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e described an association

between a strain of the nematode
Caenorhabditis briggsae, i.e. KT0001,
and the bacteria Serratia sp. SCBI
(South African Caenorbabditis brigg-
sae isolate), which was able to kill the
insect Galleria (G. mellonella). Here we
show that the Serratia sp. SCBI lines
the gut of the nematode, similar to the
Heterorhabditis-Photorhabdus

plex, indicating that the association

com-

is possibly internal. We also expand
on the relevance of this tripartite, i.e.
insect-nematode-bacteria, interaction in
the broader evolutionary context and
Caenorhabditis natural history.

From three soil samples collected in three
provinces of South Africa we isolated
Caenorbabditis  briggsae  KT0001 and
Serratia sp. SCBI through Galleria traps.
Our subsequent laboratory experiments
demonstrated that Caenorhabditis briggsae
KT0001 was able to enter Galleria, over-
come the insect’s immune response, repro-
duce, and emerged from the insect cadaver
as infective juveniles. Although the nema-
todes were able to readily enter the insect
hemolymph, their ability to kill the insect
depended on the bacterial strain they were
cultivated on: C. briggsae KT0001 was not
able to kill the insect when cured of SCBI
and cultivated on E. coli OP50. This dem-
onstrated that Serratia sp. SCBI was the
arsenal used to kill the insect host. Further
tests on ten wild strains of C. briggsae
and four close Caenorhabditis species
(C. elegans, C. remanei, Caenorbabditis
sp. 5, and C. brenneri) revealed that this
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ability to enter the insect was not limited
to C. briggsae KT0001. Instead all tested
species/strains except C. briggsae DR1690
were able to enter Galleria, kill the insect
and emerge. Similar to the South African
strain these strains were able to kill the
insect only when cultivated on Serratia sp.
SCBI, indicating the nematode-bacterial
association was necessary but non-specific.
Such nematode-bacterial associations that
result in the death of targeted insect are
characteristic of the two archetypical ento-
mopathogenic nematode-bacteria com-
plexes—Steinernema-Xenorhabdus  and
Heterorhabditis-Photorhabdus.!

The C. briggsae-Serratia system we
described is identical to the archetypi-
cal entomopathogenic nematode (EPN)
systems in so far as the steps involved
in the process and the end product of
the interaction—death of the insect and
use of its remains as source of nutrient
for the nematode and bacteria. The spe-
cifics of symbiotic association between
C. briggsae KT0001 and Serratia sp. SCBI
in terms of whether it is obligatory or fac-
ultative is currently not known. Much in
the same way as seen in the Photorhabdus-
Heterorhabditis association, SCBI is seen
lining the gut of the nematode C. brigg-
sae KT0001 (Figs. 1 and 2). We have
also observed that juveniles (L1) to carry
Serratia sp. SCBI in females undergoing
endotokia matricida, i.e. intra-uterine
birth causing maternal death (data not
shown). Therefore, Serratia sp. SCBI
seems to be transferred to the next gen-
eration inside the mother. It is, however,
only relatively mature juveniles (closer to
vulva) that have the SCBI. These obser-

vations indicate that Caenorhabditis may
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use endotokia matricida as a pathway to
pass on the bacterial symbionts to the next
generation.

Our findings that Serratia sp. SCBI
works with a number strains/species other
than C. briggsae KT0001 in the lab to kill
Galleria indicates that the C. briggsae-
Serratia sp. SCBI association may not be
obligatory, and this is a marked deviation
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from the well recognized EPN systems.?
Although the association seems to lack
specificity, the ability of bacterial associ-
ates to colonize more than one worm spe-
cies and vice versa is not novel to Serratia
sp. SCBI.? The fact that Serratia sp. SCBI
causes accelerated death in insect larvae
both when injected directly and deliv-
ered via nematodes is a clear evidence of
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Figure 1. Light microscopic pictures of
Caenorhabditis briggsae KT0001. (A) Red
Fluorescent Protein (RFP)-tagged Serratia sp.
SCBI lining the gut of C. briggsae KT0001. We
used plasmid pSPR that harbors the red fluo-
rescent protein gene from DsRedExpress for
fluorescent tagging. For a detailed descrip-
tion of the methodology see reference 25. (B)
Differential Interference Contrast image of
same worm used in (A). (Scale bar = 100.m).

its presence as a partner and not a mere
staple in the nematode diet."

