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We have identified Conserved Non-coding Elements (CNEs) in the regulatory region of Caenorhabditis elegans
and Caenorhabditis briggsae mab-9, a T-box gene known to be important for cell fate specification in the
developing C. elegans hindgut. Two adjacent CNEs (a region 78 bp in length) are both necessary and sufficient
to drive reporter gene expression in posterior hypodermal cells. The failure of a genomic mab-9: gfp construct
lacking this region to express in posterior hypodermis correlates with the inability of this construct to
completely rescue the mab-9 mutant phenotype. Transgenic males carrying this construct in a mab-9 mutant

IC(EJe/ ;’;’;ﬁ? background exhibit tail abnormalities including morphogenetic defects, altered tail autofluorescence and
T-box abnormal lectin-binding properties. Hermaphrodites display reduced susceptibility to the C. elegans pathogen
mab-9 Microbacterium nematophilum. This comparative genomics approach has therefore revealed a previously
Hypodermis unknown role for mab-9 in hypodermal function and we suggest that MAB-9 is required for the secretion and/

cis-regulation

or modification of posterior cuticle.

© 2008 Elsevier Inc. All rights reserved.

Introduction

The mab-9 mutation was originally identified in a screen for
worms defective in mating (Hodgkin, 1983). In the developing hindgut
of wild-type (WT) Caenorhabditis elegans, MAB-9 acts to specify the
identity of the male-specific blast cells B and F; in mab-9 mutants, B
and F assume the fates of their two anterior neighbours, Y and U,
resulting in grossly abnormal male tails lacking many of the normal
internal structures (Chisholm and Hodgkin, 1989). In hermaphrodites
this hindgut defect leads to severe constipation because B and F are
required for the structural integrity of the rectum. In addition to
hindgut and tail abnormalities, mab-9 worms are defective for back-
ward movement (Chisholm and Hodgkin, 1989; Woollard and
Hodgkin, 2000). This is now known to be caused by an axon guidance
defect in which mab-9 mutants fail to correctly form circumferential
commissures from the ventral nerve cord (VNC) (Huang et al., 2002;
Pocock et al., unpublished). mab-9 encodes a member of the Tbx20
sub-family of T-box transcriptional regulators (Woollard and Hodgkin,
2000). T-box genes are widely distributed in nature with various
developmental roles (reviewed in Papaioannou, 2001) and mutations
in a number of T-box genes have been linked to human developmental
disorders, including DiGeorge syndrome, Holt-Oram syndrome and
Ulnar-Mammary syndrome (reviewed in Packham and Brook, 2003).

We have previously shown that a mab-9- 'gfp construct including
approximately 5.5 kb of upstream sequence was able to completely
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rescue the mab-9 phenotype, indicating that this region includes all
regulatory sequences required for correct MAB-9 expression (Wool-
lard and Hodgkin, 2000). Worms rescued with this transgene exhibit
GFP expression in nuclei of the rectal epithelial cells B and F (and B-
and F-derived cells in males), a subset of ventral nerve cord nuclei and
a single head neuron (Woollard and Hodgkin, 2000; Pocock et al.,
unpublished), as well as 3 or 4 nuclei of the posterior hypodermis.

Since MAB-9 is expressed in a variety of different tissues and
performs a number of disparate functions in C. elegans, we were inte-
rested in dissecting the regulatory region in order to define precise
regulatory elements. Study of gene regulation in C. elegans is now
greatly facilitated by the availability of the genome sequence of the
closely related species Caenorhabditis briggsae. Although the degree of
conservation between the two genomes is generally high for coding
sequences, there is generally less conservation outside of coding
regions (Stein et al., 2003). Blocks of Conserved Non-coding Elements
(CNEs) are thought to be likely domains of gene regulation, by acting
as binding sites for trans-acting factors (Wang et al., 1999; Kirouac and
Sternberg, 2003).

Here we show that there are six CNEs shared between C. elegans
mab-9 and its nearest C. briggsae homologue, CBG24273. Firstly, we
demonstrate that CBG24273 is a probable mab-9 orthologue by com-
paring expression patterns and rescuing ability. Secondly, deletion of
CNEs from the C. elegans mab-9 rescuing construct reveals two
adjacent blocks of homologous sequence comprising a total of 78 bp
that are absolutely required for expression in the posterior hypoder-
mis. These sequences are also sufficient to drive hypodermal expres-
sion of a GFP reporter when inserted into an expression vector
containing minimal promoter elements from the embryonically-
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expressed gene pes-10 (Seydoux and Fire, 1994). mab-9 mutant animals
containing a construct lacking this 78 bp region are not completely
rescued and exhibit several male-specific defects including abnormal
cuticle properties. mab-9 hermaphrodites containing the same con-
struct exhibit reduced susceptibility to infection by the pathogenic
bacterium Microbacterium nematophilum because bacteria are less able
to colonise the rectum of worms lacking posterior hypodermal
expression of MAB-9. Thus, our studies reveal a novel role for mab-9
in hypodermal function in both males and hermaphrodites. This aspect
of mab-9 function would not be revealed in loss-of-function mutants
due to the severe morphological defects in such alleles masking more
subtle defects in hypodermal morphogenesis and cuticle function.

