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Abstract

A concern associated with the growing of genetically modified (GM) crops is that they could adversely affect non-target
organisms. We assessed the impact of several transgenic powdery mildew-resistant spring wheat lines on insect herbivores.
The GM lines carried either the Pm3b gene from hexaploid wheat, which confers race-specific resistance to powdery mildew,
or the less specific anti-fungal barley seed chitinase and B-1,3-glucanase. In addition to the non-transformed control lines,
several conventional spring wheat varieties and barley and triticale were included for comparison. During two consecutive
growing seasons, powdery mildew infection and the abundance of and damage by naturally occurring herbivores were
estimated under semi-field conditions in a convertible glasshouse and in the field. Mildew was reduced on the Pm3b-
transgenic lines but not on the chitinase/glucanase-expressing lines. Abundance of aphids was negatively correlated with
powdery mildew in the convertible glasshouse, with Pm3b wheat plants hosting significantly more aphids than their
mildew-susceptible controls. In contrast, aphid densities did not differ between GM plants and their non-transformed
controls in the field, probably because of low mildew and aphid pressure at this location. Likewise, the GM wheat lines did
not affect the abundance of or damage by the herbivores Oulema melanopus (L.) and Chlorops pumilionis Bjerk. Although a
previous study has revealed that some of the GM wheat lines show pleiotropic effects under field conditions, their effect on

herbivorous insects appears to be low.
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Introduction

Genetically modified (GM) crops with enhanced resistance to
insect pests and/or tolerance to broad-spectrum herbicides were
first commercially released in 1996. Since then, the area planted
with such GM crops has continuously increased, reaching 148
million hectares in 2010 [1]. Currently, a range of novel GM
plants with tolerance to different biotic stresses, with altered
nutrition and composition, or with the ability to produce
pharmaceuticals are being developed [2]. In addition, a number
of crops have been genetically engineered to enhance their
resistance to fungal pathogens [3-5].

Among the fungal diseases that cause losses in wheat (7Triticum
aestivum L.) worldwide, powdery mildew, Blumeria graminis Speer f.
sp. tritict, is one of the most consistently damaging pathogens [6,7].
The use of GM wheat plants with enhanced resistance to powdery
mildew is being explored as an alternative to the use of chemical
fungicides [8-11].

One of the concerns associated with the growing of GM crops is
that that they could have adverse effects on non-target organisms
(i.e., organisms that are not intended to be harmed by the trait
under consideration) with potential implications for the sustainable
deployment of the crop. Such unintended effects could be caused
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(i) directly, by the expression products of the inserted genes, (ii) by
pleiotrophic effects of the transgene expression, or (iii) by the
transgene integration into the plant genome [12,13].

The aim of our study was to assess the impact of several
transgenic disease-resistant wheat lines on the performance of
naturally occurring insect herbivores under semi-field and field
conditions. We have focused on herbivorous insects as non-target
organisms because (i) they are closely associated with the plant and
thus are likely to be affected by changes in plant quality, and (ii)
because the genetic transformation of the plants should not
increase problems with insect pests. We compared the effects of
GM and conventional wheat on the abundance of and damage
caused by the most common wheat herbivores, namely aphids
(Hemiptera: Aphidae), the cereal leaf beetle, Oulema melanopus (L.)
(Coleoptera: Chrysomelidae), and the chloropid gout fly, Chlorops
pumzlionis Bjerk. (Diptera: Chloropidae).

Two types of GM wheat plants were studied: transgenic lines
carrying the Pm3b gene from hexaploid wheat, which confers race-
specific resistance to powdery mildew [11], and lines that contain
the less specific anti-fungal barley seed chitinase and B-1,3-
glucanase [10]. While we had no reason to expect a direct effect of
the race-specific Pm3b transgene product on insects, an adverse
effect of chitinase and glucanase could not be excluded because
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chitin and glucan are main structural components of the
exoskeleton of arthropods. In addition to the transgenic lines
and their corresponding non-transgenic lines, five conventional
wheat varieties as well as barley (Hordeum vulgare L..) and triticale
(x Triticosecale Wittm.) were used for comparison.

The study presented here is part of a multidisciplinary joint
project evaluating powdery mildew resistance, field performance,
and molecular analysis of transgenic wheat plants and their
interactions with the biotic and abiotic environment (http://www.
wheat-cluster.ch).

Materials and Methods

Plant material

We studied a total of six GM spring wheat lines carrying two
different types of resistance genes that confer protection against
powdery mildew. Four independent transformation events carry-
ing the transgene Pm3b of wheat that provides race-specific
resistance to wheat powdery mildew (Pm3b#17-4) [14,15] were
used. These lines were generated by biolistic transformation of the
spring wheat cultivar Bobwhite SH 98 26, which has no
endogenous Pm3 gene and is, in general, sensitive to powdery
mildew [16]. The transgenic Pm3b plants are further described in
Brunner et al. [11] and have shown an enhanced resistance against
powdery mildew under protected glasshouse conditions [17]. The
study also used two transgenic Frisal lines expressing chitinase
[Chi (A9)] and chitinase and glucanase [Chi/Glu (A13)] from
barley, which should provide a broad active antifungal resistance
[18]. However, a previous glasshouse study did not record and
enhanced resistance against powdery mildew in these two lines
[10]. The null-segregant lines Sh#7-4 and the Swiss spring variety
Frisal were used as the non-transgenic controls of the Pm3b and
the Chi (A9) and Chi/Glu (A13) lines, respectively. Additionally,
Bobwhite SH 98 26 and the commercial Swiss spring wheat
varieties Casana, Fiorina, Rubli, and Toronit, as well as the spring
barley variety Estana and the spring triticale variety Trado, all of
which are conventional varieties, were used for comparison.

