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Multiple regulatory changes
contribute to the evolution

of the Caenorhabditis lin-48
ovo gene
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Recent work points to the importance of changes in gene
expression patterns in species-specific differences. Here,
we investigate the evolution of the nematode lin-48 ovo
gene. lin-48 is expressed in several cells in both Cae-
norhabditis elegans and Caenorhabditis briggsae, but
acts in the excretory duct cell only in C. elegans. We find
the differences result both from alterations in the cis-
regulatory sequences and in proteins that mediate lin-48
expression. One factor that contributes to the species
differences is the bZip protein CES-2. Our results indi-
cate the accumulation of several regulatory changes af-
fecting one gene can contribute to evolutionary change.
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Multicellular organisms are composed of a variety of cell
types that result from the expression of different genes in
subsets of cells. This differential gene expression is me-
diated by cis-regulatory DNA sequences that can be
bound by proteins such as transcription factors. Changes
in gene-expression patterns play an important role in the
molecular and morphological differences between spe-
cies (Sucena and Stern 2000; Tautz 2000; Grandien and
Sommer 2001). However, whether these changes result
from alterations in the gene’s cis-regulatory sequences or
in the trans-acting proteins that bind to them, and
whether a single major sequence change or multiple cu-
mulative changes contribute to the species differences
remain important questions, as they address the molecu-
lar mechanisms underlying evolutionary change. To un-
derstand the molecular changes responsible for the evo-
lution of the expression pattern of a gene, we have in-
vestigated the function and expression of lin-48 in two
Caenorhabditis nematode species. Iin-48 encodes a
C2H2 zinc-finger protein similar to the product of the
Drosophila ovo gene (Johnson et al. 2001). In Caenorhab-
ditis elegans, lin-48 has been shown to play an important
role in hindgut development and its expression is limited
to a subset of hindgut cells, the excretory duct cell, and
several neuronal support cells. In preliminary studies,
we found that reporter transgenes made from C. elegans
lin-48 were expressed in a similar set of cells in Cae-
norhabditis briggsae, but the excretory duct cell expres-
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sion was absent. The excretory duct cell is part of the
nematode excretory system that is proposed to mediate
osmotic and ionic regulation (Nelson et al. 1983; Nelson
and Riddle 1984). We sought to understand the function
of Iin-48 in this cell, and to explore the molecular basis
for the inter-species differences.

Results and Discussion

To investigate the function of 1in-48 in development of
the excretory duct cell, we visualized the cell in Iin-48
mutants using transgenes containing the upstream regu-
latory sequences of C. elegans lin-48 (Ce-lin-48) direct-
ing the expression of the reporter gene gfp (green fluo-
rescent protein; Fig. la,b). Although C. elegans lin-48
mutants develop a functional excretory duct cell, we
found the cell morphology is different and the duct is
more anterior than in wild type (Fig. 1c,d; Table 1). We
observed the excretory duct placement in C. briggsae

Figure 1. in-48 expression and function in C. elegans and C. brigg-
sae. (a) Nomarski DIC micrograph of wild-type L3 C. elegans animal
showing the excretory system. (b) Epi-fluorescent micrograph of ani-
mal in a, showing expression of Ce-lin-48::gfp. The location of the
excretory cell and excretory duct cell are indicated by an asterisk
and an arrow. The excretory duct is indicated by an arrowhead. The
excretory duct forms more posterior in wild-type C. elegans (c) than
in C. elegans lin-48 mutants (d) or C. briggsae (e). ces-2 mutant
animals exhibit the same excretory duct cell morphological pheno-
type as lin-48(sa469) mutants. Bracket shows distance between the
duct and the base of the posterior pharynx. (f) lin-48 mutant males
develop abnormal ectopic spicule cells anterior to the normal spic-
ule cells. (g) lin-48 mutant animal rescued by Cb-lin-48 genomic
clone, resulting in development of normal spicule cells. Arrows in-
dicate cells expressing spicule cuticle. Scale bars, 10pm. (Left) ante-
rior; (top) dorsal.
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Table 1. 1in-48 function in duct placement

No. of

Distance (um)*  animals
C. elegans (N2) 13.07 + 1.55b¢ 48
C. elegans (CB4856) 13.94 + 1.70°¢ 48
C. briggsae (AF16) 17.73 £ 1.75¢ 48
C. briggsae (HK104) 19.70 = 2.05¢ 48
Ce-lin-438(sad69) 20.12 = 1.90¢ 54
Ce-ces-2(n732) 17.16 = 2.16¢ 48
Ce-ces-2(RNAi) 16.92 + 1.29¢ 48
Ce-lin-48(sa469);guEx(Ce-1in-48) 13.93 + 1.24¢ 51
Ce-lin-48(sa469);guEx(Cb-lin-48)  20.03 + 1.71¢ 34

Excretory ducts of Caenorhabditis elegans lin-48 mutants, C.
elegans ces-2 mutants, and Caenorhabditis briggsae locate
more anterior compared with C. elegans wild-type. guEx(Ce-lin-
48) and guEx(Cb-lin-48) are transgenes containing genomic
clones of Ce-1in-48 and Cb-lin-48, respectively. These trans-
genes rescue the other functions of lin-48.

