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Abstract

Interactions between natural enemies and herbivores may be affected by
application of fertilizers and different cultivars. We investigated the func-
tional response of the predatory gall midge, Aphidoletes aphidimyza
Rondani (Diptera: Cecidomyiidae) larvae to the nymphs of the melon
aphid, Aphis gossypii Glover (Hemiptera: Aphididae), reared on two com-
monly grown cucumber cultivars in Iran (Khasib and Karim) treated with
different vermicompost/soil ratios (0:100, 10:90, 20:80, and 30:70%).
Based on logistic regression analysis, A. aphidimyza revealed a type Il
functional response to the aphid in all treatments. Attack rates and han-
dling times of A. aphidimyza larvae on different vermicompost/soil ratios
ranged from 0.076 to 0.140 h™" and 0.969 to 1.164 h on Khasib and from
0.092 to 0.123 h™ and 0.905 to 1.229 h on Karim, respectively. Further-
more, increasing the density of the melon aphid on both cultivars
amended with vermicompost/soil ratios resulted in increased prey con-
sumption by the predator. Density of trichomes increased when plants
received higher concentrations of vermicompost. So, trichomes may be
responsible for different attack rates and handling times of A. aphidimyza
on both cultivars.
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Introduction tropical, subtropical, and temperate regions of the world

(Satar et al1999). It is a serious pest of a wide range of plants,

The predatory gall midge Aphidoletes aphidimyza Rondani
(Diptera: Cecidomyiidae) is one of the most important bio-
logical control agents of aphids. This predator either exists
naturally on aphid-infested plants (Minarro et al 2005) or is
used in greenhouses for aphid control (Meadow et al 1985).
Larvae of A. aphidimyza are the voracious stage to suck out
the aphids’ body contents after paralyzing them by injecting
a toxin into their leg joints (Perdikis et al 2008). It has been
reported that A. aphidimyza attacks more than 80 aphid
species (Yukawa et al 1998), including the melon aphid
Aphis gossypii Glover (Hemiptera: Aphididae) (Bennison
1992, Hosseini et al 2010). Aphis gossypii is a polyphagous
and cosmopolitan species that is widely distributed in

Published online: 12 November 2015

such as several cucurbitaceous crops, cotton, potato, and
ornamental plants in both field and greenhouse production
(Deguince et al 1994, Blackman & Eastop 2000). It feeds on
the underside of the leaves, sucking phloem sap from the
plant, which causes both direct damage, by making foliar
chlorosis and leaf curling, and indirect damage, by transmis-
sion of several plant viruses (Blackman & Eastop 2000).
One of the primary methods for assessing the efficiency of
a predator against a prey is to understand the relationship
between prey density and predator consumption, which is
defined as functional response (Solomon 1949). The func-
tional response is an important characteristic of predator-
prey dynamics, understanding of which can help improving
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the effectiveness of biological control of the target pest
(Jeschke et al 2004). Several biotic and abiotic factors have
been reported that influence the functional response of
predators (Parajulee et al 1994, Kalyebi et al 2005, Ding-Xu
et al 2007, Hassanpour et al 2011), one of which is bottom-up
factors (Mahdian et al 2007). In general, efficiency of natural
enemies may be affected by host plants both directly (mor-
phological features) and indirectly (chemical characteristics)
(Price et al 1980, Sabelis et al 1999).

Top-down regulation of herbivore populations may be
affected by plant cultivars. Due to various physical and chem-
ical characteristics, different cultivars of a plant species may
influence prey as well as predator fitness. Significant impacts
of host plant cultivars on growth, development, reproduc-
tion, body size, and foraging behavior of natural enemies
have been well-documented (De Kogel et al 1999, Gao et al
2008, Sarfraz et al 2008). Furthermore, there have been
numerous studies demonstrating that nutrient addition can
mediate the strength of top-down forces by influencing plant
quality (Forkner & Hunter 2000, Denno et al 2002). For ex-
ample, according to Fox et al (1990), fertilized Brassica
oleracea plants infested by Plutella xylostella L. were pre-
ferred by the parasitoid Diadegma insulare (Cresson) than
unfertilized plants. Similarly, fertilization of Brassica napus
plants positively affected the performance of A. aphidimyza
on Lipaphis erysimi Kalt. (Fallahpour et al 2015). Intensified
efficiency of a few natural enemies has been detected by
addition of organic fertilizers to the growth medium, as well.
For instance, it has been reported a better settling of pred-
ators in crops fertilized with cow manure than with synthetic
fertilizers (Duchovskiene et al 2012), as well as a high para-
sitism rates of parasitoids in either compost (Ponti et al
2007) or vermicompost (Suryawana & Reyes 2007) fertilized
plants.

