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Analysis of the predator community of a subterranean herbivorous

insect based on polymerase chain reaction
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Abstract. The identity and impact of trophic linkages within subterranean arthropod
communities are challenging to establish, a fact that hinders the development of conservation
biological control programs of subterranean herbivores. Diabrotica virgifera (the western corn
rootworm) is a severe agricultural pest that lives subterraneously during its pre-imaginal stages
and succumbs to high levels of pre-imaginal mortality from unknown agents. The guts of 1500
field-collected arthropod predators were analyzed for D. virgifera-specific DNA sequences
using quantitative polymerase chain reaction (qPCR). These gut analyses were used to
generate relative and taxon-specific prey consumption indices for the major predator taxa and
to determine relative consumption levels during D. virgifera egg and larval stages by predator
feeding guilds. Laboratory feeding assays were used to determine the meal size consumed
during 5 min and digestion rates of D. virgifera DNA of four predators abundant in D.
virgifera-infested cornfields. More than 17 taxa consumed D. virgifera in the field. Harvestmen
and small rove beetles were the most abundant predators captured, and the most frequent
predators within the community to consume D. virgifera. The largest proportions of individual
species’ populations testing positive for D. virgifera DNA were found in ground beetles
(Scarites quadriceps and Poecilus chalcites) and spiders, wolf spiders, and predaceous mites.
Because of the longer duration of the egg stage, significantly more predators consumed D.
virgifera eggs than larvae, but a similar proportion of the predator community fed on eggs and
larvae. Predators with sucking mouthparts had a higher consumption index than chewing
predators. Laboratory assays confirmed that sucking predators consume more D. virgifera
DNA during 5 min than the chewing predators, and all four predators digested this DNA at a
similar rate. This research substantiates that a diverse community of soil-dwelling and
subterranean predators contribute to the high level of mortality incurred by D. virgifera in
cornfields (~99% pre-adult mortality). Moreover, qPCR is a useful tool for describing trophic
relationships within subterranean food webs, a crucial step in determining the relative
contributions of a diverse predator community to the population dynamics of an herbivorous

arthropod.
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INTRODUCTION

Soil-based food webs are critical to nutrient cycling
and soil function and are even linked with aboveground
ecosystem processes (Hedlund et al. 2004, Haitten-
schwiler and Gasser 2005, Wardle et al. 2005, Sanchez-
Moreno and Ferris 2007). Polyphagous soil-dwelling
arthropod predators are a diverse and abundant
component of most belowground food webs, where
they contribute to ecosystem processes by exerting top-
down effects on food webs (Riechert and Lockley 1984,
Symondson et al. 2002, Lundgren et al. 2006). Their
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ability to consume a wide range of foods allows these
predators to persist within ecosystems even when
preferred prey populations are low (Riechert and
Lockley 1984, Chang and Kareiva 1999). Not all
members of a generalist predator community contribute
equally to the regulation of an arthropod population
(Moya-Laraio and Wise 2007, Sanders and Platner
2007). In part, this stems from differential susceptibility
of various herbivore life stages to predation, but also
from inherent differences in the foraging and feeding
behavior of the predators themselves. Given these
constraints, knowledge about which arthropod life
stages incur the most predation and relative contribu-
tions of different predator species and functional guilds
is crucial when establishing the strength of trophic
linkages within subterranean food webs.

Studies on arthropod predator—prey interactions in
subterranean systems are challenged by an inability to
observe predation events and often necessitate the use of

2157



2158

indirect methods to uncover key relationships (Luck et
al. 1988). Genetic analyses provide an accessible method
for examining the interactions between predators and
prey (Symondson 2002, Gariepy et al. 2007). Polymerase
chain reaction (PCR) has been used to study the feeding
behavior of an array of arthropod predators, including
spiders (Agusti et al. 2003, Greenstone and Shufran
2003), coccinellids (Hoogendoorn and Heimpel 2001,
Greenstone et al. 2007, Weber and Lundgren 2009),
predaceous mites (Read et al. 2006), carabids (Zaidi et
al. 1999, Juen and Traugott 2005), lacewings (Chen et al.
2000), and predaceous hemipterans (Greenstone et al.
2007, Harwood et al. 2007, 2009). While genetic gut
content analysis is a powerful tool, there has been
limited application of this method under field conditions
(Harwood and Greenstone 2008). The use of PCR has
largely been restricted to identifying the relative
frequencies of predation, from which the detectability
half-life (sensu Greenstone et al. 2007) of a meal can be
determined as an index of the digestion efficiency of a
predator for a given prey. This metric may be useful in
ranking the strength of trophic linkages among an
herbivore and each member of its predator community.