“Distance is from excretory opening to the base of the terminal
pharynx bulb. Values are means + SD. There is no significant
difference in the distance of the base of the terminal pharynx
bulb to the P1.p nucleus between C. elegans and C. briggsae
(12.74 = 4.02 pm vs. 12.04 = 3.09 um, p = 0.262 by t-test).

PAll other strains (d) are significantly different from C. elegans
wild type and Iin-48 rescued animals (c) according to Bonferroni
test (p < 0.05).

animals and found it is also more anterior than in wild-
type C. elegans animals (Fig. le). Transgenes containing
a Ce-lin-48 genomic clone rescue all lin-48 mutant
phynotypes, whereas a comparable C. briggsae lin-48
(Cb-1in-48) genomic clone rescues lin-48 defects in hind-
gut and male tail development, but not duct morphogen-
esis (Fig. 1f,g; Table 1). Although we cannot rule out the
possibility that additional regulatory elements in the C.
briggsae gene lie outside of the tested genomic region,
this experiment indicates that there are differences be-
tween the regulatory features of Ce-lin-48 and Cb-1in-48.
Taken together, these results support the idea that Ce-
1in-48 functions to alter duct cell morphogenesis and po-
sitioning, but this function is not found in C. briggsae.

The upstream sequences of C. elegans Iin-48 drive ex-
pression of GFP in the same pattern as gfp-tagged geno-
mic clones capable of complementing lin-48 mutations

(Johnson et al. 2001; data not shown). To identify the
source of the differences in Iin-48, we constructed gfp
reporter transgenes for the C. briggsae Iin-48 gene using
upstream sequences. We tested the expression of Ce-lin-
48::gfpin C. briggsae, and vice versa, and found only the
C. elegans gene in C. elegans animals is expressed in the
excretory duct cell (Fig. 2a-d). All other aspects of ex-
pression were conserved in intra- and inter-species ex-
periments. Because Ce-1in-48:: gfp is not expressed in the
C. briggsae excretory duct cell (Fig. 2¢), it suggests that
there are differences in the potential regulatory proteins
between the species. In addition, these experiments
show that there are differences in the Iin-48 upstream
region as the Cb-lin-48::gfp is not expressed in C. el-
egans (Fig. 2d).

A mutation analysis of the Ce-lin-48 upstream regula-
tory region identified an element essential for excretory
duct cell expression that is conserved between C. el-
egans and C. briggsae (Fig. 3a). This site (termed lre2)
binds the Pax protein EGL-38 and is required for expres-
sion in both the excretory duct cell and hindgut cells
(Johnson et al. 2001). However, this site cannot be suffi-
cient for duct cell expression, because it is present in
both C. elegans and C. briggsae genes. To identify addi-
tional sequences important for duct cell expression and
responsible for the differences in the Iin-48 cis-regula-
tory region, we made chimeric clones by swapping re-
gions between Ce-lin-48 and Cb-1in-48, and tested these
clones for expression in C. elegans animals. The results
indicated that the more proximal 1.5 kb of Ce-lin-48 up-
stream sequences also contains cis-regulatory sequences
necessary for excretory duct cell expression that are ab-
sent from the C. briggsae gene (Fig. 3b,c). Further analy-
sis of this region showed that it includes at least four
independent sites (one distal and three proximal) that are
each sufficient to increase expression levels. This con-
clusion results from the following observations. First,
either a more distal or more proximal portion of this
region is sufficient for the expression (Fig. 3d,e). Second,
deletions in the clone containing the most proximal 525-
bp C. elegans sequence and the remaining sequence from
C. briggsae (Fig. 3f-j) revealed at least three elements
that confer partial duct cell expression activity. Each
tested subdivision of this region retained some activity
(Fig. 3f-i). Although several distinct sites are present in
the proximal region of Iin-48, the sequence does not con-
tain obvious EGL-38 recognition sites. This result sug-

