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|Comparison of Entomopathogenic Nematode Longevity in Soil under
Laboratory Conditions

Davin 1, SHapiro-Iean,' Rosix [ Stuart,” Cravron W, McCoy®

Abstract: We compared the longevine of 29 sorans representing [ entomopathogenic neniatode species insoil over 42 1o 56 .

Aseries of live laboraton experiments were conducted with siv o cight nematode strains in cach and ane or more nematode striins

m common, so that qualitauve comparisons could be made across experiments. Nematodes incladed Heterarhabeditis baeteriophora

our strains ), M. ondica (Hom i, 28 marelatus (Point Reves), Hoopegredis (UR2111, H o mexicena (NN, Stecnersiemea carfocapisae {eight

S plasere (N]J43Y, N v |

SlEains ), 5. r.'ln’:’n’.,f-.lr,'-’r'\.l_ S feltrae (SN,

T7C&E), and S wofrave (nine strams). Substnnial withinspecices

wriation in longevity was observed in S e, with the Sal straim exhiliing the greatest sumvival, The Sal strain was useed as

astandard in all inter-species compuarisons: In contrast, linle intraspecies varation wias observed in S, riofrare. Overall, we estimated

s darpocapsi (Sal) and §. "'l’."’.-”""."”'”.r" have the highest survival ¢ ;4|:.1]|||5|\ Acsecond level of lonpesity was observed in L bacteriofhora

(Lewiston), /. megidis, 5 feltiae, and S nobrave (=5 and 3557, Lower levels ol sumvivabiline were observed in other H bactenoghonn

strins (Hb, HPRS, wid Oswegon, as well as S0 gdaseri and S, varom. Relative 1o 5 glasear and S, v, o lower tier ol longevity was

abserved in M. indica aned fL o mardlates, s i A mexicana, respectivelv, Althongh nentode persistence cant vary under diflering

soil biotic and ubiotic conditions, baseline dar on longevity such as those reported herein may be helptul when choosing the best

match for a partcular tager pest.

Key words: cntomaopathogemc, HHetonrhabditis, longevite, nematode, persistence, soil. Stetnernema

Entomopathogenic nematodes i the genera Heter:
wthabditis and Steinernema are capable of controlling a
wide variety of economically hmportant insect pests
Hlein, 1990; Grewal and Georgis, 1999; Shapiro-Tlan e
ul, 2002). In nature, entomopathogenic nematodes are
wbligate parasites of insects (Poinar, 1990; Adams and
Nguyen, 2002). In order to reproduce, infective juve
pile nematodes (1]), the onlv free-living stage. generally
must persist in soil until encountering a host, which
they enter through natural openings (mouwth, anus, and
spiracles) or, in some cases, through the cuticle, After
entering the host’s hemocoel, the nematodes release
their symbiotic bacteria, which are primarily respon-
sible for killing the host (Dowds and Peters, 2002%. The
nematodes reproduce within the host cadaver and ul-
timately produce up 1o several hundred thousand [
that emerge 1o search out new hosts (Shapiro et al.,
1999a; Shapiro and Gaugler, 2002). The nematodes
contribute to biological pest suppression through the
actions of endemic populations (Campbell et al., 1998,
Duncan et al.. 2003) and through purposeful release
uwsing classical, inoculatve. o nondative approachcs
(Parkman et al., 1993; Grewal and Georgis, 1999, Shapiro-
llan et al., 2002). Due o sensitivity 1o UV light and
desiccation, entomopathogenic nematodes are usually
applied to protected environments, particularly soil
(Kaya and Gaugler. 194935; Grewal and Georgis, 1999).

The efficacy of entomopathogenic nematodes in bio-
logical control depends on certain beneficial raits such
as host-finding and virulence (Gaugler, 1987; Shapiro-
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lan et al.. 2002). The nematode’s ability to persist in
soil can contribute to pest control efficacy (Kava, 1990;
Kaya and Gaugler, 1993; Smits, 1996). Extended persis-
tence in soil can result m greater cumulative insect
mortality and a reduced need for multiple nematode
applications. Some factors that affect nematode survival
in soil include environmental conditions, such as mois-
ture and temperature (Molyneux and Bedding, 1984;
Molvneux, 1985; Kung et al., 1991), antagonists (Kava,
2002), soil tvpe (Kung et al., 1990; Shapiro et al., 2000),
cultural conditions (Shapiro et al., 1996. 19499h: Millas
and Barbercheck, 2002). and nematode species o
strain (Molvoeux, 1985: Ferguson ctal., 1995; Grewal ct
al., 2002h).

