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ABSTRACT Bruce Baker, a preeminent Drosophila geneticist who made fundamental contributions to our understanding of the
molecular genetic basis of sex differences, passed away July 1, 2018 at the age of 72. Members of Bruce’s laboratory remember
him as an intensely dedicated, rigorous, creative, deep-thinking, and fearless scientist. His trainees also remember his strong commitment to teaching students at every level. Bruce’s career studying sex differences had three major epochs, where the laboratory was
focused on: (1) sex determination and dosage compensation, (2) the development of sex-speciﬁc structures, and (3) the molecular
genetic basis for sex differences in behavior. Several members of the Baker laboratory have come together to honor Bruce by
highlighting some of the laboratory’s major scientiﬁc contributions in these areas.
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T

HE discovery of sex chromosomes and their sexdetermining roles, made over a century ago, opened the
door to our current understanding of how sex differences arise
at the molecular level [reviewed in Miko (2008)]. In the early
to mid-20th century, the ﬁnding that single-gene mutations
could cause sexual transformations lead to the idea that sex
chromosomes and genic control are both important for sex
determination [review for Drosophila genes: Baker and Belote (1983)]; however, the tools to go from genetic mutations
to molecular mechanism had yet to be developed. It would
not be until the late 1970s and early 1980s that the molecular
genetic mechanisms of sex determination in animals would
be revealed through the work of a small handful of laboratories studying Drosophila melanogaster and Caenorhabditis
elegans. Bruce Baker’s laboratory entered the sex determination ﬁeld at this time, switching focus from the genetic analysis
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of Drosophila chromosome mechanics to Drosophila sex determination. One major question in the ﬁeld was how sex chromosome differences direct the formation of secondary sexual
characteristics—both morphological and behavioral—at the
molecular level. Another major question was how expression
of X-linked genes are equalized between males and females,
which differ in X chromosome number. In Drosophila, it was
known that the number of X chromosomes was the primary
determinant of sex—two in females and one in males—rather
than the presence of a Y chromosome, which is the primary
determinant of sex in humans. There were also known mutations that caused an animal that is chromosomally female (XX)
to look and behave like a male, as well as mutations that
caused intersexual phenotypes. Bruce, an expert geneticist,
carried out epistasis analyses with the existing sex determination mutations to establish the order of gene activity. His laboratory subsequently used molecular biology to gain a mechanistic
understanding of how each step of the pathway impacted the
next. The molecular mechanisms underlying sex differences,
which were often quite surprising, are now fully integrated into
the scientiﬁc canon, appearing in almost all genetics textbooks.
This perspective highlights the contributions of Bruce Baker’s
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laboratory to our nearly complete understanding of how
Drosophila sex chromosome number is interpreted to activate
downstream pathways controlling both the morphological and
behavioral differences between the sexes, and X chromosome
dosage compensation.

Sex Determination and Dosage Compensation in
Drosophila
The title of Bruce Baker’s ﬁrst publication on sex determination “Sex and the Single Cell” had been inspired by the book
“Sex and the Single Girl” by Helen Gurley Brown, which sold
two million copies in 3 weeks. Though not that kind of blockbuster, Bruce’s paper was the cornerstone of a research program that extended for almost 4 decades, establishing the
critical role of genetics in codifying regulatory pathways
(Baker and Ridge 1980). Key ﬁndings revealed in this study
were: (1) that the four genes known at the time to cause
dramatic sex-transformation phenotypes in Drosophila—
transformer (tra), transformer-2 (tra-2), doublesex (dsx), and
intersex (ix)—function in a cell-autonomous manner, unlike
mammalian sex determination where diffusible hormones
play critical roles; (2) that these genes function in a shared
genetic pathway (Figure 1, A and B); (3) that the default
product of the bifunctional dsx gene is the male-specifying
form; (4) that tra and tra-2 act to convert products of the
bifunctional dsx gene to the female-specifying form; and (5)
that ix works in concert with the female product encoded by
dsx to establish and maintain sexual dimorphism. The cloning and molecular characterization of each of these genes
conﬁrmed every aspect of this genetics-based pathway. The
surprise would come in the discovery of the molecular mechanism by which the products of the bifunctional dsx gene are
converted by its upstream regulators into a female modus
operandi.
It is not clear what upstream events diverted Bruce’s research efforts toward the study of sex determination and
dosage compensation. His graduate work had focused on
meiosis, training under Larry Sandler at the University of
Washington who, along with Bruce’s father William Baker,
another prominent Drosophila biologist, had major inﬂuences
on Bruce’s approach to science and to training the next generation of scientists. During his early years as an assistant
professor, ﬁrst at the University of North Carolina Chapel Hill
and then at the University of California San Diego, Bruce had
focused on mitosis, recombination, mutagenesis, and chromosome mechanics, working with Maurizio Gatti, Sergio
Pimpinelli, and David Smith, among others. One theory
about Bruce’s move into the sex determination ﬁeld was
shared with us by Adam Wilkins, who, like Bruce, attended
Reed College as an undergraduate. “I was a year ahead of
Bruce and took the course in genetics the year before he did.
One of the lab exercises was a “Drosophila unknown” that
pairs of students had to solve. Our teacher, Stephen
Karashian, gave my partner and me the one that he said
was the toughest. It was tra and, believe me, it was interest-
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ing and fun to solve; neither of us had heard of, or imagined,
this kind of sexual transformation. The next year, Bruce and
his partner, Ann Roman (the daughter of Herschel Roman,
the founder and ﬁrst chairman of the Department of Genetics
at the University of Washington), were given the same unknown, with Dr. Karashian again telling them that it was the
hardest. Of course, they solved it too. But might this have
sown the seed of interest in matters of sex determination,
gender-speciﬁc behavior, etc. for Bruce?”
Adelaide Carpenter, Bruce’s signiﬁcant other through
graduate school, and his postdoctoral and early years as an
independent investigator, says Bruce demonstrated “no particular interest in sex determination or dosage compensation
during [their] early years together.” She is unsure about what
diverted Bruce into the sex determination/dosage compensation ﬁeld, but her best hypothesis is that his interest could
have emerged from their observation that in gynandromorphs (ﬂies that are part female and part male because of
loss of one of the two X chromosomes during development)
only either very large or very small male clones are ever
observed, when X chromosome loss should be equal across
cell divisions. A third more speculative theory is that Bruce
had devised a clever genetic screen for obtaining pure populations of sex-speciﬁc larvae and pupae at biochemical levels, and just needed to study a pathway where such a tool
would be useful (Baker 1973), although this idea may be a bit
too whimsical for how Bruce approached science. We will
never know exactly why Bruce dove into the genetics of sex
and dosage compensation, but his doing so opened up a new,
exciting, and enduring area of investigation for him and his
trainees, many of whom continue to address related questions in their own laboratories.
Following the publication of Baker and Ridge (1980),
Bruce was on a mission to clone all four sex determination
genes. This task that would take . 20 years to complete and
would also involve the molecular characterization of another
key regulator of sex determination, fruitless (fru), a gene that
controls sex differences in behavior, and whose activity state
is also regulated by tra and tra-2. Cloning of Drosophila genes
was no small feat in the early days of molecular biology. The
process often involved taking an already cloned gene coupled
with nearby chromosomal aberrations to obtain DNA “close”
to the gene of interest. A chromosomal walk would then
ensue wherein one would screen for and map overlapping
pieces of genomic DNA, phage-clone by phage-clone, to move
into and across the molecularly deﬁned interval containing
the gene of interest. Chromosomal walking also often involved generating new mutant alleles to help position clones
within the chromosome walk.
Thus, the expertise of both classical geneticists and molecular biologists was required; whereas Bruce had all the genetics experience necessary, he had no molecular expertise.
So, in addition to John Belote, another expert geneticist who
had trained in John Lucchesi’s laboratory, Bruce brought on
Mariana Wolfner, a postdoctoral scholar who had trained in
the laboratory of David Hogness. Together, they began to

