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ABSTRACT

Rapid changes in sexual traits are ubiquitous in evolution. To analyze this phenomenon, we are studying
species of the genus Caenorhabditis. These animals use one of two different mating systems—male/
hermaphroditic, like the model organism Caenorhabditis elegans, or male/female, like C. remanei. Since
hermaphrodites are essentially females that produce sperm for self-fertilization, elucidating the control
of cell fate in the germ line in each species could provide the key to understanding how these mating
systems evolved. In C. elegans, FOG-3 is required to specify that germ cells become sperm. Thus, we cloned
its homologs from both C. remanei and C. briggsae. Each species produces a single homolog of FOG-3, and
RNA-mediated interference indicates that FOG-3 functions in each species to specify that germ cells
develop as sperm rather than as oocytes. What factors account for the different mating systems? Northern
analyses and RT-PCR data reveal that the expression of fog-3 is always correlated with spermatogenesis.
Since the promoters for all three fog-3 genes contain binding sites for the transcription factor TRA-1A
and are capable of driving expression of fog-3 in C. elegans hermaphrodites, we propose that alterations
in the upstream sex-determination pathway, perhaps acting through TRA-1A, allow spermatogenesis in

C. elegans and C. briggsae XX larvae but not in C. remane.

OST animal species consist of two different sexes,
whose body plans and behaviors are specialized

to help them find and mate with each other. Despite
the importance of sexual reproduction, all aspects of
this process evolve rapidly (MARIN and BAKER 1998;
HANsEN and PrLgrim 1999; ScHUTT and NOTHIGER
2000). In some cases this rapid evolution involves not
only the relaxation of negative selective forces but also
positive selection for new sexual traits (WYCKOFF et al.
2000). These changes can occur in three different ways.
First, the phenotypes of the sexes can change. For exam-
ple, the genus Caenorhabditis contains nematodes with
two different types of reproductive systems— Caenorhabditis
elegans and C. briggsae have male and hermaphrodite
sexes, whereas C. remanei has male and female sexes
(SupHAUS 1974; BAIRD ef al. 1992). Second, even if the
phenotypes of the sexes remain constant, the underly-
ing mechanisms that regulate sexual identity can change
so that either the signal that controls sexual fate or the
proteins that interpret this signal differ in closely related
species (BuLL 1983; ScHUTT and NOTHIGER 2000).
Third, even if the phenotypes of the two sexes and the
basic mechanisms that determine them remain con-
stant, the proteins that mediate these processes often
undergo rapid divergence. For example, in nematodes,
the crucial sex-determination protein TRA-IA shows
only 44% amino acid identity between C. elegans and C.
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briggsae (ZARKOWER and HODGKIN 1992; bE BoNoO and
Hobpckin 1996).

To elucidate how these rapid changes occur, we are
studying the control of germ cell fate in the genus
Caenorhabditis. In particular, we want to understand
what factors cause XX animals to become self-fertile
hermaphrodites in some of these species but females
in other closely related species. Our focus is the fog-3
gene, which appears to directly control the production
of sperm in both hermaphrodites and males.

Several factors make these nematodes particularly at-
tractive. First, one member of this genus, C. elegans, is a
leading model system for the study of sex determination
(MEYER 1997; ELL1s 1998). Second, the small genome
size of these creatures and the complete genome se-
quence of C. elegans (C. ELEGANS GENOME SEQUENCING
ConsorTIuM 1998) simplify the isolation of homolo-
gous genes. Third, molecular techniques such as RNA-
mediated interference (FIRE et al. 1998) allow genetic
experiments to be carried out rapidly in all caenorhab-
ditids. Fourth, the major difference between hermaph-
rodite and female nematodes is the ability of the her-
maphrodites to produce sperm in an otherwise female
body. Although this difference has a major impact on
the animal’s lifestyle, it involves a single cell fate deci-
sion—the control of how germ cells differentiate.

Several genes that regulate sexual identity and germ
cell fate have been cloned from species related to C.
elegans. These include the C. briggsae homologs of tra-1
(pE Bono and HopGKIN 1996), tra-2 (KuwaBARA 1996),
fem-2 (HANSEN and P1LGrIM 1998), and her-1 (STREIT et
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al. 1999). However, none of these genes is likely to
directly control the decision of germ cells to become
sperm or oocytes. Instead, this decision is probably me-
diated by fog-I (BArRTON and KiMBLE 1990; JIN et al.
2001) and fog-3 (ErLis and KiMBLE 1995; CHEN et al.
2000). In C. elegans, these two genes act at the end of
the sex-determination pathway and are required in both
males and L4 hermaphrodites for germ cells to become
sperm instead of oocytes.

FOG-3 is 2 member of the Tob family of proteins
(CHEN et al. 2000). These proteins are found throughout
the animal kingdom, but their biochemical activities
and biological functions in other animals remain un-
clear. To learn how the control of the sexual fate of
germ cells has evolved in the caenorhabditids, we cloned
the homologs of fog-3 from C. briggsae, a species with
XX hermaphrodites, and C. remanei, a species with XX
females. We find that each species produces a single
FOG-3 protein, that the structure and sequence of these
genes is conserved, and that FOG-3 is required in each
species for germ cells to become sperm rather than
oocytes. Finally, the expression of these genes is corre-
lated with periods of spermatogenesis in each species,
and this expression is driven by promoters that are simi-
lar in sequence and function. These results show that
the underlying mechanisms for controlling germ cell
fates are similar in each species and imply that the cru-
cial differences between the species lie in the regulation
of genes that act upstream of fog-3.

MATERIALS AND METHODS

Genetic nomenclature: We use the genetic nomenclature
described by HorvITZ et al. (1979), with some modifications.
First, we use “female” to designate an XX animal that makes
oocytes but no sperm; by definition, female worms cannot
self-fertilize. Second, we use capital letters to indicate the
protein encoded by a gene. Thus, the protein produced by
the fog-3 gene is FOG-3. Third, we use Cb-fog-3 and Cr-fog-3 to
refer to the fog-3 homologs from C. briggsae and C. remanei,
respectively.

Genetic methods: General techniques for culturing worms
were described by BRENNER (1974). Animals were raised at
20° unless otherwise indicated. Wild type refers to the Bristol
strain N2 for C. elegans (BRENNER 1974), AF16 for C. briggsae
(FODOR et al. 1983), and EM464 for C. remanei (BAIRD et al.
1992).

Cloning fog-3 homologs from C. briggsae and C. remanei:
The central portions of the fog-3 homologs from C. briggsae
and C. remanei were obtained by PCR from genomic DNA,
using degenerate primers RE301 and RE302 (Table 1). The
PCR products were subcloned into the pGEM-Teasy vector
(Promega, Madison, WI) and sequenced using the dideoxy
nucleotide method (SANGER et al. 1977) with fluorescently
labeled terminators (HALLORAN et al. 1993). We then used
these sequence data to clone internal cDNA fragments for
each gene by reverse transcriptase (RT)-PCR.