In addition to measuring frequency of predation,
serological gut analyses (i.e., enzyme-linked immuno-
sorbent assay [ELISA]) (Greenstone 1996, Sunderland
1996, Naranjo and Hagler 2001) and quantitative PCR
(qPCR) (Nejstgaard et al. 2007, Zhang et al. 2007,
Durbin et al. 2008, Weber and Lundgren 2009) may be
used to analyze gut contents semi-quantitatively and add
further information to the detectability half-life index. In
qPCR (the technique applied in the current study), a
molecular tag (i.e., SYBR Green) with a high affinity for
double-stranded DNA is included in the reaction
mixture, and a fluorometric reading is recorded at each
cycle of the PCR. When it binds to DNA, the tag
fluoresces and the intensity of this fluorescence is
correlated with the amount of target DNA present in a
sample. Essentially, greater quantities of DNA are
detected sooner during the amplification process. Thus,
it is possible to estimate the amount of prey DNA within
the stomachs of numerous predator species and to
generate a consumption index that is based on both the
frequency of detection and the amount of prey DNA
consumed by members of a predator community.

An ecologically and economically important insect
that functions as an excellent model system for exploring
trophic interactions within subterranean food webs is
Diabrotica virgifera virgifera LeConte (the western corn
rootworm; Coleoptera: Chrysomelidae). Diabrotica vir-
gifera is one of the most severe agricultural pests in the
world (Krysan 1986, Moeser and Hibbard 2005). Most
of D. vigifera’s life cycle is spent beneath the soil, where
larvae destroy corn roots. This damage disrupts several
physiological processes of the plant and reduces the
harvestable yield (Riedell 1990, 1993, Riedell and Kim
1990, Riedell and Evenson 1993, Riedell and Reese
1999). Its ability to shape the aboveground plant

JONATHAN G. LUNDGREN ET AL.

Ecological Applications
Vol. 19, No. 8

community and to adapt to new environments and
management tactics have made this species a model for
understanding invasion ecology and the genetic forces
underlying evolution in insects (Miller et al. 2005,
Sappington et al. 2006). In spite of D. virgifera’s
economic importance (Metcalf 1986) and usefulness to
understanding insect ecology, natural enemies of D.
virgifera are poorly understood, especially with respect
to the generalist predators that consume immature
stages (Kuhlmann and van der Burgt 1998, Toepfer et
al. 2009). A better concept of how predators function as
consumers of D. virgifera would not only allow the
development of more sustainable pest management for
this pest, but would grant a better understanding of how
biotic mortality factors contribute to the population
dynamics, invasion ecology, and evolution of arthro-
pods.

Here we ask three questions of crucial importance in
establishing the trophic linkages within subterranean
arthropod food webs. These are: (1) Are subterranean
egg and larval stages of an arthropod equally susceptible
to predation by generalist predators? (2) Do predator
species within diverse subterranean communities vary in
their use of a specific prey species? (3) Do chewing and
sucking predator feeding guilds consume subterranean
arthropods at similar rates? We address these questions
using genetic gut content analysis of field-collected
predators spatiotemporally coincident with eggs and
larvae of the target herbivore, along with supporting
laboratory feeding assays. In addition to the ecological
value of developing tools that describe subterranean
food webs within terrestrial ecosystems, there is a clear
application of this technology in implementing conser-
vation biological control programs within agroecosys-
tems.

MATERIALS AND METHODS
Field site

The field design and maintenance briefly described
here is presented in detail in Lundgren et al. (2009).
Three replicate plots of equal size (29 X 24 m) were
embedded into a no-till field (4136 m?) planted
continuously to corn for five years at the Eastern South
Dakota Soil and Water Research Farm in Brookings,
South Dakota, USA (44°21" N, 96°48'36” W). Glyph-
osate-tolerant field corn (52000 seeds per ha; 0.72 m
between rows) emerged 12 June, and herbicides were
applied as needed to ensure minimal weed populations.

Eggs of D. virgifera were produced at the Insect
Rearing Facility of the North Central Agricultural
Research Laboratory (NCARL) in Brookings, South
Dakota. Plots were infested to ensure that D. virgifera
immatures were present at fairly equal densities. Eggs
were placed 810 cm deep into the center eight rows (9.1
m long) of each plot at a rate of 4900 eggs/m using a
tractor-pulled mechanical infester (Sutter and Branson
1986) two days after corn was planted. Under natural
conditions, the majority of D. virgifera eggs are
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deposited in the top 10 cm of the soil profile in close
proximity to maize plants (Pruess et al. 1968, Ruesink
1986). Larval densities resulting from this egg infesta-
tion level are intended to represent a moderate
infestation of D. virgifera within North American maize
fields (Sutter and Branson 1986), although under a more
uniform distribution than what occurs naturally (Park
and Tollefson 2006, Toepfer et al. 2007). Temperature-
based degree-day models (Jackson and Elliott 1988,
Fisher et al. 1990) were used to estimate when 50% of
the D. virgifera population entered each stadium
(methods and results presented in Lundgren et al.
[2009]).

