sex determioat[50, 51]. As the expression
patterns and roles of other genes sucsfhslax], andwtl are more variable among
vertebratesgypl9alacypl9albfig , andfoxl2, dmrtl, sox9aandsox9bwere deemed

appropriate gene markers for ovarian and testicigame in rivulus this study.

Overview and objectives

The objective of this study is to examine theeffiof temperature on the
expression of seven sex determination genes duinlys embryogenesis. Other studies
provide evidence that sexual development is regdlat part by temperature’s effects on
gene expression, heat-shock protein function, eezgation, and possibly through
epigenetic regulation of genes in the sex detertioingathway [12, 52, 53]. In rivulus,
low temperatures (20 °C) result in the developneémrimary males while ambient
temperatures (25 °C) result in the developmenteoimaphrodites [14]. Developmental
fates of rivulus embryos incubated at high tempeest (31 C) have yet to be clearly
described.Accordingly, it is hypothesized that embryos incubged at each
temperature during the phenocritical period will exhibit various gene expression

patterns such that 1) embryos at 20 °C will expresgmrtl and will not express
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ovarian-specific genes, 2) embryos at 25 °C will psess both testis- and ovarian-
specific genegdmrtl, sox9a, sox9b, fig cypl9albcypl9alaandfoxl2), and 3)
embryos at 31 °C will expressimrtl and will not express ovarian-specific geneslThe
results of this study will provide additional infoation to what is known about
development of gonads in fish and provide insight the mechanism that allows an

ovotestis to develop from pathways that typicalipose one another.
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Figure 1-1. Hermaphrodite (top) and male (bottom) rivu
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Figure 1-2. Rivulus gonad histology. Ventral seas of the rivulus hermaphrodite (A)

and male (B) ovarian tissue (O), testicular tiS@)eand swim bladder (SB) [54].
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Chapter 2: Materials and Methods
Fish

Adult, hermaphroditic fish from an isogenic strarare kept in individual glass
bowls with a Teflon net on the bottom containinggsolarge enough to allow released
embryos to fall through and prevent the parent fommsuming the embryos. This
isogenic strain (03-RhIC) was established fronsh @ollected by Dr. William P. Davis,
USEPA, from Reckley Hill Lake, San Salvador, Bahambsogenicity of this strain has
been confirmed by microsatellite analysis [55].clehowl contained 200 mL of salt
water (15 ppt, comprised of deionized water plugisstic sea salts). The holding room
was maintained at 25 °C (+/- 0.6). Adult hermaphrodites were generously fed newly

hatched brine shrimpA¢temiasp.)ad libitum

Embryos

Embryos were collected and held in groups of teP5mL salt water (15 ppt,
comprised of deionized water plus synthetic seis)sdVater temperature was maintained
at 25 °C (+/- 0.05C) until treatment. Developmental stage of embryas determined
based on a modification of stages described by igoamd Chasar (1981). The 33 stages
of embryonic development were consolidated inteesdwoader categories, which have
easily recognized characteristics. In Stage |, torseveral cells or a blastula can be
observed (Figure 2-1). In Stage I, the epiblastets a majority of the yolk (Figure 2-2).
Stage lll is defined by the presence of the emlicykeel that has no distinct features
(Figure 2-3). Stage IV is characterized by thespnee of eyes without any pigmentation

in the optic cup or body (Figure 2-4). When pigtad¢ion is present solely in the body
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and not yet in the optic cup, the embryo is clasdibs Stage V (Figure 2-5). In Stage

VI, both the optic cup and body are pigmented amdaudal fin is apparent (Figures 2-
6). In the final stage before hatching (Stage Milich contains the phenocritical period
defined by Harrington (31b), a caudal fin with pgmed rays can be observed (Figure 2-
7) [20] . Upon reaching the appropriate stageaevetbpment, embryos were transferred
to their respective treatment. Treatments corgsisténcubation at 20 °C, 25 °C, and 31
°C. Embryos normally held at 25 °C were exposed ti@atment temperature for one
embryonic developmental stage and then snap-frioekouid nitrogen and subsequently

stored at -80 °C.

Validation of Quantitative Real-Time Polymerase Chan Reaction (QPCR) Assays

Total RNA was extracted from whole embryos or biaid gonad (ovotestis or
testis) tissue from fish according to the Trizol RMolation Protocol (Invitrogen). Total
RNA quantity and quality was determined using ad®top ND-1000 and agarose gel
electrophoresis. Isolated RNA was then used tthegive cDNA using the
SuperScript” 11l First-Strand Synthesis System for a reveraegcriptase polymerase
chain reaction (RT-PCR) kit (Invitrogen). cDNA wased for PCR with the appropriate
primers, which were designed with Beacon DesigBaRad) with the exception of
primers forcypl9albandrpl8 which were provided by Dr. Edward Orlando [54] and
dmrtlwhich were provided by Dr. Akira Kanamori [21]ollewing ligation into PCR®
[I-TOPO® vector (Invitrogen) or pPrime Cloning Vect5 Prime) and transformation
into One Shot Chemically Competdntcoli bacteria cells (Invitrogen) which were

cultured, the vector containing the rivulus gene vgalated using a Qiagen mini-prep
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kit. DNA was sequenced using the Applied Biosyst@n30x| Genetic Analyzer
(University of Maryland Genomics Core), and seq@sngere compared to known
sequences using NCBI BLAST. Primer sequencesdch gene can be found in Table 2-

1.