Materials and methods
Strains and worm maintenance

All C. elegans strains used were derived from the wild-type (WT) Bristol strain N2.
The C. briggsae strain AF16 (Fodor et al., 1983) was used where appropriate. Worm
manipulations were performed as previously described (Sulston and Hodgkin, 1988).
For microscopy, worms were mounted on slides with thin pads of 2% agarose melted in
0.5% 1-phenoxy 2-propanol (Sigma) in M9 buffer. Animals were picked to a small drop
of 0.2% 1-phenoxy 2-propanol on the pad and covered with an 18x18 mm coverslip.
Worms were visualised using a Zeiss Axiophot microscope fitted with DIC optics.
Supplementary Table 1 describes all strains used in this study.

Sequence comparisons

The C. briggsae protein identified on Wormbase (http://www.wormbase.org/) by
BlastP, as the nearest homologue of mab-9 is CBP12816, the product of CBG24273.
Aligned sequences consisted of 5’ sequence (5.5 kb for mab-9, 4.3 kb for CBG24273),
plus entire protein coding sequence. We also included 1 kb of downstream sequence in
the alignment. Alignments were performed by Pairwise Blast (http://www.ncbi.nlm.
nih.gov/blast/bl2seq/wblast2.cgi) using default parameters. Conserved sequences
(CNEs) of 25 bp or greater were selected for analysis. Blast alignment of potential
regulatory elements was confirmed by means of the Sockeye genomics application
(www.bcgsc.bc.ca/sockeye) (Montgomery et al., 2004).

Transgenic animals

Injections were performed in C. briggsae or C. elegans, using 2-20 ng/ul DNA, as
previously described (Mello and Fire, 1995) along with the dominant injection marker
rol-6 (50-100 ng/ul). Transformants were selected on the basis of the dominant rol-6
phenotype and allowed to self. Stable transmitting lines were examined at the F3
generation or later by epifluorescence and DIC microscopy. Several transgenic lines were
examined for each construct and a representative of each is described in this report.
Where appropriate, transgenic arrays were integrated using gamma irradiation (Evans,
2006). The integrated mab-9: gfp strain mab-9(e2410); him-8(e1489); els34[eEx85(mab-
9: GFP+rol-6)] has been previously described (Woollard and Hodgkin, 2000).

GFP/RFP reporters and rescuing constructs

A C. briggsae mab-9 promoter-only GFP reporter construct was generated by means
of a PCR method (Hobert, 2002). Template was acquired by the single-worm lysis
method (Fay and Bender, 2006). PCR was carried out using oligonucleotide primers
designed to include the 5’ regulatory sequence of interest, with the reverse primer
having a tag complementary to 21 bp of the standard Fire lab GFP vector polylinker
sequence (http://www.addgene.org/Fire_Lab). A GFP PCR product was obtained using
primers described by Hobert, 2002, using a Fire lab vector with or without nuclear
localisation signal, as required. A nested PCR, using products of the above 2 reactions as
template, was then performed to generate a single promoter-GFP fusion, which was gel-
purified if necessary before injection. Primers to generate tagged C. brig-mab-9
promoter: Forward 5’-GCAACCGAAAATCTCTTTATGG-3’, reverse 5’-CGACCTGC AGG-
CATGCAAGCTGTCCTCTAGAAGAATTTCAGCAG-3'. Nested PCR forward primer: 5'-ATG-
CATCGCCCATTAGAAAAGTGACCATACAG-3'. Transgenic lines described in this study are
the C. briggsae line AW244 and the C. elegans line AW245. The C. elegans mab-9
promoter-only GFP construct pAW150 was made by PCR amplifying the mab-9
regulatory region using primers containing a 5'Pstl site and 3'BamHI site (Forward 5'-
GGAACTGCAGCTCCCATCTAAAAAGAGCCG-3’; reverse 5'-GGCGGATCCCAAAATTTAG-
TATCTTATGG-3’) and subcloning into Fire Lab vector pPD96.04. The corresponding
transgenic line described in this study is AW246. The dpy-7- rfp transcriptional fusion
pAW289 was made to confirm the hypodermal identity of cells. 249 bp of dpy-7
promoter sequence (Gilleard et al., 1997) (=373 to -125) was amplified from genomic
DNA (obtained by single-worm lysis) using primers oTB7 and oTB8 (containing HindIII
and Xbal tags, respectively) and TA cloned into pCRII-TOPO (Invitrogen). The promoter
was subcloned into Multiple Cloning Site (MCS) I of pPD49.26 to give the plasmid
pAW288. mRFP was amplified from pHK210NLS (a kind gift from Hiroshi Kagoshima)
using oTB9 and oTB10 (includes Sacl tag) and TA cloned into pCRII-TOPO. mRFP(NLS) was