Mortality incurred by D. virgifera populations was
estimated by monitoring the adult emergence from the
infested areas. Six D. virgifera emergence cages (1.03 X
0.64 m) were placed into each D. virgifera-infested area
on 26 July, and they were checked weekly until 6
September. The total number of D. virgifera adults
recovered from each cage was counted, and a mean
emergence per meter per cage was calculated. An
additional two cages were placed in uninfested areas of
each plot to determine background D. virgifera popu-
lations. Mean numbers of D. virgifera captured per cage
in the uninfested areas (1.00 + 0.44 beetles/m” [mean +
SE]) were subtracted from the number captured in each
adjacent infested area to determine the number of
infested D. virgifera eggs that survived to adulthood.

Predator sampling

Barrier-linked, time-sorting pitfall traps (as described
in Lundgren et al. [2009]) were used to collect predators
during the pre-pupal stages of D. virgifera. A total of 22
sample days were conducted from 29 May to 20 July;
this final sample corresponded to when 50% of the D.
virgifera populations were in the third stadium. The
collection receptacles contained 100% ethylene glycol,
which preserves DNA for genetic analyses (Leal-
Klevezas et al. 2000, Rubink et al. 2003, Vink et al.
2005, Weber and Lundgren 2009). The trap contents
were collected at approximately 09:00 on each trapping
date.

Predators were identified and grouped into morpho-
taxa, many of which are at the species level. To facilitate
analyses, only predators that represented >1% of the
total captures were included in the community analyses.
Whenever possible, the numerous morphotaxa that were
collected infrequently were grouped under a larger taxon
(i.e., “other Carabidae,” “other Lycosidae,” “other
spiders,” and “other mites”). Predators were stored
individually in 70% ethanol (EtOH) at —20°C until they
could be identified and their DNA extracted.

Pitfall traps are legitimately criticized as a poor
measure of the true composition of soil-dwelling
predator communities and their relative densities
(Greenslade 1964, Adis 1979, Koivula et al. 2003,
Lundgren et al. 2006), but they are unparalleled in both
their economy and ability to collect large quantities of
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surface-active predators for gut content analysis (Har-
wood 2008), which is a major requisite of initial predator
surveys such as this one. Thus, the results reported in
this manuscript pertain primarily to the surface-active
predator community.

Procedures for genetic gut content analysis

The DNA extractions were performed using DNeasy
tissue extraction kits (QIAGEN, Valencia, California,
USA) according to product instructions. The digestive
tracts of predators longer than 1 cm were dissected, since
excess tissues occasionally clog the filter on the DNeasy
spin column. The samples were macerated in ATL buffer
using autoclaved pestles and incubated with proteinase
K for 3 h. The final double-stranded DNA yield was
quantified from each extraction using the absorbance
ratio of 260/280 nm (BioPhotometer, Eppendorf, New
York, New York, USA). Total DNA yield from the
predators ranged from 5 to 630 pg/mL. All extractions
were stored at —20°C.

Primers that amplify a D. virgifera-specific DNA
sequence were developed and their specificity screened
against numerous nontarget arthropods. Primers (for-
ward 5-TAGTTCCCTTAATAATTGGTGCTC-3’; re-
verse 5'-CCCCCTTTCTACTATCCTTCTTA-3") were
designed using the PrimerSelect feature of Lasergene 7
software (DNASTAR, Madison, Wisconsin, USA)
based on sequences in GenBank published by Clark et
al. (2001; accession number AF278549). These primers
amplified a 119-bp segment of the COI and tRNA-Leu
genes of Diabrotica virgifera virgifera. Primers were
screened for nontarget interactions against nearly 100
different arthropod species found in soil- and foliar-
dwelling corn communities, including the predators
captured during this study (Appendix). The only other
species in the study system whose DNA these primers
amplify are Gryllus pennsylvanicus Burmeister (only
occasionally) (Orthoptera: Gryllidae) and Diabrotica
barberi Smith & Lawrence, but the resulting products
are easily separated from the D. virgifera sequence since
they dissociate (or melt) at different temperatures (G.
pennsylvanicus, 85.9°C; D. barberi, 70.5°C; the PCR
product of D. virgifera dissociates uni-modally at
73.5°C).