The 5’ end of the C. briggsae cDNA was obtained by rapid
amplification of cDNA ends (RACE; FROHMAN et al. 1988),
using primers Q, and RE303 for the primary amplification
and Q, and RE304 for the secondary amplification. The 3’

end was also isolated by RACE using primers Q, and RE305
first and then primers Q, and RE306 for the secondary ampli-
fication.

Analysis of C. remanei fog-3 was carried out using the same
methods. We used primers RE307 and RE308 for the primary
and secondary amplifications in 5’-RACE and primers RE309
and RE310 for the primary and secondary amplifications in
3'-RACE.

Northern analysis: Procedures for preparation of total RNA
and Northern analyses were described by CHEN ef al. (2000).
To obtain RNA from animals at specific stages, we grew large
populations of worms in liquid culture and synchronized them
by alkaline hypochlorite treatment. Pools of animals of the
same age were harvested at each time point, and the ages of
selected animals were confirmed by examining the develop-
ment of the gonad and germ line with Nomarski optics. An
anti-sense C. briggsae fog-3 probe was prepared using the Maxi-
Script kit (Ambion, Austin, TX), with a DNA template gener-
ated by RT-PCR, using primers RE311 and RE312. As aloading
control, the same blot was probed with RNA probes to the C.
briggsae 18S ribosomal RNA. An anti-sense RNA probe for C.
remanei fog-3 was prepared using similar methods, with a DNA
template generated using primers RE332 and RE313.

RNA mediated interference: To prepare double-stranded
RNA, we used the PCR to generate templates flanked by T7
promoters at each end. A C. briggsae cDNA clone containing
nucleotides 1-426 of the coding region was amplified using
primers RE314 and RE312. A C. remanei cDNA clone con-
taining nucleotides 1-362 of the coding region was amplified
using primers RE315 and RE313. The double-stranded RNAs
were prepared as described by CHEN e/ al. (2000) and injected
into adult hermaphrodites as described by Guo and KEMPHUES
(1995) and FIRE et al. (1998). To observe the phenotypes of
XO animals, we injected either AF16 or EM464 XX animals,
let them recover on plates overnight, and then crossed them
with AF16 or EM464 XO males. The XX and XO progeny were
characterized by Nomarski microscopy.

Panhandle PCR: The sequences upstream of the C. briggsae
and C. remanei fog-3 genes were obtained by Panhandle PCR,
as described by JoNEs (1995). Briefly, C. briggsae genomic DNA
was digested by selected restriction enzymes and ligated with
primer RE316 using the bridging oligonucleotide RE317. The
ligation mix was treated with 1 wl (20 units) of Exonuclease
I at 37° for 30 min to remove unligated oligonucleotides,
and then 1 pl of this mix was used as a template for PCR
amplification, using primer RE318. Two more rounds of PCR
amplification were done using primers RE319 and RE316.
Finally, the PCR products were subcloned into the pGEM-
Teasy vector (Promega) and sequenced. The sequences up-
stream of C. remanei fog-3 were obtained using the same proce-
dures, except that we used the RE320 oligonucleotide and
primers RE321, RE322, and RE323 for the PCR reactions.

Construction of pRE70 and pRE71: To make pRE70, we
used PWO DNA polymerase (Roche Molecular Biochemicals,
Indianapolis) to amplify a 1.3-kb region of the C. briggsae fog-3
promoter by PCR. The forward primer was RE324 and the
reverse primer was RE325. These primers introduced a Xhol
site into position —1344. This fragment was cut by Xhol and
Sacl and used to replace the Xhol-Sacd fragment of pREII,
which contains the C. elegans fog-3 gene (CHEN et al. 2000).
The relevant portions of the final plasmid were sequenced
to confirm that no mutations had been introduced by this
procedure.

We used a similar procedure to make pRE71. We amplified
a 1.3-kb region of the C. remanei fog-3 promoter using forward
primer RE326, which introduced a Xhol site into position
—1344, and reverse primer RE327. This fragment was cut by
Xhol and Sac and used to replace the Xhol-Sad fragment of
pREIL.
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TABLE 1

Primers used in these experiments

1515

RE301 TCAATTTTGTGTGCAGATACTTATTTGGACATAThCCnmGnAG

RE302 CATTGTCTGAAGATCCGGACGAGATTTGCTAGAnCCrAAnCGnGT

RE303 CAGCCGCGAAAATTCCGGTCTG

RE304 GACACTAATTGTTTTGTCTTTCAACTCACT

RE305 CGCAAAGCTGACTCCTGCAGC

RE306 GATTTCAGCTGTGCTCGAACTGGTC

RE307 CCCATGAGGACGAGAATTGGC

RE308 CTAGCTCCGAAGCAAAAATACC

RE309 CAGCCGGTGGCGGA

RE310 CGAGGTCCCAATATGGAATGG

RE311 ATGTACACGGAAGTAAAGGAGCTCG

RE312 GGATCCTAATACGACTCACTATAGGGAGCGTCTCCTTTCCAGATTGGAACATCGAC
RE313 GGATCCTAATACGACTCACTATAGGGAGCACTTCTCCATTCCATATTGGGACCTCG
RE314 GGATCCTAATACGACTCACTATAGGGAGATGTACACGGAAGTAAAGGAGCTCGTCAA
RE315 GGATCCTAATACGACTCACTATAGGGAGATGTACACCGAGGTCTTGTGAAGTCGTC
RE316 ACGAGGCAGTTTCCAAGCTCAGCCGCGA

RE317 CTAGTCGCGGCTGAGCTTGGAA

RE318 GATATCCCAAGAGGAGGAGAACTGCGCAAC

RE319 CCCAAGAGGAGGAGAACTGCGCAACGAGGC

RE320 gatcCGGAGCTAGCGAATTCTCTCGTC

RE321 AATGTCCCATGAGGACGAGAATTGGC

RE322 GAGGACGAGAATTGGCAGACGAGAG

RE323 GGCAGACGAGAGAATTCGCTAGCTCCG

RE324 AGCAGACTCGAGTACTTGCGAAATTCCG

RE325 AAAATTGACGAGCTCTTCTACTTCTGTGTACATTTTGACTCTAAAAATTAG

RE326 AGCAGACTCGAGTTATTTTCCTCACACAATGGC

RE327 AAAATTGACGAGCTCTTCTACTTCTGTGTACATTCAACCCTGAAAACTGAGTG
RE328 ATGTACACAGAAGTAAAGGAGCTCGTCAATTTTGTATGCCG

RE329 GTGGACAACAAACTAGTAATTGGAATAGATGGGCG

RE330 ATGTACACCGAGGTCTGTGAGCTC

RE331 GGAGCAGTGCCACTAGTAGTGCGAATAAATCATATG

RE332 ATGTACACCGAGGTCTGTGAAGTCGTC

Construction of pRE73 and pRE74: So that we could excise
and replace the 1.3-kb coding region of C. elegans fog-3 from
pRE1I, we introduced a Spel site into the end of the coding
region. To do this, the nucleotide sequence from position
1147 to 1151 of the C. elegans fog-3 genomic sequence in pRE11
was changed from TTTAAT to ACTAGT. This construct is
called pRE110. We then amplified the C. briggsae fog-3 coding
region from position 19 to position 1118, using PCR. The
forward primer was RE328 and the reverse primer was RE329.
This fragment was cut by Sad and Spel and used to replace
the Sad-Spel fragment of pRE110, generating pRE73. Because
we used the Sad cloning site, the sequence of the first 24
nucleotides of pRE73 is derived from C. elegans fog-3. Thus,
the first eight amino acids of the chimeric gene are MYTE
VREL (as in C. elegans FOG-3) instead of MYTEVKEL (as in
C. briggsae FOG-3). Furthermore, to create a Spel site in the
C. briggsae sequence, the first nucleotide after the stop codon
was changed from A to T.