Laboratory assays have characterized diverse nema-
tocde species and strain diflerences for a number of
traits, such as virulence to particular host species or
among host stages (Morris and Converse, 19915 Shapiro
and McCoy, 2000; Grewal ec al., 2002a; Koppenhdfer
and Fuzv, 2004) . temperature tolerance (Grewal et al.,
1994, and desiccation tolerance (Patel eval., 1997; Liu
arndh Olazer, 200000 Theoe vaadien, thaugh condlinced
under controlled conditions, provide baseline data tha
can be uselul in choosing which entomopathogenic
nematode might be the best match for a particular tar-
get pest. Similar experiments addressing variation in
overall nematode persistence or longevity mayv be con-
sidlered lacking in that they have generally been limited
ro comparisons of only one or a few species (Molyneux,
1085; Kung et al., 1990, 1991; [ass et al., 1999; Shapiro
et al., 2000: Hass et al,, 2001, 2002; Grewal er al.,
2002h;). Our objective was 1o conduct a broader com-
parison of intra- and inter-specific variation in entomo-

pathogenic nematode longevity in soil.

MAaTERIALS AND METHODS

Al nematodes were cultured in the last instar of the
greater wax moth Galleria mellonella according to proce-
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dures described by Kava and Stock (1997). Nematodes
were stored ar 13 °C for up to 3 wk prior to use in
experiments. All experiments were conducted at 25 °C
and repeated once in entirety.

A sertes of five experiments was conducted to com-
pare intra- and mterspecific variation in entomopatho-
genic nematode longevity, The nematode strains and
species used in each experiment are listed in Table .
Experiments [ and I focused on intrasspecies variation
in S carpocapsae and S, yobrave, vespectively. Expert-
ments I 1o V focused primarily on inter-species varia-
tion, except four different strains ot Fo bacteriophora
were tested and an additonal S, webrave strain was
added. To facilitate qualitative comparisons of inte
species variation across experiments I o 'V, several
nematode strains were included in more than one ex

periment. The Sal strain ot S. carpocapsae, which exhil
ited the highest overall survival in experiment I,
included in all three interspecics comparisons, Adds
tonally, three other strains that exhibited relatvel
high survival, Le., 8 rofrave strain 53=3 and 355 and e
SN strain of S, feltiae, were cach included in two of the
iner-species comparison experiments.

Nematode suvival in soll was measured by dilution
and direct counting (Shapiro and Glazer, 1996; Sha
piro and Lewis, 1999; Perez e al., 2003). Expenmental
units consisted of 30-ml plastic cups (3 1o cm-diam,
3.5-cm-deep), each containing 5 g of loamy sand soil
(84% sand, 10% silt, 6% clay, pH 6.1, and organic mat
ter 2.8%). Nematodes were applied in 0.5 ml tap
water, and the final mowsture level in each cup was
brought to field capacity (14%). One d after inocula

s 1 Entomopathogenic nematode surains used in longevity experiments 1o Voand their exomction efficiencies in soil

