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Abstract
The application of microarray technology to the study of mammalian organogenesis can provide
greater insights into the steps necessary to elicit a functionally competent tissue. To this end, a
temporal profile of gene expression was generated with the purpose of identifying changes in gene
expression occurring within the developing male and female embryonic gonad. Gonad tissue was
collected from mouse embryos at 11.5, 12.5, 14.5, 16.5, and 18.5 days postcoitum (dpc) and
relative steady-state levels of mRNA were determined using the Affymetrix MGU74v2 microarray
platform. Statistical analysis produced 3693 transcripts exhibiting differential expression during
male and/or female gonad development. At 11.5 dpc, the gonad is morphologically indifferent, but
at 12.5 dpc, transitions to a male or female phenotype are discernible by the appearance of
testicular cords. A number of genes are expressed during this period and many share similar
expression profiles in both sexes. As expected, the expression of two well-known sex
determination genes, specifically Sry and Sox9, is unique to the testis. Beyond 12.5 dpc,
differential gene expression becomes increasingly evident as the male and female tissue
morphologically and physiologically diverges. This is evident by two unique waves of
transcriptional activity occurring after 14.5 dpc in the male and female. With this study, a large
number of transcripts comprising the murine transcriptome can be examined throughout male and
female embryonic gonad development and allow for a more complete description of gonad
differentiation and development.
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INTRODUCTION
Sex determination, differentiation, and development of the mammalian embryonic gonad
have been studied for over half a century. Subsequent to the identification of Sry as the key
initiator of sex determination [1, 2], a number of additional genes have been shown to be
integral to this complex process. These include Sox8 and Sox9 [1, 3–5], Dmrt1 [6], Dax1 [7],
Wt1 [8], and Sf1 [9], among others. The collective actions of the functional units of these
genes produce the divergence between the phenotypic male gonad and the default
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phenotypic female gonad. The function of Sry and its downstream effect, although not
completely understood, is fairly well characterized. In contrast, cellular and molecular
processes occurring simultaneously or immediately after the establishment of a male or
female gonad have not been well characterized. Examining patterns of gene expression at a
genomic level during embryonic gonad development is necessary to better understand the
processes that result in two distinct reproductive tissues.

The specific expression of Sry in Sertoli cells results in the indifferent gonad progressing
toward the male phenotype, specifically the establishment of testicular cords and the
regression of the Müllerian ducts induced by anti-Mullerian hormone (AMH), both of which
are completed by 13.5 days postcoitum (dpc) [10]. Concurrent with the establishment of
testicular cords, cell migration and proliferation occur within the testis and result in
substantial growth of the testis [11]. Female gonad development is significantly less
dramatic. Clusters of germ cells appear around 13.5 dpc at the basement membrane [10], but
a much less dramatic morphological change is evident when compared with the testis at this
time period. Germ cells in the embryonic ovary enter meiosis at 13.5 dpc and become
arrested in meiosis I around the time of birth at 18.5 dpc [12], unlike male germ cells, which
do not enter meiosis until well after birth. Numerous models that describe molecular events
and interactions and attempt to order their action in the course of the divergence of the male
and female gonad have been proposed [13–15]. With each of these revised and
complementary models, new and increasingly more complete models of sex determination
have been created.

Much of the work performed to describe molecular events resulting in sex determination has
been done using methods such as Northern blots, polymerase chain reaction (PCR),
suppression subtractive hybridization, gene knockouts, and hybridization to small, select
microarrays. The use of these techniques has allowed for a glimpse of molecular events
needed to create differentiated male and female gonads. However, none of these studies
have examined sex determination and the subsequent development of the embryonic gonad
on a genomic scale. Using microarrays that represent a large percentage of the murine
genome, this study was designed to create a broader picture of transcriptional events and
components necessary to elicit a separate male and female gonadal phenotype. To this end,
the Affymetrix microarray platform was employed to generate a time course of gene
expression for the developing gonad of the male and female murine embryo. This report
surveys a period of development beginning with an indifferent gonad (11.5 dpc) to just
before birth (18.5 dpc) and provides the opportunity for a comprehensive analysis of a large
number of transcripts from the murine genome.

In addition to the wide implications in describing sex determination, the period of this study
also encompasses two well-documented developmental events, namely initiation of meiosis
in the female [16] and gonadotropin-independent steroidogenesis in the male [17], thus
providing the opportunity to make comparisons to previously reported expression patterns of
specific genes. The independent investigation of these known transcription levels using the
current array technology would further support the validity of the array platform and ensure
a level of confidence in pursuing the discovery of novel genes. While the quest to determine
factors involved in sex determination has been intense, a complete picture of gene
expression throughout embryonic gonad development would be a valuable resource. Further
comparisons can also be made between the events occurring in the embryonic gonad and
during postpartum testicular development. A recent postpartum testicular developmental
time course [18] allows for direct comparison of expression levels and specific transcripts
involved in the initiation of meiosis between the female (which occurs during the embryonic
period of development) and meiosis in the male, gonadotropin-independent versus
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dependent steroidogenesis, and unique genes and patterns present during these two distinct
periods of testis development and maturation.

Creation of male and female gonad development gene expression time courses allows for
relatively easy and genome-wide exploration and identification of genes involved in
numerous facets of embryonic development, including, but not limited to, sex determination,
cellular differentiation, meiosis, and steroid production, and additionally allows for direct
comparisons between these activities in the two sexes. Thorough analysis of these time
courses will invariably lead to a greater understanding of how changes in the murine
transcriptome relate to functional and structural changes in the embryonic gonad.