Vermicompost, as a nutrient-rich and microbiologically ac-
tive organic fertilizer, is the final product of the biological
breakdown of organic matter by earthworms. It not only
improves the physical structure and water holding capacity
of the soil but also, by having a high nutrient ratio and mi-
crobial activity, enhances seed germination, plant growth,
and crop yield (Atiyeh et al 2001, Arancon et al 2008).
Recently, there has been much interest in the potential of
vermicompost for controlling pest populations. For example,
establishment of pest populations such as two-spotted spi-
der mite (Tetranychus urticae Koch), mealy bug
(Pseudococcus sp.), green peach aphid (Myzus persicae
Sulzer) (Arancon et al 2007), cucumber beetle (Acalymna
vittatum Fabr.), tobacco hornworm (Manduca sexta L.)
(Edwards et al 2010), and melon aphid (Razmjou et al 2012)
was negatively affected by addition of vermicompost to the
growth medium. However, there are few reports on the ef-
fect of vermicompost on the third trophic level, especially on
the predatory characteristics of biological control agents
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(Suryawana & Reyes 2007). Therefore, the aim of the pres-
ent study was to evaluate the effect of two cucumber culti-
vars and four vermicompost levels on the biocontrol poten-
tial of A. aphidimyza on A. gossypii populations through the
study of its functional response, which can improve our un-
derstanding of predator-prey interactions between
A. aphidimyza and A. gossypii.

Material and Methods
Plants and insects

Two commonly cultivated greenhouse cucumber (Cucumis
sativus) cultivars in Iran, Karim (obtained from Gavrish seeds,
Russia) and Khasib (from RijkZwaan, The Netherlands), were
used in the experiment. The cultivars were chosen because
of their different morphological structures (i.e., trichomes)
(Basij et al 2011). The seeds were sown and grown in 20-
cm-diameter plastic pots containing different
vermicompost/soil (V:S) ratios (0:100, 10:90, 20:80, and
30:70%). Vermicompost (produced from cattle manure)
was obtained from Anooshe Aaraab Co., Ltd., Tehran, Iran.
Plants were maintained in a greenhouse at 24+4°C, relative
humidity of 60+10%, and a natural photoperiod.

The colony of A. gossypii was initiated with apterous fe-
males collected from infested cucumber greenhouses in the
suburb of Ardabil, Iran. Aphids were separately reared on
each V:S concentration on the mentioned cultivars for three
generations before experiments. A culture of A. aphidimyza
was started with pupae supplied by the Ferdowsi University
of Mashhad, Mashhad, Iran. The predatory gall midge was
separately reared on each cucumber cultivar in transparent
plastic cages (45x30x45 cm) that were treated with various
concentrations of vermicompost. Top panel of each rearing
cage was covered by a fine-mesh net for ventilation and a
sleeve opening (15 cm diameter) centered in the front panel
for better handling of flies inside the cage. Rearing cages
contained five- or six-leaf stage potted cucumber plants high-
ly infested with A. gossypii. Aphid-infested plants of each
cultivar were offered into the cages every 2 weeks. All insect
cultures were maintained in a controlled environment room
at 25+2°C, 65+5% RH and 16L:8D photoperiod.

Experimental procedure

The functional response experiments were carried out with
36-h-old larvae of A. aphidimyza on the mixed stages (second
and third instars) of A. gossypii. The experimental units were
plastic Petri dishes (6 cm diameter) with a hole (2 cm diam-
eter) in the lid, which was covered by fine-mesh net for
ventilation and bottom lined with a wet filter paper to pre-
vent cucumber leaves from desiccation. In each Petri dish,
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one leaf disc (4 cm diameter) was centered upside down on
the wet filter paper. The leaf belonged to either cucumber
cultivar and had received one of the different V:S concentra-
tions. Eight different densities (2, 4, 6, 8, 12,16, 24, and 32) of
A. gossypii nymphs were gently transferred with a finebrush
on the leaf disc and allowed to settle for about 2 h. Then, one
8-h starved A. aphidimyza larva was introduced in each Petri
dish. Petri dishes were sealed with parafilm around the edge
to prevent insects from escaping. After 16 h, predators were
removed from experimental units and the number of killed
preys was recorded. Each prey density was replicated 10
times for each cucumber cultivar and V:S ratios.
Experiments were carried out in a Binder KBWF-720 climate
chamber at 25+2°C, 65+5% RH, and 16:8 h (L:D). Consumed
preys were not replaced during the experiments.