Optimization of QPCR assays

The optimal melting temperature(JTand concentration for each set of primers
was determined [54] (Table 2-2). QPCR was perforogng a temperature gradient and
three different concentrations of primers. For esathof primers, the combination of
temperature and primer concentration that yieltieddwest €value was determined
and was used for all assays for each respectiveepset. Standard curves were made
from plasmid DNA for each gene and had acceptdiit@ency (90-105%) and goodness

of fit (r 0.99).

Temporal gene expression

To observe any effects of temperature on gene ssioe during embryonic
development, embryos began treatment at Stagesll, IV, V, VI or VIl and were
removed from treatment upon reaching the subsestiege. Immediately after removal
from their treatments, embryos were snap-frozdigind nitrogen and stored at -80 °C
until further processing. Total RNA was extracfad described above) from individual
embryos (n=5 per temperature and embryonic stagepestage | where n=3 at 25)
and treated with DNase (Qiagen; 5Prime). 42.5MARvas combined with 5 pl RDD

buffer and 2.5 pul DNase and incubated at room teatpee for 30 minutes. Following
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this incubation period, 2 ul EDTA was added anchesaample was incubated in a &
water bath for 10 minutes and then placed on iceediately. Total RNA quantity was
determined using a Nanodrop ND-1000 and quality dessrmined using an Experion™
System and Experion RNA HighSens Analysis Kit (Bae). DNase-treated RNA was
used to create cDNA as described above. The anobdtotal RNA used for each cDNA
reaction was 271.2 ng. To run QPCR, SYBR Green R@Rer Mix, forward and
reverse primers (see Table 2-2), and water werdtwd and gently vortexed. A
standard curve with six points was made from afodshserial dilution of plasmid DNA
that contained the amplicon of interest. In caglesre expression of genes in the sample
was lower than the last point on the standard ¢waleies for data points were
extrapolated to three additional points at the émal of the standard curve. Into each
well of a PCR 96-well reaction plate (Bio-Rad), 1®f this mixture was pipetted in
triplicate for standards, samples, and a no-tereantrol. QPCR cycles were as
follows: 95.0 C for 3 min and 50 cycles of 95.0 °C for 10 sec aptimal T, (see Table
2-2) for 30 sec. A melt curve analysis was usetbtdirm the amplification of a single
product. Plates were run on a Myl)Single-Color Real-Time PCR Detection System

(Bio-Rad).

Statistical Analysis
Development

Differences in mortality rates among each stageden temperatures were
analyzed using a Chi-square test (SigmaStat AHruskal-Wallis test was performed

to compare developmental time for each stage odéldpment at the three temperatures.
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A post-hoc Dunn’s test was used to analyze diffegenn time spent at each stage of
embryonic development between temperatures withQb<iddicating a significant

difference.

Gene expression

To check for the presence of interplate varian@mdard curves for each gene
were analyzed using a general linear model (SYSTA)I Data forcypl9albwere
transformed by taking the square root of the capylmer to meet the ANOVA
assumption of a normal distribution. A two-way ANM® was used to check for an
interaction between temperature and stage (SigrhdSa The ANOVA assumption of
residual normality was not met fbg , foxl2, cyp19alarpl8, andsox9a Data forfox|2,
rpl8, andsox9awere log transformed in order to meet the assungf equal variances.
A permutation test was performed on data setfigor foxI2, cypl19alarpl8, andsox9a
andP values were generated based on 10,000 permuté8&®). A post-hoc Tukey's
test was used to assess differences across tenmgsrand stages. For all statistical

analyses, p<0.05 was considered significant.
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Figure 2-1. Rivulus Stage | embryo.
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Figure 2-2. Rivulus Stage Il embryo.
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Figure 2-3. Rivulus Stage Ill embryo.
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eyes; no body or
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Figure 2-4. Rivulus Stage IV embryo.
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Figure 2-5. Rivulus Stage V embryo.
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Figure 2-6. Rivulus Stage VI embryo.
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— caudal fin

Figure 2-7. Rivulus Stage VIl embryo.
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Gene Forward Primer Reverse Primer GenBank Accession
cypl9ala 5'-TCGGCATGAATGAGAGAGG-3' 5'GGGCTTTGGCGAAATACG-3' AB21460
cypl9alh| 5'-GTGGTTGACTTCACGATGCGT-3' 5'-TGCATGAGGCCAAGGTTGA-3 AB251459

dmrtl | 5-CAACTTCTACCAGCCGTCACGCTAC-3| 5'-CGAATGCATTCGGTACGAGAGGACA3' DQ683742

fig 5'-CAACTTGAATGATGAACTGATACC-3' 5'-CCACAGAGGACAGCGATA3' DQ683743

foxI2 5'-TACATCATCAGCAAGTTCC-3' 5'-CTTGATGAAGCACTCGTT-3' D®83738

rpl8 5'-TGACAAGCCCATCCTGAAGGC-3' 5'-GGCTATGAATCCTGTTGAGGCA' NM_001104909.1

sox9a 5'-ATCAGTACCCACATCTGC-3' 5-GCTTCTCTACCTCGTTGA-3' D@3739

sox9b 5'-AATCTGTCAAGAACGGTCA-3' 5'-CTTTGAAGATCGCATTTGGA-3' DQ683740

Table 2-1. QPCR primers used to amplify each gene.
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Table 2-2. The optimal melting temperaturg)(@&nd primer concentration for each set

of primers.
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Chapter 3: Results