Convertible glasshouse studies

Experimental set-up. Experimental wheat plants were
grown during the seasons of 2008 and 2009 in a convertible
glasshouse located at the Agroscope Reckenholz-Tanikon Research
Station ART in Zurich (Switzerland). The research station is located
just outside the city of Zurich in a rural area surrounded by fields,
forests, and orchards. The glasshouse provides field-like conditions
by exposing the plants to outside environmental temperatures and
allowing natural colonization by insects and pathogens. The roof
and side walls of the glasshouse automatically opens when weather
conditions are good (no rainfall and no strong winds). At night, and
in adverse weather conditions, the roof and side walls close
automatically [19]. The experiment involved five lines: Pm3b#1,
Sh# 1, Chi/Glu (A13), Frisal, and the spring wheat variety Rubli as
a conventional control. Experimental wheat plants were grown in
40 plots (80x60x80 cm) arranged in two rows. Each wheat line was
replicated eight times, and the replicates were arranged as blocks of
five adjacent plots containing the five lines in randomized order.
Each plot consisted of a central cylinder (26 cm diameter) for the
experimental plants and a surrounding area containing buffer plants
(i.e., non-transformed plants of the same variety), simulating a near-
field situation. Twenty seeds were planted per central cylinder of
each plot and, after seedling emergence, only 10 experimental
plants were left to grow. The wheat plants were grown for about 4
months (sowing: April 2 and March 3 in 2008 and 2009,
respectively; harvest: July 30 and July 22). Before sowing, basic
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fertilizer was added to the soil (per plot: 5.8 g P, 7.2 ¢ K, 1.7 g Mg,
8.7 ¢ N'in 2008; 10.32 g P, 8 g K in 2009). Additionally, on May 5
and 28 in 2008, and on April 29 in 2009, each plot received 57 g of
Ammonsalpeter (25% N, 5% Mg, 8.5% S). Plants were watered as
needed. Pergamyn-paper bags (Franz Gratzer & Co., Einsiedeln,
Switzerland) were placed over individual flowering ears of
transgenic and control plants to prevent pollen from escaping the
system. In the following, ‘plot’ will be referred to the central cylinder
containing the 10 experimental plants.

Assessment of powdery mildew Natural
powdery mildew infection was scored on each plot for 6
consecutive weeks in 2008 and for 3 consecutive weeks in 2009,
starting with the first occurrence of mildew. The Cobb’s scale
ranging from 0 to 9 (0 =no symptoms, 9 = fully diseased) was used
[20]. The area under disease progress curve (AUDPC) was
determined [21,22] with data from 9 and 6 sampling dates in 2008
and 2009, respectively.

Monitoring of insect populations and damage. Abun-
dance of aphids and larvae of the cereal leaf beetle O. melanopus was
estimated by visual counts. Aphids were recorded separately for each
species found, i.e., Metopolophium dirhodum (WIK.), Rhopalosiphum padi
(L.), and Sitobion avenae (F.), which are common cereal aphids in
Europe [23]. Samplings were conducted weekly between May 8 and
July 17 in 2008, and between May 20 and July 9 in 2009. On each
sampling date, all the experimental plants from all plots were
inspected, and the data were subsequently pooled for each single
plot. After O. melanopus larvae disappeared in early July, the typical
feeding damage was assessed using a modified scheme developed for
scoring infection by yellow rust (Puccinia striformis Westend.) [241].
Leaf damage was scored using a scale from 0 to 6 based on the
percentage of the leaf surface damaged (0 = no damage, 6 =>75%
of the leaf area damaged). For each plant, the flag and the second
leaf from two tillers were monitored, and the average damage score
was calculated per plot. Plants were also inspected to assess the
damage caused by larvae of the chloropid gout fly C. pumilion:s.

infection.

Field studies

Experimental set-up. The field surveys were performed
during the 2008 and 2009 growing seasons at Agroscope ART.
The field site was located about 300 m from the convertible
glasshouse and hence was located in the same rural area. In 2008,
the experiment involved 18 different lines: Pm3b# /—4 and their
non-transformed control lines Sb#/—4; the transgenic lines Chi
(A9) and Chi/Glu (A13) and their control line Frisal; the five
conventional spring wheat varieties Bobwhite, Casana, Fiorina,
Rubli, and Toronit; the barley variety Estana; and the triticale
variety Trado. In 2009, 12 lines were used: Pm3b#7/-2 and
Sb#1-2; Chi (A9), Chi/Glu (A13), and Frisal; the conventional
varieties Bobwhite, Rubli, and Toronit; barley (Estana); and
triticale (Trado).

