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Abstract
The English grain aphid, Sitobion avenae, is a major pest species of wheat crops; however,

certain varieties may have stronger resistance to infestation than others. Here, we investi-

gated 3 classical resistance mechanisms (antixenosis, antibiosis, and tolerance) by 14

wheat varieties/lines to S. avenae under laboratory and field conditions. Under laboratory

conditions, alatae given the choice between 2 wheat varieties, strongly discriminated

against certain varieties. Specifically, the ‘Amigo’ variety had the lowest palatability to S.
avenae alatae of all varieties. ‘Tm’ (Triticummonococcum), ‘Astron,’ ‘Xanthus,’ ‘Ww2730,’

and ‘Batis’ varieties also had lower palatability than other varieties. Thus, these accessions

may use antibiosis as the resistant mechanism. In contrast, under field conditions, there

were no significant differences in the number of alatae detected on the 14 wheat varieties.

One synthetic line (98-10-30, a cross between of Triticum aestivum (var. Chris) and Triticum
turgidum (var. durum) hybridization) had low aphid numbers but high yield loss, indicating

that it has high antibiosis, but poor tolerance. In comparison, ‘Amigo,’ ‘Xiaoyan22,’ and

some ‘186Tm’ samples had high aphid numbers but low yield loss rates, indicating they

have low antibiosis, but good tolerance. Aphid population size and wheat yield loss rates

greatly varied in different fields and years for ‘98-10-35,’ ‘Xiaoyan22,’ ‘Tp,’ ‘Tam200,’ ‘PI

high,’ and other ‘186Tm’ samples, which were hybrid offspring of T. aestivum and wheat

related species. Thus, these germplasm should be considered for use in future studies.

Overall, S. avenae is best adapted to ‘Xinong1376,’ because it was the most palatable vari-

ety, with the greatest yield loss rates of all 14 wheat varieties. However, individual varieties/

lines influenced aphid populations differently in different years. Therefore, we strongly rec-

ommend a combination of laboratory and long-term field experiments in targeted planting

regions to identify varieties/lines that consistently show high resistance to S. avenae
infestation.
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Introduction
Wheat (Triticum aestivum L.) is a major grain crop worldwide. Cereal aphids cause serious
wheat crop yield losses by reducing the number of grains and grain weight of wheat spikes. In
addition, they are vectors of the barley yellow dwarf virus (BYDV), with the joint occurrence of
the virus and aphids further increasing yield losses [1–2]. In China, about 23.4 million hectares
of agricultural land is planted with wheat, of which 10–15 million hectares is infested with
cereal aphids, resulting in 10% yield losses annually (Chinese National Agro-Tech Extension
and Service Center [NATESC] database, http://www.natesc.moa.gov.cn/). The English grain
aphid, Sitobion avenae (Fab.), is the dominant cereal aphid species, causing most damage at the
wheat filling stage. This species is documented annually in the wheat fields of northern China,
including the central part of Shaanxi Province [3].

Insecticide application is currently the main method used to control cereal aphids in China.
However, this technique generates “3R” problems: residues, resistance, and resurgence [4], in
addition to side effects on natural enemies during the early stages of wheat growth [5]. Several
studies have documented lower S. avenae infestation on resistant wheat varieties. This phe-
nomenon has been detected in England [6], the Czech Republic [7], Pakistan [8], France [9,
10], and Brazil [11]. The planting of resistant wheat cultivars represents an efficient and
environmentally friendly strategy to prevent infestation, and has been successfully used in inte-
grated pest management of the greenbug, Schizaphis graminum (Rodani), and the Russian
wheat aphid, Diuraphis noxia (Kurdjumov) [12]. Even wheat varieties with low levels of resis-
tance may substantially reduce aphid infestation. This is achieved by extending the develop-
mental time of the aphids [13], which provides natural enemies with greater time to feed on
them and prevent population explosions [14–16]. A financial return $600 is obtained by invest-
ing $1 in breeding resistant wheat varieties; however, only a return of $5 is obtained by the use
of pesticides to control cereal aphids by farmers in the USA [17].