Species St SO Farre tion efficients
I Steinernenia carfrocapsas (Werser) Rericions Ngwven 748 03AB
So vt proithisie All Neuven” 5.0 £ 5.3 A
N carfuncafis Breton _\;_;.i\n-nl' 935 +48A
S, carpuctfss DIESG Nauven A2+ 41 AB
S, arforafisis Italian Netven' S3+ 04 A
S ”‘._.Ilf.,.,.f.lf.\,.., i\_\l_\-m \!_"'.'.\K'IIII 1+ 8.3
S, carpocafsee Mexican \'f.llm'n! Y20+ 6.05A
S crpoce e Sal Neuvern” .6 = 6.0 AR
IS, mobrave (Cabanillas, Poinar & Raulston) Sl 770 6.8A
S raodrrane s i Tl 1.9A
N, nobre : S0 Sil =484
S rindrii y S 7l.l241A
$ b Sl S B84 534
S, riedian Y-h S5-I Y37 2504
Stetite NI S THA = 6TA
N rrodrave I'r S TRT 0 TA
I Heterovhabditis bacteriophora (Poinar) Hty AL N R A0+ 37 A
H. bucteriophor HIPRS MicroBio, Lid! sl +44A
H. bactertophara Lewiston IBS HNl.h27TA
H. bactenophori Oswepn Shiclds-Vilkani® T 101 A
f1 megidin (Poinar, Jackson & Klein) LUR21] MicroBio, Ll WAh= 1A
S, carpoca e Sal Neven” BE3 - h3IA
N riodei . .‘\\']:-'f' -"‘1‘?‘-‘.-"3 £ \k
IV H. mmesicana (Nguven, Shapiro-llan, Stuart, McCov, James & Adams) MY 5 MH+4.1B
S carpocapsae Sal Nguven! H25+438
5. r.".'r.'l."m'l,fuw (Neuyven and Dancan'd Dinecan® . +238
S feltive :1'i[|E]11'\| SN Noven™ 27B
N, riodrain REB) I'T + 10.9A
S, rerem (Doucet) 1 708E 5 2+298
VoML imdica (Poinar, Maranukar & David) Homl 1Bs S36 394
H. marelains (Lan & Berry) Pt Reves Stock 742+ HhTA
N carpoei e Sal Netven” 94« H3A
S, feltio SN Neguyven” 96,3+ 30A
5. glasere (Steiner) NJ4S Nguven” 7424 121 A
S rrodirans 34 Sil 713+ 7.3A
S, riobrace Ahh I THA=2NA

' Percentage extruction efficiencies (2 SE) brom sarl Ditterent letters tollowing numerals indicate staastical difterences (SNK s, £ = 0.05) within experiments

"R, Nguven, Universin of Flordia, Gainesyille,
Stuapiro-lLan culture colleenon

"APL + SU Blackshurg, VAL

" MicroBio, Lid,, Cambridge, UK

"Tonregraned BioConteol Systems, Lawrenceborg, IN

*EL Shiclds & M Villand, Cormell University, Tthaea, NY
L. Duncan, Univerain of Florida, CRFC, Lake Alled

'Thermao Trlowe, Columbia, MDD,

PP Stock, University of Arizona
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ihe initial number of extractable live nematodes
: termined by rinsing the entre contents lrom a
pa lhiter beaker and adding water 10 a final
¢ ol 304 ml. The suspension was stirred on a
late with a 5-cm stir bar at constant specd. One ml
gpension was removed and placed on a 60-mm-
petri dish lid that was marked with lines 1 cm
g0 facilitate counting. Additional water was added
'pih of approximately (.5 cm, and the number of
g“zls determined using a dissecting microscope
fatodes were considered live it they were moving
iitally or if they responded to probing with a
glle), To avoid basing survival estimates on small
gple sizes, a minimum count of 30 I] per sample was
'dﬂ'(‘d acceptable. If fewer than 30 1] were ob-
ged from a single I-ml sample, additional samples
it the beaker were added to the perri dish. Based on

: Bdilution factor, the total number of live nematodes
_ ithen estimated for the experimental unit. The pro-
— {0 determine number of surviving nematodes was
"'“““?‘_' Iiﬂt‘li 7. 14, 28, 42, and 56 d postinoculation (ex
AB ept experiment 11 ended on d 42 and experiment IV
A had the last sample date on d 53 rather than 56). For
::B e first two experiments, 10,000 1] were initially added
A W each cup, but toward the end of these experiments
& gimerous 1-ml samples were required 1o achieve a
\ Sount of 30 IJ. Therefore, the nunber of 1] ininally
\B X % . .

: added to each cup ing reased to 15,000 for experiments
: iband IV, and 20,000 for experiment V., Extraction
3 :tﬁtit'll('_\ for each nematode i each experiment was

gilculated based on the perd entage of Il extracted 1
- ' 4 V]I'=.=. ] - = & !
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analyses covering the entire experimental period, a
comservative ervor term (replicate®ireatment) was used
1o test for treatment effects (Cochran and Cox, 1957).
ANOVA was also used to compare extraction eflicien-
cies among treamments. When ANOVA derected statis-
tical significance (2= 0.05), weatment differences were
further elucidated with the SNK test. In all analvses,
percentage survival or extraction efficiency was arcsine
transformed (aresine of square root) prior 1o analysis
1978): unwansformed

{Southwood, means are pre-

sented in figures.