The plants were tested in a complete randomized block design;
in 2008, there were four replications, resulting in a total of 72
plots, and in 2009, there were five replications, resulting in a total
of 60 plots. Plots were 3.0x1.3 m in both years. All seeds were
treated with the fungicide Jockey (167 g1 fluquinconazole,
3 g 17! prochloraz; Omya Agro AG, Safenwil, Switzerland)
before sowing, and a total of 400 viable seeds m ™2 were sown in
March of each year. In 2009, spreader rows consisting of a 9:1
mixture of the susceptible varieties FAL94632 and Kanzler were
sown between the plots to increase natural powdery mildew
infection but no artificial inoculation was made. Fertilizer was
administered at a rate of 46 kg P;Os5 ha™! and 60 kg KoO ha™'in
autumn of 2007 and 2008. Additionally, 30 kg N ha~ ' was applied
in 2008 shortly after sowing and at the phenological stage BBCH
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39 (flag leaf stage) [25,26]. In 2009, the same rate of nitrogen
fertilizer was applied the day before sowing and at BBCH 22-29
(two tillers-end of tillering). All plots were sprayed with the
herbicide cocktail Concert SX (40% thifensulfurone, 4% metu-
sulfurone-methyl; Stahler Suisse AG, Zofingen, Switzerland) and
Starane super (120 g 17" bromoxynil, 120 g 1™ Toxynil, 100 g 17
fluroxypyr-metilheptil-ester; Omya Agro AG, Safenwil, Switzer-
land) in early May. In both years, experimental plants were
harvested in early August.

Assessment of powdery mildew infection. Natural pow-
dery mildew infection was determined by estimating the percentage
of the leaf surface infected as described above. A total of 20 randomly
chosen tillers per plot were inspected every second week, starting in
early May. The data for each plot were subsequently pooled. The
AUDPC was calculated with data from 5 sampling dates.

Monitoring of insect populations and damage. Abun-
dances of aphids and O. melanopus larvae were estimated by visual
counts. Samplings were conducted every second week between May
6 and July 29 in 2008, and between May 6 and July 14 in 2009. On
each sampling date, insect abundance was recorded on the same 20
tillers per plot used for assessing mildew infection, and the data were
pooled for each plot. Furthermore, the damage caused by the larvae
of O. melanopus was determined after larvae had disappeared in early
July, using the same scoring scale as in the convertible glasshouse. For
each plot, the flag leaf and the second leaf from 20 randomly chosen
tillers were monitored, and the average damage score was calculated
per plot. Finally, the damage produced by the larvae of the chloropid
gout fly C. pumilionis was estimated; at the end of the growing season,
30 randomly chosen tillers were checked per plot, and the percentage
of damaged plants was determined.

Data analysis

The data sets from the convertible glasshouse and the field were
analysed separately. Natural powdery mildew infection, cumula-
tive numbers of aphids, and cumulative numbers of and damage
by O. melanopus larvae in the convertible glasshouse were compared
using a two-way analysis of variance (ANOVA), with “year” and
“wheat line” as fixed experimental factors. For the field data,
comparisons between the Pm3b/Sb# /-2 pairs, and among the
transgenic Chi (A9) and Chi/Glu (A13) and their control Frisal
plants were conducted using a two-way ANOVA, with “year” and
“wheat line” as fixed experimental factors, whereas a one-way
ANOVA was used to analyze the Pm3b/Sh#35—4 pairs, because
those lines were only grown in 2008. Field data sets from the
different conventional wheat varieties and barley and triticale were
also compared using a one-way ANOVA for 2008 and 2009; this
was done separately for 2008 and 209 because different wheat
varieties were planted in each year. Group mean values were
subsequently separated using the Tukey HSD-test. Correlation
between aphid abundance and powdery mildew infection and
between O. melanopus larval abundance and damage was calculated
separately in the convertible glasshouse and in the field. Data for
aphid abundance and natural powdery mildew infection in the
field was square root transformed, and damage by C. pumilionis was
arcsine transformed to meet the ANOVA assumptions. For all
tests, the o-level was set at 5%. Statistical analyses were conducted
using the software package Statistica (Version 9.1, StatSoft Inc.,
Tulsa, OK, USA).

Results

Convertible glasshouse studies
Powdery mildew infection. Natural powdery mildew
infection in the wheat plants was observed for six consecutive
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weeks in 2008 and 2009, starting with the first occurrence of
mildew. In both study years, significant differences in mildew
infection levels were observed among the non-transgenic lines,
with Sb# ! (non-transformed Bobwhite) being the most susceptible
by far, followed by Frisal, and Rubli as the least susceptible line
(Tukey HSD test, p<<0.001) (Figure 1). Infection was significantly
lower on transgenic Pm3b#/ plants than on Sh#/ plants, while
infection levels did not differ between Chi/Glu (A13) and its non-
transformed Frisal control (Figure 1).

