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Abstract

Soil-dwelling nematodes from Steinernematidae family are obligate parasites of insects and usually referred
to as entomopathogenic nematodes (EPNs). These nematodes are symbiotically associated with entomopathogenic
bacteria Xenorhabdus spp. The bacterial symbionts are carried monoxenically in a special vesicle in the infective
juveniles (1Js). In the present study we report the isolation of two species of non-symbiotic bacteria from infected
insect cadavers by the EPN, Seinernema feltiae. Galleria mellonella L. larvae were exposed to surface sterilized
infective juveniles of S feltiae and transferred to sterile Petri dishes for a further 24 hours. Hemolymph was
collected and streaked onto both MacConkey and NBTA agar. Bacteria were identified using biochemica and
phylogenetic analysis. 165-rRNA gene sequence based maximum parsimony, maximum likelihood and neighbour
joining phylogenetic analyses were conducted. Two non-symbiotic species including Citrobacter freundii and
Saphylococcus succinus were identified and reported to be associated with S feltiae. Our results provide further
evidence for the existence of non-symbiotic bacteria associated with EPNs infection.
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Introduction

Soil is the natural habitat of EPNs from the
families Steinernematidae  and Heterorhabditidae
(Koppenhoffer et al., 2004). In both genera
Seinernema and Heterorhabditis there is a single free-
living stage, the infective juvenile (1J), that carries in
its gut bacteria of the genus Xenorhabdus and
Photorhabdus, respectively (Kaya & Gaugler, 1993).
On encountering a suitable insect, the 1J enters through
the mouth, anus or spiracles and makes its way to the
haemocoel (Eidt & Thurston, 1995). In the haemocoel,
the 1J releases cells of its bacteria symbiont. Bacteria
multiply rapidly in haemolymph and produce toxins,
which contribute to the weakening of the host’s
defense mechanism. The host attacked by EPN usually
dies because of poisoning or failure of certain organsin
24 to 72 h. dfter the infection (Forst & Clarke, 2002).
The bacterial symbionts also contribute to the

symbiatic relationship by establishing and maintaining
suitable conditions for nematode reproduction,
providing nutrients and antimicrobial substances that
inhibit the growth of a wide range of microorganisms
(Boemare, Akhurst, & Mourant, 1993). Although the
nematode-bacteria interaction is unique, severa
non-symbiotic bacteria species have been identified
from the hemolymph of insect cadavers infected with
EPNs even dfter attempting to surface sterilize
infective juveniles, including: Flavobacterium sp.
(Mracek, 1977), Ochrobacterum cytisi, Schineria
larvae, O. anthropic (Razia et al., 2011), Alcaligenes
sp., Pseudomonas aureofaciens, Pseudomonas
fluorescens, Enterobacter agglomerans, Serratia
liquefaciens and Acinetobacter sp. (Gouge & Snyder,
2006; Lysenko & Weiser, 1974), Ochrobactrum
anthropi, Paracoccus denitrificans and Pseudomonas
maltophilia (Aguillera, 1993; Aguillera & Smart,
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1993). Recently, the bacteria Flavobacterium sp.,
Providencia vermicola, and Alcaligenes faecalis were
isolated from the nematode Rhabditis blumi (Park et
al., 2011). These reports clearly show that non-
symbiotic bacterial associations with EPNs are
common and relevant phenomena. Such associations
could be one of the mgor reasons for EPNs liquid
mass production failure. On the other hand such
associations could be postulated as a primary steps in
symbiosis evolution providing simple frame for
evaluating involved mechanisms (Gaugler & Han,
2002). Accurate identification and understanding the
span of this phenomenon between EPNs and bacteria
are the first and important step for uncovering
underlying evolutionary frameworks of parasitism and
symbiosisin details and understand the molecular basis
of these phenomena. Such non-symbiotic bacteria with
different levels of relatedness with EPNs will enable us
to complete the puzzles of parasitism and symbiosis
evolution.