Figure 1 Sex and the single ﬂy: the somatic sex determination hierarchy. Bruce Baker and his laboratory, as well colleagues in the ﬁeld, made many key
discoveries about the genetic pathway that directs somatic sexual development. (A) Females with two X chromosomes produce Sxl, a pre-mRNA splicing
factor. Sxl regulates the splicing of its own pre-mRNA and the tra pre-mRNA, resulting in the production of Sxl and TraF. TraF and Tra-2 regulate the premRNA splicing of doublesex (dsx) and fruitless (fru; the product of the P1 promoter), resulting in the production of female-speciﬁc (DsxF) that binds Ix; the
Dsx/Ix complex regulates transcription in females. Sxl also inhibits translation of msl-2, so dosage compensation is not active in females. (B) Males with one X
chromosome do not produce Sxl. dsx and fru pre-mRNAs are spliced by the default pathway, resulting in the production of male-speciﬁc transcription
factors DsxM and FruM. In males, DsxM does not require ix to direct male development. Dosage compensation is active in males, resulting in upregulation of
genes that reside on the X chromosome in males, due to translation of msl-2. Msl-2 acts with a set of protein and noncoding RNAs (dosage compensation
complex; DCC) to mediate upregulation of gene expression on the male X chromosome. In both males and females, Dsx directs somatic sex-speciﬁc
development and aspects of behaviors. In males, FruM is required to specify the potential for male reproductive behaviors. (C) Alternative pre-mRNA splicing
of dsx transcripts produces sex-speciﬁc transcription factors that share a common N-terminal region, containing the DNA-binding domain, but differ in the
C-termini. This image is based on the original discovery (Burtis and Baker 1989). (D) The somatic sex determination hierarchy and conserved developmental
patterning genes coordinate to bring about sex differences in genital morphology [reproduced from Chen and Baker (1997)]. Expression of patterning genes
in the male genital disc is shown. Top is Engrailed (En) antibody staining (red), and decapentaplegic (dpp)-lacZ or wingless (wg)-LacZ reporter expression
(green). Bottom left is En (red) and Wg (green) antibody staining, and dpp-LacZ reporter expression (blue). Bottom right is En antibody staining (red) and
patched (ptc)-LacZ reporter expression (green). lacZ expression was detected with an anti-b-galactosidase antibody. (E) fruitless produces sex-speciﬁc
transcripts due to sex hierarchy-regulated alternative pre-mRNA splicing. On the left, an RNA blot, with polyA(+) RNA from adult male and female heads;
sex-speciﬁc transcripts are detected using a probe made from the ‘Broad-complex, Tramtrack, Bric-a-brac’ (BTB) domain coding region of a fru cDNA. The
region of alternative pre-mRNA splicing of fru P1 transcripts is shown at the top right; splicing in females occurs downstream of where splicing occurs in
males, due to sex hierarchy regulation. Primers used in RT-PCR are shown. Sex-speciﬁc splicing is downstream of tra and tra-2, but not dsx, as detected by
Southern blot analysis of RT-PCR products [reproduced from Ryner et al. (1996)]. (F) fruitless is expressed in both the peripheral and central nervous system,
in neurons important for reproductive behaviors in males and females [reproduced from Manoli et al. (2005)]. fruM-Gal4 drives expression of membraneGFP (green) and autoﬂuorescence (magenta). (a–f) Expression of fruM in olfactory neurons in the antenna (a), in gustatory neurons of the proboscis (b), in
proprioceptive neurons in the wing joint (c), in gustatory and mechanosensory neurons of the prothoracic leg (d), in neurons of the male external genitalia
(e), and in gustatory and mechanosensory neurons at base of male sex comb (f).