Monitoring of insect populations and damage. Abun-
dance of naturally occurring herbivores was estimated by weekly
visual counts during two consecutive growing seasons. The cereal
aphid species M. dirhodum, R. padi, and S. avenae were found in the
convertible glasshouse in both years, although significantly fewer
aphids were recorded in 2008 (16.1 aphids/plant) than in 2009 (37.8
aphids/plant). In both years, aphids started to infest the wheat plants
by mid-May. Densities then increased to the maximum values of
24.8 aphids/plant in early July 2008 and 151.5 aphids/plant in late
June 2009, after which aphid numbers rapidly declined. In both
seasons, M. dirhodum was the most common species (8.9 and 28.4
aphids/plant in 2008 and 2009, respectively), followed by R. padi (6.9
and 7.7 aphids/plant) and S. avenae (0.2 and 1.7 aphids/plant).
Cumulative numbers (mean * SE) of aphids/plant recorded on the
different wheat lines are shown in Figure 2A. Aphid abundance was
similar among the three non-transgenic lines across both years. In
contrast, significantly more aphids were recorded on transgenic
Pm3b#7 than on non-transformed Sh# 7 plants (Tukey HSD test,
»=0.025). When the three aphid species were analyzed separately,
only M. dirhodum abundance was significantly different between
Pm3b#17 and Sb# (Tukey HSD test, p=0.034). Across all wheat
lines, aphid densities were negatively correlated with powdery
mildew infection (R= —0.35, p=10.002).

Very low densities of O. melanopus larvae were observed in the
convertible glasshouse (an average of 0.17 and 0.21 larvae/plant in
2008 and 2009, respectively). In both seasons, cereal leaf beetle
larvae were first recorded in mid-May and disappeared by the end
of June. Densities reached a maximum of 0.30 and 0.42 larvae/
plant in early June 2008 and late May 2009, respectively.
Cumulative numbers of O. melanopus larvae did not differ
significantly among the non-transgenic wheat lines and between
transgenic Pm3b#/ and Chi/Glu (A13) and their respective
controls (Figure 2B). Leaf damage caused by O. melanopus larvae
was significantly higher on Rubli than on Bobwhite and Frisal
(Tukey HSD test, p<<0.001, and p =10.039, respectively). Never-
theless, average damage scores translate to leaf surface damage
levels <5% in both seasons, indicating that infestation by the
beetles was very low.

Damaged produced by larvae of the chloropid gout fly C.
pumilionis was not observed in the convertible glasshouse in 2008 or

2009.

Field studies

Powdery mildew infection. Natural powdery mildew
infection was determined in wheat, barley, and triticale plants in
2008 and 2009. Low mildew infection levels were observed in the
different conventional wheat varieties and in the triticale and
barley varieties in both seasons (Figure 3). Infection was higher in
Bobwhite plants than in the other conventional wheat varieties or
in barley and triticale in 2008 (Tukey HSD test, p<<0.05), whereas
infection levels among conventional plants did not significantly
differ in 2009. Powdery mildew infection levels were significantly
lower in transgenic Pm3b than in their respective non-transformed
Sb plants (Pm3b#1/Sb#1: F) 14,=22.7, p<0.001; Pm3b#2/
Sb#2: F14=6.18, p=0.026; Pm3b#3/Sh#3: F c=11.44,
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Figure 1. Powdery mildew infection of the wheat plants grown in the convertible glasshouse. Infection was scored using a 0 to 9 scale
(0=no symptoms, 9 =fully diseased). Area under disease progress curve (AUDPC) (*SE) was calculated with data from 9 and 6 sampling dates in 2008
and 2009, respectively. Therefore, AUDPC values are not comparable between years. White bars represent transgenic lines while black bars represent
non-transformed lines. (N=8). Significant differences were recorded between the non-transformed line Sb#1 and the conventional varieties Frisal
and Rubli (Tukey HSD test, p<<0.001), and between transgenic Pm3b#1 plants and their control line Sb#1 over both years of study (Tukey HSD test,

p<0.001).
doi:10.1371/journal.pone.0022690.g001

p=0.015, Pm3b#4/Sb#4: F ¢=4.53, p=0.077), whereas
infection levels were similar for Chi (A9), Chi/Glu (A13), and
non-transformed Frisal plants (Figure 3).

Monitoring of insect populations and damage. The
abundance of and damage by the most common herbivores
were visually estimated in 2008 and 2009. In both growing
seasons, the same cereal aphid species were found in the field as in
the convertible glasshouse: M. dirhodum, R. padi, and S. avenae.
Aphids were first recorded in early May, and their densities
subsequently increased to a maximum toward the end of June
(1.19 and 2.38 aphids/tiller in 2008 and 2009, respectively). After
that, aphid numbers rapidly declined, and by mid-July, very few
aphids were observed on the plants. Throughout the season, lower
aphid densities were registered in 2008 than in 2009 (0.45 vs. 0.67
aphids/tiller, respectively) (Figure 4A). The most abundant species
were M. dirhodum (0.27 and 0.30 aphids/tiller in 2008 and 2009)
and S. avenae (0.15 and 0.37 aphids/tiller), whereas R. padi was
scarce (0.03 and 0.01 aphids/tiller). Aphid numbers did not
significantly differ between the wheat varieties and barley and
triticale or between the transgenic plants and their respective
controls (Figure 4A). Overall, aphid abundance across all wheat
lines was not correlated with powdery mildew infection (p=10.37,
R=0.08) in the field.