We used a similar procedure to construct pRE74. The geno-
mic region of C. remanei fog-3 was amplified using forward
primer RE330 and reverse primer RE331. This fragment was
cut by Sacd and Spel and used to replace the Sacl-Spel fragment
of pRE110. To use the Sad site, the first eight amino acids of
pRE74 are MYTEVREL (as in C. elegans FOG-3) instead of
MYTEVCEV (as in C. remanei FOG-3).

Transformation rescue: To assay these constructs for their
ability to rescue fog-3(¢504) mutants, we created simple extra-
chromosomal arrays as described by CHEN et al. (2000). For

each injection we used 100 ng/pl of pRF4 and 0.14 ng/ul of
the relevant fog-3 plasmid. After establishing stable lines of
transgenic animals that were heterozygous for unc-29(e1072)
Jog-3(¢504), we measured the ability of each array to restore
self-fertility to unc-29 fog-3(¢504) XX homozygotes.

RESULTS

Both C. briggsae and C. remanei contain a single homo-
log of fog-3: We used RT-PCR and consensus degenerate
oligonucleotides (ROSE et al. 1998) to isolate internal
portions of the fog-3 transcripts of C. remanei and C.
briggsae and then used RACE (FROHMAN et al. 1988) to
isolate the 5" and 3’ ends of each message. Next, we
designed primers to the 5" and 3’ ends of each gene
and used them to clone complete cDNA and genomic
DNA copies. Finally, we determined the intron/exon
structures of each homolog by comparing their genomic
and cDNA sequences. From these studies, we identified
a single fog-3 transcript in each species. To confirm that
neither homolog of fog-3 produced multiple transcripts,
we probed Northern blots that contained C. briggsae
RNA from animals of mixed ages and sexes and carried
out similar tests for C. remanei. We observed only one
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Ficure 1.—The fog-3

genes and transcripts. (A)
Northern blots of C. briggsae

and C. remanei RNA. C. brigg-

200 nt sae total RNA was isolated
T from mixed-stage AF16 XX
hermaphrodites. C. remanei

total RNA was isolated from

a mixed population of EM-

464 XXand XO animals. We

loaded 10 pg of total RNA

in each lane but expected a

higher level of fog-3 tran-

scripts in EM464, because

its  population contains

50% males, which produce

sperm from the L4 larval

stage through adulthood.

C. remanei fog-3:

By contrast, we expected
lower levels of C.b.-fog-3, since
only the L4 larvae, which
constitute a small fraction of
the population, are produc-
ing sperm. Probes are de-
scribed in MATERIALS AND
METHODS. (B) Structure of
the fog-3 genes. The 5" end

is to the left and begins with the SL1 leader sequence, depicted as a rectangle above the line. Exons are shown as boxes and
introns as lines connecting the boxes. Both exons and introns are drawn proportional to the scale bar. In the C. elegans gene,
alternating black, dark gray, and light gray shading is used to label the different exons, and these shades are used to mark
homologous sequences in the other two fog-3 genes. White indicates the 3'-UTR.

fog-3 transcript in each species (Figure 1A). Further-
more, the size of each message corresponded to that of
our cDNA clones. These transcripts are deposited in
the GenBank database (accession nos. AF354169 for C.
briggsae and AF354170 for C. remanei).

The three fog-3 genes not only share similar se-
quences, but their structures also suggest a common
evolutionary origin (Figure 1B). First, each fog-3 gene
is trans-spliced to the SL1 leader sequence. Second, the
exons in each gene correspond to those of the others,
with two exceptions—the second and third exons of the
C. elegans and C. briggsae genes match exactly with the
second exon of their C. remanei homolog, and the sev-
enth and eighth exons of the C. elegans gene match with
the seventh exon from the C. briggsae gene and the sixth
exon from C. remanei. Third, the intron/exon bound-
aries are located at similar positions in each gene. One
explanation of these results is that the ancestral fog-3
gene had seven introns and the C. elegans gene has
retained this ancestral structure, but the seventh intron
was lost in the common ancestor of C. remanei and C.
briggsae, and the second intron was lost in C. remanei.
This model is consistent with the idea that C. remanei
and C. briggsae are sister species, a possibility that we
discuss in greater detail below.

Three domains of FOG-3 show a high degree of con-
servation: Previous comparisons between FOG-3 and
other members of the Tob family revealed two con-
served domains—the BTF domain and the TF domain

(CHEN et al. 2000). The BTF domain consists of the
amino-terminal 116 amino acids of FOG-3 and is con-
served between the FOG-3 proteins, the Tob proteins,
and the BTG proteins. Among these three families of
proteins, the Box A and Box B regions within the BTF
domain appear more highly conserved than the remain-
der (GUEHENNEUX et al. 1997). However, among the
caenorhabditid FOG-3 proteins, the most highly con-
served region is neither Box A nor Box B but the amino
terminus (Figure 2A, Table 2). Furthermore, the amino
terminus is affected by four of the eight known missense
mutations that alter normal fog-3 function (CHEN et al.
2000), whereas Box A and Box B are each affected by
only one. Taken together, these results suggest that the
BTF domain contains three important regions rather
than two—the amino terminus, Box A, and Box B. Al-
though each of these regions is essential for activity, the
amino terminus appears to have been subject to the
most stringent selective constraints during nematode
evolution.

The TF domain is found in both FOG-3 and the Tob
proteins, though it is not present in either BTGI or
BTG2 (CHEN et al. 2000). Our studies show that this TF
domain is one of the most highly conserved regions in
the three nematode FOG-3 proteins (Figure 2A; Table
2). For example, the C. elegans and C. remanei TF do-
mains are 78% identical, and the C. elegans and C. brigg-
sae domains are 82% identical. Despite these similari-
ties, no mutations have been identified in the TF
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C.e. FOG-3

C.r. FOG-3

C.b. FOG-3

H.s. Tob

R.n. BTG1

R.n. BTG2

F16URE 2.—The FOG-3 proteins define a new subgroup within the Tob family of proteins. (A) Boxshade alignment of C.b-FOG-3,
C.r-FOG-3, and C.e-FOG-3. Conserved domains are boxed and labeled. Residues that are identical are solid, and those that are
similar are shaded. The alignment was prepared using ClustalX, and the figure was prepared using Boxshade. The locations of
missense mutations in C.e-FOG-3 are marked with asterisks below the affected residues (CHEN et al. 2000). (B) Dendrogram of
selected members of the Tob family of proteins. An unrooted tree was constructed using the neighbor-joining method, imple-
mented by the ClustalX program, and is based on the amino termini of the seven proteins (ending at residue 120 of C.e.-FOG-3).
The three members of the FOG-3 family of proteins were grouped together in 998/1000 bootstrap trials, and the C.5-FOG-3
and C.r-FOG-3 proteins were grouped together in 541,/1000 bootstrap trials.

domain in C. elegans or in any other species, so we do
not know if it is needed for activity.