clone the dsx gene, with Bruce learning molecular biology at
the bench from Mariana. Bruce then brought on another molecular biologist postdoctoral scholar, Michael McKeown,
who trained in the laboratory of Rick Firtel, and who began
the cloning of tra and tra-2. The inexperienced new graduate

students who joined the laboratory around this time (Geoff
Carson, Nelson Scott, and Deborah Andrew) were assigned
more peripheral, albeit related, projects, a move that in retrospect served to not only allow these neophytes to develop a sense
of scientiﬁc autonomy but that also did not impede progress.
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The cloning of tra, the ﬁrst of the sex determination genes
to be reported, was done in both Bruce’s laboratory and that
of Rolf Nöthiger, with the corresponding publications coming
out within 2 months of one another (Butler et al. 1986;
McKeown et al. 1987). The loss-of-function tra phenotype
is the complete transformation of chromosomally XX ﬂies into
phenotypic males, with no effect on chromosomally XY males. The molecular characterization of tra revealed that transcripts of 1.2 kb existed in both sexes, but in addition, there
was a 1-kb female-speciﬁc transcript. This ﬁnding suggested that either alternative transcriptional start sites or
alternative mRNA processing might be at the root of the differences. The next year, Michael McKeown’s newly formed
laboratory at the Salk Institute, along with Bruce and John
Belote, reported on an alternatively spliced form of tra, the
only transcript isoform that encoded a signiﬁcant open reading frame (Boggs et al. 1987). They also demonstrated that
driving expression of tra with a heat shock promoter was
sufﬁcient to rescue gene function, ruling out tra regulation
through sex-speciﬁc transcriptional events.
Within a year of the reports on the cloning of tra, the
cloning of dsx—a gene whose loss in both chromosomally
XX and XY results in intersexual ﬂies, with both male and
female morphological features—was reported. The study uncovered developmentally regulated, sex-speciﬁc dsx transcripts,
which in this study were detected during the pupal stages, when
the remodeling that gives rise to the adult sexually dimorphic
phenotypes occurs (Baker and Wolfner 1988).
As the cloning of both tra and dsx was being completed
(1986), Bruce moved from the position and laboratory he
had shared with Adelaide Carpenter at the University of California San Diego to Stanford University, where he was joined
by a larger team of postdoctoral scholars and students. Many
in this group would continue the charge of elucidating the
molecular mechanisms of sex determination; others would
focus on the cloning and characterization of genes required
in males for dosage compensation.
Another major intellectual step was the cloning and characterization of Sex lethal (Sxl) by Thomas Cline’s laboratory
[reviewed in Cline (2005)]. Sxl was shown to function upstream of both sex determination and dosage compensation.
With molecular knowledge of tra, dsx, and Sxl, much of the
regulatory interactions among the pathway members began
to quickly unfold. Rod Nagoshi, and others from the Baker
laboratory, showed that tra splicing was not affected by loss
of tra-2 or dsx, and that female-speciﬁc splicing of dsx requires
Sxl, tra, and tra-2, but not ix (Nagoshi et al. 1988). The Cline
laboratory discovered that Sxl also undergoes sex-speciﬁc RNA
splicing and that the Sxl protein has sequence similarity to
RNA-binding proteins (Bell et al. 1988). Altogether, the ﬁndings suggested a model wherein Sxl regulates its own premRNA splicing and that of downstream genes in the sex determination pathway, providing a simple molecular mechanism for both Sxl autoregulation that had been uncovered
through genetic studies in Thomas Cline’s laboratory and Sxl
regulation of downstream genes (Cline 1983). A series of key
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splicing events were at the core of Drosophila sex determination, quite a novel and exciting mechanism for a time when
most of those in the ﬁeld expected the differences to be at
either the transcriptional, or the translational, level.
The cloning of tra-2 and the discovery that the Tra-2 protein is related to known RNA-binding proteins, by the Baker
and Nöthiger laboratories (Amrein et al. 1988; Goralski et al.
1989), further supported this mode of gene regulation. The
cloning and sequencing of dsx cDNAs revealed that the male
and female transcript isoforms encode proteins with a common N-terminus, which contains the DNA-binding domain,
but with distinct C-termini (Figure 1C), providing a molecular explanation for the bifunctionality of Dsx (Burtis and
Baker 1989). Detailed mapping of the various lesions in the
dsx gene revealed that sequences in the female-speciﬁc exons
functioned with Tra and Tra-2 to divert the splicing machinery away from use of the default consensus splice acceptor
sites. Dsx was subsequently revealed to function as a transcription factor through experiments showing that both the
male and female Dsx protein isoforms can directly bind yolk
protein gene enhancers, with female-speciﬁc Dsx activating
transcription and male-speciﬁc Dsx repressing transcription
(Burtis and Baker 1989; Burtis et al. 1991). Direct regulation
of dsx splicing by Tra and Tra-2 in S2 cells conﬁrmed the
proposed mechanisms for dsx regulation (Ryner and Baker
1991). It would take another 11 years for the cloning of ix,
which revealed its function as a transcriptional coactivator
that physically interacts with regions present only in the Dsx
female-speciﬁc isoform (Garrett-Engele et al. 2002).
By the time Bruce’s very “punny”-titled review in Nature
came out “Sex in Flies: the Splice of Life” (Baker 1989), the
Baker laboratory was already embarking on the cloning and
molecular characterization of the male-speciﬁc lethal (msl)
loci, with the expectation that the activity of these genes
could be controlled by Sxl, possibly through splicing. This
prediction would turn out to be true, just not exactly. The
Baker laboratory cloned and characterized three of the original four known msl genes: male lethal (mle) (Kuroda et al.
1991), male-speciﬁc lethal-3 (msl-3) (Gorman et al. 1995),
and male-speciﬁc lethal-2 (msl-2) (Bashaw and Baker
1995). The fourth msl—male-speciﬁc lethal-1—was cloned
and characterized in the laboratory of Mitzi Kuroda, after
she had established her own laboratory at Baylor College of
Medicine (Palmer et al. 1993). mle was found to encode a
protein with homology to RNA–DNA helicases, with transcripts and proteins of the same size, and abundance, in males and females. However, MLE accumulated on only the X
chromosomes of males and not females in preparations of
salivary gland polytene chromosomes, suggesting a direct
role for MLE in male X chromosome hyper-transcription.
The characterization of msl-1 and msl-3 also revealed no differences in transcript size or levels, and no differences in
protein size between the two sexes; however, both proteins
were much less abundant in females. All three proteins
showed strong sex-speciﬁc localization to hundreds of sites
along the male X chromosomes, dependent on the presence