Oulema melanopus larvae were much more abundant in 2008 than
in 2009 (0.48 compared to 0.09 larvae/tiller) (Figure 4B). In both
growing seasons, densities were highest in early June (0.98 and
0.19 larvae/tiller in 2008 and 2009, respectively), and no larvae
were detected by early July. Leaf damage was also higher in 2008
than in 2009, with average scores of 1.7 and 1.0 (scale =0 to 6),
respectively. Leaf surface damage was thus <15% and 5% in the
two years. Statistical analysis revealed that neither densities of O.
melanopus nor the damage caused by the larvae differed
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significantly among the conventional wheat varieties and barley
and triticale plants, or between the transgenic lines and their
respective controls (Figure 4B). Damage caused by O. melanopus
larvae was positively correlated with larval abundance in both the
convertible glasshouse and the field (R=0.27, p<<0.020, and
R =0.77, p<0.001, respectively) (Figure 5).

The damage caused by C. pumilionis larvae in the field was much
higher in 2008 than in 2009, with 43% and 16% of the tillers being
damaged, respectively (Figure 4C). No differences were detected in
damage among the different wheat varieties across both seasons,
but fewer barley plants than wheat and triticale plants were
damaged by C. pumilionis in both 2008 and 2009 (Tukey HSD test,
$<<0.05, and p<<0.001, respectively). The damage caused by C.
pumilionis larvae was similar on the transgenic lines and their
respective controls (Figure 4C).

Discussion

Natural powdery mildew infection levels were much higher in
the convertible glasshouse than in the field in both years of this
study, probably because temperature and humidity were more
conducive to mildew development in the glasshouse. Powdery
mildew resistance was significantly greater in all Pm3b lines than
in their respective non-transformed controls, both in the
convertible glasshouse and in the field, which confirmed the
findings by Zeller et al. [17] and Brunner et al. [11]. In contrast,
the two transgenic lines Chi (A9) and Chi/Glu (A13) did not
confer protection against the fungal pathogen when compared to
non-transformed Frisal plants, as previously shown by Bieri et al.
[10].

In the convertible glasshouse, aphid abundance was negatively
correlated with powdery mildew occurrence, and resistant
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Figure 2. Densities of aphids and Oulema melanopus larvae on wheat grown in the convertible glasshouse. Cumulative numbers (+ SE)
of (A) aphids and (B) O. melanopus were calculated with 11 and 9 sampling dates in 2008 and 2009, respectively. White bars represent transgenic lines
while black bars represent non-transformed lines. (N = 8). For aphid densities, significant differences were recorded between the transgenic Pm3b+#1
and their non-transformed control line Sb#1 over both years of study (Tukey HSD test, p=0.025).

doi:10.1371/journal.pone.0022690.g002

Pm3b#/ plants harboured larger aphid populations than their
susceptible controls. When the three aphid species were analyzed
separately, differences were only observed for the most abundant
species, M. dirhodum, whereas the two other aphid species, R. padi
and S. avenae, remained unaffected. In contrast, aphid densities did
not differ between transgenic Chi/Glu (A13) plants and the non-
transgenic control variety Frisal, possibly because resistance
against powdery mildew was not increased in the transgenic line.
The results obtained in our study are consistent with observations
in a glasshouse experiment in which the same varieties grown in
the convertible glasshouse were artificially inoculated with two
different powdery mildew strains [27]. The genetic transformation
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per se does not appear to be responsible for the increased aphid
population on the Pm3b#1 plants. A previous laboratory study
demonstrated that different clones of M. dirhodum performed
similarly on mildew-free Pm3b#/—4 plants and their Sh#/—4
controls [28]. The effects on aphids observed in the convertible
glasshouse in the present study thus appear to be caused by the
lower powdery mildew infection levels on the transgenic Pm3b
plants. The mechanisms underlying the negative effects of
powdery mildew infection on aphids remain unclear. Reciprocal
effects between insects and fungal pathogens sharing the same host
have been well documented and can reflect direct interactions
between the organisms or indirect interactions that are mediated
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Figure 3. Powdery mildew infection of plants grown in the field. Percentage of the leaf surface infected with powdery mildew was estimated
in (A) 2008 and (B) 2009. The area under disease progress curve (AUDPC) (= SE) was calculated with data from 5 sampling dates in both years. White
bars represent transgenic lines while black bars represent non-transformed lines. (2008: N=4; 2009: N =5). Significant differences were recorded
between Bobwhite plants and the other conventional wheat varieties as well as barley and triticale in 2008 (Tukey HSD test, p<<0.05). Likewise,
significant differences were observed between transgenic Pm3b and their respective non-transformed Sb plants (Pm3b#1/Sb#1: F;14=22.7,
p<<0.001; Pm3b+#2/Sb#2: F; 14=6.18, p=0.026; Pm3b#23/Sb#3: F1s=11.44, p=0.015, Pm3b#4/Sb#4: F, ¢=4.53, p=0.077).

doi:10.1371/journal.pone.0022690.g003

by the host plant [29]. The effects observed on M. dirhodum in our
study might be due to the mycelium of the fungal pathogen
covering the surface of infected leaves and, therefore, preventing
the aphids from penetrating the plant tissue to reach the phloem
sap. It is also possible that mildew indirectly affected M. dirhodum
by inducing physiological changes in the susceptible wheat plants.
Fungal infection is associated with a reduced nutrient concentra-
tion within host plant tissue [29], and nutrient concentration could
also affect phloem composition. In this context, some studies have
indicated that the nutritional quality of the phloem sap correlates
positively with the performance and behavior of several aphid
species [30-32]. Hence, future experiments are needed to
determine whether phloem sap composition differs between
transgenic and control plants in absence and presence of powdery
mildew.