The region between the BTF and TF domains is also
highly conserved in the nematode FOG-3 proteins (Fig-
ure 2A; Table 2), although it is not found in other
known proteins. In C. elegans, this region contains two
missense mutations that inactivate the protein (CHEN
et al. 2000). Since this region is essential for activity, we
named it the F domain (for FOG-3). It is important to
note that the BTF, F, and TF domains together comprise

most of FOG-3. Furthermore, the boundaries of each
domain are based solely on blocks of amino acid conser-
vation. We have no data that show that these domains
function as independent units.

As one might expect from these results, phylogenetic
analyses suggest that the FOG-3 proteins form a unique
group within the Tob family (Figure 2B). Our results
indicate that the C. briggsae and C. remane: proteins
might be more closely related to each other than either
is to that of C. elegans (Figure 2B). However, the level
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TABLE 2

Percentage identity between domains of the different FOG-3 proteins

Conserved region: BTF: Box A: Box B: F: TF: C terminus: Total:
Length: 120 20 72 27 40 268
% identity
Cb/Cr 61.7 80.0 30.0 63.9 81.5 325 59.7
Cb/Ce 55.8 60.0 50.0 59.7 81.5 32.5 56.0
Cr/Ce 56.7 50.0 50.0 61.1 77.8 40.0 57.1

These values are based on the alignment shown in Figure 2A. The BTF, F, and TF domains are defined in
the text and in Figure 2A as are the Box A and Box B regions of the BTF domain. The C-terminal sequences
are not highly conserved and are shown here to provide contrast to the other domains.

of identity between these three proteins is similar
enough that we are hesitant to deduce a phylogeny of
the caenorhabditids on the basis of these data alone.

We observed that two of the eight known missense
mutations in C. elegans FOG-3 alter residues that are
conserved in C. briggsae but not in C. remanei (Figure
2A; CHEN et al. 2000). Previous studies showed that these
mutations cause XX animals to develop as females
(EvrLis and KimBLE 1995). Could these mutations define
residues that are important for FOG-3 activity in XX
animals but not in XO males? If so, changes in these
residues might explain why C. remanei is a male/female
species, whereas C. elegans and C. briggsae are male/
hermaphroditic. To test this possibility, we generated
C. elegans males homozygous for fog-3(0z147) [Pro125 —
Leu] or fog-3(¢505) [Gly33 — Arg] by standard crosses.
These males produced oocytes but no sperm (data not
shown). Thus, it seems unlikely that either of these
residues plays a sex-specific role in the function of FOG-
3. However, the C. elegans mutations introduce more
dramatic substitutions than are found in the C. remanei
FOG-3 protein (Arg instead of Gly33 vs. Ala instead of
Gly33; Leu instead of Pro 125 vs. Ala instead of Pro125),
and these changes could result in different biochemical
properties.

FOG-3 is needed in each species for germ cells to
become sperm rather than oocytes: Studies of C. elegans
showed that mutations in fog-3 or RNA-mediated inter-
ference produce the same phenotype—males and her-
maphrodites make oocytes instead of sperm (ELLIs and
KimMBLE 1995; CHEN el al. 2000). Since we do not yet
have any mutations in C. briggsae or C. remanei that affect
sex determination, we used RNA-mediated interference
to determine what role fog-3 plays in each species.

For C. briggsae, we found that RNA-mediated interfer-
ence transformed the XX animals from self-fertile her-
maphrodites into true females (Figure 3A). Further-
more, it caused the XO animals to produce oocytes
instead of sperm (Figure 3B, Table 3) but did not alter
any somatic sexual fates. In particular, the complex male
tail and male somatic gonad appeared wild type (Figure
3C). These results show that FOG-3 plays the same role
in C. briggsaeas in C. elegans. When we carried out similar

experiments with C. remanei, which is a male/female
species, we obtained identical results—the XO animals
produced oocytes instead of sperm (Figure 3D, Table
3) but still developed normal male bodies (Figure 3E).
Thus, fog-3 is required in each species to cause germ
cells to initiate male development. In its absence, all
germ cells become oocytes.

The C. elegans and C. briggsae FOG-3 proteins are
functionally interchangeable: The similarities in se-
quence and function suggested that the three FOG-3
proteins might be interchangeable. To test this hypothe-
sis, we constructed chimeric constructs in which the C.
briggsae or C. remanei FOG-3 proteins were expressed
under the control of the C. elegans promoter and 3'-
un-translated region (UTR), created extrachromosomal
arrays that carried these transgenes, and measured their
ability to rescue fog-3(¢504) mutants (Figure 4). In trans-
genic animals, the C. briggsae protein works almost as
well as the C. elegans one itself (Table 4). This result
shows that these FOG-3 proteins are indeed inter-
changeable. Furthermore, it implies that some regions
of FOG-3, most notably the carboxyl terminus, can toler-
ate significant amino acid substitutions without affecting
the activity of the protein.

By contrast, the C. remanei FOG-3 protein rescues
poorly or not at all in this assay (Table 4), and the only
two animals that it restored to self-fertility produced
so few sperm that they did not establish stable lines.
Although this result might be due to technical problems
with the extrachromosomal arrays, it seems more likely
that it reflects the inability of the C. remanei protein to
function in C. elegans. This hypothesis is not implausible,
since two residues that are essential in C. elegans FOG-3,
as judged by analysis of mutants (CHEN et al. 2000), were
not conserved in the C. remanei protein (see above).
However, it is also possible that the chimeric nature of
this FOG-3 protein, whose first eight residues are de-
rived from C. elegans sequences (see MATERIALS AND
METHODS), could lead to its inability to rescue fog-3
mutants.

The expression of fog-3 is correlated with spermato-
genesis: If the functions of the FOG-3 proteins are con-
served during nematode evolution, what factors can ac-
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count for the production of sperm by XX animals in C.
elegans and C. briggsae and the lack of sperm production
by XX animals in C. remanei? To address this problem,
we began by studying the expression of fog-3 transcripts
in each species.

In both C. briggsae and C. elegans, the XX animals
develop as hermaphrodites, which produce sperm dur-
ing the fourth larval stage and oocytes as adults. In C.
elegans, the expression of fog-3 is correlated with this
period of spermatogenesis (CHEN and Erris 2000). Is

TABLE 3

RNA-mediated inactivation of fog-3in C. remanei and C. briggsae

% fog" Number
C. briggsae XX 100 (>200)
C. briggsae XO' 92 (41)
C. remanei XO 97 (41)

“ Animals were scored as Fog if they produced oocytes but
no sperm.

b C. briggsae XO animals were the male progeny of C. briggsae
hermaphrodites that had been injected with double-stranded
RNA and then crossed with C. briggsae males. To ensure that
the cross had been successful, we only scored broods in which
approximately one-half of the progeny were male.