MATERIALS AND METHODS
Tissue Collection and RNA Preparation

Protocols for the use of animals in this experiment were approved by the Washington State
University Animal Care and Use Committee and were in accordance with the National
Institute of Health’s standards established by the Guidelines for the Care and Use of
Experimental Animals. BL/6–129 mice were maintained and mated in a temperature- and
humidity-controlled room with food and water ad libitum. On select days, one male was
paired with two females in the afternoon and then removed the following morning. Females
with vaginal plugs (0.5 dpc) were placed in separate cages until embryonic gonad tissue was
collected at 11.5, 12.5, 14.5, 16.5, and 18.5 dpc. Tail somites were counted to assure
embryos were at the proper stage. Because it is impossible to visually identify the sex of
11.5-dpc embryos, undifferentiated gonad tissue from each individual was placed in a
separate tube containing 25 μl TRIzol reagent (Invitrogen, Carlsbad, CA) and stored at
−75°C until the corresponding backbone and tail tissue could be sexed by Sry genotyping
using PCR. Embryonic tissue from 12.5-dpc animals was processed in a similar fashion, as it
was not always possible to positively determine the sex of the embryo by visual inspection.
Sry genotyping was performed in a standard PCR using the following primers: forward, 5′-
CGGGATCCATGTCAAGCGC CCCATGAATGCATTTATG-3′; and reverse, 5′-
GCGGAATTCACTTT AGCCCTCCGATGAGGCTGATAT-3′. Upon determination of the
sex of each of the collected tissue samples, like tissue (testis or ovary) stored in TRIzol was
pooled and total RNA was prepared as per the manufacturer’s instructions. Approximately
70 embryos were processed for a single 11.5-dpc or 12.5-dpc time point, whereas
approximately 35 embryos were required for each of the remaining time points. Male and
female tissue samples were obtained in duplicate in a similar fashion. Once purified, RNA
quality was determined by electrophoretic methods using a denaturing agarose gel or
analysis using an Agilent Bioanalyzer 2100 (Palo Alto, CA) and by spectroscopy at 260 and
280 nm. If excessive degradation or protein contamination of the RNA was evident, the
sample was not used for microarray hybridization. This study, unlike most others working
with exceedingly small tissues, did not use supplemental amplification of the RNA in any
fashion.

Microarray Processing
Two to four micrograms of total RNA from each pooled embryonic gonad sample was used
to create the cRNA target for the microarray. The target was produced using a reverse
transcription reaction to produce cDNA, which was subsequently subjected to in vitro
transcription with biotinylated cytidine-5′-triphosphate and uridine-5′-triphosphate using the
MEGAScript kit (Ambion, Austin, TX) to produce biotinylated cRNA. The target was then
fragmented and hybridized to the MGU74Av2, Bv2, and Cv2 arrays (Affymetrix, Santa
Clara, CA) in duplicate using an Affymetrix GeneChip Fluidics Station 400 according to the
manufacturer’s standard protocols. The arrays were stained with phycoerythrin-coupled
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avidin and scanned using an Agilent GeneArray Scanner 2500A. The resultant output was
analyzed using Microarray Suite 5.0 (Affymetrix) and examined for excessive background
or evidence of RNA degradation. All microarray processing was performed in the
Laboratory for Biotechnology and Bioanalysis I at Washington State University, Pullman,
WA.

After scanning, all probe sets were scaled to a signal intensity of 125 and relative levels of
expression of each transcript (signal) were determined using Microarray Suite 5.0.
Microarrays were also examined for physical anomalies and for the presence of excessive
background hybridization. Once satisfied with the initial analysis, data were exported and
loaded into GeneSpring 6.1 (Silicon Genetics, Redwood City, CA), where statistical and
comparative analyses were performed to both verify the data and to isolate specific and
novel transcriptional characteristics occurring during embryonic gonad development.

Microarray Analyses
Analyses of the microarray data were primarily performed using GeneSpring. The data
comprising the male and female embryonic gonad time courses were normalized in
GeneSpring using the default/recommended normalization methods. These included setting
of signal values below 0.01 to 0.01, total chip normalization to the 50th percentile, and
normalization of each gene to the median based on its measured levels of expression.
Duplicate samples were used in every time point in the two time courses and the mean
values of the two replicates were used in subsequent analyses. Normalization in this fashion
allowed for the analysis and visualization of data based on the relative abundance and
resultant expression profile of each transcript independent of a separate control sample.
Samples were further delineated between the two sexes to separate the expression profiles
occurring within the testis and ovary independent of each other.

Two approaches to the analysis were employed. The first simply identified those transcripts
having a raw signal of at least 50 in one tissue (testis or ovary) and present at a level at least
twofold greater than the other tissue. This analysis was done for each tissue at each time
point and used simple filtering tools within the GeneSpring software. The second approach
identified statistically significant, differentially expressed transcripts within each respective
time course. To identify these transcripts, one-way ANOVA parametric tests were
performed on both the male and the female time courses using a P-value cutoff of 0.05 and
using all available error estimates, including statistical calculations made using the Cross-
Gene Error Model provided by GeneSpring. Additionally, each transcript expressed in a
significant fashion was also required to have a minimum signal of 50 in at least one of the
five time points in the respective time course (male or female) and have at least a twofold
change occurring within said time course. The signal cutoff was based on the expression
level of Sry, which achieved maximum expression at 11.5 dpc in the testis, with a signal of
approximately 75 in spite of its integral and necessary role in the sex-determination process.
These analyses produced two distinct lists representing transcripts expressed significantly
during embryonic testicular and embryonic ovarian development. These lists were sorted
within Microsoft Excel (Redmond, WA) based on Unigene number and redundant entries
were removed producing a list of nonredundant statistically significant transcripts.
Moreover, by comparing these two lists, transcripts expressed significantly and uniquely in
both the testis and ovary were identified.