In the field, aphid densities and powdery mildew infection were
not correlated. Similarly, aphid densities in the field did not differ

@ PLoS ONE | www.plosone.org

on the transgenic wheat lines and their respective controls and the
conventional wheat varieties. A possible reason for the lack of
effects is the fact that both powdery mildew infection and aphid
abundance were much lower when compared to the convertible
glasshouse.

The abundance of and damage by O. melanopus larvae in the
convertible glasshouse did not differ on either of the two
transgenic lines [Pm3b# 7, Chi/Glu (A13)] and their respective
non-transformed controls. Similarly, O. melanopus abundance
and damage in the field were similar on the transgenic plants
and their controls and among the different conventional wheat
varieties and barley and triticale. O. melanopus having no
preference for particular cereal species including wheat and
barley has already been reported by Ventury [33]. It follows
that O. melanopus also failed to respond to the difference in
powdery mildew infection levels between Pm3b#/ and Sh#/
plants. The absence of powdery mildew-mediated effects on O.
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Figure 4. Densities of aphids, Oulema melanopus larvae, and damaged by Chlorops pumilionis in the field. Cumulative numbers (= SE) of
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doi:10.1371/journal.pone.0022690.9g004

melanopus in the convertible glasshouse could be explained by the
fact that O. melanopus larvae appeared early in the season and
completed their life cycle before susceptible plants were highly
infected with powdery mildew, or by the fact that larvae
preferably feed on younger wheat leaves, including the flag leaf
[34], which are much less infected than older leaves. In general,
only a few studies have shown that chrysomelid beetles are
indirectly affected by fungal pathogens. Performance of larvae
and adults of the green dock beetle Gastrophysa viridula (De Geer)
was reduced when feeding on rust-infected leaves relative to
healthy leaves of Rumex crispus L. and Rumex obtusifolius L. [35].
In that study, the observed effects were related to a lower
nutritional quality of the infected leaves. Similarly, develop-
mental time and weight of immature stages of the thistle tortoise
beetle Cassida rubiginosa Miiller were negatively affected when
feeding on leaves of Cursium arvense (L.) infected with a
necrotrophic fungus [36].

@ PLoS ONE | www.plosone.org

The positive correlation between abundance and damage of O.
melanopus suggests that the damage caused by O. melanopus larvae is
a good indicator of their abundance. Because of the positive
correlation between abundance and damage of O. melanopus,
damage assessment could be sufficient to evaluate the effects of
transgenic crops on this pest.

In the field experiment, damage caused by the chloropid gout
fly, C. pumilionis, was similar on transgenic plants and their
respective controls, although the damage was lower on barley than
on wheat or triticale. A marked preference of the chloropid gout
fly for wheat over barley has also been documented by Lilly [37].

The field results obtained here do not reveal any difference in
plant-herbivore interactions even though previous studies have
revealed that three of the transgenic Pm3b lines (Pm3b#2-4)
showed pleiotropic effects under field conditions, including lower
chlorophyll concentration, stomatal conductance, plant height,
seed set rates, and spike morphology [11,17]. These effects were
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probably due to the fact that the Pm3b transgene was
overexpressed in the transgenic lines [11]. Interestingly, these
effects did not become apparent under controlled glasshouse
conditions but only in the field [11,17]. Biochemical analysis of
field collected plant material, however, did not show any
difference in the cellulose, hemicelluloses, and lignin content or
in the C:N ratio between transgenic and non-transgenic lines [38].
Similarly, litterbag studies in the field revealed no difference in the
decomposition rate of plant material from GM and non-GM
wheat lines [39]. Our results are furthermore in agreement with
other laboratory, semi-field, and field studies that were performed
in this joint project and that detected no impacts of the GM wheat
lines on soil microorganisms [40], soil inhabiting annelids [38], or
arthropods [28,41-43].

Our study was conducted simultaneously across two growing
seasons in a convertible glasshouse and a field located in the
same rural area, which allows us to compare both environmen-
tal systems. One limitation of the semi-field system (the
convertible glasshouse) was that study plants were colonized
by only low numbers of certain herbivorous species such as the
cereal leaf beetle and the chloropid gout fly. In contrast, wheat
plants grown in the convertible glasshouse were more severely
infected by powdery mildew and hosted higher aphid densities
than plants in the field. For these reasons, effects of powdery
mildew infection on aphid densities could only be detected in
the semi-field system but not in the field. The convertible
glasshouse was also more suitable than the field for analyzing
the aphid-parasitoid community structure on the same wheat
lines used in our study [42]. This, together with the high

References

1. James C (2010) Global status of commercialized biotech/GM crops: 2009.
ISAAA Brief No. 42, International Service for the Acquisition of Agri-Biotech
Applications, Ithaca, NY, USA.