Ficure 3.—FOG-3 is re-
quired for germ cells to initiate
spermatogenesis in each spe-
cies. Animals were injected
with double-stranded RNA as
described in MATERIALS AND
METHODS, and their progeny
were scored by Nomarski mi-
croscopy. In all cases, inactiva-
tion of FOG-3 caused all germ
cells to differentiate as oocytes.
(A) C. briggsae fog-3(RNAi) XX
adult female. Anterior is to the
left, and ventral is down. The
white arrowhead marks the
empty spermatheca, and the
white arrow shows an oocyte.
(B) C. briggsae fog-3(RNAi) XO
adult male gonad. Anterior is
to the left, and ventral is down.
The white arrows mark oocytes.
(C) C. briggsae fog-3(RNAi) XO
adult male tail. Anterior is to
the left, and ventral is up. (D)
C. remanei fog-3(RNAz) XO adult
male gonad. Anterior is to the
left, and ventral is down. The
white arrows mark oocytes. (E)
C. remanei fog-3(RNAz) XO adult
male tail. Anterior is to the left,
and ventral is up.

the same true for C. briggsae? To address this question,
we used developmental Northern analysis to study the
course of fog-3 expression in a population of C. briggsae

A Coding Region Downstream
Promoter +3UTR Region % Rescue
(1.3 kb) (1.3 kb) (1.3 kb) (best line)
C. elegans: ——— [T— 95%*

C. briggsae: pr—— ND

C. remanei: =

B pRE7}: —— N —— 80%
pPREM: —— [ }—————y 12.5%

FiGure 4.—The FOG-3 proteins are functionally inter-
changeable. (A) Diagram of the fog-3 genes from three species
of nematodes. (The coding regions contain the introns de-
picted in Figure 1A, but these are not depicted in the line
drawing.) *, data by CHEN and Erris (2000). (B) Chimeric
fog-3 transgenes. The construction of these lines is described
in MATERIALS AND METHODS. We prepared at least eight lines
for each construct (Table 4). Because the structure of specific
extrachromosomal arrays sometimes impairs the activity of
genes they contain, we present the percentage rescue for the
best line rather than an average of all.
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TABLE 4

Rescue of fog-3 phenotype by transgenes

A. Rescue for pRE11 (wild-type C. elegans gene)”

Line no.: 1 2 3 4 5 6 7 8 9 10 11
% rescue: 95 90 90 85 85 57 44 42 30 29 9
N 20 20 20 20 20 28 16 19 20 21 11
B. Rescue for pRE73 (C. briggsae protein)
Line no.: 1 2 3 4 5 6 7 8
% rescue: 80 71 67 50 44 33 29 25
N: 10 7 15 8 9 6 7 4
C. Rescue for pRE74 (C. remanei protein)
Line no.: 1 2 3 4 5 6 7 8 9 10 11 12 13
% rescue: 12.5 6.6 0 0 0 0 0 0 0 0 0 0 0
N: 8 16 6 6 6 4 5 25 8 13 15 12 18
D. Rescue for pRE70 (C. briggsae promoter)
Line no.: 1 2 3 4 5 6 7 8 9 10
% rescue: 60 50 29 18 0 0 0 0 0 0
N 5 14 7 17 17 12 17 7 8 6
E. Rescue for pRE71 (C. remanei promoter)
Line no.: 1 2 3 4 5 6 7 8
% rescue: 82 74 37 19 13 11 7 0
N: 22 23 30 21 24 28 15 24

Percentage rescue reflects the percentage of fog-3(¢504) XX animals that were restored to self-fertility by the
transgene. These fog-3 homozygotes were identified by a linked unc-29 mutation, and fertile hermaphrodites
were tested to see if they were recombinants. The line with the highest percentage rescue is underlined.

“Data from CHEN and Erris (2000).

hermaphrodites. We found that the expression of fog-3
was highest during the L4 larval stage, when the animals
produce sperm (Figure 5A), but that expression was
low during adulthood, when the animals make only
oocytes.

To analyze the expression of fog-3 in C. remanei, we
used quantitative RT-PCR to assay the levels of fog-3
transcripts in individual male and female 1.4 larvae or
adults. We found that both larval and adult males pro-
duce high levels of fog-3, but that neither larval nor
adult females produce detectable levels of this message
(Figure 5B). This result, in conjunction with our data
showing that FOG-3 is necessary for spermatogenesis,
is consistent with the idea that C. remanei XX animals
fail to make sperm because they do not express fog-3.

Each fog-3 promoter contains TRA-1A response ele-
ments: Since our results suggested that changes in the
expression of fog-3 might explain which animals pro-
duce sperm, we wanted to learn what factors regulate
this expression pattern. Thus, we used panhandle PCR
to clone the promoter regions from the C. briggsae and
C. remanei genes (Figure 6A; JoNes 1995). We found
that C. remanei has two TRA-1A binding sites, each lo-
cated close to the site for transsplicing and thus proba-
bly near the transcriptional start site (Figure 6, A and
B). In C. elegans, the single TRA-1A site located in this
position is likely to mediate repression of fog-3 by
TRA-1A (CHEN and Erris 2000). Thus, in C. remanei,

TRA-1A might bind to these sites in the fog-3 promoter
to repress transcription in XX animals. The fog-3 pro-
moter in C. briggsae also contains two TRA-1A binding
sites located in a similar position (Figure 6, A and B).
How could this promoter drive fog-3 expression in XX
larvae but not in adults? One possibility is that TRA-1A
binds here to repress transcription of fog-3in XXanimals
but that upstream genes inactivate TRA-IA in L4 larvae
to allow spermatogenesis during this stage of develop-
ment.

We were surprised to find that the C. briggsae and C.
remanei promoters contained significant similarities in
sequence near these TRA-1A binding sites and these
similarities were not shared with C. elegans (Figure 6B).
In particular, each promoter contains several copies of
a TTGCAG motif in this region. This result indicated
that the C. remanei and C. briggsae fog-3 promoters might
not function like that of C. elegans. To test this possibility,
we created chimeric constructs, in which the C. elegans
Jog-3 gene was expressed under the control of either
the C. briggsae or C. remanei promoters, and tested the
ability of each to rescue a fog-3 mutation when expressed
from an extrachromosomal array. We found that both
promoters function satisfactorily in C. elegans hermaph-
rodites (Figure 6C, Table 4). In particular, the C. remane:
promoter is able to drive expression of fog-3 so as to
allow C. elegans XX 1arvae to produce sperm. This result
implies that the differences in expression of fog-3 be-
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F1cure 5.—Expression of each fog-3 gene is correlated with
spermatogenesis. (A) Developmental Northern blot of total
RNA from populations of C. briggsae XX animals. M, mixed
ages; L1 to L4, four larval stages; yA, young adults; A, adults.
We used a probe for 18s ribosomal RNA on the same blot to
control for variations in loading. The probes are described in
MATERIALS AND METHODS. (B) Quantitative RT-PCR analysis
of fog-3 expression in C. remanei. RNA was prepared from single
worms of the indicated ages and used for RT-PCR analysis of
Jfog-3 expression. The number of cycles was set so that a twofold
dilution of the male samples yielded a corresponding decrease
in the intensity of the resulting band.

tween the species are probably caused by differences in
the activity of upstream regulators like TRA-1A rather
than by changes in the fog-3 promoter itself.