The PCR reactions (25 pL) were composed of 12.5 pLL
2X Brilliant SYBR Green qPCR Master Mix (Qiagen),
225 nmol/L of each primer, 1 pL template DNA, and 9.5
pL of molecular-grade water (Sigma-Aldrich, St. Louis,
Missouri, USA). Well-to-well variation in detection was
normalized using the ROX dye. Extractions were
amplified using an MX3000P qPCR system (Stratagene,
La Jolla, California, USA) under the following condi-
tions: 95°C for 15 min, followed by 45 cycles of 94°C for
15 s, 56°C for 30 s, and 72°C for 30 s. Fluorescence was
recorded at 492 nm (for SYBR Green) and 582 nm (for
ROX, for normalization) during the annealing step of
each cycle. The fluorescence threshold of each positive
detection was adjusted manually to bring the dRn
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(baseline-corrected normalized fluorescence) just above
the background fluorescence. A series (n = 3-5) of
positive controls (D. virgifera DNA from a single larva)
and three negative (no-template) controls were run on
each 96-well plate. The Ct values (which is the PCR
cycle at which the sample’s fluorescence can be detected
over background fluorescence) of the D. virgifera-
positive predators were adjusted by the difference that
the specific plate’s control series varied from the
composite mean value of all the control series. To
ensure that positive values originated from the desired
product (and not a cross-reaction), a dissociation curve
was produced for each sample by heating the samples to
95°C for 1 min, then dropping the temperature to 55°C
and ramping up at 0.2°C/s to 95°C, monitoring
fluorescence continuously.

Gut analysis of field-collected predators

Two measures of the frequency of D. virgifera
consumption were calculated for the 17 most abundant
taxa based on the results of the qPCR. The relative
frequency (number of positives in a taxon/total number
of predators analyzed) and taxon-specific frequency
(number of positives in a taxon/number of this taxon
analyzed) of consumption were calculated separately for
each species in each of the three replicate plots. The
former is a measure of the relative frequency of
consumption within the predator community. The latter
calculation indicates how frequently individuals within a
taxon consume D. virgifera (essentially, it is a relative
measure of the proportion of each species’ population
that consumes the prey item, ignoring the relative
abundances of the different predator species). The
frequencies of consumption per plot were compared
among the taxa using independent Kruskal-Wallis
nonparametric ANOVA (SYSTAT 2004).

Using the relative and taxon-specific frequencies of
consumption described above, two predation indices
were created: a relative consumption index and a taxon-
specific consumption index. For each predator species
the relative frequency and taxon-specific frequencies of
consumption were multiplied by a transformed Ct value
(Ct™" X 1000) for each positive predator. The mean
transformed Ct values and relative and taxon-specific
consumption indices were compared among the taxa
using Kruskal-Wallis nonparametric ANOVA (note that
the sample sizes for these indices were the same as in the
quantification analyses).

The frequencies of predation by sucking and chewing
predators during the egg and larval stages of the
herbivore were calculated for each plot. The mean
numbers of predators testing positive per plot and
frequencies of consumption per plot were compared
between egg and larval stages and chewing and sucking
predators using independent Kruskal-Wallis ANOVA.
Each individual transformed Ct value was multiplied by
the respective frequency of predation in each category
(i.e., egg, larva, chewing, sucking) to generate a prey
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consumption index. Mean transformed Ct values and
prey consumption indices were compared between
categories using independent two-factor ANOVA (with
life stage and feeding guild as factors).

Digestion rates of predators

Laboratory assays on the retention times of the
amplified D. virgifera DNA segment were performed
on four predator species that were abundant in D.
virgifera-infested cornfields: Poecilus chalcites (Say) and
Cyclotrachelus alternans (Casey) (Coleoptera: Carabi-
dae) represented chewing predators, and Phalangium
opilio L. (Opiliones: Phalangiidae) and lycosids (Aranae:
Lycosidae) represented sucking predators. Field-collect-
ed predators were maintained on moistened cat food
(Iams Original, Iams, Cincinnati, Ohio, USA) until the
feeding assays, which were performed within three weeks
of collection. Predators were confined to individual Petri
dishes and were provided with only water for 48 h prior
to the assay. Individual predators were observed until
they attacked an early third-instar D. virgifera (labora-
tory produced). These assays were performed between
07:30 and 09:30; the predation observations for the
carabids were conducted in a darkened room using
headlamps. Each predator was allowed to feed for 5
min; those that consumed the entire larva in less than 5
min were provided an additional larva.