Expression in Expression
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Figure 2. [in-48::gfp transgenes from C. elegans and C. briggsae tested in each species indicate only the C. elegans gene in C. elegans animals
is expressed in the excretory duct cell. All other expression patterns are conserved. The 2.4 kb of Ce-1in-48 upstream regulatory sequences is
indicated with a solid line and white blocks. The 3.0 kb of Cb-Iin-48 upstream regulatory sequences is indicated by a broken line and black
blocks. Blocks correspond to conserved DNA sequences in the area of the previously defined regulatory element Ire2 and two additional regions
more proximal to the transcriptional start site.
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Figure 3. (I)Experiments to identify cis-regulatory sequences important for excretory duct cell expression in C. elegans. (a) A mutation in the
Ce-lin-48 promoter (indicated by X) shows the conserved lre2 sequence is important for expression in both excretory duct and hindgut cells (data
from Johnson et al. 2001). (b—j) Chimeric promoter sequences resulting from DNA swap between C. elegans and C. briggsae and deletion
analysis of the chimeric promoter identify at least four additional regulatory regions that contribute to Ce-lin-48 expression in the duct cell.
(k) Mutations in putative CES-2-binding sites in the Ce-1in-48 promoter reduced the excretory duct cell expression. (2) Experiments to show that
ces-2 affects Iin-48 excretory duct cell expression. (I-s) ces-2(RNAi) reduced Iin-48 expression in transgenic animals. Reduction of Iin-48
expression by transgenes marked with asterisk was also confirmed in ces-2(n732) mutant background. The percentages of cells expressing GFP
(black bar), expressing very low, but detectable levels of GFP (gray bar) or not expressing GFP (white bar), are indicated for each construct. (n)
Number of animals scored for expression. Source of DNA in transgene indicated as in Figure 2. For chimeric clones, arrowhead indicates the
point of the DNA swap. GFP expression in hindgut was used as an internal control for expression level and presence of the transgene in all
experiments.

gests that a different factor or factors is also essential for software (Quandt et al. 1995) to search for potential tran-
excretory duct cell expression. scription factor-binding sites in the ~60-bp C. elegans

To identify additional factors important for Ce-Iin-48 most proximal sequences contained in the constructs of
expression in excretory duct cell, we used Matlnspector Figure 3i. This identified two sites with the potential to
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bind the C. elegans bZip protein CES-2 (Fig. 4). ces-2 was
originally characterized for its role in mediating a devel-
opmental decision between survival and apoptosis
(Metzstein et al. 1996). To test whether ces-2 plays a role
in Ce-lin-48 excretory duct cell expression, we observed
the excretory duct morphology in ces-2(n732) and ces-
2(RNAIi) animals and found it is similar to Iin-48 mu-
tants (Table 1). The ces-1 gene has been shown to act
downstream of ces-2 in regulating the cell death decision
(Ellis and Horvitz 1991; Metzstein and Horvitz 1999),
but we found no effect on excretory duct morphogenesis
in ces-1 mutants (data not shown). Thus, the role of ces-2
in duct morphogenesis is distinct from its role in apop-
tosis.

To test the function of ces-2 in mediating lin-48 duct
cell expression, we tested lin-48::gfp expression in ces-
2(n732) and ces-2(RNAi) mutant animals, and found Iin-
48::gfp expression is notably reduced in these animals
(Fig. 3l-s). Finally, mutations disrupting the potential
CES-2-binding sites in transgenes containing the 60-bp
C. elegans proximal sequences eliminated the excretory
duct cell expression (Fig. 3k). Taken together, these re-
sults indicate CES-2 mediates expression of lin-48 in the
C. elegans excretory duct cell, and alteration of CES-2
regulatory sequences contribute to the differences be-
tween C. elegans and C. briggsae. Because mutations in
ces-2 do not completely eliminate excretory duct expres-
sion (Fig. 31-q), it suggests that other factors also con-
tribute to the differences in lin-48 expression. This ob-
servation is consistent with the identification of mul-
tiple regulatory sites in the chimeric lin-48:: gfp reporter
transgenes.

Using inter-specific gene expression assays, we have
found that changes in cis-regulatory sequences and in
trans-acting factors contribute to differences in Cae-
norhabditis 1in-48 expression and function in the excre-
tory duct cell. Two types of Iin-48 cis-regulatory se-
quences are important for excretory duct cell expression:
several in the proximal region that differ between C. el-
egans and C. briggsae, and the more distal Ire2 that is
conserved. Although both are necessary, the lre2 se-
quence from either C. elegans or C. briggsae can func-
tion with the C. elegans proximal sequences to mediate
expression. Our results provide experimental evidence

D
agtttcgtgaaaattacccaacttttgtggtttaggtctaggcttagacttaagettat
-¢ -
CES-2 CES-2
binding binding
site 1 site 2