DISCUSSION

Conserved role for FOG-3 in regulating germ cell
fates: Although proteins that contain BTF domains are
expressed in a variety of tissues during vertebrate devel-
opment, C. elegans contains only a single member of this
family—FOG-3 (CHEN et al. 2000). FOG-3 is expressed in
the germ line, where it specifies that cells differentiate
as sperm rather than as oocytes. Is this situation unique?
We find that two other nematode species appear to
produce a single BTF protein and these homologs of
FOG-3 also specify that germ cells adopt male fates.
Since some vertebrate homologs of FOG-3 are expressed
in the male germ line, it is possible that some proteins
with a BTF domain were conserved throughout evolu-
tion to regulate germ cell fates.

The conserved function of FOG-3 might allow rapid
shifts in mating systems: Although proteins related to
FOG-3 might play a role in the specification of germ
cell fates in a broad range of species, the regulatory
system that controls this decision appears unusually sim-
ple in nematodes. For example, no mutations that cause
females to produce functional sperm or males to pro-
duce oocytes have been identified in other animals. By
contrast, we know of two genes in C. elegans that appear
to directly control this cell fate decision—/fog-I and fog-3

(BArTON and KiMBLE 1990; ELLis and KiMBLE 1995).
Mutations in these genes, or in many of the genes that
regulate their activities, completely switch the sexual
fates of germ cells without affecting other tissues (re-
viewed by ELL1s 1998). Why is the regulatory machinery
so simple and modular in nematodes? One possibility
is thatnematode germ cells adopt only a limited number
of fates—proliferation, spermatogenesis, oogenesis, or
cell death (reviewed by ELL1is 1998; ELL1s and KIMBLE
1994). By contrast, germ cells in other animals, such as
flies and mammals, must be able to adopt a range of
additional fates, such as nurse cells in female Drosophila
(reviewed by MCKEARIN and CHRISTERSON 1994) or
types Ay, Ay, As, Ay, or B spermatogonia in male humans
(reviewed by SutTOoN 2000).

By identifying homologs of fog-3 from other caeno-
rhabditids and demonstrating that these homologs are
required for germ cells to become sperm rather than
oocytes, we have shown that part of the simple regulatory
machinery that controls germ cell fates in C. elegans
might be a general feature of this group of nematodes.
This result is particularly striking for C. remanei. We had
suspected that nematodes that make XX hermaphro-
dites would need to have a modular system to control
germ cell fates so that XX animals could produce first
sperm and then oocytes. However, no such constraint
need exist for a male/female species like C. remanei.
Since fog-3, nevertheless, controls germ cell fates in C.
remanei, and inactivation of fog-3 in this species causes
males to produce oocytes rather than sperm, we suspect
that control of germ cell fates by the fog genes is a
general feature of the caenorhabditids. If so, then per-
haps one reason why different mating systems evolve so
rapidly among these species is that any changes in the
regulation of fog-3 (and presumably in the regulation
ofits partner fog-I) could instantly and completely alter
germ cell fates.

The regulation of fog-3 expression changed during
recent evolution: What regulatory changes might alter
fog-3 activity? Several observations suggest that changes
in the mating systems of these nematode species might
have been caused by changes in the upstream portions
of the sex-determination pathway, which resulted in the
expression of FOG-3 in XX hermaphroditic species but
not in XX female species. First, FOG-3 is required for
spermatogenesis in all three species. Second, the expres-
sion pattern for fog-3is correlated with spermatogenesis
in each species. Third, the promoters from the three
species are interchangeable, which implies that the dif-
ferences in the expression patterns might be due to the
altered activity of upstream regulatory genes. What types
of changes could cause this effect? In C. elegans, muta-
tions in #ra-2 can stop XX animals from producing
sperm, effectively transforming them into females (DoN-
1ACH 1986; GOODWIN et al. 1993; KUWABARA ef al. 1998).
These changes in tra-2 activity appear to act through
the sex-determination pathway to regulate ¢ra-1, which
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A C. briggsae promoter

ARBATCATACT TGCGAARATTC CGGGCCGGCC CGCTGTTTGT ACGTAAGCTG
ATTTTTTTGA ATTTTTTTTC GAAAATTTTA AAATTTGTTT AAAAATTTAA
TCAAAAACTC TAAATTTTTT GACTACTTTC TACTTTGATA ATTTTAAARA
GTATGTAACT TTTTTTCTTT TTTAGTTCAA AAAAAATGTC TCACTTTTTC
AATGGAAGTT TTTTTTACTG ATAGTGAGRA AGGGCGGGCC AGGCCGGGCC
GGAAAAATTC TCGCTTCGGC CCGGCCCGAC CCGTTGCAAG TATGATTCAA
ATCAATCGCT CGACATCATA TTAATTTGAT AATTTATTGA TCAGAAGAAA
ATATGGCACA AAAGTTATGA CGGGAGTTCT AGATAAAATC CCTAACGAGA
TTCACCTAGA GCTTCTTTCA TATTCACCTA GAGCTTCTTT CAAAACTCAA
TACTCAAAAC TGATCTTGTA GTCACTTTGA ATCTTCAAAC ATTATTCGAA
GAATTCTCTA GTTTTTTCGA TTGGGTCACA AATAAACGGA AAATGCATCT
ATTTTTGTGA AAACGAACGG TATTTATCGG AAAAACTATA AAACCGAGAA
GTTGATATTC TCATATTTTA AATCTATCGT GCACGAATCA CAGTGTTTCA
CCAGAGCCGA CATCGTCAGG CTTCACAGAG CTCARAAACCA TTCGAATGGC
CATTCAGTGA GCATAGTGGA AAAGTAACCG GGTAGAGGTT GAAGTAAATC
TCTCCAAAAA TGGCAATCTG AAAATGGAAA TAATTCTGCT GAAATTGGTT
CTCCCCGTTC TTTTCTATCA AAATAACCAC TGARAATTTG GCTGAARATTC
CAGTCAAATT TTTAAAGTGG ATATTTTGAC CCAAATGTTG TGAATATGTT
CCCTATAGTT TCGCCCTATT CTCTTCAAAG TTTCAGCCAG ATTGGTTCAT
TGTCCGAGTT TTCGCGGAAT TGTTTGCATT TCTCGGCATT TTTTAAACAT
TTTGGTGAAT AARACCCATAA AATATCGAAT ACTAGTTGAA CGAGAAAGAC
AGTTAGTTTC TTTTAATGAG TTTCCATCTA ATTTATTGCA TTATTTTAGT
TTTTATAGCT TCGAAATCGC CGAAARAATAC TTTTTCAAAC AAAAATTGAA