of the other MSLs and the absence of Sxl [Gorman et al.
(1993); reviewed in Baker et al. (1994), Gorman and Baker
(1994), and Gorman et al. (1995)]. These ﬁndings supported
previous ideas that the MSLs were likely to function as a
complex to control X chromosome transcription levels, but
provided no molecular link to Sxl.
The cloning of male-speciﬁc lethal-2 (msl-2), the last of the
four msl genes (known at the time) to be molecularly characterized, would provide the link between MSLs and Sxl
(Bashaw and Baker 1995). The male msl-2 transcript is larger
than the female transcript and splicing of the female-speciﬁc
form requires Sxl. Interestingly, although Sxl-dependent splicing removes sequences in only the 59-UTR, MSL-2 protein is
produced only in males. Follow-up studies revealed that Sxl acts
directly to block the translation of msl-2 through its binding to
poly-U sequences present in both the 59- and 39-UTRs (Bashaw
and Baker 1996). This showed that Sxl has two molecular functions: splicing and translational regulation, two sites of action:
the nucleus and cytoplasm, and jobs in two different pathways:
sex determination and dosage compensation.
Other discoveries on dosage compensation in ﬂies that
were published around this time include the Kuroda laboratory’s ﬁnding that an acetylated histone (H4Ac16) also associates with MSLs on the male X chromosome (Bone et al.
1994), and the identiﬁcation and cloning of a new msl,
males on ﬁrst (mof), which encodes the histone acetylase that
generates H4Ac16 (Hilﬁker et al. 1994; Gu et al. 2000). Two
long noncoding RNAs were discovered that associate with the
male X chromosome, the roX1 and roX2 RNAs (Meller et al.
1997). The Baker laboratory would demonstrate that these
RNAs colocalize with the MSLs and are redundantly required
for the association of the MSL proteins to the male X chromosome (Franke and Baker 1999), and that the X chromosome can recruit the dosage complex machinery in the
absence of a set of experimentally deﬁned entry sites
(Fagegaltier and Baker 2004). The Kuroda and Meller laboratories would uncover more details on the regulation, function, and molecular mechanisms by which these roX RNAs
contribute to dosage compensation (Meller and Kuroda
2002; Park et al. 2002, 2003, 2005; Meller 2003; Stuckenholz
et al. 2003; Rattner and Meller 2004; Deng and Meller 2006).
Only a few additional papers from the Baker laboratory on
dosage compensation appear after the turn of the century. Bruce’s attention was now focused on fru, and discovering how the
transcriptional regulators at the end of the pathway control sexspeciﬁc differentiation and neuronal wiring.

The Development of Sexually Dimorphic Structures
and the Evolution of Sex
By the 1990s, with most of the core genes of the sex determination pathway identiﬁed and characterized, Bruce focused on
two additional major questions: how does the sex determination pathway direct the development of sexually dimorphic
morphologies and how did sex differences evolve? Even in his
ﬁrst paper on sex determination (Baker and Ridge 1980), Bruce