Development

During this study, mortality rates were highes?atC during Stages VI and Vi
which were also the longest stages. During Stdlge mortality rates at 20 °C, 25 °C and
31 C were 18%, 24%, and 18%, respectively (Figure.3AL.Lhi-square test revealed
that these rates were not significantly differeotrf one another (P = 0.724). It should be
noted that the power of this test was low (0.09B)e mortality rates during Stage Il at
20 °C, 25 °C and 30 °C were 33%, 17%, and 14%gesly. There were no
differences in mortality rates at the three tempees for Stage 1l (p=0.189). However,
the power for this test was also low (0.339). | dkithe embryos treated at 20 °C, 25 °C
and 31 °C during Stage Ill survived. When expdsedifferent temperatures during
Stage 1V, all embryos survived at 20 °C and 31 @y 4% of embryos died at 25 °C
during Stage IV. The rate of mortality during S#dy is not different among the three
temperatures (p=0.336). However, the power ofc¢hissquared test was low (0.231). .
At 20 °C and 31 °C, all embryos survived Stage Ya% of embryos at 25 °C died
during Stage V. There were no differences in nlibytat this stage across all three
temperatures (p=0.130) but the power of thisviest low (0.409). During Stage VI, the
proportion of embryos that died was 9% at 20 °Cp3 25 °C, and 8% at 31 °C. A chi-
square test revealed a significant difference imtafity rate during Stage VI across the
three temperatures (p<0.05). It appears that tlvasea higher incidence of death at 25
°C than at 20 °C and 31 °C during Stage VI. Dustage VI, 17% of the embryos died
at 20 °C, 74% of embryos died at 25 °C, and 42%ndbryos died at 31 °C. The

differences in mortality across the three tempeeatduring Stage VIl are significant
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(p<0.05). It appears that the incidence of death higher at 25 °C than at 31 °C and 20
°C. Also, at 31 °C, the incidence of death appbajiser than that at 20 °C.

The median time in hours in Stage | at 20 °C,@5&hd 31°C was 11, 24, and 16
hours, respectively (Figure 3-2). The median tim8tage | at 25 °C is significantly
higher than that at 20 °C and 31°C (p<0.05). Tledian time in Stage Il at 20°C, 25 °C,
and 31°C was 22, 23.5, and 24.5 hours, respectivehe median time in this Stage at
each temperature is not different (p=0.191). Tleelian time in Stage Il at 20°C, 25 °C,
and 31°C was 17, 18, and 19 hours, respectivelhe miedian time in this stage is not
different across the three temperatures (p=0.6e mMedian time in Stage 1V at 20°C, 25
°C, and 31°C was 87, 44, and 20 hours, respectivBEiye median time in Stage IV at
these temperatures is significantly different (R8). As temperature increases, the
median time in Stage IV decreases. The medianitifsage V at 20°C, 25 °C, and
31°C was 45.5, 24, and 18 hours, respectively. médian duration of Stage V at these
temperatures is significantly different (P<0.08)s temperature increases, the median
time in Stage V decreases. The median time ineStdat 20°C, 25 °C, and 31°C was
208, 119, and 71 hours, respectively. The medimatwn of Stage VI at these
temperatures is significantly different (P<0.08)s temperature increases, the median
duration of Stage VI decreases. The median tinftade VII at 20°C, 25 °C, and 31°C
was 356, 453, and 268 hours, respectively. Thaanetluration of Stage VII at these
temperatures is significantly different (P<0.08)s temperature increases, the length of
Stage VI decreases. The median time spent in Stget 31 °C is significantly shorter

than that of 25 °C and 20 °C.
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Gene expression
cypl9alb

It is important to note that the original values 76% of the data points were
extrapolated. There was no significant interacbetween temperature and stage
(p=0.142) so analyses for temperature and stagadsrronly the overall effect. There
was no effect of temperature on expressiooypfl9alh(p=0.057). However, the
expression ofypl9alhkdid vary by stage (p<0.05). Embryos from Stageand VI
had a significantly higher number ofp19alktranscripts than embryos from Stages I-V
(Figure 3-3). However, the numberaypl9alktranscripts in embryos from Stages VI

and VIl were not different from each other.

dmrtl
Thedmrtl gene was not expressed in any samples or the mwhiyanscripts

present was below the detectable level of thisyassa

sox9b
Thesox9bgene was not expressed in any samples or the mwhbvanscripts

present was below the detectable level of thisyassa

fig
It is important to note that the original values 99% of the data points were

extrapolated. There was a significant interachietween stage and temperature

(p<0.05). Temperature only affected the expressfdiy during Stages | and IV
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(Figure 3-4). Among Stage | embryos, the expressfdig was significantly higher in
embryos incubated at 2CQ than at 30 °C, but there was no difference irresgon
levels between embryos incubated at 20 °C and 25Th@re was also no difference in
fig expression levels between embryos incubated a€3ind 25 °C. In Stage IV
embryos, the mean numberfwf transcripts was significantly higher in embryos
incubated at 31 °C than those at 25 °C. Therenoadifference in the mean number of
fig transcripts in embryos incubated at 31 °C comptorédose at 20 °C and embryos
incubated at 20 °C compared to those at 25 °C. peemture had no effect dig
expression during Stages Il, 111, V, VI, and VII.