2
CES-2 site 1 in lin-48
CES-2 site 2 in lin-48
CES-2/PAR-family consensus
CES-2 site in ces-1

Figure 4. Potential CES-2-binding sites in Ce-lin-48 promoter. (1) DNA sequence of ~60
bp Ce-lin-48 proximal region. CES-2-binding sites are shown by arrows under the se-
quences. (2) Alignment between the CES-2-binding sites in the Ce-lin-48 proximal re-
gion, ces-1 upstream element (Metzstein and Horvitz 1999), and the CES-2/PAR family

consensus (Metzstein et al. 1996). Y=T or C; R = A or G.
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that the modular architecture of cis-regulatory se-
quences allow for gene evolution (Arnone and Davidson
1997). Specifically, evolutionary changes have affected
the proximal sequences important only for duct cell ex-
pression, whereas lre2 (important for expression in two
cell types) is unchanged. Our results suggest that the
bZip transcription factor CES-2 is one factor that acts
through the proximal sequences that differ between C.
elegans and C. briggsae. Further work is necessary to
determine whether ces-2 function also differs between
C. elegans and C. briggsae, or whether it is change of
other cis-regulatory factors that prevents the expression
of Ce-1in-48::gfp in the C. briggsae excretory duct.
Analysis of chimeric enhancers from Drosophila spe-
cies suggests that cis-regulatory sequences are subject to
complex stabilizing selection (Ludwig et al. 2000). These
experiments showed that conservation of a gene expres-
sion pattern between species results from multiple com-
pensatory nucleotide changes. Our experiments address
the question of what molecular changes occur in the
evolution of a gene expression pattern. A regulatory
change could result from a sequence change in a single
cis-regulatory element, or several sequence changes af-
fecting multiple cis-regulatory elements. Evolution of
gene expression by a single change might be associated
with a dramatic phenotypic alteration fixed by strong
selection, whereas the accumulation of multiple smaller
changes might underlie a less stringent selection process
or genetic drift. These small changes would act to stabi-
lize an initial altered expression pattern. Our results
with Caenorhabditis lin-48 genes are consistent with
the latter mechanism. We speculate that the selective
forces that influence cis-regulatory sequences and pro-
mote stabilization of gene expression can also act to sta-
bilize gene expression differences between species.

Materials and methods

Morphology of the excretory duct cell

We measured the distance from the excretory pore to the base of the
posterior pharynx bulb in L3 animals to quantify the morphological
change of the excretory duct. Control measurements between the poste-
rior pharynx bulb and the P1.p nucleus indicate that the bulb distance
from other epidermal landmarks is the same in the two species (Table 1).

Construction of DNA clones

A C. briggsae probe for the 1in-48 gene was generated
using PCR with C. briggsae genomic DNA and degen-
erate primers corresponding to the C. elegans gene,
and used to screen a C. briggsae genomic fosmid li-
brary (Incyte Genomics, Inc). A 6.0-kb Sall fragment
(pXW4) that hybridized to the probe was subcloned
from fosmid 33J1. The clone was confirmed
to be Cb-lin-48 by rescuing male tail defects of C. el-
egans lin-48 (sa469);him-5(e1490) mutant animals and
by sequencing. pXW6 is a plasmid containing Cb-lin-
48, 3.0-kb upstream sequence cloned into vector
pPD95.73 provided by Andy Fire (Department of Em-
bryology, Carnegie Institution of Washington, Balti-
more, MD). pAJ49 is 2.4-kb upstream sequence of Ce-
lin-48 cloned into vector pPD95.67 and shown previ-
ously to express in all lin-48-expressing cells (Johnson
et al. 2001). Swapping clones were derived from these
two plasmids by incorporating unique restriction en-
zyme sites at the exchange points by use of the Quick-
change mutagenesis protocol (Strategene). Each clone
with the introduced restriction enzyme site was
shown to retain activity prior to the swap (data not



shown). Deletions (Fig. 3f-j) were generated by use of the ExSite muta-
genesis method (Strategene). pXW66 and pXW67 are genomic clones that
include the same extent of upstream sequences as pXW6 and pAJ49.
These clones were used for rescue analysis in Table 1.

DNA transformation and RNA interference

Transgenic C. elegans strains were generated as described (Johnson et al.
2001). For the rescue experiment, pXW4, pXW66, or pPXW67 was coin-
jected with 15 ng/uL pDP#MMO16 [unc-119(+)] plasmid into the mitot-
ic germ line of hermaphrodites of C. elegans Ilin-48(sa469);unc-
119(e2498);him-5(e1490) animals. For all experiments that test expres-
sion of Iin-48:: gfp reporter constructs in C. elegans, 70-90 ng/pL reporter
clone was coinjected with unc-119(+) plasmid into unc-119(e2498);him-
5(e1490) animals. For C. briggsae 1in-48::gfp, reporter clones were coin-
jected with pRF4 [C. elegans rol-6 (d)] at a concentration of 120 ng/pL
into C. briggsae (AF16). At least two independent lines were tested for
each construct.

RNA interference was performed as described (Fire et al. 1998). dssSRNA
of ces-2 was obtained from the cDNA clone, yk91e8, kindly provided by
Yuji Kohara (Gene Network Library, National Institute of Genetics,
Mishima, Japan).
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