In the USA during the 1950s, hybridization techniques were used to breed a wheat variety
that was resistant to the green bug; specifically ‘Amigo,’ which is a hybrid of wheat variety
‘Largo’ and rye (Secale cereale L.). Amigo has a single dominant resistant gene located on chro-
mosome 7D, which originates from chromosome 1A of rye [18, 19]. In 1952, a population out-
break of the wheat aphid occurred in South Shanxi Province, China. Research showed that the
wheat variety ‘Bima1’, which is a hybrid of wheat varieties ‘Biyumai’ and ‘Mazhamai,’ had bet-
ter resistance to aphids and rust than other varieties. Consequently, ‘Bima’ wheat varieties were
preferentially planted in China in the 1950s to control aphid damage [20].

The identification and evaluation of resistant wheat germplasm was initiated in the 1950–
1960s in China [21–22]. A large number of wheat germplasms (including foreign germplasm
andWild Triticeae Dumort germplasm) resistant to S. avenae were identified over the subse-
quent 50 years [3, 23–44]. All directories of Chinese resistant wheat germplasms to S. avenae
established over this timeframe are presented S1 Table. However, the mechanism and heredity
of resistance in these germplasms has remained unclear. In parallel, major progress in develop-
ing transgenic resistant wheat to S. avenae was achieved in China [45–48]. However, most cul-
tivated wheat varieties were identified as being aphid-susceptible in the Yellow and Huai
Valley, which are the main wheat planting areas in China [38, 49].

The three classic resistance mechanisms of wheat crops to aphid pests are antixenosis (non-
preference), antibiosis, and tolerance [50, 51]. Differences in aphid population levels may be
attributed to differences in antixenosis and antibiosis (e.g., precocity), due to certain morpho-
logical and chemical characteristics of different wheat varieties. Tolerance is also an important
resistance characteristic of wheat yield responses to the impact of aphid infestation. However,
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evaluation of wheat tolerance is costly, and time-consuming, with inconsistent result being
produced from field experiments [23, 31, 49, 52].

Here, we conduct a comprehensive evaluation on the resistance mechanisms of 14 wheat
varieties using the 3 classical resistance mechanisms. This research is expected to provide base-
line information about the mechanisms that cause resistance in these varieties, and a theoretical
basis on breeding resistant wheat varieties to reduce the impacts of aphids for integrated man-
agement of aphid.

Materials and Methods
The experiments were performed in a climate chamber laboratory (25 ± 0.5°C (day) and
22 ± 0.5°C (night), with a 16 h light:8 h dark 114 photoperiod, and approximately 70 ± 10% rel-
ative humidity (R.H.)) and the experimental fields of Northwest A&F University (central
Shaanxi Province, China; 34°17ʹ35ʺN latitude, 108°4ʹ18ʺE longitude).

Wheat varieties (germplasms)
The 14 wheat varieties (lines) used in this study are listed in Table 1. Seven common wheat
varieties were used. Specifically: (1) Batis, Astron, Ww2730, and Xanthus, obtained from Ger-
many, (2) Amigo, and PI high, obtained from USA, (3) Xinong 1376, a native early-maturing
cultivar, used as susceptible control [25, 26, 37]. The 6 synthetic wheat varieties/lines used were
hybrid of T. aestivum and T.monococcum or T. turgidum (var. durum). An einkorn wheat line
was used as a resistant control.

Aphids
In the wheat field population of Shaanxi Province, China, more than 95% aphids are S. avenae,
and less than 5% are bird cherry-oat aphid Rhopalosiphum padi L. and greenbug aphid Schiza-
phis graminum (Rondani) [3]. Therefore, we used S. avenae aphids in our experiment.

The stock population of S. avenae aphids used in the antixenosis experiment was originally
obtained from a single wingless individual that was found on a winter wheat plant in the exper-
imental fields. The stock population was maintained in a separate cage on wheat seedlings
(variety ‘Xiaoyan22’) in a climate chamber.