The number ofig transcripts also varied during embryogenesis. Agno
embryos incubated at 20 °C, there was a signifigdagher number ofig transcripts
present in Stage | embryos when compared to Stageldryos (Figure 3-5). However,
the number ofig transcripts in Stage | did not differ from anytioé other stages and
the number ofig transcripts Stage Il did not differ from any otlsemges. The
expressioriig is elevated during Stage | and there is a deciiedge during the
remainder of embryogenesis. Interestingly, theesgion ofig was not different
among any embryos incubated at 25 °C (data not shomong embryos incubated at
31 °C, the mean number faf transcripts during Stage IV was significantly legh
when compared to Stages |, 11, lll and V but thesxe no differences between Stage IV
and Stages VI or VII (Figure 3-6). When embryosiacubated at 31 °Gig

expression appears to be highest during the mafddenbryogenesis.
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foxI2

It is important to note that the original values 77% of these data points were
extrapolated. There was a significant interachietween stage and temperature
(p<0.05). Temperature only had an effecf@xi2 expression during Stage Il (Figure 3-
7). The mean log number fufxI2 transcripts present in Stage 1l embryos incubatedi

C was significantly higher than those present ag8tll embryos incubated at 20 °C
(p<0.05). There was no differencefax|2 expression between Stage Il embryos
incubated at 20 °C and 25 °C as well as betweegeStambryos incubated at 25 °C and
30 °C. During all other stages, there were alssigoificant differences ifoxI2
expression across the three temperatures.

Expression ofox|2 also varied by stage at each temperature. As thias a
significant interaction between stage and tempegatbhe expression patternsfokl2
during embryogenesis must be analyzed at each taimpe separately. Among embryos
incubated at 20 °C, the mean log number of traptcwas significantly higher during
Stages IV, V, VI, and VIl than at Stages |, Il, didp<0.05) (Figure 3-8). It appears
that at 20 °CfoxI2 transcription is upregulated during Stage IV ar@rumber of
transcripts remained elevated until hatching.

Embryos incubated at 25 °C exhibited a similatgratoffoxI|2 expression to
embryos incubated at 20 °C (Figure 3-9). The ntegmumber of transcripts was
significantly higher during Stages IV, V, VI, andlthan at Stages |, Il, and 1l (p<0.05).
Similar to embryos at incubated at Z0), it appears that at 25 °@xI2 transcription is
upregulated during Stage IV and the number of tnapis remained elevated until

hatching.
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During embryogenesis at 3C, foxI2 transcription appears to steadily increase
from Stage I-VI and then decreases slightly befaiehing (Figure 8-10). Stage |
embryos possessed the fewest number of transeripks embryos from Stage VI
possessed the largest numbefoad2 transcripts. The expression patterriad2 during

embryogenesis at 31°C was not similar to the patebserved at 20 °C and 25 °C.

cypl9ala

It is important to note that 100% of the originalues for these data points were
extrapolated. There was no significant interacbetween stage and temperature
(p=0.3917) so analyses for temperature and staggd=r only the overall effect.
Temperature had an effect on the expressiaypi9alap<0.05) (Figure 3-11). The
mean numbecypl9aldaranscripts present among embryos incubated &t 2@as
significantly less than embryos incubated at 2%A@ 31 °C. The number ofpl9ala
transcripts did not differ between embryos incubate25 °C and 30 °C.

The expression aypl9alavaried during embryogenesis. There appears & be
trend incypl9alaexpression such that the number of transcripteedses during the
middle of embryogenesis and then rises until hatgliFigure 3-12). There was only a
significant difference between the mean numberasfdcripts in Stage IV and VII
(p<0.05). Significant differences in transcriptmoer were not present between any

other stages of embryogenesis.

sox9a
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It should be noted that about 8% of the origiredles for these data points were
extrapolated. There was no significant interacbetween stage and temperature
(p=0.63) so analyses for temperature and stagedsranly the overall effect. There
was no effect of temperature on the expressisor®a(data not shown). There were
significant differences in the mean log numbesaf9atranscripts between some stages
of embryogenesis (p<0.05) (Figure 3-13). The mlegmumber osox9atranscripts was
lowest during early embryogenesis and highest duate embryogenesis. There appears
to be a trend isox9aexpression such that the mean log number of trgatséncreased

steadily throughout embryogenesis.
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Figure 3-1. Mortality rates during embryogenesiThe percent of embryos that di
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mortality rate across the three temperatures diStageVl and VII.
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Figure 3-2.Rivulus embryonic developmenThe median time, in hours, of each stag
each temperatuiis presente. Amongeach stage, values that contain the same lett

not significantly different from one anotht

42



Figure 3-3. The expression patternscypl9alkduring embryogenes. The square
roottransformed mean numbercypl9alkiranscriptss presented for each stage. El
bars represent the standard error of the meart iddicates that the number
cypl9alhbiranscripts present at that staaresignificantly different from the other stag
(p<0.05) Stages VI and VII are not significantly diffetdrom one anothe n=15 for

all stageexcept for Stage | where 13.
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Figure 3-4.The expression cfig is affected by temperature duriStage | and IV.
Within stages, bars that have the same letter are netatitffrom one another. Stag
without letter labels represent the lack of anyedénce irfig expression acros