A major goal of this project was to determine the number and identity of transcripts
expressed uniquely in male or female gonads at the specific points during embryonic gonad
development. Statistical analyses and filtering were used to isolate transcripts that exhibited
these characteristics. To accomplish this, the aforementioned lists of significant transcripts
in the male and female time courses were subjected to additional one-way ANOVA analyses

Small et al. Page 4

Biol Reprod. Author manuscript; available in PMC 2011 November 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



designed to compare significant differences in expression between the testis and ovary at
specific time points in embryonic development (i.e., testis 11.5 dpc was compared
statistically with ovary 11.5 dpc). These analyses again employed a P-value cutoff of 0.05
and used all available error estimates derived within GeneSpring. This was performed on
each of the five different time points in the time courses and resulted in lists of transcripts
that were significantly different between testis and ovary at a given time point. To further
dissect the significant transcripts uncovered using the time point comparisons, these lists
were subsequently compared with the original lists of significant transcripts in the testis and
ovary time courses, resulting in groups of transcripts that were expressed significantly in
either the testis or the ovary and at a specific time point. To finalize these lists, comparisons
were made within the five lists derived from the ovary time course and the five lists from the
testis time courses and transcripts found to be regulated at more than one time point in the
testis or ovary time course (i.e., a transcript was found to be regulated at 11.5 and 12.5 dpc
in the testis time course) were eliminated. Although this undoubtedly removed some
possibly important transcripts, it did allow for a more stringent analysis that focused on
precise changes occurring at a specific time point rather than gradual or ambiguous changes
in expression over two or more time points.

Cluster Analysis
Cluster analysis was employed to further demarcate the expressional themes and patterns
occurring during the development of the embryonic gonad. Hierarchical clustering was used
to both cluster transcripts based on similarity of expression between each gene but also to
group experimental samples together based on similarity of the overall experimental
expression profile. Hierarchical clustering was performed using a smooth correlation
coefficient with default separation ratio and distances. Additionally, K-means clustering was
used with a smooth correlation to help in the identification of the major patterns of
expression occurring within the time courses. Both analyses using clustering were
performed using the nonredundant statistically significant transcripts described previously
and were performed using GeneSpring.

Functional Characterization
Functional characterization of significantly expressed transcripts was performed using
EASE (Expression Analysis Systematic Explorer) from National Institute for Allergy and
Infectious Diseases (NIAID) and can be found at http://apps1.niaid.nih.gov/DAVID/[19].
EASE examines the overrepresentation of functional groups within a set of transcripts and
provides statistical evaluation of the presence of these transcripts. Statistical significance
was based on an EASE score, similar to a P-value. In the analysis, an EASE score of 0.1 or
less was considered significant within a 10% margin of error. Analyses were made using the
nonredundant transcripts identified previously as expressed significantly and uniquely at a
particular time point in either male or female gonad development. The list of all
nonredundant statistically significant transcripts was used as the total population for
statistical calculations within EASE.

RESULTS
Two distinct time courses were established in this study to examine the transcriptional
changes that occur during embryonic testis and ovary development. This study used the
Affymetrix MGU74v2 chipset representing nearly 37 000 transcripts, which allowed
expression levels for a large percentage of the murine transcriptome to be established. Each
time course was comprised of five distinct time points in duplicate, which were chosen to
provide a continuous view of gonad development from the indifferent gonad stage (11.5
dpc) to just before birth (18.5 dpc). A total of 60 separate arrays were used and the datasets
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in their entirety are available through NCBI via the Gene Expression Omnibus (GEO) data
repository (http://www.ncbi.nih.gov/geo/), GEO accession numbers GSE1358 and
GSE1359. Supplemental data are also available through the Griswold Lab website at
http://www.wsu.edu/~griswold/microarray and include data from the statistical and
clustering analyses.

A two-pronged approach was taken to analyze the dataset. The first approach identified
those transcripts having a raw signal of at least 50 in one tissue (testis or ovary) and present
at a level at least twofold greater than the other tissue. This analysis was applied to each
tissue at each time point. The number of genes that met these criteria is reported in Table 1.
The number of genes increases at each time point and, overall, increases 5.3-fold from 11.5
dpc (491) to 18.5 dpc (2626) in the testis. The number of genes in the ovary increases at
each time point, except at 14.5 dpc, where a slight decrease (~22%) is observed. In all time
points except 14.5 dpc, the ovary contains more genes present at a level twofold higher than
the testis. The greatest differences (ovary versus testis) are observed at 11.5 dpc (703 versus
491) and 12.5 dcp (1312 versus 866). The average raw signal of the 10 genes exhibiting the
greatest fold change between tissues at each time point is also listed in Table 1 and a
descriptive list of these genes and the fold change observed is reported in Table 2. These
genes may or may not exhibit differential expression within the testis or ovary over the time
course.

