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ABSTRACT

A specific host–pathogen interaction exists between Caenorhabditis elegans and the gram-positive bac-
terium Microbacterium nematophilum. This bacterium is able to colonize the rectum of susceptible worms and
induces a defensive tail-swelling response in the host. Previous mutant screens have identified multiple loci
that affect this interaction. Some of these loci correspond to known genes, but many bus genes [those with a
bacterially unswollen (Bus) mutant phenotype] have yet to be cloned. We employed Mos1 transposon muta-
genesis as a means of more rapidly cloning bus genes and identifying new mutants with altered pathogen
response. This approach revealed new infection-related roles for two well-characterized and much-studied
genes, egl-8 and tax-4. It also allowed the cloning of a known bus gene, bus-17, which encodes a predicted
galactosyltransferase, and of a new bus gene, bus-19, which encodes a novel, albeit ancient, protein. The
results illustrate advantages and disadvantages of Mos1 transposon mutagenesis in this system.

ALL animals and plants coexist with potentially lethal
pathogens. Whether or not a pathogen infects a

particular host, and whether an infection proves lethal,
depends on the response of both the pathogen and host
to these encounters. Most multicellular organisms rely
on only two lines of defense against pathogens: a me-
chanical defense provided by the epidermis and an in-
nate immune defense provided by germ-line-encoded
pathogen recognition and antimicrobial factors and re-
sponses. Pathogen success relies on being able to exploit
or evade these defenses. For example, carbohydrates on
host surfaces are often targets for binding by pathogens
(for examples see Johnson 1999). As the outer surfaces
of nematodes such as Caenorhabditis elegans arecomposed
mainly of sugar-modified proteins and lipids (for review
see Blaxter and Bird 1997), it is not surprising to find
that the surface of the worm is a site of adherence for
pathogens (Jannson 1994; Mendoza de Gives et al.
1999; Hodgkin et al. 2000; Joshua et al. 2003; Hoflich

et al. 2004).
Many studies have shown that C. elegans mounts con-

served innate immune responses against invading path-
ogens. Specifically, evolutionarily distant organisms,
such as plants, mammals, and nematodes, employ a
p38 MAP kinase cascade or a TGFb pathway in defense
against bacterial and fungal pathogens (for reviews see
Millet and Ewbank 2004; Schulenburg et al. 2004;
Gravato-Nobre and Hodgkin 2005; Sifri et al. 2005).

Further, a nematode DAF-2 insulin-like receptor/IGF
signaling pathway contributes to protection against
pathogens (Garsin et al. 2003). This pathway is also
implicated in environmental stress response pathways
and longevity in C. elegans as well as other organisms
(Kenyon et al. 1993; Tatar et al. 2003; Baba et al. 2005;
Gami and Wolkow 2006). These studies have identified
conserved host factors used against virulent pathogens
with a generalized host range. However, host factors that
have coevolved in response to pathogens with a narrow
host range may have been missed.

When C. elegans is exposed to Microbacterium nemato-
philum it becomes sick and develops a swollen tail re-
gion, referred to as the deformed anal region (Dar)
phenotype. Previous work has shown that this swelling
response is mediated through the ERK/MAPK pathway
(Nicholas and Hodgkin 2004). Worms with mutations
in this pathway fail to swell after exposure to M. nemato-
philum; instead, these mutants experience severe con-
stipation and greatly increased rate of larval arrest, adult
sterility, or death. This implicates the ERK/MAPK path-
way as a defensive signaling mechanism in the context of
this infection.

Previous forward genetic screens have identified
many loci that are involved in this host–pathogen inter-
action. From ethyl methanesulfonate (EMS) and mut-7
transposon screens, .20 loci were found to affect tail
swelling in the presence of M. nematophilum, which is a
conspicuous and easily scored phenotype (Gravato-
Nobre et al. 2005). Some of these loci correspond to
known genes, but most have not been previously defined
and were termed bus for bacterially unswollen—that is,
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worms exposed to the pathogen fail to swell, either
because infection fails or because the swelling response
is defective. These screens have not reached saturation.
Specifically, there are many mut-7-induced loci for which
an EMS allele was not obtained, and loci still remain
that have only one EMS allele. Further, the molecular
identities of most of these bus loci remain unknown.
Five of the 20 loci had been identified in unrelated
mutant screens and only 3 of these previously defined
genes, egl-5, sur-2, and srf-3, have been cloned. Among
the 15 novel bus genes identified, only 6 to date have
been cloned (M. Gravato-Nobre, D. O’Rourke, F.
Partridge and J. Hodgkin, unpublished results).

Although many mutants were recovered after mut-
7-induced Tc transposon mutagenesis, we found that
these bus mutants were not readily identified through
Tc1 insertion analysis using transposon insertion display
(TID) (Wicks et al. 2000). Although Tc1 transposons
provide a molecular tag for their site of insertion, the
Tc1 tags are not unique enough for the rapid detection
of the insertion site because the C. elegans genome con-
tains many of these elements. Further, the endogenous
transposons induced to hop in the mut-7 background
include Tc3 and other Tc family members. Moreover,
mutations induced by EMS or Tc family transposon in-
sertions that result in abnormal but variable responses
to the pathogen have been little characterized hitherto,
owing to the greater difficulty of working with less pene-
trant phenotypes.

As a means of more rapidly cloning rectal infection
response genes, we explored the use of the Mos1 trans-
poson mutagenesis tool (Bessereau et al. 2001; Williams

et al. 2005). Since Mos1 transposons are not endogenous
elements in the C. elegans genome, the Mos1 sequence
provides a unique molecular tag that can be used to iden-
tify the site of insertion and hence any gene that it may be
disrupting. Here, we describe the results of Mos1 screens
for mutants with altered response to M. nematophilum and
discuss the distinctive properties of mutants in four dif-
ferent genes, which affect various steps in the process of
infection and host reaction. We also discuss the effective-
ness of Mos1 mutagenesis as a forward mutagenesis tech-
nique for C. elegans.

MATERIALS AND METHODS

Strains and general techniques: C. elegans nematodes were
cultured as published (Brenner 1974). The Bristol isolate N2
was used as the wild-type strain. Pathogen susceptibility assays
to M. nematophilum were carried out on mixed bacterial lawns
of Escherichia coli (OP50) with 10% M. nematophilum (MBL)
plates (Gravato-Nobre et al. 2005). For analysis of the Dar/
Bus phenotype single L4 worms were picked to MBL or E. coli
plates (four plates each) and adult progeny were scored for
tail swelling. Scores are given as percentages plus or mi-
nus standard deviation. Worms on MBL plates were grown at
25� except when working with mutant alleles that result in a
temperature-sensitive dauer-constitutive phenotype such as

alleles of tax-4, tax-2, and daf-11. The pathogen response for
these mutants was assayed at 20�. The following mutations and
strains were used or generated in this study [unless otherwise
noted, strains were obtained from the Caenorhabditis Genet-
ics Center (CGC) and are described in WormBase at http://
www.wormbase.org/]:

LGI: tax-2(p691, p694, p671) (ky139) (provided by C. Bargmann).
LGII: tag-175(gk278) (generated by the International C. elegans

GeneKnockoutConsortium,http://www.celeganskoconsortium.
omrf.org).

LGIII: tax-4(e2861) (this study), (ks11, ks28) (provided by
I. Mori), daf-2(e1368, e1370), daf-16(m26, mgDf50).

LGIV: him-8(e1489).
LGV: egl-8(e2917) (this study), (n488), bus-19(e2912, e2964,

e2965, e2966) (this study), unc-42(e270), him-5(e1490), daf-
11(m47), dpy-11(e224).

LGX: bus-17(e2923) (this study), (e2800, e2695) (Gravato-
Nobre et al. 2005), (br2) (provided by C. Darby), (cxTi9043)
(provided by L. Segalat, NemaGENETAG Consortium).