It is evident that in order for two species
to co-evolve into a co-adapted life three
pivotal conditions have to be met:’ (1)
Mutual tolerance: if two species can’t co-
exist without killing each other, they can’t
form symbiotic associations as one would
eventually drive the other out of the sce-
nario. (2) Cost-benefit tradeoff: Although
it is not always apparent or easy to directly
quantify, association always imply costs
as well as benefits to the involved parties.
In the co-evolution of mutualistic asso-
ciations, tolerance to one another may be
necessary but it is not sufficient to sustain
co-adaptive life style. For the co-evolution
to persist and lead to co-adapted partners,
the participants must remain closely asso-
ciated and this is best achieved when the
cost-benefit tradeoff is positive for both
partners. In other words, unless both part-
ners benefit from the association, co-adap-
tation through co-evolution can’t succeed
as in the absence of such positive stimulus
there is nothing to bind the partners and
sooner or later one species may easily defect
from the association. (3) Uncompromised
reproduction: Continued and unhindered
reproduction in the proximity of one
another is the third condition that must
be met in order to guarantee the continu-
ity of co-adaptation. Unless the partners
can reproduce unencumbered in the pres-
ence of one another or there would be no
continuity in the association.

Seen in light of these considerations,
the association between C. briggsae
KTO0001 and Serratia sp. SCBI falls in an
intermediate level in between the highly
specific EPN associations and the tran-
sient presence of bacteria in bacterivore
nematodes. Serratia sp. SCBI, while it
has a formidable arsenal with about four
to six non-ribosomal peptide synthase
complexes, depending on the annotation
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system used, and around 200 virulence-
associated genes and operons® its toxin
complexes are not as redundant as that of
Photorhabdus, for example, which con-
tains in excess of twenty such complexes.”

We recognize that where the asso-
ciation between C. briggsae KT0001 and
Serratia sp. SCBI falls in the symbiosis
continuum is key in its relevance to our
understanding of how parasitism evolved.®
It is interesting to note that EPN, as used
in the literature, is an exclusive term for
those nematodes that use their symbiotic
bacteria to kill insects. This definition
leaves out all other insect parasitic nema-
todes such as the Mermithida, a group
that as juveniles parasitizes insects but
remain free living as adults. Following
this narrow definition of EPN, current
literature shows that, entomopathogenesis
independently arose twice in the phylum
Nematoda, i.e. families Steinernematidae
and Heterorhabditidae.” Nematodes and
insects are two species-rich and ancient
groups,lo'“
have a tripartite interaction with an even

which in this particular case

older and more diverse group: the bac-
teria. These groups have had plenty of
opportunity to co-exist, outcompete and
co-evolve with one another. Differences
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in their biology, structural components,
and mechanisms of insect killing point
to the fact that the two widely accepted
EPN lineages are the result of convergent
evolution. But, they are not likely to have
evolved these two complex life histories
in a single step and there could be more
EPN associations and that such asso-
ciations should be viewed as a spectrum
where the specific and highly co-evolved
associations are at one end and the tran-
sient associations from the other end. The
kind of facultative symbiosis we described
between C. briggsae KT0001 and Serratia
sp. SCBI is probably the transient and
non-specific type,'? and this affords flex-
ibility to the relationship. Necromenic
association in nematodes, a case where
one attaches and waits until its carrier
host dies to use its cadaver, was suggested
to be the step archetypical EPNs used
towards parasitism through symbiosis
with insect killing bacteria.® In light of
this, we find it fascinating that insect kill-
ing nematode-bacterial associations arose
only twice in such a long period of time.
Ours is one of a series of reports of insect-

killing nematode-bacterial ~complexes
other than Steinernema-Xenorhabdus
and  Heterorhabditis-Photorhabdus."?-"
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Figure 2. Light microscopic pictures of
Caenorhabditis briggsae KT0001. (A) Red Fluo-
rescent Protein (RFP)-tagged Serratia sp. SCBI
lining the gut of C. briggsae KT0001. (B) Bright
field image of same worm used in (A) (Scale
bar = 100pm).