Resvrrs

Differences in nematode extraction efficiencies were
detected among nematode strains and species (Table
1). Specifically, differences in extraction efficien-
cies were detected in experiments I (#= 3.68. df = 7,72,
P=0.002), IV (F= 394, df = 554, P=0.004), and V
(F'=2.64. df = 6.63. = 0.0214). Note that the Frest was
significant in experiment V., bur the SNK test did not
differentite among treatments (Table 1), No differ-

Fanre 2 Statistics generated trom entamopathogenic nematode
"\l]"llillf'll[‘\.

Experimen av! ! off I
I P 9 HG 7 <O
14 12.95 7 <UhiNh]
| 40 T 00001
28 14.11 i <t
12 1543 7 .00
e (B ¢l {ORNALH]
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ences in extraction ethciency were detected among
treatments in experiments II (/7= 0.88, df = 7,72, P =
0.527) and 11 (F=0.60, df = 6.63, =10.728). Extraction
efficiencies throughout the study ranged from 57% to
96% (Table 1).

Intra- and inter-specific differences in longevity were
detected in all live experiments (Figs. 1-6) (Table 2).
[n experiment I, which focused on intraspecific varia-
tion among S. carpocapsae strains, Agriotos and Sal
strains tended o exhibit the highest sumiaval on sample
dates 7 1o 28, and Sal strain had the highest survival in
the latter part of the experiment (e, on davs 42 and
56) (Fig. 1). When longevity was analvzed over the en
tire experimental period, survival was greatest in the Sal
strain followed by Agriotos, and among the lowest in
Kapow, Breton., and All strains (I1g. 6A).

Little intra-specific variation in longevity was ob-
served among S vebrave strains compared with varia-

tion among N carpocapsae strains (compare Figs. 2,684
Figs. 1.6A). On sample dates 7, 14, and 42, strains 9§
-3, and 3-8a exhibited greater survival than four, g
and onc other strain, respectively (Fig. 2). No othe
differences were detected on individual sample dates
Additionally, no differences were detected among
strains when longevity was analvzed over the entire eg
perimental period (Fig. 6B).

In experiment [, S. carpocafisae Sal strain exhibited
the greatest longeviny relative 1o other nemartodes; the
Sal strain’s survival was greater than S riofrave (3=3),
H. megiehis, and the four H. bacterophora strains tested
4 d postinoculation, and when compared over the
whole experimental period (Figs. 3.00). Sternernema i
brave 3=3 had greater survival than all heterorhabditids
on dav 28 and all heterorhabditds except H. megidis on
day 21. When analyzed over the entire period, survivdl

of the 3=3 strain was not different from H. megidis of
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H. bacteriophora (Lewiston); 11, megudis exhibited greater
survival than all of the H. bacteriophora sirains except
Lewiston (Fig. 6().

In Experiment [V,
vealed no significant difterences 7 d post-inoculation,

inler-species comparisons re-
yet differences were detected subsequently (Fig. 4). On
day 14 and thereatter. S. carpocapsae (Sal) remained in
the highest-ranked group for survival throughout the
experimental period. Steinernema diaprepest survival was
lower than S. earpocapsae (Sal) on day 21, but exhibited
similar longevity thereafter. Over the whole experimen-
tal period, survival of rarpocapsae (Sal) and S, dia-
prepesi was the highest. followed by S, feltice, which was
greater than S. rarum but not dillerent from 8. robrave
(363) (Fig. 6D). Swrvival of H. mexicana was the lowest
among the nematodes tested in experiment IV 14 d
post-inoculation and thereafter as well as when aver-
aged over the whole experimental period (Figs. 4,6D).

In experiment V. the two heterorhabditids, H. marela
tusand H. indica, exhibited lower survival than all stein-
ernematids within the first 4 wk except S, glaseri, and
survival of these heterorhabditds was lower than all
sieinernematids in the latter part of the experiment
(Fig. 5). Similarly, over the entire experimental period
H. marelatus and H. indica had the lowest survival, fol-

lowed by S glasert (Fig. 6E). Also. when averaged over
the experimental [n'l'indx. no difference in survival
was detected among S, carpocapsae Sal, S, feltiae (SN), o1
S, riobrave (strains 3-3 and 355) (Fig. 6F).