Mapping of single-nucleotide polymorphisms (SNP) was
carried out using the C. elegans Hawaiian isolate CB4856
(Wicks et al. 2001). For Mos1 mutagenesis we used the array-
containing strains EG1470 oxEx229[Mos1;myo-2pTGFP] and
EG2474 oxEx166[hsppTMos1Transposase;unc-122pTGFP;lin-15(1)]
(Bessereau et al. 2001). him-8(e1489); oxIs12[unc-47pTGFP;
lin-15(1)] was used for outcrossing tax-4(e2861). him-8(e1489);
bgIs312 [a transgene expressing green fluorescent protein
(GFP) in the excretory cell, kindly provided by T. Bogaert]
was used to outcross bus-19(e2912). The deletion in tag-
175(gk278) was verified by PCR on pooled lysates of mutants
using GGAATGGACAAGCAAGGAAA and GACAGTTGGGTC
GCTGATTT, primers that flank the deletion, and TCGGTTAAG
AGGCTTTGTTG, a primer that is predicted to lie in the deleted
area. OP50-GFP was obtained from the CGC.

Mutagenesis: Mos1 mutagenesis was performed as pub-
lished (Williams et al. 2005), using the extrachromosomal
arrays oxEx166, which carries the Mos1 transposase under the
control of a heat-shock promoter, and oxEx229, which carries
multiple copies of the substrate Mos1 transposon. To facilitate
construction of hermaphrodites carrying both arrays, in most
of the selections EG1470 and EG2474 hermaphrodites were
crossed with him-8(e1489) to generate strains that continually
segregated array-carrying males. For each mutagenesis round,
fresh double-array-carrying animals were generated. him-
8(e1489);oxEx166 males or him8(e1489);oxEx229 males were
crossed to L4 hermaphrodites carrying the other array.
Progeny containing both arrays, recognized by the concurrent
expression of GFP in the pharynx (myo-2pTGFP, contained in
oxEx229) and GFP in the coelomocytes (unc-122pTGFP, con-
tained in oxEx166), were propagated for three to six gener-
ations before heat-shocking. Double-transgenic animals were
heat-shocked for 1 hr at 33�, 1 hr at 20�, and 1 hr at 33� and
then allowed to recover overnight at 15� or 20� before picking
onto MBL plates. Eggs from P0’s were collected 12–40 hr after
heat shock. Five to 10 young adult F1’s were moved to MBL
plates. Bus worms were selected in the F2 generation. From
each Bus F2 4 F3’s were picked to a MBL plate and rescored for
bacterial resistance. Worms that continually produced Bus
mutants were kept for further analysis. Hop rates were deter-
mined as outlined in Williams et al. (2005). Worm lysates were
made from single worms in 2.5 ml or five worms in 10 ml lysis
buffer as published with the additional step of freezing on dry
ice and/or at�70� for at least 20 min before incubation at 60�
(Wicks et al. 2001).

Mutants that lost the extrachromosomal Mos1-bearing array
were outcrossed at least once before assaying for the presence
of Mos1 elements and trying to locate the site of insertion
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(unless noted). For those mutants that still contained a Mos1
element, we determined the insertion site through inverse PCR
on worm lysates as published (Bessereau et al. 2001). To iden-
tify Mos1 insertion sites, inverse PCR (iPCR) was performed on
e2861 worm lysates digested with HaeIII or Sau3A, e2912 worm
lysates digested with HaeIII or MseI, and e2917 and e2923 worm
lysates digested with HaeIII or AluI. iPCR products were gel
purified and then TA cloned using a TOPO-TA cloning kit
(Invitrogen, San Diego). Products were amplified directly from
colonies that were positive for transformation using oJL115/
oJL116 and sequenced with oJL115. Sequences were con-
sidered true insertion flanking sequence if they contained
the 59 end of the Mos1 element adjacent to the C. elegans ge-
nomic sequence starting at a TA dinucleotide. Primers used to
amplify flanking regions of Mos1 insertions are as follows: egl-8
(B0348.4), TGCCGAAAGTTATCAAAAAGTTA and GCCAGAT
AACGCCTCAGAAG; tax-4 (ZC84.2), TCGGAATTGTCTGGAA
AGAAC and CTCACTCGGGTAAGCTCTGC; bus-17 (ZK678.8),
CAAAAAGATCACCGCCAAAA and CCCCATCTTTGGAGAGA
ACA; and bus-19 (T07F10.4), ATGCCCTCCAACTTATCCTCT
TG and TGCTTAACTTCTGCACATAGCACC.

EMS mutagenesis: To isolate more alleles of bus-19, N2
males were mutagenized with EMS as published (Brenner

1974). Mutagenized N2 males were mated to bgIs312; unc-
47(e270) bus-19(e2912) hermaphrodites on MBL and allowed
to mate overnight. Mated animals were then transferred once
to a new MBL plate. In total, 6062 F1’s were scored for the Bus
phenotype. Non-Unc F2 Bus progeny were picked to new MBL
plates and were scored for Bus non-Unc. Four F2’s bred true
for the nonUnc Bus phenotype and were subsequently tested
for the presence of the parental Mos1 insertion, to preclude
recovery of a recombinant carrying the original allele rather
than a novel EMS mutation. One of these lines was a recom-
binant on the basis of the ability to amplify Mos1 and flanking
sequence of the array.

SNP mapping: We used SNPs to map the mutants to a
linkage group (Wicks et al. 2001). CB4856 Hawaiian males
were mated to mutant strains and F1’s were singled to MBL
plates. Bus F2’s were used for snipSNP mapping alongside the
original Bus homozygotes and CB4856 worms as controls.
Primers and SNPs used for this linkage analysis are available on
request.

Transgenic experiments: Transformation through micro-
injection was performed as published (Mello et al. 1991). For
indicating successful transformation, we co-injected plasmids
pRF4 rol-6(su1006) (Mello et al. 1991) or pPD97/98 unc-122pT
GFP (a coelomocyte marker, gift of P. Sengupta), at 30 ng/ml
while pTG96 sur-5pTGFP (Yochem et al. 1998) was injected at
40–50 ng/ml. Rescuing DNA and reporter constructs were in-
jected at concentrations between 10 and 30 ng/ml. tax-4(e2861)
mutants were rescued and analyzed using [tax-4TGFP] and [odr-
4pTtax-4TGFP] constructs (kindly provided by M. de Bono).

For bus-17 rescue experiments, cosmid ZK678 with unc-
122pTGFP was injected into e2923 and cxTi9043 worms. We
also amplified a 10-kb product from genomic DNA that ex-
tended from the last intron of the adjacent 39 wrt-4 ORF to the
last intron of Y7A5A.1 residing 59 of ZK678.8. This product was
co-injected with unc-122pTGFP into e2923 or cxTi9043 homo-
zygotes. In all of these experiments, lines were established on
E. coli before testing transformants on MBL.

For bus-19 rescue experiments, him-8(e1489);lon-3(e2175)
lines were established with arrays containing cosmid T07F10,
cosmid R90, cosmids T07F10 and R90, fosmid clone
WRM0640cD03, a 7.3-kb fragment amplified from fosmid
clone WRM0623dE01, or a 13-kb fragment amplified from
fosmid clone WRM0623dE01 and co-injection markers sur-
5pTGFP or unc-122pTGFP. Fosmid clones were provided by
J. Perkins and D. Moerman. These lines were obtained either

through mating with N2 lines containing the arrays or through
direct injection of him-8(e1489);lon-3(e2175) animals. Lon males
carrying each array were crossed to bus-19(e2912) or bus-
19(e2964) homozygous animals and F1’s were transferred to
MBL plates. Bus worms and Dar worms were scored for the
presence of the GFP-expressing array.

Molecular analysis of bus-17: bus-17 was amplified from
N2-derived cDNA, which was prepared using RETROscript
(Ambion, Austin, TX) following the manufacturer’s recom-
mendations. Primers ATCGTCGTCAGGTACTGTGTG with
CCCCATCTTTGGAGAGAACA or TGAGACGTCGGAAACAT
GAA were used to amplify a 600- and a 1200-bp product,
respectively, from cDNA template.

Molecular analysis of bus-19: T07F10.4a and T07F10.4b
were amplified and sequenced from cDNA clones yk1387f02
and yk1345b03, kindly provided by Y. Kohara. Primers are
available on request. To identify the mutations in bus-19 EMS
alleles, all exons and introns of T07F10.4 were sequenced from
PCR-amplified genomic DNA (primer sequences are available
on request). These products were sequenced on an Applied
Biosystems (Foster City, CA) 3730xl DNA analyzer using Ap-
plied Biosystems Big Dye terminators.