After the feeding bout, the remaining prey were
removed, and the predator was randomly assigned to
one of seven treatment groups. Predators in these
treatments were frozen in prechilled 70% EtOH at
—20°C at 0, 0.5, 1, 2, 3, 4, or 6 h after feeding. Ambient
temperature during digestion was 23°C. Sample sizes for
each kill time varied depending on the degree of success
in capturing each predator species in the field, but a
minimum of seven observations were recorded for each
time period. DNA was extracted from each predator, the
D. virgifera DNA was amplified, and linear regressions
of Ct™!' over time were created for each predator.

Consumption and digestion rates of D. virgifera by
the four predators were compared in two ways. First, the
mean meal sizes consumed during 5 min (mean Ct ™' at T
= 0) were compared among the four predators using
ANOVA. The initial meal sizes were normalized among
the four predator species, and ANCOVA (with species
as the main effect and time as the covariate) was used to
compare the rates of digestion among the four species.

REsuLTs
Frequency of prey consumption

A total of 1550 predators were analyzed and 166
specimens tested positive for D. virgifera DNA. The
frequencies of consumption by the most abundant taxa
captured in the pitfalls are presented in Table 1. In
addition to the results in Table 1, cantharid larvae
(Coleoptera: Cantharidae; three of nine specimens
positive), a nabid nymph (Hemiptera: Nabidae; one of
one specimen), large staphylinids (>5 mm; four of 17
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TasLE 1. Frequency of detection and quantity of western corn rootworm (Diabrotica virgifera) DNA in the guts of major predator

taxa per plot.

Predator taxa

Relative frequency
of detection (%o)

Taxon-specific frequency
of detection (%)

Quantity of DNA per predator
taxon ([Ct™'] X 1000)

Acari
Chaussieria sp. 2.15 = 0.43
Other mites 0.86 = 0.43
Aranae
Spider taxon 2 1.72 = 0.57
Spider taxon 7 1.93 = 0.64
Other spiders 2.15 = 1.14
Lycosid taxon 1 1.07 = 0.21
Other Lycosidae 1.07 £ 0.21
Opiliones: Phalangiidae
Phalangium opilio 6.65 = 1.55
Coleoptera: Carabidae
Bembidion rapidum 1.29 £ 0
Bembidion quadrimaculatum 0.64 = 0.37
Cyclotrachelus alternans 1.72 £ 0.86
Elaphropus nr. xanthopus 1.07 £ 0.21
Poecilus chalcites 1.72 £ 0.21
Scarites quadriceps (larvae and adults) 0.86 = 0.57
Other Carabidae 1.93 = 0.74
Coleoptera: Staphylinidae
Staphylinids <5 mm 5.15 = 1.34

13.49 = 1.39 26.32 + 0.68 (10)
16.67 = 9.62 26.66 + 0.26 (4)
10.77 = 3.49 27.08 + 0.69 (8)
11.54 * 3.63 26.32 + 0.68 (9)
17.01 = 10.95 26.19 * 0.62 (9)
761 *2.22 26.40 + 0.79 (5)
18.63 + 7.98 27.53 + 0.95 (4)
8.39 + 1.33 27.19 + 0.42 (30)
8.42 * 0.61 27.63 * 1.04 (5)
9.26 + 4.90 26.27 + 0.54 (3)
13.18 = 6.94 25.79 + 0.96 (8)
8.37 + 2.57 26.23 + 0.65 (5)
17.46 = 10.13 26.78 + 0.61 (6)
20.37 + 15.16 26.69 + 1.51 (4)
7.88 = 1.70 25.67 * 0.55 (8)
10.07 * 2.48 26.54 = 0.43 (24)

Notes: Values are expressed as mean = SE. The top five ranking predators in each column appear in boldface. For detection
frequencies, n = 3 replicate plots. For the quantity of DNA analyzed, numbers in parentheses represent the number of predators
analyzed. Ct is the PCR cycle at which the sample’s fluorescence can be detected over background fluorescence. The field study was
conducted at the Eastern South Dakota Soil and Water Research Farm in Brookings, South Dakota, USA.

specimens), velvet mites (Acari: Trombidiidae; four of
four specimens), and a centipede (Chilopoda; one of two
specimens) also tested positive for D. virgifera DNA. All
of the positive Scarites quadriceps were larvae, four out
of five of which tested positive for D. virgifera DNA.
The taxon-specific frequency of consumption did not
differ among the taxa (x> = 6.47, df = 16, P = 0.98), nor
did the relative frequency of consumption found in these
taxa (x> = 25.19, df = 16, P = 0.07).