subcloned into the MCSII of pAW288 to generated the plasmid pAW289. Primer sequences
were as follows: 0TB7 5-AAGCTTTG ACCTCTCGGGAACAATC-3’, 0TB8 5’-TCTAGAAGAA-
CAGGGTGTGATAAATGAATTG-3’, oTB9 5'-GCCAAAGGACCCAAAGGTAT-3’, oTB10 5'-
GAGCTCGGCGCTCAGTTGGAATTCTT-3'. The corresponding transgenic lines described in
this study are AW247 and AW255. To make a minimal promoter construct driving GFP
from CNE-DE, the region including CNEs D and E was amplified by standard PCR. Forward
and reverse primers included tags corresponding to HindIIl and Xbal recognition sites,
respectively. Forward primer: 5'-AAGCTTTCTC AGATCATAAACCATTATCT GTG-3'. Reverse
primer: 5'-TCTAGAATTGACTAATTATCATCAC ACATTCTT-3'. The PCR product was first TA-
cloned into the vector pPCR2.1-Topo (Invitrogen) using the manufacturer's standard
protocol. The CNE was then subcloned, using HindlIIl and Xbal, into the Fire lab minimal
promoter vector pPD107.94, to give plasmid pAW339. The corresponding transgenic line
described in this study is AW248. A genomic Cbr-mab-9 rescuing construct was generated
by PCR from AF16 C. briggsae worms, using primers to include the upstream regulatory
sequence of CBG24273, full protein-coding sequence and approximately 1 kb of
downstream sequence. Forward primer: 5'-GCAACCGAA AATCTCTTTATGTG-3'. Reverse
primer: 5'-TCGGATCTCCATTCATCCTC-3'. The corresponding transgenic line described in
this study is AW249. The genomic rescuing mab-9: gfp construct pAW118 used in this
study has been described previously (Woollard and Hodgkin, 2000). The complete
genotypes of transgenic strains are shown in Supplementary Table 1.

Site-directed mutagenesis

Conserved upstream and intronic CNEs were deleted individually from the mab-
9: gfp rescuing construct pAW118 by means of the QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). As the full-length rescuing construct is too large for
direct mutagenesis (18 kb), mutagenesis was carried out on smaller fragments, with the
mutagenised fragments being subcloned back into the pAW118 plasmid. Successful
removal of CNEs was confirmed by PCR and sequencing. Plasmids used in this work are
PAW340 (mab-9ACNE-D: ‘gfp), pAW341 (mab-9ACNE-E: ‘gfp) and pAW342 (mab-9ACNE-
DE:gfp). Transgenic strains generated are AW250 (mab-9(e2410); him-8(e1489);
ouEx82[mab-9ACNE-D: gfp+rol-6]), AW251 (mab-9(e2410); him-8(e1489); ouEx83
[mab-9ACNE-E: gfp+rol-6], AW252 (mab-9(e2410); him-8 (e1489); ouEx84[mab-
9ACNE-DE: gfp+rol-6]) and AW253 (mab-9(e2410); him-8(e1489); ouEx85[mab-
9ACNE-DE - gfp+rol-6+pdpy-7- 1fp]). Transgenic array ouEx84[mab-9ACNE-DE: gfp+
rol-6] was integrated to give the strain AW254 (mab-9(e2410); him-8(e1489); ouls1
(ouEx84)).

Dye-filling assay

Mixed staged worms were washed from seeded NGM plates in sterile water.
Following 3 washes in water, followed by brief centrifugation, animals were incubated
at 20 °C for 30 min in a solution of 10 pg pl™! Dil (1,1’-Dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate) in water. To allow clearing of Dil from the
gut, worms were washed briefly in water and transferred to seeded NGM plates for at
least 60 min (Shaham, 2006). Animals were mounted for microscopy and examined by
epifluorescence.

Lectin staining

Worms were stained with a variety of conjugated lectins, as described previously
(Gravato-Nobre et al., 2005). Briefly; adult worms were picked to 1 ml of PBS-T
(phosphate-buffered saline containing 0.5% Triton X-100) and washed twice for 5 min.
The supernatant was removed and the worms incubated in approximately 30 ul of
50 pg ul™! fluorescein-conjugated lectin for 45 min at 25 °C. Excess lectin was removed
by washing 3 times in PBS-T. Worms were mounted for microscopy as described above
and examined.

Growth on M. nematophilum

To assess sensitivity of worm strains to infection by M. nematophilum, worms were
grown on NGM plates seeded with lawns of 10% M. nematophilum: 90% OP50 (for brood
size assays) or 100% M. nematophilum for colonisation assays (Hodgkin et al., 2000).
Worms were picked at the L4 stage and allowed to grow at 25 °C. Brood sizes were
assessed by counting all viable progeny.

Syto13 staining
Adult hermaphrodite worms grown in the presence of M. nematophilum were
washed 3 times with TBS and incubated for 1 h at room temperature. Worms were

incubated for 1 h in 10 uM Styo13 (Molecular Probes), followed by 3 washes in TBS
(Hodgkin et al., 2000).