recognized that studying sex determination would lead to insights about developmental mechanisms. He wrote “Since sex
determination affects the developmental fate of numerous organ primordia, information as to the nature of the genetic
events involved in sex determination should contribute not
only to our understanding of sex determination, but also to
the elucidation of the mechanisms by which eukaryotes effect
the expression of alternative developmental pathways.” To
address these questions, Bruce’s laboratory began work in
three general areas: (1) a molecular–genetic investigation of
genital imaginal disc development; (2) genome-wide approaches to ﬁnd downstream targets of the transcription factors found at the end of the sex determination pathway, Dsx
and FruM; and (3) an examination of the evolutionary conservation of genes in the sex hierarchy.
Drosophila adult tissues arise from imaginal discs, sac-like
structures that form during embryogenesis and develop inside the larva. Bruce chose to study development of the genital imaginal disc because it gives rise to the most sexually
dimorphic structures in the adult ﬂy, the internal and external
genitalia. Bruce recruited three graduate students, Elizabeth
Chen, Shaad Ahmad, and Eric Keisman, and later a postdoctoral scholar, Audrey Christiansen, to work on the genital disc
project. These studies began during an exciting period for
developmental biologists, when critical genes controlling
both embryonic and imaginal disc patterning were being discovered and characterized. What was unclear was how the
activities of the patterning genes intersected with those of the
sex determination hierarchy to give rise to adult sexual dimorphism. The genital disc is different from the other imaginal discs in that it is a compound disc with three distinct
primordia: cells that give rise to the female genitalia, male
genitalia, and the analia. While colleagues including
Nöthiger, Schüpbach, and Wieschaus had identiﬁed many
of the fundamental principles regarding the organization of
the genital disc (Nöthiger et al. 1977; Schüpbach et al. 1978;
Dübendorfer and Nöthiger 1982), the molecular underpinnings that directed the distinct genital disc primordia to their
fate were not known.
Elizabeth Chen showed that each of the three primordia is
divided into an anterior (A) and a posterior (P) compartment,
and she demonstrated the conserved functions of the pattern
formation genes in setting up these compartments within the
genital disc (Chen and Baker 1997). The next major challenge was to determine how the sex hierarchy interacts with
the pattern formation regulatory networks. A study by Eric
Keisman demonstrated that Dsx works together with the pattern formation genes wingless and decapentaplegic, which are
expressed along the A/P compartment border, to establish
the sex-speciﬁc expression of a critical downstream gene
known as dachshund throughout each primordium (Keisman
and Baker 2001). The sex determination pathway was shown
to control sex-speciﬁc growth and identity of the genital disc by
regulating the activity of a stripe of cells along the A/P border,
known as the A/P organizer. Also, in contrast to earlier views
that the sex determination hierarchy represses development of
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the inappropriate genital primordium in each sex, it was
revealed that the pathway actually directs the growth and
differentiation of both genital primordia in both males and
females, but in a sex-speciﬁc manner (Keisman et al. 2001).
Up until this point, somatic sex determination had been
shown to function entirely in a cell-autonomous manner, in
keeping with the original ﬁndings reported in Baker and Ridge
(1980). Shaad Ahmad’s graduate work revealed an exception
to this. He showed that FGF receptor-expressing mesodermal
cells are recruited into the male genital primordium by malespeciﬁc expression of the corresponding FGF ligand in the
genital disc. The FGF receptor-expressing cells form a new
compartment in the disc, distinct from the previously characterized A and P compartments (Ahmad and Baker 2002).
Elizabeth Chen, working with Audrey Christiansen, also identiﬁed the pattern formation genes required for the initial
establishment of the genital disc precursor cells in developing
embryos (Chen et al. 2005). Through these studies, the sex
determination pathway was intimately connected to the tissue patterning systems and some of the mysteries of the relatively obscure genital imaginal disc were solved [reviewed
in Christiansen et al. (2002)].
During the mid-1990s, Bruce’s Stanford University colleagues were pioneering the use of genomic technologies to
examine global gene expression. Bruce, with a postdoctoral
scholar in his laboratory, Michelle Arbeitman, and a team of
Stanford colleagues, played an instrumental role in the ﬁrst
study to use genome-scale approaches to examine gene expression across metazoan development and between the
sexes (Arbeitman et al. 2002). This study deﬁned the major
transcriptional programs that direct progression through the
Drosophila life cycle, and showed that 50% of the genome is
deployed in a sex differential manner, mostly due to differences in germline gene expression. Further genomic analyses
of somatic sex differences revealed genes regulated by Dsx
and FruM (Arbeitman et al. 2004). Bruce had used large-scale
molecular screening approaches to ﬁnd sex differentially
expressed genes even prior to the Stanford genome-wide
studies. Work with Deborah Andrew and with Mariana Wolfner’s new laboratory, at Cornell, used genomic and cDNA
hybridization screens to search for additional genes regulated
by the sex hierarchy (DiBenedetto et al. 1987; Andrew and
Baker 2008). Bruce’s laboratory, after his move to the Janelia
Research Campus in 2008, and Michelle Arbeitman’s laboratory would continue to elucidate Dsx and FruM targets with
novel genomic technologies (Goldman and Arbeitman 2007;
Dalton et al. 2009, 2013; Luo et al. 2011; Arbeitman et al.
2016; Meissner et al. 2016; Newell et al. 2016).
While Bruce and colleagues were identifying the critical sex
determination genes in D. melanogaster, genes specifying sex
in C. elegans were also being discovered using a similar strategy of cloning genes that when mutated caused sex transformations [for genetic screens see Hodgkin and Brenner
(1977) and Hodgkin (1980)]. The molecular-level comparative studies revealed that the genes and molecular mechanisms specifying sex differences were not conserved [reviewed
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in Cline and Meyer (1996)]. The scientiﬁc community at the
time recognized that sex determination mechanisms evolve
rapidly, as compared to other processes (Bull 1983), but how
such different sex determining pathways could evolve was
not clear, especially for pathways with multiple steps in the
genetic regulatory hierarchy. An important hypothesis was
that these pathways could evolve in a step-wise fashion from
the bottom of a sex hierarchy to the top, with the rationale
that the most downstream step of a genetic pathway is the
critical output step (Wilkins 1995). Furthermore, it was proposed that there might be preferential functional conservation of genes at the bottom of the sex determining regulatory
hierarchy, given that it is the important output step, with
novel mechanisms to achieve the regulation of the output
step arising during evolution (Wilkins 1995; Pomiankowski
et al. 2004). This hypothesis was proven true with the cloning
of C. elegans male-determining mab-3, a gene that is related to
Drosophila dsx (Raymond et al. 1998). More recently, dsxrelated genes have been shown to have a role in sex determination in all animals that have been studied [reviewed in
Kopp (2012)]. It was in this context that Ignacio Marín, a
postdoctoral scholar in Bruce’s laboratory, reviewed the ﬁeld
(Marín and Baker 1998). Then, along with other Baker laboratory members, investigated the evolution of dosage compensation to understand sex chromosome evolution [Marín
et al. (1996) and reviewed in Marín et al. (2000)]. Mark
Siegal, a postdoctoral scholar in the Baker laboratory, examined the conservation of the interaction of Dsx with Ix to gain
insight into the evolution of sex determination across different species (Siegal and Baker 2005). Bruce remained interested in evolutionary questions through the rest of his career.
His laboratory would later turn their attention to the evolution of reproductive behaviors and make interesting discoveries about species discrimination during courtship behaviors
(Fan et al. 2013; Vaughan et al. 2014).