Quantification of prey consumption

Of those predators that were analyzed in the
frequency analyses, only 142 positive detections repre-
senting 33 morphotaxa could be used in the quantitative
analysis. The Ct value of the D. virgifera standard was
12.91 £ 0.82 (mean = SE), indicating high sensitivity for
the target sequence and low plate-to-plate variability.
The mean quantity of D. virgifera DNA found in the
predators was not significantly different among the taxa
(xz = 14.08, df = 15, P = 0.52; Table 1). The mean
relative consumption indices differed substantially
among the predators (y° = 136.00, df = 15, P <
0.0001), as did the taxon-specific consumption indices
(x> =133.27, df = 15, P < 0.0001; Table 2).

Prey consumption by predator feeding guilds
during different pest life stages

Significantly more predators tested positive for D.
virgifera DNA during the egg stage of the herbivore than

during the larval stage (3> =3.86, df =1, P =0.05; 30.67
+ 2.16 and 19.00 £ 2.31 predators during the egg and
larval stages, respectively), but similar proportions of
the predator community captured during the egg and
larval stages tested positive (x> = 0.43, df =1, P =0.43;
0.10 = 0.02 and 0.12 = 0.02 of the predator samples
during the egg and larval stages, respectively).

Similar numbers of sucking and chewing predators
consumed D. virgifera DNA (x> =1.19, df=1, P=0.28;
24.33 = 4.67 and 18.33 £ 2.03 for sucking and chewing
predators, respectively), and frequencies of consumption
were also similar between chewing and sucking preda-
tors (x>=1.19, df =1, P=0.28; 0.10 + 0.01 and 0.08 +
0.01 for sucking and chewing predators, respectively).

Life stage of the herbivore did not affect the
consumption indices of predators, but chewing preda-
tors had a significantly lower prey consumption index
than sucking predators (life stage, Fj 124 = 0.01, P =
0.93; feeding style, Fj 124 = 17.01, P < 0.0001;
interaction, F| o4 = 0.18, P =0.67; Fig. 1). Neither life
stage of the pest nor feeding guild of the predators
affected the estimated amount of D. virgifera DNA
detected in predators (life stage, Fy 124 = 1.06, P =0.30;
feeding style, F 124=2.68, P=0.10; interaction, F| jp4=
0.02, P=0.88; transformed Ct values, egg stage, 26.44 *
0.23 and 26.99 = 0.26 for chewing and sucking
predators, respectively; larval stage, 26.17 £ 0.39 and
26.63 = 0.26).
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TasLe 2. Consumption indices of Diabrotica virgifera DNA
within each predator.

Relative Taxon-specific
consumption  consumption
Predator taxa index index

Acari
Chaussieria sSp. 5.66 = 0.09 3.55 = 0.06

Other mites 2.29 * 0.02 4.44 = 0.03
Aranae

Spider taxon 2 4.66 = 0.09 2.92 + 0.06

Spider taxon 7 5.08 = 0.09 3.04 = 0.06

Other spiders 5.63 = 0.09 4.45 = 0.07

Lycosid taxon 1 2.82 = 0.06 2.01 = 0.04

Other Lycosidae 2.95 = 0.08 5.13 = 0.14
Opiliones: Phalangiidae

Phalangium opilio 18.09 £ 0.22  2.28 = 0.03
Coleoptera: Carabidae

Bembidion rapidum 3.56 = 0.11 2.33 +0.07

Bembidion quadrimaculatum  1.68 = 0.02 2.43 = 0.04

Cyclotrachelus alternans 444 = 0.11 3.40 = 0.08

Elaphropus nr. xanthopus 2.81 = 0.05 2.20 = 0.04

Poecilus chalcites 4.61 = 0.08 4.68 = 0.08

Scarites quadriceps 2.30 = 0.09 5.44 = (.22

(larvae and adults)

Other Carabidae 4.95 = 0.07 2.02 = 0.03
Coleoptera: Staphylinidae

Staphylinids <5 mm 13.67 = 0.16  2.67 = 0.03

Notes: Values are expressed as mean * SE. The top five
ranking predators in each column appear in boldface. The
relative consumption index is the DNA quantity (Ct ™' X 1000)
X the proportion of the entire predator community at which
each taxon tested positive (X100). The taxon-specific consump-
tion index is the DNA quantity (PCR cycles to initial detection;
Ct™' X 1000) X proportion of each taxon population testing
positive for D. virgifera DNA. Ct is the PCR (polymerase chain
reaction) cycle at which the sample’s fluorescence can be
detected over background fluorescence.

Digestion rates of predators

The meal sizes consumed during 5 min of feeding
varied significantly among the predators, but the rates at
which they digested the D. virgifera DNA were
statistically similar (Fig. 2). The sucking predators
(Phalangium opilio and lycosids) consumed more D.
virgifera DNA in 5 min than the chewing predators
(Poecilus chalcites and C. alternans), although the
amounts consumed by P. chalcites and lycosids were
statistically similar (Fig. 2). Time was correlated with
digestion for three of the four predators (C. alternans
was the exception), and they all digested D.virgifera
DNA at similar rates (Fig. 2). One-third of the C.
alternans regurgitated their meals when they were placed
in the prechilled 70% EtOH (these observations were
included in the analysis).