Results
C. briggsae CBG24273 is a probable orthologue of mab-9

The C. briggsae gene predicted by Wormbase to be the closest
match to mab-9 is CBG24273. In order to test whether CBG24273 is
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a bona fide mab-9 orthologue we first analysed the expression of
CBG24273 using a promoter only GFP construct injected into both
C. elegans and C. briggsae (Fig. 1). In C. elegans, the expression
patterns of the transcriptional mab-9: gfp (pAW150) and Cbr-mab-
9’ gfp reporters are very similar to that of the translational fusion
pAW118, except that B and F expression of the C. briggsae GFP

reporter was never observed in C. elegans, even though posterior
hypodermal expression was robust (Fig. 1A). Expression of the same
reporter construct in C. briggsae was observed at lower intensities
than in C elegans and tended to be more mosaic, especially in adult
worms; however we were able to observe GFP in nuclei of the
ventral nerve cord (VNC) and in the posterior hypodermis (Fig. 1B).

Fig. 1. C. briggsae CBG24273 is a probable orthologue of mab-9. (A) L4 animal of C. elegans strain AW245, expressing a Cbr-mab-9 promoter-only GFP fusion. GFP expression was
observed in posterior hypodermal nuclei (h) and nuclei of the ventral nerve cord (VNC) (v) but not in panels B or F. (B) L4 animal of C. briggsae strain AW244, expressing the same
construct. GFP expression was observed in a similar pattern. Inset is a developing 3-fold embryo showing brighter VNC expression. (C) C. elegans CB5481 animal showing WT MAB-
9 'GFP expression in VNC neurons (v), the ALA head neuron (A), F and B nuclei (F, B respectively) and hypodermal nuclei (h). (D) C. elegans strain AW255, L4 worm, expressing a Cel-
mab-9 promoter only GFP fusion. This reporter expresses in the tail in a similar manner to the genomic construct pAW118, being observed in panels B and F nuclei, two nuclei of the
hyp7 syncytium (hermaphrodites) or hyp13 (males, as pictured) and a hyp8 nucleus (labelled). The identity of hypodermal cells is confirmed by colocalisation with a hypodermal-
specific DPY-7: ‘RFP transcriptional fusion. (E) WT male tail. (F) mab-9(e2410) male. Failure of the panels B and F lineage leads to severe disruption of tail development and grossly
abnormal structures. (G) Adult male of strain AW249 showing full rescue of all male tail defects by full length Cbr-mab-9. Normal male tail structures including spicules (s) and fan are

present. Scale bar: 10 um. Posterior is to the right in all panels.
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Once again, it was not possible to demonstrate B or F expression of
this reporter in C. briggsae.

Given this difference in observable expression pattern between C.
elegans and C. briggsae promoter-only fusions and the fact that B and F
cells are major sites of MAB-9 function, we next tested whether a
genomic clone of CBG24273 was capable of rescuing C. elegans mab-9
mutants. At least 5 independent lines were obtained, all of which
displayed complete phenotypic rescue (Fig. 1G). Therefore, it seems
likely that our failure to detect B and F expression of Chr-mab-9: gfp in
either C. elegans or C. briggsae is due to expression being below some
threshold level in these cells, rather than pointing to a potential
functional difference between the two genes. We cannot rule out the
possibility, however, that there could be some cell-nonautonomous
mechanism (from cells that express mab-9) influencing B and F
development. Overall, these data indicate that CBG24273 is a probable
orthologue of C. elegans mab-9. We henceforward refer to CBG24273
as Cbr-mab-9.

CNEs in mab-9

We initially performed a comparison of the putative regulatory
regions of mab-9 and Cbr-mab-9 by means of a pairwise Blastn search
using the default parameters. For mab-9, we used 5.5 kb of upstream
sequence (which has previously been shown to be required for
complete rescue of the mab-9 phenotype; Woollard and Hodgkin,
2000), the entire ORF and 1 kb of downstream sequence. For Cbr-mab-
9, we used homologous sequence, with the exception that the
upstream sequence extended only 4.3 kb past the transcription start
site (this is the extent of the current available sequence). As this
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amount of upstream sequence completely rescues all aspects of the
mab-9 phenotype, we think it unlikely that we missed important
regulatory elements in our analysis. Unsurprisingly, protein-coding
sequences are well conserved between C. elegans and C. briggsae mab-
9, whereas most of the non-coding sequence is poorly conserved.
However, we identified 5 blocks of conserved sequence (CNEs) in the
upstream regulatory region, ranging between 27 and 51 bp in length;
these we have termed CNE-A to CNE-E (Fig. 2). All the CNEs are in the
same orientation and relative position in C. elegans and C. briggsae,
although the distance spanning these CNEs in C. briggsae is somewhat
smaller than in C elegans (2948 bp from the start of CNE-A to the start
of CNE-E in C. briggsae, compared with 3943 bp in C. elegans) (Fig. 2A).
A sixth CNE, CNE-F (actually comprising 2 blocks of very close
sequence similarity separated by a short stretch of divergent
sequence) was discovered in the third intron. Although these stretches
of high sequence identity were originally identified by means of
Pairwise Blast alignment, conservation of the 6 regions between C.
elegans and C. briggsae was subsequently confirmed using the Sockeye
comparative genomics visualisation application.

CNE-DJE is required for expression of mab-9 in the posterior hypodermis

To establish which, if any, of the CNEs are required for normal mab-
9 expression in C. elegans, we deleted each of these from the rescuing
construct by site-directed mutagenesis. Transgenic animals were then
generated containing these deletions and examined for changes in the
GFP expression pattern. Transgenic worms carrying pAW340 (mab-
9ACNE-D: gfp) or pAW341 (mab-9ACNE-E:gfp) display normal
expression of MAB-9: :GFP in the nervous system and B and F cells.