Fluorescent staining and gross cuticle analysis: To visualize
bacteria associated with infected worms, we incubated worms
with the fluorescently labeled dye SYTO 13 (Invitrogen) as
published. Bleach sensitivity assays and lectin staining were
carried out as published. (Nicholas and Hodgkin 2004;
Gravato-Nobre et al. 2005).

Behavioral assays: The bacterial choice assay was performed
as published except that standard NGM were seeded with 40 ml
of E. coli and 40 ml of M. nematophilum (Bargmann et al. 1993;
Pujol et al. 2001). Plates were incubated overnight at 37� and
cooled to room temperature before adding worms that had
been grown on E. coli. These assays were performed at room
temperature. We assessed the Skiddy (Skd) phenotype of bus-19
alleles by placing 10 young adult animals, spaced apart from
one another, at the edge of a bacterial lawn and letting them
crawl into the lawn. As soon as a worm traversed the lawn it was
removed from the plate and the tracks were qualitatively
scored as wild type or Skd.

RESULTS

Isolation of Mos1 insertion mutants: From a series
of six small Mos1 mutagenesis experiments, .7600 F1

progeny from heat-shocked hermaphrodites carrying
the two arrays that are jointly needed for Mos1 muta-
genesis (Williams et al. 2005) were collected and placed
onto MBL containing 90% E. coli and 10% M. nemato-
philum and their progeny were examined for Bus (non-
swollen) mutants (Table 1). From among the candidates
picked, four Mos1-positive mutants exhibited a com-
pletely or largely penetrant Bus phenotype, while a fifth
stable bus mutant did not carry a Mos1 insertion. The bus
mutation in this strain, e2913, was found to be an allele
of a known gene, bus-2. Overall, the Mos1 insertion rate
into the genome was low (Table 1). However, the screen-
ing for loss of swelling and, in some cases, enhanced
growth on pathogenic bacterial lawns allowed Bus mu-
tants to be easily identified, such that screening large
numbers of genomes was readily feasible.

To identify the insertion site in the Mos1-containing
strains, iPCR was performed on lysates of the mutant
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worms. In each case, a Mos1 insertion was identified in
the coding region of a unique ORF. Mos1 insertions
were identified in exon 2 of egl-8 (B0348.4), exon 4 of
tax-4 (ZC84.2), and exon 2 and exon 1 of two unchar-
acterized ORFs, ZK678.8 on LGX and T07F10.4 on
LGV, respectively (Figures 1 and 2). The close proximity
and similar phenotypes of e2923 mutants to bus-17 mu-
tants isolated previously suggested that e2923 might
be an allele of bus-17. e2923 does not complement bus-
17(e2800), confirming this locus assignment. Two of the
four mutants, tax-4 and bus-19, had more than one in-
sertion in their genome; however, these insertions were
not in coding regions and were verified as irrelevant after
loss of the insertions through outcrossing and/or map-
ping the Bus phenotype (see below).

Comparison of bacterial adherence of bus mutants:
Unlike several lethal pathogens of C. elegans, M. nem-
atophilum does not colonize the intestine of the worm;
instead, the vital dye SYTO 13 reveals M. nematophilum
colonization in the rectum of infected worms (Gravato-
Nobre et al. 2005) (Figure 3). This colonization corre-
lates with tight adherence of the bacteria as shown by
close examination of infected and extensively washed
worms (Hodgkin et al. 2000). On the basis of the level
of bacterial colonization relative to wild-type infected
worms, the bus mutants isolated in previous screens
were broadly classified into four groups (Gravato-
Nobre et al. 2005). The mutants identified here also
exhibit a range of rectal colonization by M. nematophilum
(Figure 3). In particular, egl-8(e2917) mutants exhibit
SYTO 13 bacterial staining in the distal portion of the
rectum. This suggests that egl-8 is not required for the
adherence of the pathogen and may therefore play
a role in the postadherence swelling response. tax-
4(e2861) mutants also exhibit bacterial staining; how-
ever, this staining is not consistent and is correlated with
the presence of a Dar response. Although tax-4(e2861)

mutants are sometimes Dar, many worms exhibit strongly
attenuated swelling or are completely Bus with little or
no rectal staining. No mutants reported in previous Bus
screens share these exact characteristics; however, mu-
tants that exhibit significant variability in Dar response
have been little analyzed so far. The tax-4(e2861) muta-
tion does not appear to affect the postadherence swelling
response; instead, tax-4 wild-type activity appears to be
variably required for the bacteria to efficiently establish
a rectal infection.

The other two mutants resembled the majority class
of bus mutants isolated in previous screens, in that they
do not exhibit any bacterial colonization and are 100%
Bus. bus-17 alleles isolated in the previous screen fall
into this category, as does e2923, the bus-17 allele isolated
in this screen. Similarly, bus-19(e2912) mutants were
invariably Bus and did not exhibit any rectal SYTO 13
bacterial staining. These observations suggest that bus-17
and bus-19 are required for bacteria to adhere to the
rectal and postanal cuticle.

Cuticular defects of bus mutants: The failure of
bacteria to adhere to the rectal epithelium of bus-
17(e2923) and bus-19(e2912) mutants may be due to
alterations of the cuticle. A subset of the bus mutants
previously identified did not show any rectal coloniza-
tion of M. nematophilum and was demonstrated to have
altered surface properties (Gravato-Nobre et al. 2005).
Alterations in the surface properties of the worm can
be observed by staining worms with labeled lectins such
as Concanavalin A (ConA), wheat germ agglutinin (WGA),
and soybean agglutinin (SBA) (Link et al. 1992). We
examined bus-17(e2923) and bus-19(e2912) mutants for
lectin binding and observed that these mutants ex-
hibited strong lectin binding across the surface of the
worm, in contrast to a lack of lectin binding by wild-
type worms (Figure 4, A and C). The larvae of both
bus-17 and bus-19 worms also exhibited significant levels

TABLE 1

Results of individual Mos1 screens and hop frequencies

Screen
Transposition
frequency (%)

No. of
F1’s Bus allele Notes

1 ND 1061 e2861 More than one Mos1 insertion.
2 20/57 (35) 930 e2912 More than one Mos1 insertion.
3 1/14 (7) 1977 e2913a No Mos1 insertion.
4 33/73 (45) 1810 e2917 Only one insertion.
5 1/25 (4) 973 e2923 Only one insertion.
6 11/23 (48) 869 No Bus mutant found.
Total 7620

The transposition frequency was measured as the percentage of progeny from heat-shocked double-
transgenic animals that carry at least one Mos1 insertion (Williams et al. 2005). To measure the transposition
frequency, F1 animals were picked blind from the progeny of heat-shocked double-transgenic P0’s. For each F1

that had lost the Mos1 substrate array 5–10 F2 animals were tested by PCR for the Mos1 element. For each F1 that
still carried the array, non-array-carrying F2 progeny were identified and F3 animals were tested for Mos1 insertions.

a e2913 did not complement bus-2. As we already had a number of alleles of bus-2, and this strain did not
contain a Mos1 insertion, we did not keep this allele for further analysis.
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of lectin binding, in some cases with severe disruptions
in staining, signifying areas of the cuticle that had been
physically damaged.

bus-17 and bus-19 exhibit a Skiddy (Skd) phenotype,
an apparent loss of traction on the agar plate, which
results in a characteristic high-frequency wave pattern in
the bacterial lawn (Figure 4B). The Skd phenotype has
been noted for many of the previously identified bus mu-
tants including srf-3, bus-16, bus-17, and bus-18 (Gravato-
Nobre et al. 2005). bus-19 mutants have more severe
cuticle defects than bus-17 mutants. We observed that
bus-19 mutants have disrupted alae, lateral ridges that
run the length of the adult cuticle. ConA staining re-
vealed the alae of wild-type worms as well as the bus
mutants (this staining is most likely due to the trapping
of the labeled lectin in the ridges). Although alae are

distinct in wild type, bus-17, and srf-3, clearly demarcated
lateral ridges in bus-19 mutants are not present. The fact
that alae are present in srf-3 and bus-17 suggests that the
Skd phenotype is not likely to be due to defects in these
structures and that traction relies on other surface pro-
perties of the worm.