In order to investigate the possible effect of
vermicompost on plant morphological features, numbers of
trichomes on the leaves of both cucumber cultivars grown in
the tested vermicompost/soil ratios were counted. Fully ex-
panded leaves (with about 10 cm width) from the middle of
each plant were selected and the number of trichomes cross-
ing a 2-mm line counted under a stereomicroscope (Olympus
SZX16). Measurements were taken on the underside of 10
leaves from each treatment between the midvein and the
leaf margin (Dalin & Bjorkman 2003, Bjorkman & Ahrné
2005).

Statistical analysis

Logistic regression analysis (SAS/STAT, CATMOD procedure)
was used to determine the type of functional response (SAS
Institute 2001) for the proportion of prey consumed (N,) as a
function of the initial prey density (N,) (Trexler & Travis 1993)
as follows:

Ne exp(Po + PyNo + P,No? + P3No3)
No 14 exp(Po + PiNg + P.No? + P3N3)

(1)

where P, P,, P,, and P, are the constant, linear, quadratic,
and cubic coefficients, respectively. The sign of the linear
coefficient (P,) estimated by the logistic regression was used
to determine the type of the functional response. A signifi-
cantly negative P, indicates a type Il functional response,
whereas a significant positive sign shows a type lll functional
response (Juliano 2001). Because the values estimated for
the linear coefficient in the original cubic model were not
significant (p value>0.05) at all cases, reduced logistic regres-
sion model was used by omitting the cubic term until all
remained coefficients were significant. After determining
the type of the functional response, the parameters of attack
rate (a) and handling time (T,,) of the predator were estimat-
ed by fitting the data with nonlinear least square regression
procedure (PROC NLIN, SAS Institute 2001) to random

predator equation (Royama 1971, Rogers 1972). For the type
Il functional response, the following model was used to fit
the data:

Ne = No{1-exp[a(TyNe-T)]} (2)

where N, is the number of prey consumed, N, is the initial
prey density, a is the attack rate, T, is the handling time per
prey, and T is the total time of exposure (in this case T=16 h).
Once a and T, were estimated for the original data (m,),
differences in a and T, parameters were tested for signifi-
cance and the variance was estimated by the Jackknife meth-
od (Meyer et al 1986, Ganjisaffar & Perring 2015). The
Jackknife pseudo-values (m;) of the n samples were calculat-
ed with the Egs. 3 and 4:

Mjg = N. Mg=(n-1)M;q (3)
Mjrh = n. Mep=(N=1)Mi7h (4)

The mean Jackknife pseudo-values for a and T}, for each
treatment were subjected to analysis of variance (ANOVA).
Tukey’s test was employed to compare means at p<0.05
(SPSS 2007).

For each cucumber cultivar and V:S concentration, the
predation rate of A. ahidimyza larvae was averaged for each
density of A. gossypii and results were subjected to analysis
of variance (one-way ANOVA) followed by a Tukey’s test at
p<0.05 (SPSS 2007). Data of the density of trichomes on the
leaves of a cultivar amended with different vermicompost
concentrations were analyzed by one-way ANOVA and the
corresponding ratios between two cultivars were analyzed
using independent sample t test.

Results

Parameter estimates for logistic regression of proportion of
prey eaten (N./N,) by A. aphidimyza larvae as a function of
initial prey density (N,) on two cucumber cultivars amended
with different vermicompost concentrations are presented in
Table 1. The linear coefficients of reduced logistic regression
model in all cases were significantly negative (p<0.05), indi-
cating that the percentage of consumed A. gossypii declined
as prey density increased (i.e., functional response type Il)
(Fig 1).