2. Stein AJ, Rodriguez-Cerezo E (2010) International trade and the global pipeline
of new GM crops. Nat Biotech 28: 23-25.

3. Punja ZK (2001) Genetic engineering of plants to enhance resistance to fungal
pathogens - a review of progress and future prospects. Can J Plant Pathol 23:

216-235.

@ PLoS ONE | www.plosone.org

financial burden of conducting field experiments with GM
plants in Switzerland resulting from government regulatory
constraints and public opposition [44], makes the convertible
glasshouse a valuable study system for assessing non-target
effects of transgenic plants.

Under semi-field conditions, transgenic lines carrying the Pm351
gene that showed an enhanced resistance against powdery mildew
where more suitable for aphids when compared to their more
pathogen-susceptible control lines. These indirect transformation-
related effects, however, were not observed under field conditions.
Opverall, our study shows that the investigated transgenic wheat
lines had a negligible impact on different herbivorous arthropods
despite the fact that some of the lines show pleiotrophic effects
under field conditions.

Acknowledgments

We thank Mario Waldburger for helping with the sampling, Susanne
Brunner and Andrea Foetzki for assessing mildew infection in the
convertible glasshouse, and Beat Keller and Christof Sautter for providing
the GM plant material. We are also grateful to Olivier Sanvido and
Michael Meissle for valuable comments on earlier drafts of the
manuscript.

Author Contributions

Conceived and designed the experiments: FA-A SvB JR. Performed the
experiments: FA-A SvB. Analyzed the data: FA-A SvB JR. Wrote the
paper: FA-A SvB JR.

4. Campbell MA, Fitzgerald HA, Ronald PC (2002) Engineering pathogen
resistance in crop plants. Transgenic Res 11: 599-613.

5. Collinge DB, Lund OS, Thordal-Christensen H (2008) What are the prospects
for genetically engineered, disease resistant plants? Eur J Plant Pathol 121:
217-231.

6. Wiese MV (1991) Compendium of wheat diseases. St. Paul, MN: American
Phytopathological Society.

7. Oerke E-C (2006) Crop losses pests. J Agri Sci 144: 31-43.

July 2011 | Volume 6 | Issue 7 | 22690



20.

21.

22.

23.

24.

. Bliffeld M, Mundy J, Potrykus I, Fiitterer J (1999) Genetic engineering of wheat

for increased resistance to powdery mildew disease. Theor Appl Genet 98:
1079-1086.

. Clausen M, Kriuter R, Schachermayr G, Potrykus I, Sautter C (2000)

Antifungal activity of a virally encoded gene in transgenic wheat. Nat Biotech 18:
446-449.

. Bieri S, Potrykus I, Fiitterer J (2003) Effects of combined expression of antifungal

barley seed proteins in transgenic wheat on powdery mildew infection. Mol
Breeding 11: 37-48.

. Brunner S, Hurni S, Herren G, Kalinina O, von Burg S, et al. (2011) Transgenic

Pm3b wheat lines show resistance to powdery mildew in the field. Plant Biotech J
doi: 10.1111/j.1467-7652.2011.00603.x.

. Conner AJ, Jacobs JME (1999) Genetic engineering of crops as potential source

of genetic hazard in the human diet. Mutation Res 443: 223-234.

. Cellini F, Chesson A, Colquhoun I, Constable A, Davies HV, et al. (2004)

Unintended effects and their detection in genetically modified crops. Food Chem
Toxicol 42: 1089-1125.

Srichumpa P, Brunner S, Keller B, Yahiaoui N (2005) Allelic series of four
powdery mildew resistance genes at the Pm3 locus in hexaploid bread wheat.
Plant Physiol 139: 885-895.

. Yahiaoui N, Srichumpa P, Dudler R, Keller B (2004) Genome analysis at

different ploidy levels allows cloning of the powdery mildew resistance gene Pm3b
from hexaploid wheat. Plant J 37: 528-538.

. Pellegrineschi A, Noguera LM, Skovmand B, Brito RM, Velazquez L, et al.

(2002) Identification of highly transformable wheat genotypes for mass
production of fertile transgenic plants. Genome 45: 421-430.

. Zeller SL, Kalinina O, Brunner S, Keller B, Schmid B (2010) Transgene x

environment interactions in genetically modified wheat. PLoS ONE 5: e11405.

. Zhu Q, Maher EA, Masoud S, Dixon RA, Lamb CJ (1994) Enhanced protection

against fungal attack by constitutive coexpression of chitinase and glucanase
genes in transgenic tobacco. Bio-Technology 12: 807-812.

Romeis J, Waldburger M, Streckeisen P, Hogervost PAM, Keller B, et al. (2007)
Performance of transgenic spring wheat plants and their effects on non-target
organisms under glasshouse and semi-field conditions. J Appl Entomol 131:
593-602.