The second method of analysis selectively identified differentially expressed genes. These
genes exhibited a significant change in expression exclusively within the ovary or the testis
at some point in the time course. After statistical analysis and filtering as described in
Materials and Methods, 3693 unique transcripts were identified as being differentially
expressed in either the testis or ovary time courses. Of these 3693 unique transcripts, 1936
were differentially expressed exclusively in the ovary while 1296 were differentially
expressed exclusively in the testis. There were 461 transcripts differentially expressed in
both the testis and ovary during the course of its development. The number of differentially
expressed transcripts for each tissue at each time point is presented in Table 1. Hierarchical
clustering analysis was performed on the 3963 unique transcripts, and the results are
depicted in Figure 1. Based on the resultant dendogram of clustering experimental samples
on the vertical axis, it is apparent that the transcripts expressed differentially in the male and
female at 11.5 dpc are quite similar, and both sexes continue to share a similar expression
profile through the completion of sex determination at 12.5 dpc. However, a significant
divergence in expression patterns between the testis and ovary begins at 14.5 dpc and
continues through 18.5 dpc, with 18.5-dpc testis and ovary predictably possessing the most
distinctive expression profiles. During this period following sex determination, the
expression profiles present in the testis at 14.5, 16.5, and 18.5 dpc and the corresponding
ovarian time points share some similarity to each other as a group but very distinctive
expression profiles are present when comparing the two tissues. Additionally, clustering
individual genes on the horizontal axis produced distinct groups of genes demonstrating
similar expression patterns. The clustering of gene expression profiles resulted in distinct
groups of transcripts with up- and downregulation occurring at every experimental time
point in the two time courses with the most drastic regulation of transcripts occurring in the
testis and ovary at 16.5 and 18.5 dpc. Although many distinct patterns of regulation are
present using this clustering technique, they are viewed more easily using alternative
methods.

Analysis of the same group of statistically significant transcripts using K-means clustering
was used to characterize the overall patterns of expression occurring during development of
the embryonic testis and ovary. This analysis revealed a multitude of expression patterns
occurring within and between the two time courses. The nine predominant patterns of
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expression are depicted in Figure 2. The majority of these transcripts exhibited differential
expression either early or late in the time course, indicating that these two periods are the
most transcriptionally active in the development of both the embryonic testis and ovary.
Specifically, based on K-means clustering, 1319 transcripts (~36% of the total number of
significant unique transcripts) demonstrated downregulation by 12.5 dpc in both the testis
and ovary while only 503 transcripts (~14%) were upregulated at 16.5 or 18.5 dpc in both
the testis and ovary. Conversely, 893 transcripts (~24%) were upregulated late in
development in the ovary only and 593 transcripts (~16%) were upregulated in the testis
only. Another group of 385 transcripts (~10%) exhibited an entirely unique expression
pattern with slight upregulation late in ovarian development and gradual downregulation
throughout testicular development. These groups of transcripts included differentially
expressed transcripts in the testis and ovary as well as in only one tissue. Smaller but no less
distinct patterns were not predominant enough to appear in the K-means clustering but are
noteworthy. These are primarily groups of transcripts demonstrating regulation occurring
only at 14.5 or 16.5 dpc but at no other time points. These are evident to some extent in the
hierarchical clustering analysis by the red and blue areas in the male and female samples at
14.5 and 16.5 dpc but do not comprise a large set of the significant transcripts. It should be
emphasized that the patterns of expression shown in Figure 2 are shown as averages and that
transcripts in each cluster can exhibit patterns of expression that vary from the average when
examined on an individual basis.

The importance and ultimately the usefulness of a time course of this nature is largely
centered around the reliability of the data. Therefore, three distinct and well-documented
events occurring during the course of embryonic gonad development were examined to
evaluate the reliability of the data sets: sex determination, meiosis, and the synthesis of
testosterone. Because it is well known that the process of sex determination is centered
around 11.5 dpc, genes previously reported to be involved in sex determination were
investigated. In the male gonad, expression of Sry, Sox9, Dax1, Sf1, and Wt1 among others
were elevated at 11.5 dpc and then fell to low levels of expression by 14.5 dpc, consistent
with their documented involvement with gonad differentiation [1, 2, 7–9]. At 11.5 dpc,
many of these genes share similar expression levels in both the male and female, with the
exception of Sry and Sox9, which are only expressed at significant levels in the testis (Fig.
3). By 14.5 dpc, Sry and Sox9 dropped to the same background level of expression in testis
and ovary. DAX1 levels in the testis were 25% higher than the ovary at 11.5 dpc but, by 12.5
dpc, the level in the testis dropped dramatically whereas the level in the ovary remained high
until a decrease was observed at 14.5 dpc. Related genes associated with further divergence
between the two sexes include Amh and Dmrt1, both of which achieve high levels of
expression in the testis at 16.5 dpc and remain elevated until 18.5 dpc.