Sex Behavior Meets the Sex Determination
Regulatory Hierarchy: The Genetic Control of Sexual
Behavior
Bruce’s entry into the genetics of sexual behavior came from
the unexpected discovery that the fruitless gene (fru), a gene
known to be involved in controlling aspects of male sexual
behavior, deﬁned a new branch in the sex determination regulatory hierarchy. By the early 1990s, it was clear that tra and
tra-2 have regulatory control over the doublesex (dsx) gene,
but Bruce was interested in knowing if there were yet undiscovered genes in the hierarchy. These efforts, combined
with those of collaborators Barbara Taylor and Jeffrey Hall,
led to the discovery of fru’s position in the sex determination
hierarchy. This discovery was the critical ﬁnding that led
Bruce’s laboratory into the study of behavioral genetics
(Ryner et al. 1996).
Barbara Taylor had published ﬁndings showing that development of a male-speciﬁc abdominal muscle, the Muscle of
Lawrence (MOL), depended on the function of tra and tra-2,

but not dsx. This ﬁnding suggested the existence of a previously unrecognized branch in the sex-determination hierarchy (Taylor 1992). Lisa Ryner had found that a 13-nt
sequence, repeated six times in dsx in a noncoding region,
was necessary and sufﬁcient to direct sex-speciﬁc splicing
(Ryner and Baker 1991). Lisa Ryner, with input from William
Mattox, devised a genomic screening method that used a
tandem repeat of the dsx 13-nt sequence to “ﬁsh out” the
gene or genes that might function at the top of this predicted
new branch in the hierarchy. This approach led to the identiﬁcation of a genomic region containing the 13-nt repeat
sequences that was not the dsx region. When this genomic
fragment was used to probe a northern blot, sex-speciﬁc transcripts were revealed. In situ hybridization to the giant salivary gland polytene chromosomes mapped the sequences to
the genomic interval known to contain the fru gene.
The fru gene was being extensively studied in the laboratory of Jeffrey Hall at Brandeis University. Jeffrey Hall and
Bruce were graduate students contemporaneously in the
Sandler laboratory. fru was known to be involved in male
sexual behavior based on analysis of mutant ﬂies exhibiting
aberrant courtship. In addition, it had been shown that fru
was involved in sex-speciﬁc development of the MOL (Gailey
et al. 1991). Interestingly, development of the MOL was dependent on the sex of the innervating neurons (Lawrence and
Johnston 1986). Furthermore, earlier work by Belote and
Baker showed that tra-2 is required in adult females to block
male-speciﬁc courtship behaviors, linking control of sexual
behavior to this part of the hierarchy (Belote and Baker
1987). Hence, fru was a good candidate for a gene residing
at the top of the new branch in the sex determination regulatory hierarchy and this branch appeared to control sexspeciﬁc neuronally controlled functions, such as courtship
behavior and the development of the MOL.
While work in Bruce’s laboratory was ongoing to identify
and understand fru’s transcripts and genomic structure,
Bruce met Steven Wasserman and Diego Castrillon at a
Drosophila conference, where he learned about their work
to identify genes involved in spermatogenesis (Castrillon
et al. 1993). Several P element “hits” landed in the fru locus.
Even though fru probably was not directly involved in spermatogenesis, it was nonetheless an interesting gene, so they
had set out to clone it. By the time they met with Bruce,
Wasserman and Castrillon had cloned 180 kb of genomic
DNA that spanned the chromosomal lesions that deﬁned
the fru locus, but they had not yet succeeded at identifying
transcripts in the region. Through a subsequent collaboration, it was shown that the genomic fragment that Lisa Ryner
identiﬁed with the 13-nt repeat sequence was within their
genomic walk.
Lisa Ryner recalls that Bruce was brilliant in bringing all
four laboratories with an interest in fru into a collaboration
referred to as the “Fruitless Consortium.” The Consortium
included Jeffrey Hall’s group, with Stephen Goodwin and
Adriana Villella dissecting fru’s role in male courtship behavior; Barbara Taylor studying the role of fru in MOL develop-