The coefficients of attack rate (a) and handling time (T},) of
A. aphidimyza were both affected by the vermicompost com-
position used (Table 2). Attack rates of the predator on
vermicompost/soil ratios ranged from 0.076 to 0.140 h™'
on Khasib and 0.092 to 0.123 h™ on Karim, respectively.
Handling times of A. aphidimyza larvae on different ratios
varied from 0.969 to 1.164 h on Khasib and 0.905 to
1.229 h on Karim, respectively.
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Table1

Maximum likelihood estimates from logistic regression of the proportion of Aphis gossypii nymphs preyed by Aphidoletes aphidimyza larvae

as a function of initial prey density on different vemicompost-amended cucumber cultivars.

Vermicompost/soil ratio Khasib Karim
Parameters Estimate SE X p value Estimate SE Ve p value
0:100 Constant 1.3549 0.2868 22.32 <0.0001 1.5775 0.2978 28.06 <0.0001
Linear -0.1313 0.0339 14.95 0.0001 -0.1216 0.0346 12.35 0.0004
Quadratic 0.00218 0.000853 6.56 0.0104 0.00183 0.000862 4.51 0.0336
10:90 Constant 2.0329 0.3213 40.02 <0.0001 1.4951 0.2955 25.60 <0.0001
Linear -0.1422 0.0365 15.17 <0.0001 -0.1120 0.0345 10.56 0.0012
Quadratic 0.00189 0.000900 4.43 0.0353 0.00151 0.000860 3.09 0.0789
20:80 Constant 2.2102 0.5362 16.99 <0.0001 1.6425 0.3025 29.49 <0.0001
Linear -0.2844 0.1106 6.62 0.0101 -0.1191 0.0351 11.50 0.0007
Quadratic 0.018 0.00658 3.21 0.0732 0.00140 0.000877 2.56 0.1093
30:70 Constant 1.8673 0.3108 36.09 <0.0001 21448 0.5443 15.53 <0.0001
Linear -0.1406 0.0357 15.49 <0.0001 -0.2259 0.119 4.07 0.0436
Quadratic 0.00198 0.000886 4.98 0.0257 0.00790 0.00665 1.4 0.2344

In both cucumber cultivars and for a same prey density,
there was no significant difference between consumption
rates of A. aphidimyza on A. gossypii reared on different
V:S ratios (Table 3). Within each soil ratios of vermicompost
and each tested cucumber cultivars, prey consumption of the
predator significantly increased with prey density, reaching
maximum values when 32 aphids were provided (Table 3).

Different vermicompost:soil ratios significantly affected
the density of trichomes on the leaves of both cucumber
cultivars (F=6.065, df=3,39, p=0.02 for Khasib; F=12.616,
df=3,39, p<0.001 for Karim). The mean number of trichomes
increases with the percentage of vermicompost in soil for
both cultivars. Khasib trichomes mean ranged from 2.50+
0.17 for the V:S ratio 0:100 to 3.90+0.23 for the ratio
30:70. Karim showed a mean from 3.40+0.31 trichomes for
the ratio 0:100 to 5.90+0.38 for the ratio 30:70.
Furthermore, Karim had significantly more trichomes than
Khasib for the same V:S ratio, except for the ratio 10:90,
for which the difference was not significant (Fig 2).

Discussion

In the current study, the functional response of
A. aphidimyza to increasing density of A. gossypii was found
to be type Il on both cucumber cultivars grown at different
V:S ratios, suggesting that different levels of vermicompost
did not affect the predator functional response type in our
standard conditions. Aqueel & Leather (2012) reported the
same result for Harmonia axyridis Pallas upon
Rhopalosiphum padi L. and Sitobion avenae Fab. on wheat
plants provided with nitrogen fertilizer. Under laboratory
conditions, a large number of insects show a type Il

@ Springer

functional response (Gotoh et al 2004, Rocha & Redaelli
2004, Kakimoto et al 2006, Nachappa et al 2006, Cabral
et al 2009), comparable to the results of our study.
Furthermore, according to Abrams (1990) specialist preda-
tors typically exhibit type Il functional response because of
few alternative preys, while generalist predators with more
alternative food show a type Ill response. These facts are
consistent with the findings of this study, because
A. aphidimyza is a specialist predator that only preys on
aphid species. Similarly, Morse & Croft (1987) and Jalalipour
et al (2014) reported type Il functional response for
A. aphidimyza. However, Madabhi et al (2013) reported a type
Il age-specific functional response for A. aphidimyza when
feeding upon A. craccivora on black-eyed bean leaves. The
differences between their results and the present study
could be attributed to the different preys and plants used,
since the type of functional response of a predator may vary
on different prey species (Sarmento et al 2007) and host
plants (De Clercq et al 2000).