Once sex determination has been completed, the testis and ovary begin to proceed down
drastically different paths of development. One of the most apparent differences is the
synthesis of testosterone in the testis, resulting in the further development of the structures
derived from the Wolffian ducts [20]. As described in previous work, Sox8 and AMH levels
increased 3.5-fold and 4.5-fold, respectively, immediately after sex determination [21].
During this period, the genes encoding enzymes involved in biosynthesis of testosterone,
including StAR, 3β-Hsd, Cyp17a1, and 17β-Hsd demonstrated male-specific increases in
expression beginning at 14.5 dpc, with transcript levels typically reaching a plateau by 18.5
dpc. The levels reached by 18.5 dpc were greater than 100-fold higher than in the embryonic
ovary and demonstrated comparable changes from earlier time points in the testis. Figure 3
depicts a number of testis-specific transcripts that are directly involved in testosterone
biosynthesis in addition to a number of related transcripts that do not exhibit differential
expression between the sexes. Other genes involved in this process include insulin-like
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growth factor I, which has been previously linked to the appearance of the steroidogenic
transcripts [22] and was also elevated in the testis at this stage.

Meiosis is another major, sex-specific event occurring during this period, but occurs
exclusively in the embryonic ovary and is highlighted by the 100-fold increase in expression
of the female-specific meiosis marker Stra8 [23] at 14.5 dpc to reach a level more than 254-
fold higher than in the testis (Table 2). Other genes involved in meiosis, such as Spo11,
Dmc1h, Sycp1, Stag3, and Xlr, exhibited between a 3- and 25-fold higher level of expression
in the ovary (Fig. 3) and a 3- to 146-fold higher level when compared with the ovary at 11.5
dpc.

Ontological analysis using EASE yielded insight into identifying important functional
themes present within the transcripts expressed at specific time points in the male and
female gonads. For example, at 11.5 dpc, there are no functional categories in either the
male or female gonad with EASE scores of less than 0.1, which is similar to a P-value with
a confidence interval in the 90th percentile. This could be due to a number of factors, the
most likely being the high degree of similarity between the male and female gonad at this
time, which, due to the methods employed in this analysis, results in a small number of
unique transcripts in either sex at this time and thus does not provide a large enough group
of transcripts to effectively analyze functional themes.

As the development of the embryonic testis and ovary progressed, various functional themes
were apparent. Of significance is the predominance of signaling and cell-communication
transcripts in the testis at 14.5 dpc and apoptosis-related transcripts at 16.5 dpc. Many more
significant functional themes were present in the development of the ovary compared with
the testis. The reason for this is not clear but may be directly related to the greater number of
regulated transcripts in the ovary compared with the testis. Noteworthy functional themes
during ovarian development include DNA binding, nucleic acid metabolism, and cyto-
skeleton elements at 12.5 dpc, DNA packaging, chromatin-related transcripts, and lipid
metabolism at 14.5 dpc (concurrent with the onset on meiosis), cell cycle and mitosis
transcripts at 16.5 dpc, and immune-related transcripts at 18.5 dpc. Other functional groups
were found during the analysis but these were the predominating themes.

DISCUSSION
The embryonic gonad has the potential to develop into a fully functional organ capable of
producing the gametes necessary for sexual reproduction. The complete characterization of
the transcriptional events occurring during the development of the embryonic testis and
ovary is a necessary and important step in determining how the transcriptome of the
embryonic gonad plays a role in achieving this result. To this end, two time courses tracking
the changes in gene expression in the male and female embryonic gonad through five
different time points between the periods of sex determination and birth were developed.

Other genome-scale studies have been undertaken in an attempt to further identify important
genes involved in various stages of embryonic gonad development, specifically the sex
determination process. These included two studies using high-throughput whole-mount in
situ hybridization methods to attempt to identify novel genes involved in male and female
gonad development [24, 25]. These studies used cDNA libraries derived from 9.5-dpc
whole-mouse embryos and examined the genes present in gonad tissue from 11.5- and 14.5-
dpc mice. A similar study by Grimmond et al. was employed using a cDNA library derived
from urogenital ridge tissue and was able to identify novel, differentially expressed genes
between the male and female at 11.5 and 12.5 dpc [26]. Other studies have used large-scale
techniques such as suppressive-subtractive hybridization and alternative cDNA techniques
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and technologies to examine gene expression in various stages of embryonic gonad
development [13, 27–30] but none have simultaneously examined the testis and ovary
during the complete progression of gonad development beginning with sex determination at
11.5 dpc to just before birth at 18.5 dpc at the broad level covered in this study. The current
study will hopefully alleviate this gap in available information on gene expression patterns
in the embryonic gonad by having the advantage of complete time courses from sex
determination to birth for both the embryonic testis and ovary.

Certain details of the study require emphasis. The exact stage of each embryo was confirmed
and the sheer number of embryos required to complete a singlet at a given time point,
especially at 11.5 dpc and 12.5 dpc, was challenging. This study used embryos with 18 ± 3
tail somites for the 11.5-dpc time point and 28 ± 3 tail somites for the 12.5-dpc time point. It
was difficult to limit collection to embryos with an identical number of tail somites because
the timing of ovulation, fertilization, and implantation within a litter is variable. Although
each sample of RNA used for the array hybridization was generated from pooling the gonad
from many embryos, the duplicates represent collection from unique embryos, often months
apart. If the quality of the RNA prepared from the tissue was not sufficient for hybridization
to the array, it was discarded and new tissue was collected. In contrast with a number of
studies that used amplification techniques to generate enough RNA for array hybridization,
no supplemental amplification steps were employed for this study. Furthermore, the data
generated in this study, while trying to associate changes in gene expression to changes in
functional state, are only measurements of steady-state mRNA levels and therefore do not
correlate absolutely to observed changes in function. As an additional caveat, although the
amount of the murine genome represented on the MGU74v2 array set is substantial, there is
a noticeable group of known genes that are either represented inaccurately on the arrays or
not at all.