Diabrotica virgifera mortality

Only 19.38 = 4.20 of the 4900 eggs per meter of row
survived until adulthood. Thus, 99.6% of eggs died
before adult eclosion. From the information on adult
emergence based on temperature, the traps were in place
eight calendar days or 130 degree-days before 50% male
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emergence, and emergence phenology was in line with
what was predicted from the pre-imaginal temperature
models.

DiscussioN

Quantification of the relative and taxon-specific
metrics of consumption by field-collected predators
using genetic gut content analyses are a powerful tool
for better understanding the relative contributions of
members of a diverse predator community to mortality
of a specific arthropod population. Returning to our
original questions, the results presented here indicate (1)
that predation levels on eggs and larvae of an arthropod
within a soil ecosystem differ and are likely affected by
their relative exposure to predation and the predators
present. Additionally, (2) different predator species
within a diverse predator community clearly vary in
their consumption of a given herbivore, and (3) it
appears that feeding style of the predator at least
partially contributes to their propensity to use a given
prey species. Although qPCR-based gut analysis is a
powerful indirect method for establishing relative
trophic linkages, particularly within subterranean food
webs, there are several caveats involved with this
experimental system that need to be recognized.

Relative consumption rates of different herbivore life
stages are largely tied to their relative degrees of
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Diabrotica virgifera
Fic. 1. Prey consumption levels (mean + SE) by sucking

and chewing predators captured during the egg and larval
stages of the western corn rootworm (Diabrotica virgifera). The
predation index is the mean frequency of predation for each
category ([number positive/number collected] X the amount of
DNA in the predator stomach [Ct™']). Ct is the PCR cycle at
which the sample’s fluorescence can be detected over back-
ground fluorescence. Sucking predators had a significantly
higher consumption index than the chewing predators, and pest
life stage had no effect on prey consumption indices (see
Results: Prey consumption by predator ... for supporting
statistics). Sample size (number of predators testing positive
for D. virgifera DNA) is indicated above the bars. The field
study was conducted at the Eastern South Dakota Soil and
Water Research Farm in Brookings, South Dakota, USA.



December 2009

PREDATION OF IMMATURE ROOTWORMS

2163

Cyclotrachelus alternans

¥ = 0.047 — 0.00075x
72 =0.55; F, ,, = 5.96, P = 0.02

y=0.041 — 0.0011x
r2=0.90; F, ,, = 8.24, P < 0.01

y = 0.039 — 0.0012x
12 =057; F,,, = 11.22, P< 0.01

y = 0.032 — 0.00047x
= 0.67; F,,, = 2.06, P = 0.16

0.050 - ® Lycosidae
© Phalangium opilio
A ¥ Poecilus chalcites
— N
T, 0.045-
)
= B
A 0.040
- B
o
o
(0] 4
= 0.035
8
ot C
S 00304
0.025 T T T T T T T
0 1 2 3 4 5 6

Time since feeding (h)

Fic. 2.

Digestion rates (mean * SE) of Diabrotica virgifera DNA by four predator species collected in association with D.

virgifera-infested cornfields. Lycosids and Phalangium opilio represent sucking predators, and Poecilus chalcites and Cyclotrachelus
alternans represent chewing predators. All insects consumed third-instar D. virgifera for 5 min; mean initial meal sizes consumed per
insect (represented by Ct ') associated with different letters are significantly different (o= 0.05). Ct is the PCR cycle at which the
sample’s fluorescence can be detected over background fluorescence.

exposure to predator community, particularly tempo-
rally. For example, the egg stage of D. virgifera is not an
inherently more attractive food source to predators, but
likely suffers greater predation because of its increased
duration. Significantly more predators tested positive for
D. virgifera DNA during the egg stage of the pest than
during the larval stage. However, the amount of DNA
consumed, the frequency of consumption, and the
consumption index were similar between pest life stages.
Lundgren et al. (2009) document that the egg stage of D.
virgifera is substantially longer than the larval stage, and
consequently the egg stage is exposed to more predators
and greater predator diversity than the larval stage.
Genetic gut content analysis established that predator
species within a diverse community consume a given
arthropod differentially, and different metrics derived
from qPCR-based analyses allow a broader picture of
the relative strengths of these trophic linkages than
conventional PCR-based analyses. When evaluating the
relative consumption frequencies and indices, Phalan-
gium opilio and small staphylinids (<5 mm) are ranked
substantially higher than the other predators. Although
only 8.4% and 10.1% of individuals within these species
consumed D. virgifera DNA (the taxon-specific frequen-
cy of consumption), their sheer abundance resulted in
the highest relative frequency of detection of all
predators (Table 1). It should be noted that the relative
frequency of consumption calculated for the index
reflects the relative abundance of predator taxa in the
pitfall traps. The relative abundance in the field,
however, is likely to differ (Adis 1979, Halsall and
Wratten 1988, Spence and Niemala 1994, Lundgren et
al. 2006). Still, the large numbers of P. opilio and small
staphylinids captured in pitfalls necessitate that the