ment; Steven Wasserman and Diego Castrillon providing
additional fru alleles, and the clones spanning the fru genomic interval; and Bruce’s own laboratory, including Anuranjan Anand and Lisa Ryner, identifying the sex-speciﬁc
transcripts (Anand et al. 2001). The Fruitless Consortium
was very fruitful (pun intended); the consortium showed that
fru encodes transcription factors whose sex-speciﬁc transcripts are generated by alternative splicing controlled by
the sex hierarchy proteins Tra and Tra-2 (Figure 1E). This
splicing was shown to be necessary for male-speciﬁc courtship behavior. Strikingly, fru’s sex-speciﬁc transcripts were
only expressed in the adult nervous system and in a very
distinct pattern (Ryner et al. 1996). This was the ﬁrst sex
hierarchy gene to function exclusively in the nervous system
and ﬁt well with the notion that fru, like dsx, was a master
regulatory gene, but in the case of fru, controlling sex-speciﬁc
functions of the nervous system. Around the same time,
Daisuke Yamamoto’s laboratory had also independently determined that fruitless (called satori in their paper) is important for male courtship behaviors through a P element
mutant screen and cloning project (Ito et al. 1996).
The combined work of the consortium had built a very
strong case that a single gene, fru, had highly speciﬁc control
of Drosophila sexual orientation and sex behavior. However,
at that time, the idea that genes could control sexual orientation and behavior in humans was quite controversial, so
much so that a national press conference was held at Stanford
on the eve before publication of the initial work on fru in
December of 1996. The press conference resulted in a very
wide audience hearing about fru with many additional public
airings and interpretations of the ﬁndings in the popular
press. The story ran on local TV, radio, in newspapers, and
there was even a reference to the study in a lifestyle magazine
(Self). Even among behavioral scientists, the fru story was
paradigm changing.
With the cloning and molecular characterization of the fru
locus (Ryner et al. 1996), the stage was set for Bruce and the
Fruitless Consortium to tackle head on the historically Manichean debate, as to whether or not behavioral repertoires
could in fact be genetically speciﬁed, or were predominantly
shaped by environmental factors. In a landmark review, “Are
Complex Behaviors Speciﬁed by Dedicated Regulatory
Genes? Reasoning from Drosophila,” Bruce, Barbara Taylor,
and Jeffrey Hall elegantly laid out the theoretical framework
for the concept of the genetic control of behavior (Baker et al.
2001). They argued that despite the complexity of social
interactions and displays, innate behaviors that underlie reproduction and survival are likely to be under the strongest
genetic control, because they are so important for the survival
of the species. They further observed that previous approaches focused on determining the genetic or environmental inﬂuences that cause variation in behavior had overlooked
the very basis of the innate behaviors being examined. The
essay articulated an experimental roadmap that would seek
to demonstrate how the example of fru function could directly support this idea.
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One goal was to elucidate the function of subsets of neurons
that express the male-speciﬁc products encoded by fru (fruM),
which turned out to be more challenging than anticipated,
given that fru is a large complex gene. This complexity
made it challenging to develop tools to modify subsets
of fru M -expressing neurons, which relied on identifying
discrete enhancer DNA sequences. Instead, Devanand
Manoli developed an RNA interference (RNAi)-based approach that allowed the manipulation of fruM expression
levels using existing Gal4 expression tools (Manoli and Baker
2004). This approach helped elucidate the function of fru in
neurons; even when the Gal4 line was broadly expressed, the
RNAi would impact only the neurons that expressed fruM. This
RNAi-based approached illuminated a role for the median bundle
cluster of neurons in the appropriate initiation and gating of courtship, coordination of courtship behaviors to members of the right
species, and species-speciﬁc discrimination of courtship targets
(Manoli and Baker 2004; Fan et al. 2013; Tran et al. 2014).
Geoffrey Meissner and Devanand Manoli next carried out a large
genetic screen using the fruM RNAi transgene, and a large collection of Gal4 lines in collaboration with the laboratory of Ulrike
Heberlein, Bruce’s long-time friend and colleague. The goal
was to identify neurons that had behavioral phenotypes due
to loss of fruM, thus further deﬁning the role of subsets of fruM
neurons (Meissner et al. 2011).
Devanand Manoli also employed a recently developed
gene replacement approach (Gong and Golic 2003), using
homologous recombination to insert the Gal4 coding region
into fru, as a means to visualize and manipulate fruM-expressing neurons (Manoli et al. 2005). This study revealed the full
repertoire of fruM expression and, unexpectedly, that fruM is
expressed in regions of the peripheral nervous system in every sensory system implicated in courtship behavior (Figure
1F). Around the same time, Barry Dickson’s laboratory
reported on a Gal4 insertion into fru that also revealed
the function and anatomy of fru M -expressing neurons
(Stockinger et al. 2005). Up until that point, fruM was
thought to be expressed almost exclusively in the central
nervous system. The observation of fruM in such “labeled
lines,” that is primary sensory neurons as well as downstream
sensory pathways, suggested that fruM is important for the
detection of ethologically relevant sensory information and
for transmission of this information to the central nervous
system. Before this study, it was thought that the primary role
of fruM was to specify the fate of neurons that integrated
sensory information common to both sexes to initiate and
execute sex-speciﬁc behavioral programs. By controlling the
sensory perception, as well as the behavioral response to cues
that elicit species-speciﬁc behaviors like courtship, fruM provided developmental and evolutionary ﬂexibility in this circuitry, independent of anatomic sex.
This study also demonstrated that males and females share
much, but not all, of the neuroanatomy that expresses fruM.
Up until this point, it was not clear if fruM was expressed in
neurons that are only present in males. Additionally, the
study showed that fruM is expressed in the regions of the ﬂy