A)
C. elegans
mab-9
CNE-A CNE-B CNE-C CNE-D CNE-E CNE-F
5245 -3950 -3320 1377 1303 I—P 1148
C.briggsae
CBG24273
-4054 -3353  -2431 -1184-1106 1082
B)
C.elegans cRTcE G GeGA s
CNE-A B G heme A A 2 B
C.el .- TreEec®
CNE-B C‘g:g;:;e omr e AR R

T"ﬂrcm'd"r GGy ed"“TT’mmT
R oo A AR

74 C.elegans rcrdXeBrcRri¥NAccrmiireT ST CREAGVeAIAAAR]
CNE-D ] ¢ prggsse Ecﬂmun AR
C.elegans EEMTETErRTRTRATTRTCIAT
CNE-E C.briggsae ETETE i ETCMT
C.elegans EES¥fcddcRrTIrdMIrTclVem ....... nTﬁ‘TT?ﬂTTCT"TCTTTWTdtTm
CNE-F C.briggsae e CEUETT A @TTM °THTTHTTCE’T--TMTO-CTTM

Fig. 2. Alignment of mab-9 and CBG24273 regulatory regions. (A) Cartoon showing conserved order and spacing of CNEs A-F. Arrow denotes transcriptional start site. CNE-D and CNE-E
are adjacent to one another and are treated as on element, CNE-DE for much of this study. (B) Alignments of each CNE A-F between C. elegans and C. briggsae.
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However, both deletion constructs show reduced GFP expression in
the posterior hypodermis (data not shown). A double-deletion was
therefore made, lacking both of these conserved elements, pAW342
(mab-9ACNE-DE: gfp). Transgenic animals carrying this construct
were found to completely lack tail hypodermal expression in all
cases in both males and hermaphrodites (Fig. 3B), although all other
elements of the mab-9 expression pattern (including B and F expres-
sion) were normal. Failure of MAB-9::GFP expression in posterior
hypodermal cells does not appear to be the result of a change in cell
identity as they still express the pdpy-7: rfp hypodermal marker when
this is co-injected with the other plasmids (Fig. 3B). Deletion analysis of
the 4 other CNEs, either singly or in various combinations, revealed no
obvious changes in expression pattern (data not shown).

hyp8 nucleus hermaphrodite

hyp7 nuclei

Fig. 3. CNE-DE is essential for posterior hypodermal expression of MAB-9: :GFP. (A)
strain AW247 L4 hermaphrodite, expressing full length Cel-mab-9- gfp and dpy-7- fp.
F and B cells have a non-hypodermal identity and nuclei appear green (labelled F, B).
Posterior hypodermal cells co-express both MAB-9::GFP and DPY-7::RFP and nuclei
appear yellow. These hypodermal nuclei correspond to two hyp 7 nuclei (h) and a hyp 8
nucleus (asterisk) just out of the plane of focus. n=tail neuron. (B) Strain AW253 L4
hermaphrodite, expressing the mab-9ACNE-DE: ‘gfp construct and dpy-7: 1fp in a mab-
9(e2410) mutant background. No MAB-9: :GFP is visible in the posterior hypodermis.
Posterior hypodermal cells (h) retain their identity as shown by expression of the
hypodermal marker DPY-7: :RFP and appear red. All other components of the mab-9
expression pattern are observed, but are outside the plane of this photomicrograph.
(C) Simplified illustration of tail hypodermal compartments prior to tail tip retraction in
male and in late L4 hermaphrodite (after Nguyen et al., 1999). Ph=phasmid, se=lateral
seam hypodermis.

Fig. 4. CNE-DE drives expression of a GFP reporter in the posterior hypodermis. (A, B)
Animals carrying the pAW339 CNE-DE driven minimal promoter construct (Strain
AW248). Expression of the CNE-DE driven GFP reporter is seen in posterior hypodermal
nuclei co-localised with DPY-7::RFP (h). Ectopic expression of CNE-DE driven GFP is
observed in some other more anterior hypodermal cells (e). One such cell is shown
exhibiting mosaicism of the DPY-7: :RFP marker (asterisk). In B: 4 hypodermal nuclei (2
hyp 7, hyp 8 and hyp 9 nuclei) are seen co-expressing CNE-DE driven GFP and DPY-
7: RFP.

CNE-DE is sufficient to drive expression of mab-9 in the posterior
hypodermis

A minimal promoter construct, pAW339, was designed to test
whether CNE-DE is sufficient to drive expression of a GFP reporter in
vivo. Transgenic animals carrying this construct did indeed express
GFP in cells of the posterior hypodermis (Fig. 4), as confirmed by the
co-localisation of the GFP with pdpy-7- ‘RFP in hyp7, hyp8 and hyp9
nuclei. We also noted some expression of GFP in more anterior
hypodermal cells (but nowhere else in the worm), suggesting that the
endogenous regulatory region of mab-9 may contain transcription
factor binding sites that are normally bound by repressors to prevent
strong expression of MAB-9 in the anterior syncytial hypodermis.