tax-4(e2861) mutants exhibited cuticle defects and
lectin binding as well, but the lectin staining correlated
with areas of the worm that had accumulated extra
cuticle and may therefore be a result of trapped lectins
rather than breaches in the cuticle (Figure 5). Further,
the staining was localized to the anterior region of tax-4
mutants rather than along the whole body as observed
for other bus mutants.

egl-8(e2917): egl-8(e2917) mutants grow very slowly
on MBL plates and are severely constipated (Con). On
E. coli alone, these mutants exhibit visible egg-laying
defective (Egl) and Con phenotypes. We identified only
one Mos1 insertion in unoutcrossed mutants, which was
an insertion in exon 2 of egl-8 (Figure 2); in further
outcrosses the Bus phenotype cosegregated with the
Mos1 insertion in egl-8. egl-8 encodes the b-subunit of
phospholipaseC (PLCb), which catalyzes the cleavage of
phosphatidylinositol 4,5-bisphosphate (PIP2) into ino-
sitol 1,4,5 triphosphate (IP3) and diacyl glycerol (DAG),
which are critical second messengers in cell signaling
pathways (Lackner et al. 1999; Miller et al. 1999). EGL-8
is characteristic of the PLCb family members in that it
contains an N-terminal pleckstrin homology (PH) do-
main, an EF hand calcium-binding repeat region, X and
Y catalytic domains, a C2 lipid-binding domain, and the
Gqa-interacting G box (James and Downes 1997). The
egl-8(e2917) insertion is predicted to disrupt the PH
domain, which is required for binding to PIP2. This
insertion would presumably affect all transcripts of egl-8
and is likely to be a null. We compared egl-8(e2917) mu-
tants with worms homozygous for the egl-8(n488) null
allele. egl-8(n488) mutants are also Bus, grow very slowly,
and are severely Con on MBL. Further, egl-8(e2917) does
not complement egl-8(n488) for the Bus phenotype. M.
nematophilum bacteria adhere to distal rectal epithelium
of both egl-8(e2917) and egl-8(n488) mutants but fail to
elicit the swelling response (Figure 3). These mutants
are severely Con so it is conceivable that the pressure
inside the distended gut may force bacteria into the
rectum and that bacteria leaked into the rectum may
not be distinguishable from adherent bacteria by the
SYTO 13 dye. However, this scenario is unlikely as egl-8
mutants fed E. coli OP50-GFP (E. coli expressing GFP),
are also Con but do not exhibit patches of fluorescence
in the rectum like that exhibited with SYTO 13-stained
worms infected with M. nematophilum (data not shown).
These observations imply that bacterial attachment
factors are still present in these mutants and that the
inability to swell in the presence of M. nematophilum is
likely due to a defect in signaling the swelling response
upon infection.

Figure 1.—Genetic map of bus loci recovered from selec-
tions and screens for resistance to infection by M. nematophi-
lum bacteria. The map has been scaled to the genome
sequence. Alleles of genes shown in boldface type were iden-
tified in the present Mos1 mutagenesis selection. Alleles of
other genes were identified in previous EMS and mut-7
screens, including bus-17 (Gravato-Nobre et al. 2005). bus-
17 and bus-19 were cloned in this study. The asterisk indicates
that fluorescently labeled lectins bind these mutants.
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tax-4(e2861): We identified three Mos1 insertions in a
23-outcrossed version of e2861 Bus mutants. Two of
these insertions were in intergenic regions on LGV,
while a third insertion was in the fourth exon of ZC84.2
on LGIII, which encodes tax-4. We determined that the
insertion of Mos1 in tax-4 was probably the relevant
mutation by finding tight snpSNP linkage of e2861 to a
Bristol polymorphism in F10E9, close to tax-4 on LGIII.
As noted above, mutants homozygous for e2861 exhibit
variability in their response to M. nematophilum. At 20�, a
majority of the animals examined exhibited no or very
slight swelling of their postanal region, but almost half
(48 6 8%, N ¼ 175) of the population is Dar (distinctly
swollen). Under the same 20� conditions, most N2
wild-type worms (81 6 1%, N ¼ 512) exhibited a Dar
response. The strength of the tax-4(e2861) Dar response
correlates with increased bacterial colonization, as shown
by staining with SYTO 13 (Figure 3). We also looked

at other tax-4 mutants and found that homozygous
mutants of two other alleles of tax-4, ks11 and ks28, ex-
hibited a variable Bus phenotype similar to e2861; for
example, only 52 6 10% (N ¼ 311) of the tax-4(ks11)
population was Dar when grown on MBL plates.

The TAX-4/TAX-2 cyclic nucleotide gated channel is
required in a subset of neurons for full susceptibility
to M. nematophilum: tax-4 encodes the homolog of
the cyclic nucleotide-gated (CNG) channel a-subunit
(Komatsu et al. 1996). TAX-4 forms a channel with TAX-2,
a homolog of the CNG channel b-subunit (Coburn

and Bargmann 1996; Komatsu et al. 1999). TAX-4 and
TAX-2 overlap in expression in 11 neurons and are re-
sponsible for modulating many behaviors of the worm,
including chemosensation (to both soluble and volatile
compounds), thermosensation, dauer formation, and
social aggregation (Dusenbery et al. 1975; Hedgecock

and Russell 1975; Bargmann and Horvitz 1991a,b;

Figure 2.—Insertion sites and polarities of Mos1 elements in bus mutants. Arrows above the Mos1 elements indicate the ori-
entation of the Mos1 primer oJL115 used for sequencing iPCR products of mutant lysates. Uppercase letters signify exonic se-
quence. Gene models are taken or modified from WormBase Release WS154. The gene models are not drawn to scale with
each other; the length of the ORF, however, is noted below each model. (A) egl-8(e2917) mutants have a Mos1 insertion in the
second exon of B0384.4. This insertion would affect all three alternatively spliced transcripts, a, b, and c, of egl-8; only the
B0384.4a transcript is modeled here. (B) tax-4(2861) mutants have a Mos1 insertion in the fourth exon of ZC84.2. (C) bus-
17(e2923) mutants have an insertion in exon 2 of the WormBase (release WS154) ZK678.8 gene model (top gene model). This
insertion site corresponds to exonic sequence of the sixth exon of a TWINSCAN prediction for the gene (bottom gene model).
The arrowhead (asterisk) designates a Mos1 insertion in cxTi9043 mutants, which was generated by L. Segalat. The dotted lines
indicate the positions of the Mos1 insertions in the corresponding TWINSCAN prediction. The br2 lesion is a 311-bp deletion that
would affect the 39 end of the bus-17 coding sequence, as denoted by the dotted line. The e2800 mutation is a missense mutation;
see text and Figure 6 for more information. (D) bus-19(e2912) mutants have a Mos1 insertion in the first exon of T07F10.4. e2964,
e2965, and e2966 are missense alleles of bus-19 that were isolated in this study.
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Bargmann et al. 1993; Komatsu et al. 1996; de Bono

et al. 2002; Satterlee et al. 2004). Further, the TAX-4/
TAX-2 channel acts downstream of the DAF-11 guany-
late cyclase in many chemosensory behaviors and in
dauer formation (Birnby et al. 2000). To test if the
action of the channel is required for the swelling re-
sponse, we exposed tax-2 and daf-11 mutants to the
pathogen. Like tax-4(e2861) and tax-4(ks11) mutants,
tax-2(p671), tax-2(p691), tax-2(ky139), and daf-11(m47)
homozygotes are all variably Bus (Figure 5A). Surpris-
ingly, tax-2(p694) worms were strongly Dar (100%, N ¼
124) whereas only 51 6 10% (N ¼ 131) of tax-2(p671)
mutants were Dar. tax-2(p694) mutants carry a mutation
that deletes the first exon of tax-2, resulting in altered
expression of tax-2 and presumably a shorter TAX-2
product (Coburn and Bargmann 1996). This deletion
in tax-2 has been demonstrated to affect TAX-2 func-
tion only in a subset of the neurons that require the
TAX-4/TAX-2 channel (Coburn and Bargmann 1996).
Specifically, the p694 deletion does not affect the ex-
pression or function of tax-2 in six amphid neurons,
AWB, AWC, ASG, ASI, ASK, and ASJ. These neurons
mediate chemosensation (AWB, AWC), taste (ASG,
ASK), and dauer formation (ASI, ASJ). The fact that
tax-2(p694) worms have a strong Dar response, whereas
other tax-2 mutants are variably Bus, implicates one or

more of these six amphid neurons in susceptibility to
M. nematophilum.