As an illustrative summary of the inter-species com-
parisons, a schematic diagram was generated based on
experiments 11 to V (Fig. 7). The relative rankings in
the diagram were derived from nematode survival when
averaged over the duration of the experiments, 1.e., the
). In general, to construct

entire 53 or 56 d (Fig. 6C-E
the diagram nematode species or strains estimated to
have greater survival abilities were placed above those
estimated to have lower survival. Specifically, if a nema-
tode strain was found to have greater survival than an-
other strain in at least one experiment, then that rela-
tionship of superior swrvival was represented in the dia-
gram by a solid vertical line. Suains on the same level
connected through horizontal lines were estimated 1o
have approximately equivalent survival bascd on direct
comparison or by inference from comparisons made
among strains common to more than one experiment.
For example, H. megidis and S, feltiae were not directly
compared but were placed at the same level because (in
separate experiments) their survival capabilities were
both similar to S. rebrave (3-3). In direct comparisons
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where intermediate survival relationships were indi-
cated, dotted lines were used to show where a lack of
significance occurred. For example, survival ot H. megi-
dis was greater than H. bacteriophore (Oswego) but simi-
lar 1o the Lewiston strain, and Lewiston was not found
to be different from the Oswego strain (Fig, 6C); thus,
dotted lines were used between H. bacteriophore Oswego
and Lewiston strains (Fig, 7). Nematode strains not
connected through one or more series of vertical or
horizontal lines were not considered to be subject to
comparison. e.g., relative survival between S, glaseri vs.
Soovarun ov H. indica vs. H. mexicana was not subject to
ranking (even qualitatively).

Based on the ranking approach described above, a
summary ol experiments III to V indicates the highest
survival capability in S, carpocapsae (Sal) strain and S.
diaprepesi (Fig. 7). A sccond level of survivability was
observed in [ bacteriophora (Lewiston), H. wmegidis, S.
feftiae, and S. riobrave (3=3 and 355 strains). Lower levels
of survivability were observed in H. barteriophora (Hb,
HPSS, and Oswego strains), 8. glaserr and S, raron, Rela-

tive to S, glaseri and S, rarnon, a lower ter of survival was

ohserved in H. indica and H. marelatus, and H. mexicana,

respectiively (Fig. 7).

DiscrssioN

In general, treatment effects of inundatively applied
entomopathogenic nematodes have been observed 1o
persist for a relatively short term, e.g., over 2 to 6 wk
(Duncan et al., 1996; Smits, 1996, McCoy et al., 2000),
In some instances, however, longer-term persistence
and inscct control have been reported to occur over
several seasons or vears (Klein and Georgis, 1992: Park-
man ct al., 1993; Shields er al., 1999). Endemic nema-
tode populations also can contribute to long-term sup-
pression ol insect populations (Duncan et al., 2003),
Long-term persistence of entomopathogenic nema-
todes depends to a Targe extent on their ability to find
and reproduce in suitable hosts (Kava, 1990: Smits,
1996), vet the probability of reeveling and potental for
prolonged inscct control depends on how long the
nematodes can survive without a host, We observed sub-
stantial difference among various nematode species
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=8 rarum (1 708F). Ditterent leners above bars within ecach dov ol evalianon indicate suistical differences (SN rest 2= (015)
ez,
and strains in their innate abilities o survive in soil.  ported significant variation in longevity among 15
Some nematodes, such as S, diaprepes and S, cenporapsae populations of H. bacteriophora. However, we observed
(Sal), displaved superior potential for persistence,  littde difference among 8. riohrave strains, indicating
whereas others, such as /. mexicana and H. indice, ex- that within-species variation in longevity is greater for
d hibited relatively poor longeviv, Laboratory compari-  some nematodes than others. Possibly, the different de-
o] sons such as those reported herein may be helpful — grees of intraspecies variation observed is due to the
k when considering which nematode strain or species o substantially wider geographical range in which the
. use in field applications, S varpocapsae strains oviginated compared with the rela
¢ Our findings on relative entomopathogenic nema-  tively narrow range of the riobyave strains (Poinar,
r tode longevity are consistent with some previous labo- 19900 Stuart et al., 2004).
" ratory studies but not with others. For example, our Our rankings of nematode longevity i the labora

findings of superior \LII\I\.li ol 5. carpocapsae relative 1o
S, glaseri are similar to those of Kung et al. (1990). Also
- consistent with our study, Molyneux (1985) reported
greater longevity in S, carfocapsae and S
to two heterorhabditds but, unlike our study and that
of Kung ctal. (1990), survival of S. glasers in Molvneux’s
study was greater than thar of 8. carpacapisae. One pos-
these discrepancies is strain variation.