Peterson RF, Campbell AB, Hannan AE (1948) A diagnostic scale for stimating
rust intensity of leave and stem of cereals. Can J Res Sect C26: 496-500.
Shaner G, Finney RE (1977) Effect of nitrogen-fertilization on expression of
slow-mildewing resistance in knox wheat. Phytopathology 67: 1051-1056.
Jeger MJ, Viljanen-Rollinson SLH (2001) The use of the area under the disease-
progress curve (AUDPC) to assess quantitative disease resistance in crop
cultivars. Theor Appl Genet 102: 32—40.

Vickerman GP, Wratten SD (1979) Biology and pest status of cereal aphids
(Hemiptera, Aphididae) in Europe: review. Bull Entomol Res 69: 1-32.
Romeis J, Waldburger M, Bigler F (2006) Assessing the performance and non-
target effects of wheat engineered with the £p4 gene to medite smut resistance
under semifield conditions. IOBC/WPRS Bull 29: 129-136.

. Witzenberger AH, Hack H, van den Boom T (1989) Erlduterungen zum BBCH

Dezimal-Code fiir die Entwicklungsstadien des Getreides - mit Abbildungen.
Gesunde Pflanzen 41: 384-388.

@ PLoS ONE | www.plosone.org

26.

30.

31.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Effect of GM Wheat on Insect Herbivores

Lancashire PD, Bleiholder H, Langeliiddecke R, Stauss R, van den Boom T,
etal. (1991) An uniform decimal code for growth stages of crops and weeds. Ann
Appl Biol 119: 561-601.

. von Burg S (2011) Transgenic wheat and non-target impacts on insect

herbivores and food webs. PhD thesis, University of Zurich, Switzerland.

. von Burg S, Miiller C, Romeis J (2010) Transgenic disease-resistant wheat does

not affect the clonal performance of the aphid Metopolophium dirhodum Walker.
Basic Appl Ecol 11: 257-263.

. Hatcher PE (1995) Three-way interactions between plant pathogenic fungi,

herbivorous insects and their host plants. Biol Rev 70: 639-694.

Karley AJ, Douglas AE, Parker WE (2002) Amino acid composition and
nutritional quality of potato leaf phloem sap for aphids. J Exp Biol 205:
3009-3018.

Ponder KL, Pritchard J, Harrington R, Bale JS (2000) Difficulties in location and
acceptance of phloem sap combined with reduced concentration of phloem
amino acids explain lowered performance of the aphid Rhopalosiphum padi on
nitrogen deficient barley (Hordeum vulgare) seedlings. Entomol Exp Appl 97:
203-210.

. Pescod KV, Quick WP, Douglas AE (2007) Aphid responses to plants with

genetically manipulated phloem nutrient levels. Physiol Entomol 32: 253-258.

. Ventury F (1942) La “Lema melanopa L.”” (Coleoptera: Chrysomelidac). Redia 22:

11-86.

. Wilson MC, Shade RE (1966) Survival and development of larvae of the cereal

leaf beetle, Oulema melanopa (Coleoptera: Chrysomelidae), on various species of
Gramineae. Ann Entomol Soc Amer 59: 170-173.

. Hatcher PE, Nigel DP, Ayres PG, Whittaker JB (1994) The effect of a foliar

disease (rust) on the development of Gastrophysa viridula (Coleoptera: Chrysome-
lidae). Ecol Entomol 19: 349-360.

Kruess A (2002) Indirect interaction between a fungal plant pathogen and a
herbivorous beetle of the weed Cirsium arvense. Oecologia 130: 563-569.

Lilly AHR (1947) Investigations of the gout fly (Chlorops pumilionis Bjerk.) in
Devon and Cornwall. Ann Appl Biol 34: 551-561.

Lindfeld A, Lang C, Knop E, Nentwig W (2011) Hard to digest a piece of cake?
Does GM wheat affect survival and reproduction of Enchytraeus albidus (Annelida:
Enchytraeidae)? Appl Soil Ecol 47: 51-58.

Lindfeld A (2011) The decomposition of GM wheat biomass by soil arthropods
and annelids. PhD thesis, University of Berne, Switzerland.

Song-Wilson Y, Wiemken A, Boller T (2010) Interplay of arbuscular
mycorrhizal fungi with transgenic and non-transgenic wheat. IOBC/WPRS
Bull 52: 91-95.

Peter M, Lindfeld A, Nentwig W (2010) Does GM wheat affect saprophagous
Diptera species (Drosophilidae, Phoridae)? Pedobiologia 53: 271-279.

von Burg S, van Veen F, Alvarez-Alfageme F, Romeis J (2011) Aphid-parasitoid
community structure on genetically modified wheat. Biol Lett 7: 387-391.
Bigler I, Nentwig W, Lindfeld A (2011) Food preferences in the woodlouse
Porcellio scaber (Isopoda) in a choice test with fungicidal GM wheat. J Appl
Entomol, doi: 10.1111/j.1439-0418.2011.01622.x.

Bernauer T, Tribaldos T, Luginbithl C, Winzeler M (2011) Government
regulation and public opposition create high additional costs for field trials with
GM crops in Switzerland. Transgenic Res, doi 10.1007/511248-011-9486-x.

July 2011 | Volume 6 | Issue 7 | 22690