M aterials and methods
EPN species

During a survey of EPNs throughout north-west
of Iran in 2014, severa isolates of EPNs were
recovered from soil samples and identified based on
morphology and morphometric characters, cross
breeding test, as well as molecular data. In total, 200
soil samples were collected randomly from different
cultivated and non-cultivated areas of north-west Iran.
Each soil sample was a composite of 10-20 random
sub-samples taken in the same location, but at least 10
m away from each other and to a depth of 30 cm, using
a small shovel. The soil was thoroughly mixed on a
plastic sheet and half of each sample was used for
extraction of EPNs. EPNs were recovered from soil
samples using an insect baiting method, described by
(Bedding & Akhurst, 1975). Ten last instar Galleria
mellonella larvae were placed in a 300 ml jar
containing moistened soil and stored a room
temperature (25+2°C) for 2 weeks. The-traps were
checked every two days for possible infected great wax
moth larvae. Dead larvae from each container were
placed in White traps to collect emerging 1J and were
replaced by hedlthy larvae. To verify the pathogenicity
of the collected nematodes and to establish new
cultures, emerging nematodes were pooled for each
sample and used to infect healthy G. mellonella larvae.
Morphological  identification was made using
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taxonomic criteria suggested by Hominick et al.
(1997). For molecular studies DNA extraction and
PCR were made using suggested methods by Eivazian
Kary et al. (2009). Phylogenetic relationships of
studied isolates within the genus were obtained by
neighbor joining, equally weighted maximum
parsimony (MP) and maximum likelihood (ML)
methods using MEGA 6.

Isolation of bacterial non-symbionts from insect
hemolymph

To surface sterilize the nematode, infective
juvenile (1Js) of S feltiae were suspended in 2 ml of
sterile water in 3 ml Eppendorf tube. The solution was
spun at 13,000 rpm for 10 s at room temperature to
obtain a concentrated nematode pellet. The supernatant
was discarded and 2 ml of freshly prepared 1% bleach
solution was added to the nematode pellet. The
suspension was mixed well and the nematode pellet
was washed in 1 ml of sterile distilled water to remove
the bleach residue. The washing step was repeated five
times (Yadav et al., 2015). Surface sterilized 1Js were
used to infect last instar great wax moth larvae which
have been already immersed in 70% & cohol to remove
putative bacterial contaminations. In each sealed Petri
dishes 10 larvae were exposed to 500 1Js for 24 h. at
room temperature (26£3°C) then transferred to sterile
Petri dishes for another 24 h. Hemolymph from
infected cadavers with typical signs of EPNs infection
was chosen for bacterial isolation. Hemolymph was
extracted by dissecting larvae ventrally between the 5
and 6™ abdominal segments and was collected with a
sterile loop and stresked on both MacConkey and
NBTA agar. In addition, hemolymph of uninfected and
surface-sterilized final instar G. mellonella larvae was
tested to act as a control. The plates were incubated at
30 °C for 48 h. Bergey's manual (1984) was followed
for biochemical characteristics of the isolates.

DNA extraction and PCR

Genomic DNA was purified from isolates in
culture using the DNesasy tissue kit (QlAgen) as per the
manufacturer’s protocol. DNA was eluted from the
column into 20 pl of TE buffer and stored at -20° C.
16S-rRNA gene amplification was carried out by a
standard PCR reaction mixture that included 10X Taq
buffer, 1.25 mM of Mgcl,, 0.25 mM dNTPs, 1 mM of
each primer and 1 pl of Tag polymerase using forward
primer  5-GAAGAGTTTGATCATGGCTC  and
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reverse primer 5-AAGGAGGTGATCCAGCCGCA-
3. All amplifications were performed with an initial
denaturation at 95°C for 2 min, 30 cycles of 95°C for
45 s, 50°C for 45 s, and 72°C for 90 s, and a fina
extension at 72°C for 10 min. PCR products were
purified using QIAquick PCR purification kit (Qiagen)
in order to remove the sdts, primers and
unincorporated dNTPs then subjected to direct
sequencing. DNA  sequences were anadyzed and
assembled using the SeqMan program of the DNAstar
Lasergene software. Sequence data generated for 16s-
rDNA (accession numbers KT261414 and KT261420)
have been deposited in GenBank.