TAX-4 mediates a choice between bacterial foods: A
possible explanation for the implication of tax-2 and
tax-4 in the infection of worms by M. nematophilum is
that these tax mutants are altered in their exposure to
the pathogen, as a result of aberrant taxis behavior.
C. elegans has been shown to be able to recognize and
avoid other pathogens (Pujol et al. 2001). We therefore
compared behavioral parameters between wild-type and
mutant worms. Wild-type worms tend to avoid lawns
contaminated with M. nematophilum. By contrast, tax-
4(e2861) mutants can be found equally distributed in-
side and outside a mixed bacterial lawn. Mutants carry-
ing a strong allele of tax-2, p671, displayed a comparable
response to tax-4(e2861) (Table 2). When we challenged
the worms with a direct choice between E. coli and M.
nematophilum as a food source we found that wild-type
worms exhibited a strong preference for E. coli. tax-
4(e2861) mutants, however, exhibited no preference for
one bacterium over the other (Figure 5B). tax-2(p694)
mutants behaved like wild-type worms and exhibited a
preference for E. coli. Comparable results were obtained
in experiments using two Pseudomonas strains that are
toxic to both wild-type and tax-4 mutant C. elegans, indi-
cating that the defective avoidance behavior of tax-4 is

Figure 3.—The swelling response to
M. nematophilum is attenuated or absent
in Bus mutants. M. nematophilum causes
a deformed anal region (Dar) pheno-
type on infected WT worms. M. nemato-
philum adheres tightly to the rectal
epithelium of WT worms and colonized
the rectum as visualized by SYTO 13. egl-
8(e2917), tax-4(e2861), bus-17(e2923),
and bus-19(e2912) mutants do not swell
in the presence of M. nematophilum
and all mutants except egl-8 have a loss
or attenuation of rectal colonization
by the bacteria. Bacteria still colonize
the rectum of egl-8 mutants e2917 and
n488, the canonical null allele. tax-4 mu-
tants exhibit variability in response to
infection.
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general, rather than a result of its resistance to M. nema-
tophilum (G. Preston and J. Hodgkin, unpublished
results). As noted above, tax-2(p694) mutants have nor-
mal chemotaxis and taste functions as well as normal
dauer formation regulation. These results indicate a
paradoxical situation for tax-4 and tax-2 mutants: the
strong tax mutants do not avoid the pathogenic food
as much as wild-type worms do, yet they end up less
sickened by it.

TAX-4 and TAX-2 have been demonstrated to act
downstream of DAF-11, a guanylate cyclase and group I
dauer pathway gene (Thomas et al. 1993; Birnby et al.
2000). Like tax-4(e2861), daf-11(m47) mutants exhibit
attenuated swelling in the presence of M. nematophilum.
daf-11 mutants are abnormal in dauer formation and
enter into dauer under nonpermissive conditions (Daf-c)
at 25�, like most tax-4 and tax-2 mutants. In contrast,
tax-4 and tax-2 mutants that do not have a Daf-c phe-
notype at 25� have a wild-type response to M. nemato-
philum, suggesting that defects in the entry or exit from
the dauer state may be affecting the infection. However,
activation or inhibition of the dauer program per se does

not greatly alter the response of the worms to M. nema-
tophilum. We assayed other dauer-regulation-defective
mutants for the Dar response. Specifically, we tested
both Daf-c mutants, daf-2(e1368) and daf-2(e1370), and
dauer-formation-defective (Daf-d) mutants daf-16(m26)
and daf-16(mgDf50). In addition to being Daf-c, daf-
2(e1368) and daf-2(e1370) have recently been shown to
exhibit increased resistance to killing by bacterial patho-
gens (Garsin et al. 2003). Specifically, daf-2(e1370) ex-
hibited much stronger resistance than e1368 to killing
by these pathogens, although e1368 still exhibited a mar-
ginal increase in resistance. e1368 is a class 1 allele of
daf-2, which encompasses the Daf-c(ts), increased adult
life span (Age), and increased thermotolerance (Itt)
phenotypes. Class 2 alleles, such as e1370, exhibit all these
phenotypes in addition to exhibiting gonad abnormali-
ties, embryonic and L1 arrest, diminished adult body size,
reduced pharyngeal pumping, and uncoordinated move-
ment (Gems et al. 1998). The Daf-c and Age phenotypes
of both class 1 and class 2 alleles can be suppressed by
mutations in daf-16. daf-16 mutants are dauer defective
and thus do not enter into or maintain the dauer state.

Figure 4.—Skiddy (Skd) phenotype
and cuticle defects of bus mutants. (A)
Fluorescently labeled lectins bind to bus-
17 and bus-19 mutant cuticles. Mutants
were stained with WGA or SBA. Wild-type
worms (not shown) do not exhibit cuticle
lectin binding of WGA or SBA. (B) The
Skd phenotype is characterized by a loss
of traction on the agar. Wild-type worms
propel themselves forward with little slip-
page, and each body bend leaves a char-
acteristic wave pattern behind (left). bus
and srf mutants are unable to propel
themselves forward as easily as wild-type
worms, which results in a high-frequency
wave pattern in the food (right). (C) Alae,
revealed by Concanavalin A (ConA) fluo-
rescence, exhibit abnormalities in bus-19
mutants.
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Because dauer larvae do not become Dar in the presence
of the pathogen, we assayed daf-2 mutants grown at
15� and shifted to 25� at L3, to avoid the temperature-
sensitive Daf-c phenotype. We found that daf-2(e1368)
mutants exhibited a normal Dar response to the pathogen

after shifting to 25�. daf-2(e1370) mutants, on the other
hand, exhibited a range of morphological phenotypes
that prevent strong conclusions about the swelling re-
sponse. In the case of daf-16, the inhibition of the dauer
program does not alter the swelling response to the

TABLE 2

Fraction of animals in a population within a bacterial lawn

Genotype E. coli M. nematophilum Trials

WT 0.71 (60.09), N ¼ 34 0.24 (60.02), N ¼ 89 2
tax-4(e2861) 0.72 (60.08), N ¼ 39 0.94 (60.04), N ¼ 52 3
tax-2(p671) 0.98 (60.02), N ¼ 38 0.94 (60.06), N ¼ 32 2

Two trials were performed for each bacterial lawn except in the case of tax-4(e2861), where three trials were
done. SEM is indicated in parentheses; N, total numbers of worms tested over all trials.

Figure 5.—Behavioral and
cuticle defects of tax-4 and
tax-2 mutants. (A) Different
tax-2 alleles exhibit varied re-
sponses to M. nematophilum.
tax-2(p691) (left) is Bus like
tax-4(e2861), whereas tax-
2(p694) (right) is Dar. (B)
TAX-4 is required for the
avoidance behavior to M.
nematophilum and for cuticle
integrity. Chemotaxis in-
dex¼ (no. worms at M. nem-
atophilum � no. worms at E.
coli)/total no. worms. WT,
N ¼ 519, six trials; tax-
4(e2861), N ¼ 444, three tri-
als; tax-2(p671), N ¼ 154,
two trials; tax-2(p694), N ¼
653, four trials). (C) tax-4
and tax-2 mutants exhibit cu-
ticle defects when grown on
E. coli, which include
starvation-induced bumpy
cuticles reminiscent of gher-
kins (left) and collars of
extra cuticle, which can be
highlighted by fluorescently
labeled WGA lectin binding
(right).
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pathogen, as mutants homozygous for daf-16(m26) or
daf-16(mgDf50) were 100% Dar as were wild-type worms
at 25�.