temperatures. Error bars represent the standardadrthe meai n=5 for all treatmet

groups except for Stage | at C where n=3.
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Figure 35. The mean number fig transcripts present in embryos at C. Means
having the same letter are significantly differesotm one another. Error bars repres

the standard error of the meen=15 per stage.
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Figure 36. Expression pattern fig during embryogenesis at: C. Means with the
same letter argot different from another. Error bars represhetdtandard error of tf

mean. n=15 per stag
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Figure 3-7. Effects of temperature cfoxl2 expression. Data weleg-transformed to
meet the assumption of equal variances and thesxeathis transformed data ¢
presented. Temperature only had an effedox|2 expression durinStage Il. Means
with the same letters are not different from onethaer. Stagewithout letters represel
a lack of any differences across temperaturesor bars represent the standard errc

the mean.n=>5 for all treatment groups except for Staged=tC where n=
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Figure 38. Expression pattern foxl2 during embryogenesis at °C. Data are
presented as the mesaot the log of the number of transcripts. Means with thees
letters are not different from one another. Ebaws represent that standard error of

mean. n=15 per stag
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Figure 3-9. Expression pattern doxl2 during embryogenesis at : C. Data are
expressed at the mean log number of transcriptsansl with the same letter are
different from one another. Error bars represeatstandard error of the mein=15 per

stageexcept for Stage | where 13.
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Figure 310. Expression pattern foxI2 during embryogenesis at . C. Data are
expressed as the mean log number of transcripeanMwith the same letter are
different from one another. Error bars represeatstandard error of the meen=15 per

stage.
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Figure 311. Effect of temperature «cypl9alaexpression. Datare presented as mean
copy number. Means marked with an * are signifilyadifferent. Error bars represe

the standard error of the meen=35 for 20 C and 31 C; n=33 for 2t C.
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Figure 3-12.cyp19ali expression during embryogenesis. Datshown as mean
cypl9aldranscript number present during each stage. Mwedhghe same letter a
not different from one another. Error bars repnésiee standard error of the meen=15

for all stages expect Stage | where n:

52



Figure 3-13. Expession pattern (sox9aduring embryogenesis. Deare shown as the
mean log number of transcripts. Means with theeshatter are not different from ol
another. Error bars represent the standard eftbieanear n=15 for all stages expe

Stage | where n=13.
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Chapter 4: Discussion

To my knowledge, this is the first study to exaenthe expression of sex
determining genes across all of embryogenesis (festitization to hatching) in rivulus.
This is also the first study in rivulus that hasexned the effect of temperature on gene
expression in rivulus. The results of this studgwe minimal effects of temperature on
expression of the seven genes measured in thig. stdiowever, the expression levels of
these seven genes did exhibit various patternssat¢he period of embryogenesis. This
study also provides information on the baselinelewf gene expression fdmrt1,
sox9a, sox9b, fig cypl9albcypl9alaandfoxl2 during embryogenesis at three
temperatures, which will help provide a better ustinding of the basic biology of this
unique vertebrate species that is growing in pafiylas a model species. From this
study, it also became apparent that future geneesgn studies on individual rivulus
embryos will have some limitations, and it is recoemded that embryos be pooled in
order to measure gene expression more accurdtelyunately, variation that may arise
from pooling embryos from this species is not @fthtoncern as isogenic strains can be
easily established.

Temperature did not appear to affect the rateatality except during Stage VI
and VII (Figure 3-1). However, these stages ase Hie two longest stages out of all
seven stages used in this study allowing ample tim#he different temperature
treatments to affect developmental processes taatrdical for survival (Figure 3-2). It
appears that the mortality rate was highest amariyyos incubated at 2% during
Stages VI and VII. It would be expected that taldy rates at 25 °C would be

significantly lower than 20 °C and 31 °C as 25 $€ansidered ambient for rivulus.

54



However, rivulus embryos are known to estivate @mdmore likely to do so during later
stages of development. Thus, embryos that appelaesti may have been estivating and
were discarded resulting in a skewed measuremanbdtlity rates. It is also possible
that rivulus embryos do not estivate at temperatthiat deviate from ambient
temperature (for example, 20 °C and 31 °C). Assallt, the higher mortality rates
measured during stages VI and VIl at £5in this study may be an artifact of the
experimental design. However, more informatiortloa behavior among rivulus
embryos is needed and may be an interesting fddusune research projects.

In this study, the expression©®fpl9albwvas not affected by temperature. In
general, the expression levelscgpl9albwere nearly the same at 20, 25 °C, and
31°C. cypl9albkcodes for the aromatase enzyme that is found preddely in the
brain. As this enzyme is responsible for convgrandrogens to estrogens, and as
estrogens are known to play important roles indéneelopment of ovarian tissue, it might
be expected that this gene would be sensitiverhpéeature in a species that possesses
temperature-dependent sex determination. In #sg,dt would be expected that this
gene would be downregulated in embryos at the maducing temperature of 2C.
However, there is evidence for the involvementstfagens in neurogenesis [56]. If
estrogens are vital for normal development and grafthe brain, the maintenance of
cypl9albexpression and function would be critical for suaV of the organism. Thus, it
is possible thatypl9albmay be part of a mechanism that is resistanttévadions that
may result from environmental factors in order ltova for survival of the animal.