Phylogenetic analysis: Maximum Parsimony,
Maximum Likelihood and Neighbor Joining trees.
DNA sequences were edited with Chromas 2.01 and
aligned using Clustal X 1.64 (Thompson et al., 1997)
with the homologous sequences of other Citrobacter
and Saphylococcus  species obtained  from
NCBI databases linked in LPSN (List of
Prokaryotic names with Standing in Nomenclature)
(http://www.bacterio.net). The evolutionary history
was infered using the Maximum Parsimony,
Maximum Likelihood and Neighbor-Joining methods.
MEGAG6 with the following settings was used for
evolutionary analysis. The bootstrap consensus tree
inferred from 1000 replicates was taken to represent
the evolutionary history of the taxa anayzed. The
percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test are shown
next to the branches. The MP tree was obtained using
the Subtree-Pruning-Regrafting (SPR) agorithm with
search level 1 in which the initia trees were obtained
by the random addition of sequences with ten
replicates. For ML analysis, initid tree(s) for the
heuristic search were obtained automaticaly by
applying Neighbor-Join and BioNJ algorithms to a
matrix of parwise distances estimated using the
Maximum Composite Likelihood (MCL) approach,
and then selecting the topology with superior log
likelihood vaue. In the case of NJ, the evolutionary
distances were computed using the Maximum
Composite Likelihood method and are in the units of
the number of base substitutions per site. All positions
containing gaps and missing data were eliminated.
Results

Entomopathogenic nematodes were recovered
from 12 sites; 5 sites were positive for the occurrence
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of heterorhabditids and seven sites for steinernematids.
Based on morphological and molecular
characterization one species of Heterorhabditis and
Seinernema were found. All Heterorhabditis isolates
were identified as H. bacteriophora and Seinernema
speciesas S. feltiae.

Two species of non-symbiotic bacteria were
isolated from the infected cadavers of G. mellonella
with EPN, S feltiae. Utilizing biochemical tests, these
species were identified as Citrobacter freundii isolate
S1 and Staphylococcus succinus isolate S2. To increase
confidence in the biochemical identification,
16S-rDNA based phylogenetic anaysis were
conducted within genus with a complete set of well-
defined speciesusing MP, ML and NJ methods.

Citrobacter freundii isolate S1

C. freundii is a species of facultative anaerobic,
gram-negative bacilli of the Enterobacteriaceae family
with medium-sized transucent to opague colonies
(2-4 mm in diameter) with glossy surface. The bacteria
are long rod-shaped with a typical length of 2-6 pm
mostly surrounded by several flagella used for
locomotion, but a few are not mobile (Table 1). It can
be found in soil, water, sewage, food, and the intestinal
tracts of animals and humans. As an opportunistic
pathogen, C. freundii is responsible for a number of
significant infections. It is known to be the cause of a
number of nosocomial infections of the respiratory
tract, urinary tract, blood, and many other normally
sterile sites in patients. It represents about 29% of al
opportunistic infections (Whalen et al., 2007).

MP, ML and NJ andysis of the 16S rDNA
sequence of the genus Citrobacter yielded partia
dichotomous trees without any confliction among
them. All phylogenetic reconstruction methods yielded
trees containing two major clades including: clade I:
C. amalonaticus, C. farmer, C. rodentium, C. sedlakii,
C. koseri and C. diversus and clade I1: C. werkmanii,
C. youngae, C. fraudii and C. braaki appeared in trees
with similar topologies. Predicted phylogenectic MP
tree were differed in having polytomy in clade I1. All
members of this clade were appeared as separate
branches in tree. In ML and NJ trees, constructed
genealogic relationships in this clade were not fully
resolved and polytomy was observed in ancestral node
of C. youngae, C. fraudii and C. braaki (Fig. 1).
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Fig. 1. Hypothesis of 16s-rRNA gene based phylogenetic relationships of isolate C. freundii S1 to members of the genus
Citrobacter. The trees were constructed by A (Maximum Likelihood and B) Neighbor Joining methods.