TACCGTAC CTTGCAGTCT TTGCAGTTTT TTTCATGGGA GGTCCGCTTG
TTTCGTTGC GGGAGGTTI'C ACACTTCGCA TTTCACTCGC TTTGGCTTTT
GCCAATTACT TTTTTACCTA TTTTTTTTCC AAATTTTTCG TTTTTCTTAT
TGATCCATCA ATTTTACTAA TTTTTAGAGT CAARATGTAC ACAGAAGTAA

C. remanei promoter

AGCTTTGAGA GCGCACAGGT GATCAGTGAG CAGGGGACCC ATTTTTACAG
ACTATGTCAA ACATATCTAT ATTCATTTTT GCAGGTGACA ATATTTCTGT
AGCTCTTATA ATTTTTGATA GGAACATCTG GCTCAATTGG AGTTATCACT
GTGTCCTCTC CGCCTCTAAA ACTGCATTGA AAAACACAAC ATACATAARA
ATAGGATCAA TGGTTGTTTT CAGCAACTCA AAAATGCCAT TCTTTCTGCC
ACTCCTGTTT TCCCTCGATG TCTTCTTAAA GAGCAAATCG TTCTTGCAAR
AACTGTCAAC CGTGAACCAT CAACCTCCAC AATACTCTAG TTCAGCGCAA
TCTGAAACCC CCACCACCTC ACTTTTCCCT TATTTTCCTC ACACAATGGC
CGGTGCAGAC GTTGAGAAAT TGCTCAAGTT TTCCTGTTAA CTTTACGAGT
TTTTCAATTT AGAAACTTCA GAGAGGAGCA CATAAAGGTG GATGACTTGC
TTACGGATGG ACCAAACAAT CGATTGAATC TACAAATTCA TACGGATGAT
ACTACAGTAG GAARATACGAA AGGAGGGAAG AAATCAAAAT ATAGGAAAGC
TAGTCGTCGG GTTCACAGAA CAATGGTGAT TACGAAGCAT GAGTAAGTCA
TGGGGATTTG TAATCATAAT TTTTGTATTA GCACGGCACG ATTCTTACAA
CCGCGCTCTA CCARAACCGA AGAAAATTGT GTGCGAAATT GAGAGACTCA
GAGAAAAAGA GACATTTTTC TAGGGCATTT CGGTAGAGCG CAGTTGTGAG
AACTGTGCCA AGTAATCCCA CTGATAGACC AGCATCTAAT TTTCGAAAAT
CAGGAAAACA TAAATATCTC TCTAAAAATA CTTTACATGA TTCTTTTCGT
ATGAATATTT TTCCAGAGAT GTTCTTCCCG TATTCCTTCC GATTGTTTCC
TTCTGTGGAG CTCTTCTTCT TTTTATTCAA TCACTTATTG CTATTGCAAT
CCTTTTTACA CCGTTTCCTT CGAACTGATA ATGGTTGAAG TTTTCAGTTG
TGAATAAAGG TGAACACAGT TTTTAGTATT CCCTACCACT GGTTCTCCCA
ACTTTTGGAC CTTTTTCCTT TTCGAAAAGG TGGTTTTTGC AAAATGAAAT
TTGCGCCTTC CAAGCCCGCC CAACAGAAARA GTCGGACGAA CCACCCACGA
GGAAAATGCG GTACACGAAC AAATTTTTTT GTTCGTCAAC GGGCTCTTAA
TGGACCTACC CACGAAGGAA ACTTGTACCA ATTAATACAC TTTTTCTATT
CACGAATGCA ATTTAATGCA TTTTTTGCAT TTATGTGCTA TAAAAATGCA
TTGAATTCGT GAATAGACAA GTTATCTTCG CGGGTAGGTC CTTAARATTAA
AAATCAGAAG ATTTTATTAA TATCGAAAAA AAATTATATT TTGAATATCA
AATGTTTGAT TGGTATATTT TTCCCACTTT TTTATTTCGA GAAACGAATT
TTCATGCGAG ATATTCTCTC ATATTTGAAT GAACACGCAA CACTACCGT.

ATCCTTGCAG TCTTTGCAGT TTCTTCATGG GTGGTCCTTT GCAGTTTCTC|
GTGGGTGGTC | CTCACCTCAC CATTCATCTC ATTCTCACCC GAATTCTTTC
GAATTTTCTC CATTTTTTTT TGGGTTTTCA CTAATTTCAC TCAGTTTTCA
GGGTTGAATG TACACCGAGG TCCGTGAAGT CGTCAATT AT

C. b.
C.r.

CTACCGTA--CCTTGCAGTCTTTEGCAGTTTTTTTCATGGGAGGTCCGCTTGTTITTCGTTGCGGGAGGTT
CTACCGTAATCCTTGCAGTCTTTGCAG-TTTCTTCATGGGTGGTCCTTTGCAGTTTCTCGTGGGTGGTC

Promoter  Coding Region
(L.3 kb) +3'UTR
C (1.3 kb)

C.elegansi———1 | }———

pPRE70: C. briggsae fusion: sl T}

pRE71: C. remanei fusion: ——__ | ———+

Downstream
Region )
(1.3 kh) % Rescue (best line)
95% *
60%
82%

F1GURE 6.—The fog-3 promoters contain conserved TRA-1A binding sites. (A) Sequences of the C. briggsae and C. remanei fog-3
promoter regions. These regions were cloned using panhandle PCR as described in MATERIALS AND METHODS. The shaded
regions are shown in greater detail in B. The coding regions are underlined. The starting nucleotides for the chimeric constructs
shown in C are boxed and shaded. Each occurs at position —1344 relative to the initiation codon. (B) Alignment of the TRA-1
binding sites in the C. briggsae and C. remanei promoters. TRA-1 binding sites are boxed, with conserved regions of the binding
site light gray. The TTGCAG motif located upstream of these binding sites is dark gray. (C) Structure and activity of chimeric
transgenes in which exogenous promoters are used to drive expression of C. elegans FOG-3 in C. elegans fog-3 mutants. The
construction of these lines is described in MATERIALS AND METHODS. We prepared at least six lines for each construct. Because
the structure of specific extrachromosomal arrays sometimes impairs the activity of genes they contain, we present the percentage
rescue for the best line rather than an average of all. *, data by CHEN and Erris (2000).

directly controls expression of fog-3 and, perhaps, fog-1
(CHEN and Eruis 2000; JIN et al. 2001). However, bio-
chemical experiments suggest that changes in the regu-
latory sites found in tra-2 appear unlikely to explain the
evolution of different mating systems in these nematode
species (HAAG and KimeLE 2000). It remains possible
that genes that regulate tra-2 activity might be involved
in the creation of new mating systems. The simplest
scenario involves fog-2, which is needed for spermato-
genesis in C. elegans hermaphrodites (SCHEDL and Kim-
BLE 1988; CLIFFORD et al. 2000). If C. remanei animals

had lost the activity of an ancestral fog-2 gene, this
change would have caused XXlarvae to lose expression
of fog-3 and to make oocytes rather than sperm. These
same regulatory changes might also affect the expres-
sion of FOG-1, which functions as partner of FOG-3
(BArTON and KimMBLE 1990; ELLis and KiMBLE 1995),
and which appears to be regulated in a similar manner
(JIN et al. 2001).