The lack of apparent sexual dimorphisnegpl9alhin rivulus embryos from this

study also agrees with a lack of sexual dimorptegeypl9alhn zebrafish embryos and
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adults [38, 56]. The pattern of rivulagpl9albexpression in this study also agrees with
the pattern observed by Lee et al. (2006). Lex.¢2006) observed a risedgl9alb
expression just before hatching. Although the diassion of developmental stages
between this study and that done by Lee et akdi#f significant rise iny19alb
expression was also observed in this study (FigeBg Althoughcyl9albexpression
does not differ between male- (2D) and hermaphrodite- (2&) producing
temperatures, the consistency in expression pattdriinis gene provide valuable
information regarding normal development in rivuéusl can be used as a marker for
deviations from normal embryogenesis in rivulus.

In this studydmrtl was not expressed in any rivulus embryos. Alttotings
gene has been identified as a male-specific mattkedack ofdmrtl expression in
rivulus embryos is not surprising. Previous stadierivulus show thadmrtl expression
increased at 39 daf among fish that were treatéu mvethyltestosterone [21]. Therefore,
dmrtlexpression increased only in fish that had hatemetithis relatively early
expression was likely a result of treatment witreangenous hormone. With the
exception of these MT-treated fiskmrtl was otherwise only expressed in adult
testicular tissue.

Studies in rivulus have shown expressionmirtlin testicular somatic cells of
adult ovotestis and testes [21]. In some spesied) as medakdmrtlhas been
associated with early testicular differentiatioB][2However, this does not appear to be
the case in rivulus, aimrtl was not expressed in any embryos. As rivulus aigear to
pass through a juvenile “female” stage regardié$smal sexual outcome, similar to what

has been observed in zebrafish, it is possibletti@ga¢mbryos had not yet completed this
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transition making detection of any male-specifiagenarkers unlikely [35]. The lack of
involvement ofdmrtlearly in the pathway of sex determination in raauis likely as
temporal expression dffmtl does vary among teleosts [57]. In this casestl may

play an important role in testis development dujingenile stages or may be more
important for maintenance of testicular tissuednlarivulus.

In this studysox9bwas also not expressed in any embryos. Simildmdl, it is
likely thatsox9bmay play a more important role in gonad develograed/or
maintenance following embryogenesis. Teleostdighalso unique in comparison to
mammals, birds, and reptiles as they possessdw@isoforms that are the result of a
whole-genome duplication event following the divarge of ray-finned and lobe-finned
fishes [58]. It has been suggested thasth®aisoform retained its function in the testis
in catfish,Clarias gariepinuswhile sox9bevolved a function in the ovary [59].
However, in other fish species, such as c@gprinus carpio and the Philippine medaka,
sox9bexpression has been localized to testicular tig381e60]. Therefore, involvement
of sox9aandsox9bin the development of ovarian and testicular essuay vary
depending upon the species.

Regardless of this potential sexual dimorphisax9bwas not expressed in
rivulus embryos. Most other studies that have meakexpression levels 86x9bin
fish used adult tissues. A study that observe@mdinces irsox9aandsox9bexpression
in medaka embryos utilized whole-mount in situ gization [61]. Unfortunately, this
study could not provide information regarding thedlvement osox9bin the
differentiation of the gonad. Thus, it appearg sox9bexpression may be difficult to

measure in embryos, especially if individuals aseds However, we may again
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speculate thatox9bis involved in testicular differentiation and/oamtenance as its
expression was not detected in rivulus embryosrtteat pass through a juvenile
“female” stage similar to zebrafish. Future stsdi@sox9bexpression in juvenile and
adult rivulus may provide valuable information rediag this hypothesis.

Temperature had an effect ig expression only during Stages | and IV.
Interestingly, the expression fif was significantly higher among embryos at €0
than embryos incubate at &l If 20 C is the temperature at which males develop, we
would expectig expression to be low in these embryos. One p@ssijplanation for
this observation is maternal transfer of mMRNA. tii§ cold temperature, the breakdown
or inhibition of maternally transferred genes maystowed. Currently, it is not known
when the mid-blastula transition occurs in rivudusbryos, so thBg expression that
was detected may be RNA that was transferred frenparent. Additionally, almost all
of the data points fdig expression were extrapolated and may be sligh#ligdurate.

Although,fig expression remained constant at €5its expression was highest
during the middle of embryogenesis at 20 °C an@8@{Figures 3-5 and 3-6fig is an
oocyte-specific marker, so its expression in rigudmbryos is interesting. In the
Kanamori et al. studyig was shown to increase at 39 daf [21]. Yet aghis,study
did not measurég expression during embryogenesis. In a study bratish sex
differentiation, a peak ifig expression occurred at the time of expected gdnada
differentiation of the ovary [45]. Unfortunateklhe peak irfig expression in this study
does not correspond with the phenocritical periodnd) rivulus embryogenesis.
However, the involvement dig in rivulus sex determination cannot be eliminatéds

possible thafig is critical for oocyte development in rivulus amdrphological effects
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resulting from this alteration in gene expressiayrhe observable in juveniles and
adults.