In order to determine the intensity of predation on
A. gossypii nymphs, the coefficients of attack rates and han-
dling times were used. Attack rates and handling times on
both cultivars on elevated dosages of vermicompost were
higher than those estimated on control. Handling times esti-
mated for 36-h-old larvae of A. aphidimyza to consume
A. gossypii nymphs on control plants (particularly on Karim)
in this study are comparable with that estimated by (Madahi
et al 2013) for 6-day-old larvae of A. aphidimyza feeding on
A. craccivora (0.938 h). However, handling time values esti-
mated by Jalalipour et al (2014) for A. aphidimyza 4-day-old
larvae feeding on A. craccivora at different foraging periods
are shorter than those estimated in the present study.
Spending more time on the aphids reared on plants that
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have received high rates of vermicompost can be explained
by the presence of trichomes on the leaf surface, that density
of trichomes increased as a function of high percentage of
vermicompost in the soil. Similarly, Guang-hui et al (2007)
demonstrated that application of organic fertilizers to tobac-
co plant can increase the number of short stalk trichomes on
the leaves. High trichome density on the leaf surface may
hinder the insects, especially the natural enemies
(Southwood 1986). For the case of our study, it seems that
the increased trichome density on plants that have received
high rates of vermicompost (especially on Karim) may be
responsible of changes in the parameters of the functional
response. Difference in leaf structure of various cultivars of a
plant species may also influence the efficiency of natural
enemies. For example, according to Cédola et al (2001)

24 28 32 0 4 8 12 16 20 24 28 32

Prey density Prey density

differences in hairiness of tomato hybrids negatively affected
the functional and numerical response of Neoseiulus
californicus McGregor. Similarly, searching efficiency of
Trichogramma wasps on tomato (McGregor et al 2002)
and foraging behavior of Stethorus gilvifrons Mulsant on cu-
cumber (Bayoumy et al 2014) were decreased as a result of
high trichomes on the leaves.

It is generally assumed that the predation is a function of
prey size (Holling 1961, Fantinou et al 2012). Addition of fer-
tilizers to the soil, as described by Aqueel & Leather (2012),
can alter the body size of aphids. Interestingly, by application
of vermicompost, the body size of A. gossypii was negatively
affected. We previously demonstrated that A. gossypii
yielded the largest aphids in terms of their hind-tibial length
(0.332+0.006 mm) on plants grown in the soil without
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Table 2 Mean values (+SE) of

attack rate (a) and handling time Vermicompost/soil ratio

Khasib

Karim

of Aphidoletes aphidimyza larvae
feeding on Aphis gossypii reared a

Th a Th

on different vemicompost-

amended cucumber cultivars. 0:100
10:90
20:80

30:70

0.076+0.013°
0.140+0.031°
0.091+0.008"
0.118+0.030°

0.905+0.117%
1.028+0.1m6%

1.004+0.123° 0.092+0.015°

1.164%0.093° 0.102+0.018°
0.969+0.115°

1.13940.152°7

0.122+0.017° 1.229+0.19°

0.123+0.016% 1158+0.137°

Means in the same column followed by the same superscript letters are not significantly different (p>0.05,

Tukey test).

vermicompost and the smallest ones (0.303+0.005 mm) on
plants treated with 30% vermicomopst rate (Mottaghinia
et al, unpublished data). Theoretically, it is expected that
much more aphids must be eaten by the predator on high
ratios of vermicompost because of their smaller size. But,
prey consumptions of A. aphidimyza larvae were not affect-
ed by different V:S ratios. Causes for the unchanged con-
sumption of predator on these treatments may be attributed
to trichomes that interfered with the search success of
A. aphidimyza and resulted to less consumption of prey.
However, the number of A. gossypii nymphs attacked by
A. aphidimyza increased with increasing the availability of
prey. Similar to our results, some other researchers reported
that prey consumption of predators increased with exposure
to high prey densities (Rocha & Redaelli 2004, Cabral et al
2009, Fantinou et al 2012). At high prey densities, the pred-
ator spends less time to find the prey. According to Holling
(1959), predation rate increases with the total time, prey
density, and/or attack rate. It seems that encounter rate of
the larvae of the predatory gall midge increases at higher
aphid densities, and consequently, the predator spends less

Table 3
vemicompost-amended cucumber cultivars.

time to find the prey and consumes more aphids than the
time when fewer aphids are available (Cabral et al 2009).