However, the association we reported is
unique because it involved C. briggsae,
which is a congeneric with the widely used
animal model species C. elegans.

In contrast to the tremendous sci-
entific infrastructure built around the
Caenorhabditis including several com-
plete genome sequences and a rich func-
tional genomics toolbox,'® our knowledge
of Caenorhabditis ecology
almost non-existent and we lack even the

remains

most basic understanding of its biology
outside the laboratory.”” This represents a
serious gap in our knowledge and a plau-
sible reason why a large fraction of the
Caenorhabditis genome remains func-
tionally uncharacterized. For example, we
know that in Caenorhabditis, the major-
ity of gene knockouts have no discernable
laboratory phenotype, and yet those genes
are conserved for many millions of years.
Also, the natural history of C. elegans still
shows critical gaps. The initial assump-
tion that it was a bacterivore, soil inhab-
iting worm has now given way to the
recognition of this species as a colonizer
of various microbe-rich habitats, away
from the soil environment.”” Now there
is overwhelming evidence on the associa-
tion of Caenorhabditis species, including
C. elegans, with invertebrates.”® None-
theless, none of those reports showed
this species to be entomopathogenic.
Despite extensive resources and tools,
lack of demonstrated ability to para-
sitize has created a reservation to use
C. elegans as a model for parasitism in
general.”” In fact some have advocated for
the use of Heterorhabditis as the main
model system for nematode parasitism
because Heterorhabditis is a parasite and,
interesting enough, it is phylogenetically
closer to C. elegans®® than Steinernema-
Xenorhabdus. Our findings provide
relevant context to efforts to close
some of those gaps that characterized
Caenorhabditis natural history” such
that we hope, from now on, its association
with insects will be explored in a different
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context, and the Caenorhabditis-Serratia
system may serve as a model for under-
standing basic host-pathogen interactions
and parasitic biology.*!

Some Serratia kill C. elegans,'*** but
the interaction of various C. elegans
strains with various Serratia strains may
be more specific, suggesting genetic varia-
tion in host susceptibility and parasitic
virulence.” Under laboratory conditions
it has been shown that C. elegans avoids
some strains of Serratia when provided
as food.** Serratia sp. SCBI on the other
hand was harmless when provided as food
to the various Caenorbabditis species we
tested. When culturing these nematodes
on Serratia sp. SCBI it is very clear that
the behavior of the nematodes is very dif-
ferent and they do not avoid Serratia sp.
SCBI but in fact appear to be preferen-
tially attracted to Serratia sp. SCBI.

Future Direction

We recognize a need to define EPN
interactions with the emphasis that
the primary co-evolution has to hap-
pen between the bacteria and the nema-
tode. We want to use genetic techniques
to identify mechanisms of interaction
between Caenorhabditis and Serratia sp.
SCBI. Questions we would like to address
include: What pathways are critical to the
relationship with Serratia sp. SCBI and
not other bacteria? What nematode genes
are critical to these interactions and how
does the bacterium regulate mechanisms
of killing to avoid killing the nematode
partner? Considering the fact that there
are strains of C. briggsae that do not repro-
duce in Galleria, and given the abundant
genetic tools that are available for both
Caenorhabditis and the partner bacteria,
it is feasible to test the effect of every gene
of the bacteria on the survival, reproduc-
tion and overall fitness of the nematode
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as an EPN. Also, we plan to devise ways
of engineering the system to target spe-
cific insect pests or vectors of diseases
or to conduct experimental evolution by
subjecting the duo to facilitated coevolu-
tion under selective pressure to learn more
about key events in the establishment of
permanent and specific EPN partnership.
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