importance of these taxa should not be discounted until
other sampling methods, such as quadrat and core
samples, can affirm the true relative densities of predator
taxa.

From the taxon-specific metrics, it is clear that some
taxa consume D. virgifera immatures more often than
others. Of the tested taxa, S. quadriceps (20.4% of
individuals within the species), “other Lycosidae”
(18.6%), Poecilus chalcites (17.5%), “other spiders”
(17.0%), and “other mites” (16.7%) had the highest
taxon-specific consumption indices and predation fre-
quencies (Table 2). Most of the remaining taxa had a
relatively low taxon-specific consumption rate (<50% of
the consumption indices of S. quadriceps), including the
taxa ranking highest in the relative consumption indices,
Phalangium opilio and small staphylinids. Carabids and
mites are documented as feeding on Diabrotica, partic-
ularly under laboratory conditions (Toepfer et al. 2009),
but little is known of the interactions of P. opilio,
staphylinids, and spiders with D. virgifera.

The feeding style of a predator species partially
defines the boundaries of their feeding niche within a
food web. Fluid-feeding predators had a substantially
higher consumption index relative to those predators
with chewing mouthparts (Figs. 1 and 2). This
observation from the field-collected predators was
substantiated using the laboratory feeding assays.
Specifically, sucking predators consumed more D.
virgifera DNA under laboratory conditions than the
chewing predators, and all four predators assayed
digested the D. virgifera DNA at similar rates (Fig. 2).
Predator species vary in their ability to locate, manip-
ulate, and digest different food items. While the
mechanisms that underlie the greater capabilities of
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sucking predators to consume D. virgifera immatures in
the laboratory and the field remain unknown, additional
attention should focus on how their efficacy as
biological control agents can be improved.

Gut content analysis as presented here is best applied
as a first indication of the relative predation capabilities
of arthropods; additional analysis is necessary to fully
interpret the implications of this initial description of the
predator community. First, the final amount of a food
found in a predator gut, be it revealed through
microscopic, serological, or genetic means, is affected
by the relative digestion rate by the predator (or
detectability half-life), temperature, the initial amount
of prey consumed, the size and types of meals following
initial consumption of the target prey, activity level of
the predator, time since collection of the predator,
technical conditions of the molecular analysis, physio-
logical status of the prey and predator at consumption,
and the preservation method of field-collected arthro-
pods (Lovei et al. 1985, 1990, Greenstone 1996,
Sunderland 1996, Hagler 1998, Hoogendoorn and
Heimpel 2001, Naranjo and Hagler 2001, Symondson
2002, Foltan et al. 2005, De Leon et al. 2006,
Greenstone et al. 2007, Weber and Lundgren 2009).
With these limitations to genetic gut content analysis in
mind, our laboratory retention studies, as well as
personal observations by the authors, confirm the
patterns observed in field-collected predator taxa and
feeding guilds.

Assigning ecological functions to soil organisms is
challenging, especially given the tremendous biotic
diversity residing within the soil column (Coleman
2008). The qPCR analysis of the gut contents of a
predator community provides an undisrupted snapshot
of the dynamic interactions of an insect and members of
its predator community and establishes key linkages
within soil food webs. Clearly, one of the reasons that
such a diverse arthropod community can persist within a
spatially simple habitat such as the soil is that resources
are finely partitioned within the community. In the D.
virgifera system, different life stages of the herbivore
were variably exposed to predation, and the predator
community was clearly partitioned in their likelihood to
consume this abundant herbivore. Now that key trophic
linkages have been established in this model system,
additional research on how spatial distribution and
defensive traits of an herbivore further partition the
relevant predator community will allow ecologists to
better understand how soil food webs contribute to
ecosystem functions. Moreover, this technique for
establishing trophic linkages can be used to examine
relationships at other levels of the soil food chain to help
resolve the tangle often associated with complex food
webs (Polis 1991).
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APPENDIX

Species against which the Diabrotica virgifera-specific PCR primers were tested without positive detection (Ecological Archives

A019-091-A1).
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