I{:'fr.f\.r'i'.!' refative

sible canse for
We observed considerable variation in longevity among
(2002h) ve-

S. carpocafisae strains, Similarly, Grewal et al.

tory are consistent with observations on nematode per-

sistence n certain field studies. For example, onr ob-

servations of superior longevity in S, diaprepesi are con-

sistent with prior evidence of this nematode’s

persistence capabilities under field conditions, e.g.,

relative to S, wiobree (Duncan et al,, 2003), Also analo-

gous to our study, persistence of Ho bactercophora unden

field conditions was reported o be lower than that of

S. robrave and S, carpocapsae (Duncan et al., 1996). Jans-

son et al. (1993), however, reported greater field per-
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sistence with S feltiae than with S, carpocapsar strains (a
trend we did not observe). Additionallv, we observed
relatively poor longevity in £ bacteriophora (Oswego),
vet this strain was reported to exhibit substantial per-
sistence and infecuviry for 700 d or more in the field
(Fercuson ct al., 1995; Shields et al., 1999), Thus, the
Oswego strain's persistence under field condiuons was
likely due to its ability to efficiently find and reproduce
i insect hosts rather than its innate longeviwy, Indeecl,
avaricty of factors can contibute to variations in nema-
tode longevity and persistence under field conditions
(Kava, 1990; Smits, 1996; Kava, 2002).

A physiological basis for differences in longeviry ob-
served in this study is not clear. Grewal et al, (2002h)
observed a strong positive correlation between H. bae-
teriophore longevity in sterile water at 25 °C and toler-
ance to heat, UV, and hypoxia, indicating a possible
genetic link between these stress factors and longevity.
Lipid content or energy rescrves have been related 1o
entomopathogenic nematode longevity (Selvan et al.,
1993; Abu Hatab and Gaugler. 2001). In that case, one
might have expected the longevity of 8. glaseri to have
been relatvely higher in our study due 1o its greater

encrgy content (Selvan et al., 1993). On the othe

hand, Hass er al. (2002) also reported a correlation
hetween entomopathogenic nematode persistence and
energy reserves but concluded that the effect was not
directly responsible for reductions in nematode sur-
vival. The authors suggested differences in longevity
were more likely auributable to other facrors, such as
activity of antagonists in nonsterile soil (as was used in
this study as well).

Our laboratory comparison ot entomopathogenic
nematode longevity included 29 strains representing 11
species, At least eight of the species tested are or have
been commercially available (H. bacteriophora, H. indica,
H. megidis, H. marelatus, 5. carpocapsae, S. feltiae, S, glasen,
and 8. riebrave). Although a number of species and nu
merous strains were not included (Poinar, 1990; Adams
and Nguyen, 2002), our study was the broadest com-
parison to date. Due to limitations in space and labor
requirements, it was not feasible 1o compare all nema-
todes simultaneously. However, incorporation of strains
that were common among the experiments (which
were conducted under essentially identical conditions)
allows for substantially more valid qualitative compari-
sons than when comparing across studies conducted
under varving conditons. It is likely that the relative
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longevities of nematodes we tested will difter to some  does not necessarily mean it will remain infective dur-
fora large) extentwhen tested under varving tempera-  ing that ume; our focus was on longevity, not persis-
tures, soil tvpes, cte,, or under the complexities of di-  tence of infective abilites. Clearlv, further research is
verse field conditions. Additionallv, it must be noted  needed to address entomoparhogenic nematode lon-

that a nematode’s ability to suvive for a certain period  gevity and long-term efficacy in various environments.
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on the diagron (indicated by sobid vernical lines) exhibited greater suvival than those below. Strains on the same level connected by horizonal
lines had approximately equivalent survival (based on divect companson or inference from comparisons made among Sirains common o maore
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Nonetheless, owr study provides an initial assessment
and baseline data from which expanded studies can be
made.
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