Similar tofig , the effect of temperature éoxI2 expression was also limited. In
this case, temperature only affecterl2 expression during Stage Il where expression of
foxl2 was significantly higher among embryos incubate8lla®C than those incubated at
20 °C. As a majority of the original values foesie data points were extrapolated, this
difference may be an artifact of the assay. Howeateall three temperaturdex|2
appeared to increase during embryogendsid?2 is known to play a major role in the
development of ovarian tissue and has been idedt#s an early factor in the pathway to
ovarian differentiation [57]. As a transcripticactor, early expression @xI2 would be
expected in order for downstream effects to octarturn, it is not surprising that, in
catfish, genes such &2 were expressed earlier than genes directly retated
steroidogenesis [62]. Thus, increased expresditox{2 during embryogenesis would
be necessary if ovarian-specific genes downstrddoxt? are to be regulated.

The lack of effect of temperature @xI2 expression may again be attributed to
the passage of all rivulus through a juvenile “féghatage. With all embryos, including
those at the known male-producing temperature béxing similarfox|2 temporal
expression patterns, the hypothesis for developwfentarian tissue before development
of any testicular tissue is supported. Furthermioranother hermaphroditic fish species,
the protogynous wrassalichoeres trimaculatygoxI2 expression was not sexually
dimorphic [63]. Future studies on gene expresesisex determining genes may reveal
differences irfoxI2 expression in juvenile or adult rivulus. It is@alpossible that in

hermaphroditic species, the regulation or roléo&f2 differs from that of gonochores.
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There was also no effect of temperaturesoxQaexpression in rivulus embryos.
In Nile tilapia, Oreochromis niloticussox9awas also measured using QPCR and
expression was not different between males andlésnantil histological differences
could be observed [64]. It is possible that a lsingituation occurs in rivulus. As
ovarian tissue in rivulus cannot be observed togfichlly until 28 dph, any sexual
dimorphism insox9aexpression may not occur until after embryogeneaishis point,
the organ(s) to whichox9ais localized in rivulus is unknown and discrimiingt
between expression in ovarian or testicular tisgag not possible in this study.
However, as this gene is expressed all throughobtgogenesis, it is hypothesized that,
in rivulus, sox9aexpression may be more highly expressed in ovéisane. As the
other ovarian-specific genes measured in the stugtg present in most embryos and no
testicular-specific genes could be detected, furthidation for this hypothesis exists. If
rivulus passes through a “female” stage regardieéfisal sexual outcome, ovarian tissue
will develop first before regressing in male figidahe concomitant expressionsaix9a
would then be correlated with ovarian development.

However,sox9ais also known to play an important role in chorggnoesis [65].
Therefore, thesox9aexpression observed throughout embryogenesis mayrésult of
the formation of cartilage. An inability to fornaxtilage would likely result in the demise
of the embryo makingox9aexpression crucial for survival. A gene thatbhsautely
necessary for survival may then be resistant &vatibns that could result from changes
in the environment, including temperature. Theregpion osox9aincreased slightly
during embryogenesis and expression was highestédbatching which may also

provide evidence for involvement s6x9ain the development of cartilage in rivulus.
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The only gene that was affected by temperaturkigstudy wasypl9ala The
expression ofypl9alawas significantly down-regulated among embryos lrated at
20 C. It was predicted that the transcriptiorcgpl9alawvould be down-regulated at
the male producing temperature as this gene catdesmfenzyme that ultimately makes
estrogen. At a male-producing temperature, ondn@gpect that estrogens would be
lower in abundance. This data may also indicaettie higher temperature in this study
(31 C) does not effectively create males and rivulusoiodisplay a similar temperature-
dependent sex determination pattern as is fousdnme flatfish [10]. However, it is
important to note that the original values forta#tse data points were extrapolated and
the effects seen here may be artifacts of the assay

Additionally, the temporal expression patterrcgpl9alan this study does not
agree with the expression patterngybl9alaobserved in other studies on rivulus;
however, this may be due to genetic differencesmgmivulus strains used in each study.
In this case, we can only compare expression patfer the later stages of
embryogenesis. Previous studies demonstratee aigypl9alaexpression during the
middle of embryogenesis with a quick decline inresgion until hatching and slightly
beyond hatching [39]. In this studyypl9alaexpression appeared lowest during the
middle of embryogenesis and expression appeanesetérom the middle of
embryogenesis until hatching and was highest jefgirb hatching.

Interestingly, this rise imypl9alaexpression just before hatching correlates with
the fact thatoxI2 is known to bind to and upregulatgp19al426]. AsfoxI2
expression increased before thatybl19alait is likely thatfox|2 upregulategypl9ala

in rivulus. As temperature did not have an eftectox|2, ovarian differentiation may be
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altered as a result of effects downstrearforl2. A study that measures gene expression
and gonad morphology of juveniles and adults witiyide more insight into details of
ovarian differentiation in rivulus.

The expression of a potential housekeeping ggi&, was measured in this study
(Appendix A). Temperature did affeqdl8 expression; however, an effect could only be
seen during Stage |. ExpressionrmB appeared to increase steadily during
embryogenesis at all three temperatures. Therdfmrénis experimentpl8 does not act
as a housekeeping gene.