Table 1. Biochemica characteristics of Citrobacter freundii isolate S1. Reactions are interpreted as the following:

+, Positive and -, Negative

Characteristic

C. freundii S1

Gram
Metabolism
Catalase
Oxidase
Citrate
Methyl red
D-glucose
Lactose
Maltose
L-rhamnose
Sucrose
L-arabinose
D-mannitol
Sdicin
Trehalose
Glycerol
D-sorbitol
V oges-Proskauer
Mannose

Facultatively anerobic
+

+ 4+ + ++ 4+ ++

I

+

Staphylococcus succinusisolate S2

including, clade |: S. pseudintermedius, S. intermedius,

Gram-positive cocci, 0.6-2.0 um in diameter, in S delphini, S schleiferi, S. felis, S. chromogenes, S
rosettes including of 3-6 cells, colonies are white, agnetis, S. hyicus, S. muscae, S. rostri and S microti;
opague with elevated center. Biochemical characters clade Il: S simulans, S carnosus, S. piscifermentans

are presented in table 2.

and S. condiment; clade Ill: S. kloosii, S nepalensis,

All phylogenetic analysis methods yielded seven S cohnii, S gallinarum, S arlettae, S xylosus,
monophyletic groups on trees with minor differences S. equorum, S succinus 2 and S. succinus; clade IV:
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S hominis, S jettensis, S devriesei, S. haemolyticus
and S lugdunensis, clade V: S pasteuri and
S warneri; clade VI: S. aureus, S argenteus, S. simiae,
S epidermidis, S saccharolyticus, S. capitis and
S caprae and clade VII: S sciuri, S lentus,
S vitulinus, S stepanovicii and S fleurettii. In all
trees S. succinus isolate S2 appeared as a closest
relative to S succinus type species with 100%
bootstrap value as a member of clade IlI. In al trees
S xylosus, S. equorum and S. succinus appeared as the
most  relative  descendants  with  unresolved
relationships and polytomy in ancestral node. Trees
differed in depicting the position of S. massiliensis. In
NJ and ML trees this species appeared as a separate
branch without any resolved relationship with other
clades but predicted hypothesis by MP method differed
in putting S. massiliensis as a sister group of clade Il
and making a larger monophyletic clade. In all
constructed phylogenetic trees, S auricularis and
S pettenkoferi appeared as a single branch without
resolved relationships  with remaining taxa
Constructed ML tree showed the highest rate of
polytomy in which members of clade IV appeared as
individual branches (Fig. 2).

Discussion

We isolated two species of non-symbiotic
bacteria from the hemolymph of G. mellonella infected
by S feltiae. Previous gnotobiological experiments
have shown some combinations of symbiotic with
non-symbiotic bacteria. Ehlers et al. (1990) reported
that E. coli, alow development of the EPN and aso
that non-symbiotic bacteria are able to create
provisional associations with these nematodes,
however the naturally occurring symbiotic bacteria till
enable the most efficient development. Furthermore,
these non-symbiotic bacteria do not support long-term
experimental associations (Akhurst & Boemare, 1990;
Ehlers et al., 1990; Han et al., 1998). Bonifassi et al.
(1999) proposed that the space between the cuticles of
2™ and 3" juvenile stage could harbor non symbiotic
bacteria for S scapterisci. Similarly, Gouge and
Synder (2006) showed that there was no significant
differences between bacterial species identified from
non-sterile or surface sterilized nematodes, suggesting
that the bacteria identified originated from either inside
the nematode or between the second and third stage
juvenile cuticles. In the presence of symbiotic bacteria,
non-symbiotic bacteria not only directly can compete
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with symbiotic bacteria for resources but also their
activity can change cadaver in a detrimental manner
for symbiotic bacteria activity (Rehfuss & Urban,
2005) and this may negatively affects symbiotic
bacteria and hence EPNs growth and reproduction.