tax-4 cuticle defects: We observed that tax-4 and tax-2
mutants exhibit cuticle defects that have not been
reported before. These defects include an accumula-
tion of cuticle around the pharyngeal area of adult
worms, which is present at a low level in the population
(,10%) and can be observed under the dissecting
scope or by staining with fluorescently labeled WGA
(Figure 5C). This extra cuticle is suggestive of a molting
defect. Worms that have the collars of extra cuticle
cannot be tested for the swelling response to M. nema-
tophilum since they are already adults when the collar is
formed. However, the collars have been noted on Bus
and Dar worms grown on infected plates at 15�. Un-
fortunately the swelling response of wild-type worms
at 15� is variable and often attenuated, so we cannot
conclude if the tax-4 mutants with molting defects are
more or less susceptible to postanal swelling. In addition
to these defects, tax mutant worms on starved plates
exhibit an abnormal bumpy surface appearance, resem-
bling a gherkin (Figure 5C), a phenotype that is not seen
in starved wild-type worms. We interpret these observa-
tions to suggest that these mutants have subtle defects
in their cuticles that impair initial bacterial adherence.

bus-17(e2923): e2923 has a Mos1 insertion in ZK678.8
on the right arm of LGX (Figure 2). The location of the
mutation responsible for the Bus phenotype was con-
firmed by snipSNP linkage to the Bristol polymorphism
in F23D12 on LGXR. Another Mos1 insertion reported
for ZK678.8, cxTi9043, was obtained from the Mos1 in-
sertion consortium (Granger et al. 2004). This mutant
is also Bus and did not complement e2923. Both mutants
were rescued by the ZK678 cosmid and by a 10-kb
fragment amplified from wild-type genomic DNA. The
10-kb rescuing fragment encompasses ZK678.8 and ex-
tends to the last introns of the adjacent 59 and 39 genes.
Two EMS alleles of bus-17 (e2695 and e2800) were iden-
tified in a previous screen for bus mutants (Gravato-
Nobre et al. 2005). Due to the close proximity of bus-17
to e2923 and to the similarities in phenotypes between
the mutants, e.g., skiddiness and lectin binding, we per-
formed a complementation test between these mutants.
We found that e2923 does not complement bus-17(e2800).
Two other alleles of bus-17 were identified in the lab of
Creg Darby in a selection for mutants resistant to the
accumulation of Yersinia sp. biofilm (C. Darby, per-
sonal communication). Yersinia pestis and Y. pseudotuber-
culosis form a biofilm on the head of C. elegans, covering
the mouth of the worm and causing death by starvation
(Darby et al. 2002). Two bah (biofilm absent from head)
mutations, br2 and br11, failed to complement bus-17
for the Bus phenotype as well as for the Bah phenotype
(C. Darby, personal communication).

BUS-17 is predicted to be a member of the glycosyl
transferase 31(GT31) family and is most closely related

to the human b-1,3-N-acetylglucosaminyltransferase 5
(B3GNT5) (Figure 6). The predicted BUS-17 protein
contains one conserved active site motif for this family
but does not appear to have the DXD catalytic domain
that is conserved in this family; instead an asparagine
replaces the first aspartic acid, which is a mildly conserved
substitution. The WormBase (release WS154) gene model
of ZK678.8 predicted bus-17 to encode a noncanonical
galactosyltransferase, which lacked the characteristic
transmembrane domain. A nucleotide Blast search
against the C. briggsae genome using sequences 59 and
39 of the C. elegans WS154 gene model revealed highly
conserved sequences in both regions of CBG07766,
the C. briggsae ortholog of ZK678.8. While the similar 59

regions could be explained as conserved promoter ele-
ments, the similar 39 region had been annotated as a
coding sequence in the C. briggsae ortholog, suggesting
probable omissions in the WS154 C. elegans gene model.
Further, no mutations in the WS154 ZK678.8 sequence
were identified in any of the non-Mos1 alleles of bus-17.
Mutations in two of the alleles, e2800 and br2, were
subsequently found in the conserved 39 region, further
supporting a larger gene model for ZK678.8. The
obsolete gene model predicted by TWINSCAN, with
additional 59 and 39 exons, appears to better annotate
the gene (Korf et al. 2001). Finally, we verified that this
gene model is correct by amplifying and sequencing
bus-17 cDNA, which extended from within the first exon
of the TWINSCAN prediction to the 39-UTR.

BLASTX of the TWINSCAN prediction reveals an in-
tact galactosyltransferase, which includes an N-terminal
transmembrane domain as well as an additional C-
terminal sequence, which is altered in mutants that
carry the bus-17(e2800) or bus-17(br2) mutations (Figures
2 and 6).

bus-19(e2912): In addition to being Bus and Skd, bus-
19(e2912) homozygous mutants are mild dumpy (Dpy),
slow growing (Gro), hypersensitive to bleach, dauer
defective (Daf-d), and segregate arrested larvae with
rod-like lethality (,10%). Two Mos1 insertions were
identified in an outcrossed bus-19(e2912) mutant, one
in exon 1 of T07F10.4 on LGV and another in an inter-
genic region upstream of F54F12.2 on LGIII. In further
outcrosses, the Bus phenotype was found to segregate
only with the T07F10.4 insertion. We rescued bus-19
mutants with overlapping cosmids T07F10 and R90,
but cosmid T07F10 alone did not rescue bus-19(e2912).
Since T07F10.4 is at the end of the cosmid, it was pos-
sible that the end of T07F10.4 was deleted from the
cosmid. The overlapping cosmid, R90, is likely to in-
clude most or all of the T07F10.4 open reading frames;
however, it was not able to rescue the Bus phenotype of
bus-19 mutants. Surprisingly, R90 did rescue the mor-
phological Dpy and Skd phenotypes of bus-19(e2912).
The two cosmids together fully rescued all pheno-
types. This suggests that part of bus-19 is deleted from
the T07F10 cosmid and that this missing region was
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provided by the R90 cosmid. Alternatively, bus-19(e2912)
could have been another very close mutation, which is
not tagged by the Mos1 transposon, but is responsible
for the Bus phenotype. This possible scenario was sup-
ported by RNAi results in that knockdown of T07F10.4
in both N2 and rrf-3 mutant worms phenocopies the
Dpy and Skd phenotypes of bus-19(e2912), but fails to
phenocopy the Bus phenotype when the worms are
exposed to M. nematophilum.

To clarify this situation, three more bus-19 alleles,
e2964, e2965, and e2966, were recovered in a noncomple-
mentation screen for the Bus phenotype. bus-19(e2964)

is the most similar of the three new alleles to bus-
19(e2912). bus-19(e2965) is variably Dpy but is a strong
Bus mutant and is strong Skd. bus-19(e2966), however, is
non-Dpy, non-Skd, and only weakly Bus. The Bus phe-
notype is stronger in a trans-heterozygote, genotype
bus-19(e2912/e2966) although such heterozygotes still
exhibit weak swelling. As with bus-19(e2912) mutants, all
mutants were rescued by the simultaneous introduction
of T07F10 and R90 cosmids; however, bus-19(e2966) mu-
tants were rescued by the R90 cosmid alone. The three
new alleles were sequenced and in all cases, changes
were identified in the exonic sequence of T07F10.4

Figure 6.—ClustalW (v.1.83) alignment of BUS-17 with B3GALT family members. Light gray boxes signify semiconserved sub-
stitutions, dark gray boxes signify conserved substitutions, and black boxes signify identical residues. Species are as follows: Cb,
Caenorhabditis briggsae; Hs, Homo sapiens; Dm, Drosophila melanogaster. Underlines denote TMHMM2 predicted TM domains for each
protein. The boundaries of the BUS-17 pfam01762 galactosyltransferase domain are indicated by arrows. The DXD catalytic core
motif (box) is characteristic for this family. BUS-17 and its C. briggsae ortholog have an N substitution of the first D. The N-terminal
globular domain (thick line) is also conserved in family 31 galactosyltransferases. The br2 deletion lesion begins at amino acid 314
and would affect the remaining BUS-17 protein. The amino acid change caused by e2800 is noted. B3GNT5, b-1,3-N-acetylglu-
cosaminyltransferase; Brn-PA, brainiac.
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(Figure 7). Two alleles, bus-19(e2964) and bus-19(e2965),
have missense mutations in exon 3 resulting in a G90E
and a C102Y amino acid change, respectively. The G90E
change in bus-19(e2964), the strongest mutation, affects
a highly conserved residue. The bus-19(e2965) muta-
tion affects a mildly conserved residue. The weak muta-
tion, bus-19(e2966), has a missense mutation in exon
7, which causes a P235L amino acid change in a less
conserved residue. These results indicate that bus-19
is indeed T07F10.4. The failure of RNAi experiments
to phenocopy the Bus phenotype can be ascribed to
the low efficiency of RNAi with respect to postembry-
onic phenotypes, which we have also observed with
other bus genes. bus-19(e2964) was fully rescued with the
fosmid clone WRM0640cD03. We achieved partial res-
cue of bus-19(e2964) with both a 7.3- and a 13-kb frag-
ment amplified from fosmid clone WRM0623dE01,
which spanned T07F10.4a and T07F10.4a and -b, re-
spectively. This partial rescue corrected the Dpy and Skd
phenotypes in both cases; however, the transgenic ani-
mals were still Bus on the pathogen. We confirmed
the exon/intron boundaries of both T07F10.4a and
T07F10.4b by sequencing two cDNA clones, yk1387f02
and yk1345b03, respectively, which were provided by
Y. Kohara.