When viewing the overall profile of gene expression from 11.5 dpc to 18.5 dpc, two major
periods of transcriptional activity were apparent. While it is not plausible to attribute all this
differential gene expression to specific events, such as sex determination, meiosis in the
female, or steroid production in the male, it was possible to identify these events within the
profile. The first period of activity occurs between 11.5 and 14.5 dpc, where the levels of
significant gene expression are generally decreasing. This is the timeframe where the
bipotential gonad develops into either a testis or an ovary dependent on the expression of Sry
and subsequent downstream events such as the expression and action of Amh. A large
number of genes have been previously implicated in this process and a number of them were
identified in this study. Sry and Sox9, key components to the differentiation puzzle, were, as
expected, only expressed at significant levels in the testis at 11.5 dpc, whereas other genes
involved in sex determination shared similar levels of expression in the testis and ovary.
This observation supports the critical role a relatively small number of factors have in sex
determination. Interestingly, when an exhaustive analysis was performed that required a
gene to be differentially expressed at only one time point in a tissue, have a signal of at least
50, and be present at least twofold higher in the testis than in the ovary at 11.5 dpc, Sry was
the only gene that passed the requirements. The similarity of overall expression observed
between the 11.5-dpc testis and ovary depicted in Figure 1 also supports the high degree of
similarity between the tissues at this stage and the relatively small number of genes required
to initiate sex determination.

While it’s accepted that the developing embryo is destined to be female until Sry is
produced, it is important to consider that, once a sex-determining factor is produced and sex
differentiation is triggered, gene repression may prove to be as critical in the developing
embryo as gene activation. This study begins at embryonic Day 11.5, before which any
number of factors, including the appearance of Sry, may be already influencing sex
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determination and affecting the relative number of unique transcripts. After differentiation,
and evident at 14.5 dpc, there is a lull in the transcriptional activity observed in both sexes.
This may reflect a quiescent, transitional period following the expression of genes involved
in sex determination at or before 11.5 dpc and just before the induction of genes involved in
sex-specific development and preparation for birth. Beginning at 16.5 dpc, the number of
unique genes being expressed in the ovary and testis nearly triples.

Primordial germ cells migrate to the genital ridge by 11.5 dpc and proliferate rapidly during
this period [31]. After sex determination has occurred, proliferation continues, but there is
also a transient burst of apoptosis in the testis [32, 33]. By 16.5 dpc, the ovarian germ cells
have entered and been arrested in meiosis and the male gonocytes are in mitotic arrest.
Through EASE analysis, it was not surprising to see transcripts in the ovary at 14.5 and 16.5
dpc being assigned to gene categories related to meiosis. In the testis, however, EASE
analysis reveals transcripts being assigned to gene categories involving apoptosis and cell
death. Even though both sexes are undergoing cell death and apoptosis [34, 35], it is
possible that it is much more distinguishable in the male because of the comparatively low
level of transcriptional activity present.

Of overall interest is the observation that the number of genes expressed at 11.5 dpc in one
tissue that satisfy the requirement of being at a signal of 50 or more and twofold higher than
the other tissue (differentially expressed or not) is lower than all other time points. In
addition, the level of expression (equivalent to raw average signal) of these genes is also
lower than all other time points. This suggests that not only are fewer gene products
necessary to drive all the cellular functions at this stage, including gonad differentiation, but
also, the relative amount of those products is low. As development continues toward birth,
the number of genes differentially expressed in the ovary and testis increase as does their
average signal. Sry is present at a raw signal of 77 at 11.5 dpc. This is considered to be a
relatively low abundance when array data are viewed and, yet, this level of expression is
enough to single-handedly decide the sex of an organism.