The evolutionary impact of this temporary
tripartite association in Insect-Nematode-Bacteria
triangle remains to be elucidated. Phylogenetically this
scenarios could be postulated as a plesiomorphic
character of EPNs ancestor which tried to establish a
permanent symbiotic association with bacteriawhich is
obvious in its extreme form in Xenorhabdus and
Photorhabdus as an autapomorphic character. For
example, compared to five genes in symbiotic bacteria,
as a EPNs non-symbiotic bacterium, A. faecalis
MORO02 genome consist of two genes encoding
proteins with 66% and 71% similarity to GaU
(glucose-1-phosphate uridyl transferase or UDP-
glucose pyrophosphorylase) and GaE
(UDP-glucose 4-epimerase), respectively  (Quiroz-
Castaneda et al., 2015). The activities of these proteins
are important for the production of polysaccharides, an
important factor for colonization that is considered as
an important virulence factor in Gram-negative
pathogens (Easom et al., 2010; Ramjeet et al., 2008).
Here we report Saphylococcus succinus and
Citrobacter freundii as opportunistic non-symbiotic
bacteria of EPN S. feltiae, but their virulence and
ability in killing host insect and providing appropriate
condition for EPNs growth and reproduction remain to
be completely elucidated.

Phylogenetic analysis of 16S-rRNA nucleotide
sequences of genus Citrobacter clearly revealed that
this monophyletic group consists of members with
well-defined genealogic relationships, athough the
resulting NJ tree was differed from ML and MP in
having unresolved relationships for clade Il members,
ML and MP trees are phylogenetically more robust.
The NJ agorithm produces a single tree, without
giving any means to compare it to other potential trees
but ML and MP methods, investigates the space of al
possible phylogenetic trees and consider all to identify
the best ones. In the case of S succinus in al
constructed trees approximately seven clades were
discriminable, considering ancestral node polytomy.
All methods of phylogenetic inference have optimal
ranges of data variation. If the variation between taxa
(or sequences) is too low, there are an insufficient
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number of changes to resolve divergences. This can
happen if the number of informative sites is too small
or due to presence of recombination or gene flow
(Teyssier, Marchandin, Simeon De Buochberg, Ramuz,
& Jumas-Bilak, 2003). Recent study clearly revealed
that 16S rDNA sequence heterogeneity is relevant in
bacteria (Harth, Romero, Torres, & Espegjo, 2007),
nonetheless for a number of reasons 16S-rRNA gene
sequences are still used as a useful genetic marker to
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study bacterial phylogeny. These reasons include (i) its
presence in amost all bacteria, often existing as a
multigene family, or operons; (ii) the function of the
16S-rRNA gene over time has not changed, suggesting
that random sequence changes are a more accurate
measure of time (evolution); and (iii) the 16S-rRNA
gene (1,500 bp) is large enough for informatics
purposes (Patel, 2001).

Table 2. Biochemical characteristics of Staphylococcus succinus isolate S2. Reactions are interpreted as the following:

+, positive; -. Negative and w, weak positive reaction.

Characteristic

S. succinus S2

Gram
Catalase
Oxidase
Lactose
Maltose

L-rhamnose
Sucrose
L-arabinose
D-mannitol
Sdicin
Trehalose
V oges-Proskauer
Mannose
Raffinose
Beta-glucuronidase
Beta-gal actopyranosidase
Phosphatase
Urease
Fructose
Galactose
Mélizitose
Turanose

+ =+ + 0+

A

+ + = 4+ + + + +
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2. Hypothesis of 16s-rRNA gene

Maximum Parsimony

C) Neighbor Joining methods.

based phylogenetic relationships of isolate
S. succinus isolate S2 to members of the
genus Saphylococcus. The trees were
constructed by A) Maximum Likelihood,
and
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