In summary, our findings emphasize the crucial influence
of organic fertilizer and cultivars on the predation potential
of A. aphidimyza. Cucumber cultivars amended with differ-
ent vermicompost concentrations affected functional re-
sponse parameters of the predatory gall midge. The influ-
ence may be related to the morphological structure of the
plants, especially the increased density of trichomes.
However, other morphological and especially chemical fea-
tures of the plants may have changed by application of
vermicompost and influenced the predator (Rao 2002).
Based on the results, since higher proportions of A. gossypii
were consumed by A. aphidimyza at lower densities of the
aphid, it can be considered as a potential biological control
agent for management of A. gossypii in both tested cultivars
especially at early infestation. These findings may be used to
understand the complex interactions between soil composi-
tion, plants, prey, and predators. Furthermore, the results
would be useful for the development of a better strategy
for biological control of the melon aphid using vermicompost

Prey consumption (mean+SE) by Aphidoletes aphidimyza larvae when feeding on various densities of Aphis gossypii reared on different

Density  Khasib Karim
[0:100] [10:90] [20:80] [30:70] [0:100] [10:90] [20:80] [30:70]

2 1.60£0.16"8 1.70+0.15" 1.90+0.10* 1.70+0.15 1.70+0.15 1.50+0.17" 1.80+0.13" 1.90+0.10%¢
4 2.70+0.26"%  2.90+0.31""  2.90+0.28""  3.00+0.26""  3.00+0.26"" 2.70+0.37""  2.90+0.28""  3.10+0.28"%
6 3.90+0.23"%"  4.80+0.39"%  410%0.23"%  4.50+0.27"%  4.10+031"*  4.40%0.34"%  4.40+0.34"*  4.40+0.27"
8 4.70+0.33"*  590+0.43"°  530+033"“ 5.80+057°  520%0.44" 530+0.26"“  530+0.37" 5.50+0.43""
12 6.50+0.64"°  8.50+0.85"°  6.30+0.30"  7.70+0.54""  7.40+0.45"°  7.60+0.75"°  7.40+0.43"° 7.40%0.58"¢
16 7.50+0.54"°°  8.60+0.87°"  830+0.30"°  7.90+0.75""°  8.60+0.69"°° 8.60+0.70"°  8.20%+0.29"*°  8.40+0.45"°
24 8.5040.48"°  9.90+0.7""" 10204055  1010+0.77°" 10.00£+0.36™°  9.30+0.52"°  9.80+0.80"" 10.20+0.77*
32 11.40£0.52°  11.70+0.87"  11.5010.82"°  11.20+0.84"®  12.60+0.64™® 12.10+0.74"® 10.30%0.73"®  10.80%0.99"®

Values in square brackets are vermicompost/soil ratios. Means in the same row and for each cultivar followed by the same superscript uppercase
letters are not significantly different (p>0.05, Tukey's test). Means in the same column followed by the same superscript lowercase letters are not

significantly different (p>0.05, Tukey's test).
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Ac
Bc DOKhasib
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LS R N

Number of trichomes

0:100 10:90 20:80 30:70

Vermicompost/soil ratios

Fig 2 Number of trichomes crossing a 2-mm line on leaves of two
cucumber cultivars (Khasib and Karim) grown at different
vermicompost/soil ratios. Different lowercase letters indicate
significant different means among various vermicompost ratios in a
cultivar (Tukey's test). Different uppercase letters represent significant
differences within a same vermicompost/soil ratio in the cultivars
(independent-samples t test).

as a promising alternative to inorganic fertilizers in both field
and greenhouse crops. Since functional response studies in
simplified conditions (Petri dishes) may have little resem-
blance of those measured in natural conditions (O’Neil
1989, Kareiva 1990), supplementary studies under field con-
ditions are needed to provide further details of the predator-
prey interactions.
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