As expected, after 11.5 dpc, the factors involved in development of testis-specific traits and
suppression of a female gonadal phenotype are being produced. For example, the presence
of comparatively high levels of Sox9 at 11.5 dpc triggers the expression of Sox8 and Amh
after 12.5 dpc, acting to inhibit the formation of the female reproductive tract, further
solidifying the maleness of the embryo [21]. In contrast with the male, the female embryonic
gonad undergoes a meiotic event beginning at 14.5 dpc. This initiation of meiosis is clearly
marked in the ovary by the dramatic, 100-fold increase in the meiotic marker Stra8, while
expression of Stra8 is completely absent in the testis at this time. Other genes involved in
meiosis are also elevated during this period and demonstrate a concerted drive toward
meiosis. Although meiosis does occur in the embryonic ovary, it does become arrested in the
diplotene stage of meiosis I. This allows for a unique opportunity to look at genes involved
in the initiation of meiosis rather than in a convoluted fashion from other more mature
meiotically active tissues. A distinct set of meiosis-related genes involved in DNA repair
and the maintenance of DNA structure as well as the establishment of the synaptonemal
complex such as synaptonemal complex protein (Sycp1), mutS homolog 4 (Msh4), mutS
homolog 5 (Msh5), meiosis-specific sporulation protein SPO11 homolog (Spo11), and
disrupted meiotic cDNA 1 (Dmc1) were present at elevated levels at 14.5 dpc and remained
elevated until 18.5 dpc in the ovary while exhibiting significantly lesser levels of expression
in the testis. All of these genes have previously been reported to be involved in the initiation
of meiosis and their presence in this time course makes a strong argument that meiosis I is
occurring by this point in the embryonic ovary (summarized by Svetlanov and Cohen [36]).
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This study reports observations of global and temporal patterns of gene expression and
provides a review of specific genes previously reported to be expressed within specific
events of development, such as sex determination, meiosis, and steroidogenesis. It is not the
authors’ intention to only identify a limited number of specific, novel genes associated with
unique processes. In addition, this report validates the methodology applied to generate the
dataset and provides a high level of confidence to researchers that wish to use this readily
available wealth of information for their own purposes.
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FIG. 1.
Hierarchical clustering of significantly expressed transcripts in the male and female
embryonic gonad. A nonphylogenetic gene tree generated in GeneSpring depicting
clustering of 3693 significantly expressed transcripts derived from the analysis of testis and
ovary time courses. Genes are clustered on the horizontal axis and experimental samples on
the vertical axis. The tree structure at the top of the diagram indicates the similarity of each
experimental sample in the testis and ovary time course. Clustering was performed using a
smooth correlation with the default separation ratio and minimum distance. Coloring is
based on relative expression levels (normalized data): red is indicative of elevated
expression compared with median level of each gene, blue is reduced compared with median
level, while yellow is near the median level.
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FIG. 2.
K-means clustering of significantly expressed transcripts. K-means clustering in GeneSpring
was used to isolate distinct patterns of expression within and between the male and female
embryonic gonad expression profiles. Clustering was performed using a smooth correlation
and default settings. Graphs of each cluster are shown as an average of all genes in each
cluster. Numerous patterns were identified during the development of the embryonic gonad
with the predominate themes being a decrease in expression after determination of sex at
11.5 dpc and a significant upregulation trend occurring after 14.5 dpc, which occurs in both
the testis and ovary time courses. Clustering is based on the 3963 unique and significantly
expressed transcripts. The Y-axis is in logarithmic scale.
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FIG. 3.
Scatter plots of characteristic functional activities occurring during embryonic gonad
development: (A) sex determination, (B) meiosis, and (C) steroidogenesis. Scatter plots
were made within GeneSpring. Axes are in logarithmic scale of raw signal. Coloring is
based on expression levels in sex where functional activity is most significant.
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TABLE 1

Genes expressed at least two-fold or greater than raw signal of 50 in the testis or ovary during development of
the embryonic gonad.

Days postcoitum Sex No. total genes Average raw signal, top 10 No. differentially expressed genes

11.5 Testis 491 173 47

Ovary 703 86 92

12.5 Testis 866 312 164

Ovary 1312 171 248

14.5 Testis 1046 784 256

Ovary 1021 749 273

16.5 Testis 2167 1422 654

Ovary 2169 797 644

18.5 Testis 2626 1931 647

Ovary 2642 1485 948
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TABLE 2

Genes exhibiting the greatest differences in expression between testis and ovary at each time point (all genes
must have a raw signal greater than 50).

Description Common Fold change Genbank no.

11.5-dpc testis*

 Selected mouse cDNA on the Y Smcy 31.5 AI550379

 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked Ddx3y 26.7 AJ007376

 UI-M-BH0-ajs-d-08-0-UI.s1 NIHpBMAPpMpS1 24.3 A1854280

 Eukaryotic translation initiation factor 2; Y-linked Eif2s3y 12.0 AJ006584

 Ribosomal protein L29 Rp129 9.5 LO8651

 EST 7.7 AW123383

 UI-M-AO0-ach-c-08-0-UI.s1 NIHpBMAPpMPG 6.5 AI839131

 EST 6.3 AA821721

 EST Stratagene mouse testis (#937308) 6.2 AI429274

 EST Mus musculus C57BL/6J ES cell Hspb1 5.9 AV101961

11.5-dpc ovary

 EST Mus musculus C57BL/6J 10–11-day embryo 35.0 AV147230

 EST 18.0 AV349132

 EST 17.6 AV237402

 EST RIKEN cDNA 2810037C03 gene 12.7 AV323801

 EST 11.6 AV045457

 EST RIKEN full-length enriched, 8-day embryo Pold1 8.5 AV300905

 EST 8.4 AI449086

 EST 8.4 AV213536

 EST Stard10 8.2 AV278409

12.5-dpc testis

 EST 27.1 AI854280

 Cystatin 9 Cst9 19.9 Y18243

 Endometrial bleeding-associated factor Ebaf 18.8 AV215669

 Glutathione S-transferase, mu 6 Gstm6 17.1 AI326397

 EST 15.8 AI853427

 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked Ddx3y 14.7 AJ007376

 Vanin 1 Vnn1 13.1 AV377573

 Endometrial bleeding-associated factor Ebaf 12.6 AI643778

 RIKEN full-length enriched, 8-day embryo 11.4 AV307368

 Leukocyte cell-derived chemotaxin 1 Lect1 10.8 AV140849

12.5-dpc ovary

 EST Mus musculus inactive × specific transcripts Xist 30.5 L04961

 A disintegrin and metalloprotease domain 8 Adam8 22.3 X13335

 Follistatin Fst 18.4 Z29532

 EST 14.0 AW260027

 O-linked N-acetylglucosamine (GlcNAc) transferase Ogt 12.4 AW045187
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Description Common Fold change Genbank no.