bus-19 encodes a novel ancient protein: BUS-19
belongs to the KOG3140/COG0398/DedA predicted
membrane protein homology group, members of
which exist in all taxa except Archaea and Viruses. No
functional information is available for any homolog.
The DedA domain occurs in many proteins concur-
rently with other well-characterized domains, such as
a phospholipase D motif and a GlpE rhodanese sul-
furtransferase domain. Although DedA-containing
proteins are suspected to have transporter function,
possibly involved in detoxification processes, the BUS-
19/DedA group does not contain any characterized do-
main (Marchler-Bauer and Bryant 2004; Ledgham

et al. 2005). ProtFun 2.2 (http://www.cbs.dtu.dk/services/
ProtFun/) also predicts a transporter function for
BUS-19. Other identifiable protein features of BUS-19
include six transmembrane domains (including a prob-
able signal sequence) and a putative ER localization
motif. Other members of KOG3140 include hypothet-
ical proteins in human (Q96HV5), Drosophila (Q9VX39),
Saccharomyces (P36164), and two C. elegans predicted
proteins O62126 (tag-175; ORF D2013.10) and Q9XXB4
(ORF Y71A12C.2) (Figure 7). The C. elegans homologs
of bus-19, tag-175, and Y71A12C.2 are located on LGII
and LGI, respectively. The expression pattern and RNAi
effects have been analyzed for tag-175; however, these

analyses have not led to any further knowledge of its
function (Henricson et al. 2004). We also examined
tag-175(gk278), which is a putative null for this bus-19
homolog, and observed none of the multiple abnor-
mal phenotypes of bus-19 mutants, including the Bus
phenotype in the presence of M. nematophilum, sug-
gesting that tag-175 is a less important member of this
family.

DISCUSSION

Practicality of Mos1 mutagenesis: Infection of C. elegans
by the gram-positive bacterium M. nematophilum results
in a defensive postanal swelling response through acti-
vation of an ERK/MAPK signaling pathway (Nicholas

and Hodgkin 2004). Over 20 loci are required for in-
fection and/or tail swelling, as revealed in previous
EMS and mut-7 screens, which do not appear to have
reached saturation (Gravato-Nobre et al. 2005). Three
of these genes, egl-5, sur-2, and srf-3 were known from
earlier unrelated studies, having been characterized for
their roles in posterior cell fate, vulval development, and
surface properties of the worm, respectively (Chisholm

1991; Link et al. 1992; Singh and Han 1995). To quickly
identify more genes affecting the C. elegans/M. nemato-
philum interaction, we carried out screens using Mos1
mutagenesis. Mos1 insertions in four genes (egl-8, tax-4,
bus-19, and bus-17) were found to result in a Bus (non-
swollen tail) phenotype. Of the 19 bus loci identified
in previous EMS and mut-7 mutagenesis screens, an
allele of only one locus, bus-17, was identified here,
which provides further indication that screens for Bus
mutants are far from saturated.

Using Mos1 mutagenesis was therefore an attractive
option, due to the large number of genes that can be
mutated to resistance to M. nematophilum (Gravato-
Nobre et al. 2005). At the time these screens were
carried out, the rate of Mos1 mutagenesis was estimated
to be significantly lower than that of EMS mutagenesis.
Confirming this, we recovered Bus mutants at a much
lower rate with Mos1 than with EMS. A clonal screen for
EMS Bus mutants formed part of the previous study
(Gravato-Nobre et al. 2005); this yielded six mutants
among 639 F2 clones, or approximately one mutant for
every 30 F1 animals. The overall efficiency of our Mos1
screens, yielding a total of four mutants for 7620 F1

animals, was �50-fold lower than this. This efficiency is
comparable to that reported for a direct comparison of
Mos1 mutagenesis with ENU mutagenesis to identify
Osm mutants (Bessereau et al. 2001).

Figure 7.—ClustalW (v.1.83) alignment of bus-19 and homologs. Light gray boxes signify semiconserved substitutions, dark gray
boxes signify conserved substitutions, and black boxes signify identical residues. Species are as follows: Cb, Caenorhabditis briggsae;
Hs, Homo sapiens; Gg, Gallus gallus; At, Arabidopsis thaliana; Dd, Dictyostelium discoideum; Dm, Drosophila melanogaster; Gm, Geobacter
metallireducens. Bars above the sequence indicate transmembrane domains predicted for BUS-19 by TMHMM2. The amino acid
changes caused by EMS in other bus-19 alleles are noted above the sequence.
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A previously published pilot experiment using Mos1
mutagenesis discusses the advantages of using Mos1
(Granger et al 2004). Although we experienced low
efficiency and substantial variability in the rate of Mos1
transposition, these advantages still remain worthwhile.
The variability may be due to a number of factors, such
as the ancestry and the growth history of the double-
array-carrying P0’s, temperature fluctuations during the
heat-shock procedure, or time of collection of animals
after heat shock (Williams et al. 2005). However, since
detection of the Bus phenotype is easy, and the num-
ber of target genes is quite high, the low efficiency of
mutagenesis was offset by the ease and swiftness of
identifying the molecular insertions, as demonstrated
here by the case of bus-17. Further, two mutations, egl-8
and bus-19 severely impair the growth of the worm on
the pathogen and thus would have been difficult to
recover and map in previous screens, but were quickly
cloned due to the presence of the Mos1 molecular tag.

Different stages of the host–pathogen interaction:
The genes identified in this and previous studies high-
light the different defenses and vulnerabilities of C.
elegans with respect to M. nematophilum. First, C. elegans
is capable of recognizing and mounting a behavioral
avoidance response to the presence of M. nematophilum
in the environment. We show that this behavioral re-
sponse involves the action of TAX-4 and TAX-2. C.
elegans has been shown to mount a behavioral response
to other pathogens, which includes learning to avoid
them (Pujol et al. 2001; Zhang et al. 2005). Further,
TAX-4 and TAX-2 are involved in the recognition of
pathogenic Pseudomonas strains as well, suggesting that
they play a general role in pathogen recognition and
avoidance. tax-4 and tax-2 mutants are defective in many
behaviors; in particular, chemosensory and gustatory
behaviors are compromised (Dusenbery et al. 1975;
Bargmann et al. 1993; Komatsu et al. 1996). However,
this role of TAX-4 and TAX-2 in mediating avoidance to
M. nematophilum does not explain the reduced infection
and swelling of tax-4 and tax-2 mutants, because these
tax mutants expose themselves to the contaminated
food more than wild-type worms do and would there-
fore be expected to become sicker than wild-type
worms, rather than the reverse. We observed other de-
fects of tax-4 and tax-2 mutants, which suggest that
these genes can affect the cuticle or surface composition
of the worm, as discussed below.