Ablation of posterior hypodermal expression of mab-9 results in defects
in male tail morphogenesis

Given the lack of hypodermal expression of mab-9 in reporter
constructs lacking CNE-DE, we were interested to see whether this
change in expression pattern is correlated with phenotypic effects.
Transgenic animals were therefore generated carrying the mab-
9ACNE-DE: gfp construct in a mab-9 mutant background. These
males display rescue of the gross internal tail defects associated
with the function of MAB-9 in the B and F blast cells (Fig. 5) (defective
or absent spicules, for example), but harbour a number of more subtle
tail defects, including the appearance of bulges near the bases of the
rays, increased fusion of rays 8 and 9 and abnormal tail tips (Fig. 5,
Table 1). Importantly, the same male tail defects were observed in
integrated as well as extrachromosomal lines, indicating that they
were not a consequence of mosaic expression of the mutagenised
rescuing construct (The data shown in Fig. 5 is derived from the
integrated strain mab-9(e2410); him-8(e1489); ouls1[ouEx84 (mab-
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Fig. 5. Male tail defects associated with lack of hypodermal MAB-9 expression. (A) Strain CB5481 adult male, expressing full length integrated mab-9: ‘GFP in a mab-9 mutant
background, showing WT appearance. (B-D): AW254 adult males, expressing an integrated mab-9ACNE-DE: ‘gfp construct. Various defects are evident. (B) Abnormal tail tip (arrow).
(C) blobby protrusions (p) and swollen bursa (s). (D) fused rays 8 and 9 (arrow). Scale bar: 10 um.

9ACNE-DE: gfp+rol-6)] (Strain AW254). Such defects are never ob-
served in mab-9 males rescued with the WT genomic construct
pAW118. The tail tip defect is suggestive of a partial failure in tail tip
retraction, but could also be explained by blebbing out of another
tissue, like hyp13 or the phasmids. Since the tail tip abnormalities are
situated in close proximity to the phasmid openings, we performed
dye-filling assays on male and hermaphrodite worms of all life cycle
stages in order to determine if there is a defect in dye-filling. In all
worms stained, dye filling appeared normal (data not shown), indi-
cating that the phasmids are functioning, although not ruling out the
possibility of a morphogenetic defect to phasmid tissue affecting tail
tip morphogenesis.

Wild-type male tail fans are cuticular structures and contain
modifications to the cuticle which include tanning of the posterior-
most part of the fan between the two opposing 9th rays (Link et al.,
1988). Normally this tanning is visible in the form of autofluorescence,
which can be observed under epi-fluorescence using standard FITC
filters (Fig. 6). mab-9(e2410) males typically lack a normal fan struc-
ture and do not exhibit this autofluorescence (Fig. 6B), whereas fan
autofluorescence of mab-9 male tails rescued with the WT genomic

Table 1
Male tail abnormalities in worms lacking hypodermal MAB-9 expression

construct pAW118 is normal (Fig. 6C). mab-9 males carrying the CNE-
DE deletion exhibit an altered pattern of autofluorescence (Fig. 6D,
Table 1), suggesting a function for MAB-9 in posterior hypodermal
cells in regulating gene(s) responsible for the correct processing and/
or secretion of male tail collagens.

Changes in lectin binding properties have previously been
reported in worms both with observable male-tail defects and also
those that otherwise appear grossly wild-type (Link et al., 1992).
Since the altered tail autofluorescence is highly suggestive of a defect
in tail cuticle processing leading to altered surface properties, we
performed lectin staining with the Jack Bean lectin, Concanavalin A
(ConA) to identify any changes in cuticle carbohydrate recognition.
Staining in WT or fully rescued mab-9 mutant males (transgenic for
pAW118) was restricted to the region immediately surrounding the
cloaca and the openings of the phasmids, if seen at all (Figs. 6E and
G). mab-9 males carrying the CNE-DE deletion, however, exhibited
ConA staining at the edge of the cuticular fan in almost all
individuals examined (Fig. 6H). Completely un-rescued mab-9
males also display strong lectin staining at the fan edge, where
present (mab-9 mutants often lack a proper fan all together), along

him-8(e1489) mab-9(e2410);

him-8(e1489)

mab-9(e2410); him-8(e1489);
els34(eEx85[mab-9: ‘gfp +rol-6])

mab-9(e2410); him-8(e1489);
ouls1(ouEx84 [mab-9ACNE-DE: :gfp +rol-6])

(CB5481) (AW254)
Percentage males with fused 14% (n=78) N/D? 12% (n=84) 52% (n=113)°
rays 8/9
Percentage males with aberrant, 6.9% (n=58) 100% (n=50)" 14.8% (n=54) 74.5% (n=51)

reduced or absent tail
autofluorescence

2 ND=not determined. mab-9(e2410) males were not scored for ray fusion as posterior structures are typically too severely disrupted for this to be assessed.
b This is a conservative estimate as a small percentage of worms exhibit tail protrusions that can mask the fused-ray phenotype. These protrusions were never observed in him-8

(e1489) worms.