 EST 12.1 AV146216

 EST 11.7 AW048759

 Achaetescute complex homolog-like 1 (Drosophila) Asc11 11.5 AA672916

 EST 11.3 AV014646

 Hypothetical protein 4732472I07 10.7 AI877199

14.5-dpc testis

 Renin (Ren-1-d); mouse renin (Ren-1-d) gene Ren1 186.8 M32352

 Cytochrome P450, family 17, subfamily a Cyp17a1 167.4 M64863

 Hydroxyacid oxidase (glycolate oxidase) 3 Hao3 103.9 AI648067

 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked Ddx3y 79.8 AJ007376

 Endometrial bleeding-associated factor Ebaf 74.8 AV215669

 Cystatin 9 Cst9 61.9 Y18243

 EST 61.8 AI854280

 UI-M-BH2.2-aoq-f-11-0-UI.s1 NIHpBMAPpMpS3.2 Cyp11a 48.7 AW121619

 Sclerostin domain containing 1 Sostdc1 37.5 AI842529

 Alcohol dehydrogenase Adh1 24.4 M22679

14.5-dpc ovary

 Stimulated by retinoic acid gene 8 Stra8 254.4 Z75287

 A disintegrin and metalloprotease domain 11 Adam11 93.1 AV256444

 RIKEN cDNA 9430532D21 gene 57.1 AV260742

 RIKEN cDNA 1700026D08 gene 43.7 AW047638

 UI-M-AN1-afb-f-10-0-UI.s1 NIHpBMAPpMBGpN 41.9 AI842886

 Placenta-specific homeobox 1 Psx1 40.6 AF017453

 Mus musculus transcribed sequences Ugt8 34.7 AI850488

 Placenta-specific homeobox 2 Psx2 27.3 AV224043

 Homeobox, msh-like 2 Msx2 23.4 X59252

 RIKEN cDNA C030048H21 gene 23.0 AU017363

16.5-dpc testis

 UI-M-BH0-ajs-d-08-0-UI.s1 NIHpBMAPpMpS1 398.4 AI854280

 Renin (Ren-1-d) Red1 279.9 M32352

 Cytochrome P450, family 17, subfamily a Cyp17a1 239.9 M64863

 Cysteine-rich secretory protein 1 Crisp1 201.0 M92849

 RNA binding motif protein, Y chromosome RbmY1a1 132.9 Y15131

 UI-M-BH2.2-aoq-f-11-0-UI.s1 NIHpBMAPpMpS3.2 Cyp11a 107.0 AW121619

RIKEN cDNA 2310045A20 gene 92.6 AI853896

 Cystatin 9 Cst9 70.4 Y18243

 Steroidogenic acute regulatory protein Star 68.6 AV224791

 Hydroxyacid oxidase (glycolate oxidase) 3 Hao3 64.1 AI648067

16.5-dpc ovary

 RIKEN cDNA 4930532D21 gene 190.6 AV260742

 Follistatin Fst 56.8 Z29532

 RIKEN cDNA 1700026D08 gene 48.5 AW047638
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Description Common Fold change Genbank no.

 Intersectin (SH3 domain protein 1A) Itsn 47.7 AI643935

 RIKEN cDNA C030048H21 gene 42.7 AU017363

 Mus musculus 0-day neonate thymus cDNA Xist 41.0 L04961

 Mus musculus gene for spot35/calbindin-D28k Calb1 39.7 D26352

 Mus musculus transcribed sequences 34.1 AI180790

 RIKEN cDNA 6330403A02 gene 32.7 AI852234

 G protein-coupled receptor 49 Gpr49 31.1 AF110818

18.5-dpc testis

 Renin (Ren-1-d); mouse renin (Ren-1-d) gene Ren 1 1019.5 M32352

 UI-M-BH0-ajs-d-08-0-UI.s1 NIHpBMAPpMpS1 190.1 AI854280

 Cytochrome P450, family 17, subfamily a Cyp17a1 105.9 M64863

 RNA binding motif protein, Y chromosome RbmY1a1 100.9 Y15131

 Mus musculus transcribed sequences 99.6 AI462234

 UI-M-BH2.2-aoq-f-11-0-UI.s1 NIHpBMAPpMpS3.2 Cyp11a 86.6 AW121619

 Testis-specific beta defensin-like Tdl 74.5 AV207700

 Chemokine (C-C motif) ligand 17 Ccl17 67.9 AJ242587

 Selected mouse cDNA on the Y Smcy 65.6 AI550379

 Serine (or cysteine) proteinase inhibitor, clade A Serpina5 61.8 AV283483

18.5-dpc ovary

 LIM homeobox protein 8 Lhx8 126.8 D49658

 RIKEN cDNA 4930532D21 gene 104.6 AV260742

 Expressed sequence C86987 91.2 AW061168

 Phosducin-like 2 Pdc12 69.6 AV204767

 Mus musculus gamma-B-crystallin gene Crygb 52.8 Z22573

 G protein-coupled receptor 49 Gpr49 51.8 AF110818

 Developmental pluripotency-associated 3 Dppa3 49.3 AI606389

 RIKEN cDNA 4833435D08 gene 42.1 AI152472

 vg85f05 × 1 Barstead mouse pooled organs MPLRB4 41.7 AI481141

 RIKEN cDNA 5730557K01 gene 39.1 AV342639

*
Sox9, fold change 5.9; Sry, fold change 3.5.

Biol Reprod. Author manuscript; available in PMC 2011 November 16.