By using the expression of fog-3as amolecular marker,
we should be able to elucidate how specific changes in
upstream regulatory genes like the C. briggsae homologs
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of tra-1 (DE BoNo and HODGKIN 1996), tra-2 (KUwWABARA
1996), fem-2 (HANSEN and PIiLGRIM 1998), and her-1
(STREIT et al. 1999) affect sex determination in germ
cells. Furthermore, since all fog-3 promoters contain
TRA-1A binding sites, we can determine if the upstream
sex-determination genes act through TRA-1A to control
germ cell fates. These studies should allow us to com-
pare, at a molecular level, how the control of fog-3 ex-
pression differs between female and hermaphroditic
nematodes.

Are downstream genes in sex determination pathways
more highly conserved? Proteins that regulate sexual
identity often diverge more rapidly than proteins that
control other aspects of development. For example,
when C. elegans is compared with C. briggsae, the TRA-1A
proteins are only 44% identical, the TRA-2A proteins
are 43% identical, the FEM-2 proteins are 63% identical,
and the HER-1 proteins are only 57% identical. Further-
more, none of these proteins have homologs that regu-
late sexual identity in insects or vertebrates. By contrast,
MAB-3, which acts downstream of TRA-1A (SHEN and
HobaGkiN 1988), is homologous to DSX from Drosoph-
ila (RAYMOND et al. 1998) and regulates similar sexual
characteristics. Since DSX acts at the end of the Dro-
sophila sex determination pathway, this result raised the
possibility that other downstream genes might also be
more highly conserved than upstream ones. FOG-3 is
the first downstream gene identified in the germ line
and the first one for which homologs from other nema-
tode species are available. However, we found that the
three FOG-3 proteins are ~58% identical, so they ap-
pear to be diverging as rapidly as most other sex-deter-
mination genes. Since this divergence has not altered
the function of these FOG-3 proteins, positive selection
for an altered role in germ line development is not
likely to be the cause of these changes.

Three regions of FOG-3 are defined by comparative
analysis: Although there are few dramatic blocks of iden-
tity among the FOG-3 proteins, three regions appear
important. First, the amino-terminal half of the BTF
domain is highly conserved. This region is altered by
four of the eight known missense mutations in the C.
elegans fog-3 gene. These results support the notion that
the BTF domain is critical for FOG-3 function but point
to its amino terminus, rather than Box A or Box B, as
being least tolerant of amino acid substitutions. To date,
the biochemical function of this portion of the BTF
domain remains unknown. However, in BTG1 and BTG2,
Box B is capable of interacting with mammalian CAF-1
(BOGDAN et al. 1998; ROUAULT et al. 1998), a protein
that is likely to form part of a transcriptional regulatory
complex.

Second, the TF domain contains a region of high
similarity among the FOG-3 proteins. Since this domain
is also found in the Tob proteins of vertebrates, it is
tempting to speculate that it interacts with or assists the
BTF domain. Because none of the C. elegans mutations
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FiGURE 7.—Likely models for the evolution of mating sys-
tems in the caenorhabditids. The hypothetical status of the
ancestral species is shown to the left, and the branch at which
the mating system of one of the species switched its state is
marked with a thick line. (A) Model in which C.b. and C.r.
are sister species. Our data point in this direction but do not
establish it conclusively. If true, the simplest model for the
evolution of these mating systems is that C.r. switched from a
male/hermaphroditic to a male/female system after it split
from C.b. (B) Model in which C.e. and C.r. are sister species.
(C) Model 1 in which C.e. and C.b. are sister species. Since this
hypothesis groups the male /hermaphroditic species together,
two different models can account for the evolution of these
mating systems by positing that a switch in the trait occurred
only once. This particular model assumes that the ancestral
state was male/hermaphroditic. (D) Model 2 in which C.e.
and C.b. are sister species. This model assumes that the ances-
tral state was male/female.

map to this domain we have not been able to test its
function.
Third, two of the mutations in C. elegans fog-3 map to
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aregion thatlies between the BTF and TF domains. This
region is conserved among the three FOG-3 proteins,
although it is not found in other known proteins. We
cannot tell if it serves as a functional domain in its
own right or if it was conserved because of its position
bridging the BTF and TF domains. Eventually, crystallo-
graphic analysis of FOG-3 and other Tob proteins might
resolve this issue.

Phylogeny of the caenorhabditids: The phylogenetic
relationship between C. elegans, C. briggsae, C. remanei,
and other members of this genus has been hard to
disentangle (FrrcH ef al. 1995). These three species are
part of the Elegans subgroup within the caenorhabditids
(SupHAus and KioNTKE 1996). However, we do not
know the relationship between these three species, nor
do we know if the ancestral caenorhabditid was a male/
female species or a male/hermaphroditic one. To solve
these problems, several genes from more distantly re-
lated caenorhabditids will have to be characterized to
establish a reliable outgroup for the analysis of C. elegans,
C. briggsae, and C. remanei.

Despite these concerns, our data suggest that C. brigg-
sae (C.0.)-FOG-3 and C. remanei (C.r.)-FOG-3 are slightly
more similar to each other than either is to C. elegans
(C.e.)-FOG-3. Besides the overall percentage of similar-
ity, four additional features of the alignment support
this possibility. First, C.e-FOG-3 contains a five-amino-
acid deletion just after residue 60 that is not found in
the other two proteins. Second, C.e-FOG-3 contains a
three-amino-acid insertion starting at residue 246 that
is not found in the other two proteins. Third, the in-
tron/exon structure of the three genes can be ac-
counted for easily by assuming that C. remanei and C.
briggsae are sister species. Fourth, the C. remanei and C.
briggsae fog-3 promoters are much more similar to each
other than either is to that of C. elegans. Thus, compara-
tive fog-3 sequence data suggest that C. briggsae and C.
remanei are sister species. Recent analyses of the gip-1
genes of these three species support this conclusion
(RupkL and KimsLE 2001).

Evolution of mating systems in the caenorhabditids:
The most parsimonious explanations for the evolution
of the different mating systems in this group should
assume only a single evolutionary change. For example,
if C. briggsae and C. remanei were sister species, then the
simplest model for the evolution of these mating systems
would be that the ancestral caenorhabditid was male/
hermaphroditic and that C. remanei became a male/
female species through a change that caused the expres-
sion of fog-3 to become repressed in XX animals (Figure
7A). This model could explain the evolution of a com-
pletely new mating system by a single mutation in an
upstream regulatory gene such as fog-2. If C. elegans and
C. remanei turn out to be sister species, a similar scenario
works equally well (Figure 7B). However, if C. elegans
and C. briggsae turn out to be sister species, it is much
harder to predict the mating system used by their ances-

tor because the two alternatives appear equally likely
(Figure 7, Cand D). Thus, to elucidate how these mating
systems evolved, we are now working to resolve the phy-
logeny of these nematodes and to assay the activity of
upstream genes in the sex-determination pathway in the
XX germ line. These studies could eventually provide
a molecular explanation for the alteration of mating
systems during evolution.
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