¢ Tail fan autofluorescence was absent in all worms examined. As the mab-9 phenotype often results in very severe tail abnormalities, this figure represents the absence of

autofluorescence in male worms where a discernible fan could be seen.
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Fig. 6. Male tail cuticle defects associated with lack of hypodermal MAB-9 expression. (A) him-8(e1489) adult male showing the characteristic autofluorescence of the WT male tail fan.
The hook sensilum (hs) and posterior fan (pf) are strongly autofluorescent, the latter in a characteristic (fan-shaped) pattern. (B) mab-9(e2410); him-8(e1489) male tail
autofluorescence; posterior fan fluorescence is completely absent although some autofluorescence is still associated with the hook sensillum (hs). (C) CB5481 rescued male, expressing
full length integrated mab-9: ‘GFP in a mab-9 mutant background, showing WT tail autofluorescence. Spicules (s) are everted in this individual. (D) AW254 male, expressing an
integrated mab-9ACNE-DE : gfp construct, lacking MAB-9 expression in the posterior hypodermis. Posterior fan autofluorescence is greatly reduced or absent, or is aberrant (as in this
individual). Arrow points to portion of the tail where autofluorescence is lacking. (E-H) Male tails stained with FITC-ConA. E: him-8(e1489) male showing WT ConA staining. Posterior
fan autofluorescence can be observed, as can lectin staining of phasmid openings (p). (F) mab-9(e2410); him-8(e1489) male tail. Very strong staining is observed in these mutants,
extending anteriorly from the tail for up to one-third of the length of the worm. (G) CB5481 rescued male showing restoration of normal cuticle properties. Posterior fan (pf)
autofluorescence can be observed, as can small foci of lectin binding at the phasmid openings (p). (H) AW254 male lacking MAB-9 expression in the posterior hypodermis. Abnormal
lectin binding is observed; the edge of the fan is strongly stained with FITC-conjugated ConA. Tail tip autofluorescence is absent (arrow). Scale bar: 10 um.

with bright localisation of the lectin to the posterior cuticle of the Ablation of posterior hypodermal mab-9 expression results in reduced
worm, for up to 1/3 of the length of the animal (Fig. 6F). We there- sensitivity to infection by M. nematophilum

fore suggest that it is the loss of mab-9 expression specifically in the

posterior hypodermis that results in this cuticle secretion/modifica- Changes in cuticle properties in worms lacking posterior
tion defect. hypodermal expression of mab-9 may result in an altered response



702 PJ. Appleford et al. / Developmental Biology 317 (2008) 695-704
to bacterial infection. We therefore tested the response of animals to the cuticle overlying such hypodermal cells (Hodgkin et al.,

lacking posterior hypodermal expression of MAB-9 to infection with 2000). We found that these animals display a reduced sensitivity to
the C. elegans pathogenic bacterium M. nematophilum which adheres infection; firstly, we measured brood sizes of infected animals and
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found that worms expressing MAB-9 in posterior hypodermal cells
had a lower average brood size than worms lacking posterior
hypodermal MAB-9 expression (Fig. 7A). Growth on pure cultures of
OP50 on the other hand, led to no observable differences between
these two worm strains (data not shown). Next, we used the vital
dye Syto13 to stain for the presence of infecting bacteria colonising
the rectum and peri-anal region of worms grown on lawns of 100%
M. nematophilum. As indicated in Fig. 7B, the overall severity of
infection with M. nematophilum is reduced in worms lacking
posterior hypodermal MAB-9 expression, as evidenced by a reduced
colonisation of the rectum and perianal region by bacteria.

Discussion

We have identified 6 CNEs in the regulatory region of mab-9 and
have demonstrated a co-operative role for two of them (CNE-DE) in
the expression of MAB-9 in posterior hypodermal cells. Loss of
posterior hypodermal expression of MAB-9 correlates with various
hypodermal defects in both males and hermaphrodites which
appear to stem from incorrect cuticle secretion and/or processing.
We have shown that CNE-DE is both necessary and sufficient for
expression of MAB-9 in the posterior hypodermis, suggesting that
the transcription factor(s) that binds them is solely responsible for
this aspect of mab-9 expression in vivo. “Modular” promoters have
been previously described (Wenick and Hobert, 2004), in which
different promoter elements are responsible for various components
of gene expression.

This is the first demonstration of a role for MAB-9 outside of the
rectal epithelium and nervous system. Tail defects such as those
observed in animals carrying our CNE deletion are not observable in
other existing mab-9 alleles because they are masked by the gross
loss of internal structures characteristic of these mutants. The CNE-
DE deletion construct in mab-9 mutants is therefore acting as an
informative hypomorph. Mutants with tail tip defects have been
reported elsewhere. Generally these result from failure of cytoplas-
mic retraction and typically have pointed (leptoderan) tail
morphologies (Del Rio-Albrechtsen et al., 2006). The defects we
observe in the CNE-DE deletion hypomorph is less severe than this
but presumably results from incorrect function of posterior
hypodermal cells.