372

D. J. Andrew et al.

brain that underlie learning and memory, providing a mechanistic explanation for how behavior can be both genetically
speciﬁed and modiﬁed by experience. Using fruM as a model,
Bruce and his colleagues proposed that such genetic speciﬁcation of neural circuits likely occurred across many species,
controlling both basic patterns of innate behavior, but also
higher-order social behaviors and relationships that were
modiﬁable across an animal’s life [reviewed in Manoli et al.
(2006)]. The critical insight that one could ﬁnd anatomical
targets of peripheral fruM neurons, and also that one could
screen for critical neurons using behavioral phenotypes, led
to work by Alex Vaughan and Chuan Zhou in the auditory
system. They identiﬁed neurons that process and respond to
cues relevant to conspeciﬁc song, and neurons leading to the
display of song-induced behaviors (Vaughan et al. 2014;
Zhou et al. 2014, 2015).
Carmen Robinett employed a similar gene-targeting approach for dsx that revealed restricted expression throughout
the body and brain (Robinett et al. 2010), as did Stephen
Goodwin’s laboratory (Rideout et al. 2010). These studies
ﬁt well with previous studies examining Dsx expression with
antibodies (Lee et al. 2002; Sanders and Arbeitman 2008).
Further studies of the role of dsx in behavior revealed a role
for dsx-expressing neurons in female receptivity behaviors in
response to auditory and olfactory cues (Zhou et al. 2014).
Studies by David Mellert, Carmen Robinett, and additional
Baker laboratory members uncovered the interwoven role of
both the dsx and fru branches of the sex hierarchy in controlling anatomical sex differences in neural circuitry (Mellert
et al. 2010, 2012).
More recent work from the Baker laboratory included a
deeper exploration of the neuronal mechanisms underlying
sexual behavior, as well as revisiting earlier observations of
behavior through the lens of molecular genetics. Consistent
with the observation that the fruM circuitry was dedicated to
sexual behaviors, activation of these neurons drove courtship
behaviors in multiple contexts (Pan et al. 2011). Even more
striking, these studies also revealed that activation of dsxexpressing neurons—a much smaller set of neurons than fruM
neurons, with limited overlap— alone could also drive courtship and preserve species discrimination, and that, quite surprisingly, courtship driven by dsx+ neurons could occur even
in the absence of FruM. Using the activation of distinct subsets
of fruM neurons to “sensitize” this circuitry to additional cues
that facilitate sexual behaviors, Yufeng Pan and other members of the laboratory demonstrated a role for speciﬁc patterns of motion in the elicitation of courtship (Pan et al.
2012). Pan further showed that fruM-independent, learned
courtship displays required male-speciﬁc dsx function, lending credence to Bruce’s original notion that Dsx and its orthologs are central to the sexual differentiation of most animals,
with adjacent genetic programs modifying their effects for
speciﬁc aspects of development (Pan and Baker 2014). The
Baker laboratory reported on the coordinated role of fruM and
dsx in courtship, including an enhancer trap screen that identiﬁed a direct gene target of FruM regulation that is repressed

in males and is controlled by DsxF in neurons that control
female receptivity (Meissner et al. 2016).
Returning full circle to the original genetic insights through
which Bruce began to dissect sex determination in the ﬂy, the
Baker laboratory demonstrated that although fruM is clearly
necessary to specify the circuitry controlling the elicitation
and coordinated display of courtship and other sexual behaviors, it appears that the basic patterning of the nervous system
for the behaviors that underlie this ritual is coordinated with
and regulated by the same developmental program responsible for all other aspects of somatic sexual differentiation,
i.e., Dsx. Devanand Manoli recalls that “Bruce often wondered aloud whether such a branched control of core behaviors and the circuitry controlling their coordinated display
permitted signiﬁcant ﬂexibility in the adaptation of the behavioral circuits, and separately allow behavioral variation
and distinct social experiences to exert pressure on the evolution of these neural pathways. The observation lended new
insight into the evolution of the nervous system and the bodies and parts it serves.”

Concluding Thoughts
Bruce had an exceptionally rich academic career. He made
major, revelatory contributions to scientiﬁc knowledge, with
the publication of . 100 academic papers from his laboratory.
While he and his trainees examined several research topics
using different approaches, he spent 4 decades deeply focused on elaborating upon the theme of his ﬁrst major sex
determination paper “Sex and the single cell. I. On the action
of major loci affecting sex determination in Drosophila melanogaster” (Baker and Ridge 1980). This theme took the laboratory on a journey through a range of intellectual topics,
from reproductive behavior, to alternative pre-mRNA splicing, to sex chromosome evolution, sex differences in developmental biology, and many more. Each topic was
approached with a high level of scientiﬁc rigor, curiosity,
and ingenuity, through Bruce’s mentoring and training the
next generation of scientists. Bruce told members of his laboratory that he had planned for a series of “Sex and the single
cell” papers. However, time passed, and the second one arrived a full 30 years after the ﬁrst, titled “Sex and the single
cell. II. There is a time and place for sex” (Robinett et al.
2010). It is unfortunate for the scientiﬁc community that
we will not know the next chapters, as they would have been
written by Bruce. We are all saddened by the unexpected loss
of our mentor, colleague, and friend Bruce Baker. We have
lost a deep thinker and an intensely dedicated scientist. We
are all grateful and happy to have been part of the fantastic
adventure of scientiﬁc discovery as trainees in the Baker laboratory, and hope to continue his legacy of imagination and rigor.
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