Second, successful infection by M. nematophilum must
involve elements of the rectal epithelial surface of C.
elegans that can be recognized and adhered to by the
pathogen. Colonization fails to occur in bus-17 and bus-
19 mutants, suggesting that these surface factors are
absent or masked in mutants of this type, perhaps as a
result of alterations in cuticle formation. In support of
this possibility, we observed cuticle defects in these
mutants. The nematode cuticle is a multilayered struc-
ture composed of heavily cross-linked collagen and

collagen-like molecules, overlaid by an electron-dense
epicuticle and topped by a surface coat (glycocalyx) of
carbohydrates. The carbohydrates of the surface coat
probably provide major targets for pathogens. Cuticle
and surface coat composition are molecularly distinct at
each developmental stage of the worm (Cox et al. 1981).
Further, changes in surface coat composition can be in-
duced by environmental factors (Grenache et al. 1996).

bus-17 and bus-19 mutants exhibit cuticle defects
similar to other bus mutants in the srf-3 mutant group
(Gravato-Nobre et al. 2005). In particular, bus-17 and
bus-19 mutants are Skd, do not allow bacterial adher-
ence by M. nematophilum, and bind fluorescently labeled
lectins, consistent with alterations in surface coat com-
position. srf-3 encodes a nucleotide sugar transporter,
the activity of which is required in the synthesis of
many glycoconjugates of the worm (Cipollo et al. 2004;
Hoflich et al. 2004). In addition to preventing the
adherence of M. nematophilum to the rectal epithelium
of the worm, mutations in srf-3 also inhibit the accumu-
lation of Yersinia biofilm (Darby et al. 2002; Tan and
Darby 2004). Since M. nematophilum does not adhere
to the head of the worm, it is unlikely that the same
receptors are used by both pathogens. Most likely, the
different receptors used by the pathogens are subject to
the same glycosylation pathways. BUS-17 is predicted
to encode a member of the GT31 family. There are 22
predicted C. elegans GT31 family members. Other mem-
bers of this family include BRE-5 and BRE-2, which are
required for the post-translational modification of the
CRY5B receptor recognized by the Bacillus thuringiensis
CRY5B toxin. Upon binding to this receptor, Bt toxin
forms holes in the intestine of the worm, leading to
death (Griffitts et al. 2001, 2003). Neither bre-2 nor bre-
5 mutants appear to affect cuticular properties or
susceptibility to M. nematophilum. Nevertheless, muta-
tions in these two genes can affect many divergent pro-
cesses, indicating functions beyond the modification of
intestinal glycolipids (Katic et al. 2005).

Mutant defects are notably more severe in bus-19 than
in bus-17. In addition to the strong lectin staining and
Skd phenotypes, bus-19 mutants exhibit slow growth,
dumpiness, and larval lethality and are Daf-d. Because of
the pleiotropic nature of the defects of bus-19 mutants, it
is likely that BUS-19 plays a more fundamental role in
generating the cuticle of the worm and perhaps is
involved in other processes. The biochemical functions
of BUS-19 are entirely mysterious at present, despite the
existence of related and equally mysterious proteins in
many other organisms. It seems likely that these are
integral membrane proteins, and the surface alterations
we observe suggest that BUS-19 may be involved in
trafficking or modification of extracellular molecules,
but little more can be said. The C. elegans bus-19 mutant
phenotypes represent the first reports of abnormalities
associated with loss of a protein in this family in any
organism.

694 K. Yook and J. Hodgkin
D

ow
nloaded from

 https://academ
ic.oup.com

/genetics/article/175/2/681/6061252 by guest on 25 M
ay 2023



tax-4 mutants also affect colonization by M. nemato-
philum, and the observations of cuticle abnormalities in
both tax-2 and tax-4 mutants indicate that these genes
influence the property of the nematode surface, but
their Bus and cuticle phenotypes are variable, in con-
trast to the fully penetrant effects of strong mutations on
bus-17 and bus-19. Moreover, the relevant action of these
genes appears to be located in chemosensory neurons,
which are unlikely to be directly involved in cuticle
synthesis. We propose that TAX-4 and TAX-2 help to
coordinate the secretion of components of the cuticle
with the proper developmental age of the worm and
that in tax-4 and tax-2 mutants, the impaired coordina-
tion results in abnormal cuticle that is less able to
support infection. It is known that TAX-4 and TAX-2
play roles in determining entry and recovery from dauer
formation, and changing to and from the dauer state
requires alterations in metabolism as well as changes in
the structure and composition of the cuticle and surface
coat. tax-4 and tax-2 mutants exhibit visible and variable
abnormalities in their cuticles, which may indicate more
subtle defects that influence pathogen adherence. One
aspect of the dauer decision that has not been fully
explored is the signaling from neuronal to seam cells to
coordinate the secretion of cuticle or coat components
with the developmental stage of the worm. Changes in
surface coat composition can be induced by environ-
mental factors, in part through signaling by daf-c genes
(Grenache et al. 1996). Mutations in daf-c genes, in-
cluding daf-11, result in the expression of L1-specific
antigens in older-stage animals. Further, it has been
noted that surface antigen switching was reduced in tax-
4(p678) mutants, suggesting a role for TAX-4 in medi-
ating sensory input to cuticle output (Olsen et al. 2006).

We did not observe dauer-constitutive daf-2(e1368)
mutants to have an altered response to M. nematophilum,
in contrast to the variable Bus phenotype seen for Daf-c
daf-11(m47) mutants, but the mutant cuticles may well
be different in the two cases, such that daf-2(e1368)
mutants remain fully susceptible to infection. Genes of
the DAF-2 insulin/IGF group of the dauer pathway have
also been demonstrated to influence the response to
lethal pathogens, in part by affecting production of
antimicrobial proteins. Specifically, mutations in daf-2
and age-1 result in enhanced resistance to killing by
Pseudomonas aeruginosa, Enterococcus faecalis, and Staphy-
lococcus aureus (Garsin et al. 2003). The DAF-2 insulin-
like receptor regulates the expression of antimicrobial
effectors, such as lys-7 and lys-8 (which encode lyso-
zymes), and the saposin-like gene, spp-1, by derepressing
the fork-head transcription factor DAF-16 (Murphy

et al. 2003). In daf-2 mutants therefore, DAF-16 upregu-
lates the transcription of a number of genes with
proposed antimicrobial activities. We did not see any
reduced infection or swelling of daf-2(e1368) mutants
exposed to M. nematophilum at room temperature or at
25�. These results suggest that the induced upregulation

of DAF-16 antimicrobials in daf-2 mutants is not pro-
tective against M. nematophilum. daf-16(m26) and daf-
16(mgDf50) mutants survive well on the pathogen unlike
hypersensitive sur-2 and other ERK/MAP kinase mu-
tants, which suggests that DAF-16 does not play a major
protective role against M. nematophilum infection. This
may not be surprising since daf-16 mutants were not
hypersensitive to killing by lethal pathogens in the study
mentioned above (Garsin et al. 2003). Moreover, DAF-
16 cannot be the only transcription factor contributing
to the expression of antimicrobials such as lysozymes,
because lys-7 mutants are severely affected by M. nema-
tophilum, surviving exposure to the pathogen much less
well than daf-16 mutants (O’Rourke et al. 2006).

Third, C. elegans induces a defensive response to the
adherence of M. nematophilum to rectal epithelia and
colonization of the rectum, which includes major swell-
ing of rectal hypodermal cells. Previous work has dem-
onstrated this swelling response to require the action of
the members of the ERK/MAP kinase cascade. EGL-8
is most likely to function in this step of the pathogen
response. Mutations in egl-8 result in little or no rectal
swelling in infected worms despite bacterial colonization
of the rectum. Although EGL-8 is expressed in most of
the neurons of the worm, it is also expressed in the
posterior intestine (Lackner et al. 1999; Miller et al.
1999). Recent studies have also indicated that EGL-8
functions in pharyngeal pumping, sperm transfer, and
Ca21 oscillation-associated posterior body contractions of
the intestine, suggesting that it may function in non-
neuronal tissues (Bastiani et al. 2003; Steger and Avery

2004; Espelt et al. 2005; Gower et al. 2005). Whether or
not EGL-8 feeds into the ERK/MAP kinase cascade or
acts in a parallel pathway remains to be determined.
Moreover, egl-8 mutants are not as hypersensitive to M.
nematophilum as are ERK/MAP kinase mutants, indicating
that the kinase cascade probably contributes to defense
in more ways than simply activating rectal swelling.

The analysis of these four mutants reveals the com-
plexity of the interactions between host and pathogen
and the multiple contributions of various genes both
to immunity and to the normal development and be-
havior of the worm. If, as seems likely, there has been
significant coevolution of C. elegans and M. nematophi-
lum, such complexity is only to be expected.
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