The altered tail autofluorescence observed in mab-9 null alleles
and in the hypomorph suggests that cuticle processing and/or
secretion is abnormal in these worms. Consistent with this suggestion
is our finding that these males also display abnormal lectin binding
properties when stained with FITC-conjugated ConA. Lectin binding
abnormalities have been observed in worms that are grossly WT, such
as some srf mutants (Link et al., 1992) and sensory ray mutants (Ko
and Chow, 2000), as well as in males with more severe copulatory
bursa defects (Link et al., 1988). Lectins have been studied in a wide
range of biological systems and have documented roles in both cell-
cell and cell-molecule interactions (reviewed in Sharon and Lis, 2004).
Of particular relevance to this study is the fact that surface
carbohydrate recognition by pathogens can be mediated by lectins.
We find reduced sensitivity to M. nematophilum infection in mab-9
mutants carrying the CNE-DE deletion construct, caused by reduced
colonisation of the rectum. Previous studies have shown that multiple
genes are involved in the processes of infection by M. nematophilum

and the subsequent tail-swelling response (Gravato-Nobre et al.,
2005). For example, srf-3, a nucleotide sugar transporter expressed in
seam cells, is required for bacterial adherence to the cuticle by M.
nematophilum (Hoflich et al., 2004) and several Bus (Bacterially
Unswollen) mutants display altered cuticle properties (Gravato-Nobre
etal,, 2005). The results from our present study suggest that the loss of
MAB-9 expression in the posterior hypodermis leads to alteration or
reduction of bacterial adherence molecules culminating in less severe
infection and that this may be reflected in altered lectin binding
properties in the tail cuticle.

The posterior hypodermal nuclei that fail to express MAB-9: :GFP
when CNE-DE is deleted include 2 nuclei that constitute the male-
specific compartment hyp13 (Nguyen et al., 1999). In hermaphrodites
these nuclei fuse with other hypodermal nuclei to form part of the
hyp7 syncytium, whereas in males they form a separate compartment,
fusing with hyp7 only at late L4. The function of the hyp13
compartment is unclear at present. The data presented here suggest
that hyp13, perhaps acting together with hyp8 and/or hyp9, may have
arole in the secretion and/or processing of male-specific collagens. It
is also possible that MAB-9 is acting non-autonomously in the
posterior hypodermis to affect the properties of hyp13-neighbouring
cells. It is unclear from our data whether MAB-9 acts to correctly
specify the fate of these hypodermal cells, or is involved in some
downstream function. We still observe DPY-7- :RFP expression in all
posterior hypodermal cells in mab-9 mutants, indicating that they still
have overall hypodermal identity, but our experiments do not rule out
more subtle cell fate defects.

The sequencing of the C. briggsae genome has provided a useful
resource for comparative genomics and has enabled identification
of cis-regulatory sequences in several genes. For example, a
dissection of the regulatory elements controlling egl-5 expression
identified 20 conserved elements, which, with the exception of two
elements, were conserved both in terms of their order and
orientation (Teng et al., 2004). The regulatory elements necessary
for expression of dpy-7, although initially identified by deletion
analysis, were found to be conserved in a block of homology
between C. elegans and C. briggsae (Gilleard et al., 1997). pes-10
minimal promoter constructs generated using promoter sequence
conserved between C. elegans and C. briggsae have also been used
to identify cis-regulatory elements of genes expressed in vulval
cells and the anchor cell (Kirouac and Sternberg, 2003). It is
perhaps surprising, therefore, that deletion analysis of the 4 other
mab-9 CNEs, either singly or in various combinations, revealed no
obvious changes in expression pattern or rescuing ability. It is very
unlikely that mab-9 and Cbr-mab-9 are regulated by different
transcription factors, given the largely conserved expression
pattern, so a more likely explanation would be that enhancers
driving expression of MAB-9 in the nervous system and in B and F
blast cells are redundant with elements outside of the CNEs, or not
present in these conserved blocks at all. As comparative genomic
approaches to identifying cis regulatory “signatures” become more
widespread, it will be interesting to assess whether this experience
(2 out of 6 CNEs being found to be important for controlling gene
expression) will turn out to be rare, or a more common occurrence.
Whatever the outcome, these types of study will provide powerful
information about the nature of gene regulatory regions and their
evolution.

Fig. 7. Worms lacking posterior hypodermal MAB-9: :GFP expression have reduced susceptibility to infection by M. nematophilum. (A) Graph showing brood sizes of infected worms.
AW254 worms lacking MAB-9 expression in the posterior hypodermis grown on 10% M. nematophilum have larger brood sizes when compared with CB5481 worms rescued with the
WT mab-9: gfp transgene. (B) Graph showing severity of infection of worms grown on 100% M. nematophilum. AW254 worms lacking MAB-9 expression in the posterior hypodermis
show decreased severity of infection compared with CB5481 worms when viewed after Syto13 staining. Adult worms were inspected and given a score of 0 to +++ as follows:
0 — bacteria not detected, + colonisation of the peri-anal region only, ++ bacteria observed in rectum, +++ bacteria in rectum and gut. (C-E) Syto13 staining of infected worms showing
rationale for scoring. (C) M. nematophilum adhering to the peri-anal region (infection score +). (D) colonisation of the rectum (infection score ++). (E) complete colonisation of rectum

and gut. Merged DIC/fluorescence images are on the left, fluorescence only on the right.
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