In this study, the same amount of total RNA waslé&mhinto each cDNA reaction
and althoughpl8 expression varied during Stage | at different terajures, expression
was only higher at 31C and this difference was restricted to Stageher&fore, it is
reasonable to speculate that equal amounts ofRNAl were accurately added to each
cDNA reaction and the results observed in thisystegresent an accurate measure of
gene expression in rivulus. Many sources will @sgue that housekeeping genes are
unreliable and more than one housekeeping genédomagcessary and that
housekeeping genes are specific to each experimddtitoughrpl8 may not be an
appropriate housekeeping gene for this study, éustudies looking at the effects of
temperature on gene expression in rivulus shoutdider the possibility of other genes
that may serve as housekeeping genes. As a hamegeene for a developmental
study will also likely be difficult to find, othenethods of validating normalization of
RNA samples or analyzing QPCR data should be ceresid

In this study, gene expression of conserved searaning genes was measured

in rivulus embryos that were incubated at €025 °C, and 31 °C. Onbypl9ala
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expression appeared to be altered by temperalure.other genes chosen for this study
did not exhibit any changes in expression leveta/ben the three temperatures. Most
importantly, there were no changes in expressieel$eduring the phenocritical period
defined by Harrington which was contained in Stegeof this study [20]. However,

this does not exclude the possibility that tempeeahas an effect on gene expression in
rivulus which ultimately results in the developmehtermaphrodites and males. This
study only measured gene expression in rivulus gogbrlt is possible that the effect of
temperature would not be observable until latetawelopment following

embryogenesis. It is also possible that tempegattiects other genes not measured in
this study (exdax], sfl, andwtl) and these genes may be more directly involvezhity
sex determination in rivulus. Additionally, tempeire may exert effects on other factors
such as enzyme activity or protein levels, whiclen®ot measured in this study. Further
research on how sex is determined in this uniggarasm will provide a better
understanding of the intricate balance that alltawshe development of an ovotestis in
rivulus, and how this balance may be altered talpce males among a species that

consists predominantly of hermaphrodites.
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Appendix A: rpl8, a potential housekeeping gene.

QPCR Results

Only one data point from this set of data wasapdtated. There was a
significant interaction between stage and tempezgin<0.05). Temperature had an
effect onrpl8 transcription only during Stage | of embryogenggs#0.05) (Figure A-1).
The mean log number of transcripts was signifigahiher among Stage | embryos
incubated at 30C than at 20 °C and 25 °C. The mean log numbgwraatcripts did not
vary between Stage | embryos incubated at 20 °QCA&rfe€ and there were no
differences in the mean log number of transcriptess temperatures during Stages II-
VII.

Among embryos incubated at 20 °C, there appeare tslight trend in the
number ofrpl8 transcripts such thapl8 expression increases from Stage I-1V and then
the number of transcripts remained constant uatithing (Figure A-2). A similar trend
for rpl8 expression was observed for embryos incubatel aEZFigure A-3). The
mean log number of transcripts during Stages Illdnadas significantly higher than
Stage | (p<0.05). The mean log number of trantcdpring Stages IV-VII was
significantly higher than Stages I-Ill (p<0.05)t 26 C, rpl8 expression seemed to
increase from Stage I-1V and then the number afsicapts remained constant until
hatching. Embryos incubated at 31 °C did not exlaibrpl8 expression pattern similar
to embryos incubated at 20 °C and 25 °C. The numil8 transcripts appears to be
relatively consistent over development at 31 °@Fé A-4). However, there was a

significant difference in the number fi8 transcripts present early in development
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(Stages | and II) compared to the later stagesntirgonic development (Stages VI and

VII) (p<0.05).
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Figure A-1. Effect of temperature crpl8 expression. Data ashown as the mean I¢
transcript number present during each stage atteagberature. An * indicates
significant difference. Comparisons were made ovitilin stages. Error bars repres

the standard error of the me n=5 per treatment group exc¢dpr Stage | where n=3 .

25 C.
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Figure A-2. Expression pattern «pl8 during embryogenesis at 20 °C. Dare shown
as the mean log number of transcripts. Means thétsame letter are not different fr

one another. Error bars represent tandard error of the mean=5 per stag
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Figure A-3. Expression pattern «pl8 during embryogenesis at 25 °C. Dare shown
as the mean log number of transcripts. Means thétsame letter are not different fr
one another. Error bars represent the standasd @rthe meai n=5 per stage exce

Stage | where n=3.
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Figure A-4. Expression pattern «pl8 during enbryogenesis at 31 °C. Deare shown
as the mean log number of transcripts. Means thélsame letter are not different fr

one another. Error bars represent the standasd @rthe meai n=5 per stag
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Appendix B: Raw dats
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Figure B-1.cypl9all expression during each stage at each temperdfurer bars
represent the standard error of the m n=5 per treatment group except for Sta

where n=3 at 25 °C.
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Figure B-2. fox|2 expression during each stage at each tempereError bars represent
the standard error of the me n=5 per treatment group except for Stage | wheBeat

25 °C.
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Figure B-3. sox9aexpression during each stage at each temperdaturer
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Appendix C: Gel images

Figure C-1.cyp19albPCR product on an agarose gel stained with ethiditomide.
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Figure C-2.dmrt1 PCR product on an agarose gel stained with etmiditomide.
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Figure C-3.fig andrpl8 PCR products on an agarose gel stained withiathid
bromide.
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Figure C-4.foxI2 PCR product on an agarose gel stained with etmidicomide.
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Figure C-5.cypl9alalPCR product on an agarose gel stained with etimiditomide.
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Figure C-6.sox9aandsox9bPCR products on an agarose gel stained with ethidi
bromide.
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