Table 1. List of wheat accessions.

Germplasm Origin Note

Xiaoyan 22 Hybrid of T. aestivum and Thinopyrum ponticum,
susceptible control

Widely planted in northern China because of its high yield and
stress tolerance

Xinong 1376
/Qianjinzao

T. aestivum from China Early-maturing, susceptible to Chinese population

Tm T. monococcum Resistant to Chinese population

Amigo, T. aestivum, from USA with a 1AL1RS wheat-rye (Secale cereale) chromosome
translocation [18, 19]

PI high T. aestivum, from USA High yield

Batis T. aestivum, from Germany Susceptible to German population [29]

Astron, Ww2730, T. aestivum, from Germany Resistant to German population [29]

Xanthus T. aestivum, from Germany

186Tm, Tam200, Tp Hybrid of T. aestivum and T. monococcum With resistant gene from T. monococcum

98-10-30, 98-10-35 Hybrid of T. aestivum (var. Chris) and T. turgidum (var.
durum)

Resistant to German population [29]

doi:10.1371/journal.pone.0156158.t001
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Antixenosis experiments
Antixenosis represents a clear non-preference of a plant to serve as a host to an arthropod. Spe-
cifically, 3 experiments were conducted to determine the antixenosis of wheat varieties to S.
avenae alatae (winged individuals).

The first antixenosis field experiment was conducted from 2003 to 2006. The wheat varie-
ties/lines were sown on October of the previous year (2003 and 2005), and were harvested on
June of the next year (2004 and 2006). Two fields were planted in 2003 and harvested in 2004,
marked as 2004-A and 2004-B. A single, large field was planted in 2004 and harvested in 2005.
This large field was divided into 3 sections, marked as 2005–1, 2005–2, and 2005–3. One field
was planted in 2005 and harvested in 2006, and was marked as 2006. Over the 3-year period,
each variety/line had a total of 6 replications in 6 fields/sections. Each replicated block of each
variety/line covered a 20-m2 area. The blocks were 4 m long, and consisted of 20 rows with 25
cm spacing (total 5 m). Before planting, 10 kg/666.7 m2 of nitrogen (ammonium nitrate) and
25 kg phosphate fertilizer (potassium dihydrogen phosphate) were applied to the experimental
plots. An additional top-dressing of 10 kg/666.7 m2 nitrogen was added at the stem elongation
stage (March) of winter wheat. To avoid assessing the mutual effect between different wheat
varieties/lines planted in neighboring plots, data were only collected from a 12 m2 (3 m × 4 m)
area in the center of each repeated block. Natural infestation by adult S. avenae alatae was
counted 3 times in the 12 m2 center area of each repeated block, with 1 week separation
between the end of March to mid-April, This is because, during this period, alatae migrated
from wheat fields in southern China [53, 54].

The second antixenosis experiment was performed under laboratory conditions from Sep-
tember 2011 to November 2011. In this experiment, aphid alatae were allowed to choose
among the 14 wheat varieties. Five seeds from each variety/line were planted in separate plastic
pots (i.e., 1 pot per variety). The 14 pots containing wheat seedlings at the 2-leaf stage were ran-
domly arranged in a circle, and were covered with a 2 m × 2 m × 1.5 m rectangular gauze cage
to stop the alatae from escaping. One-hundred adult aphid alatae were deprived of food for 24
h, and were then released into the center of the experimental plants in the cage. The number of
adult aphid alatae that established on each variety/line was counted and recorded after 1, 2, 4,
8, and 24 h. This experiment was repeated 3 times. The randomly layout of pots within the
three repeats was different.

The third antixenosis experiment was a palatability experiment, which was performed
under laboratory conditions from February 2012 to May 2012. In this experiment, aphid alatae
were allowed to choose between 2 wheat varieties. The 14 wheat varieties/lines were combined
as 91 pairs (14 × 13� 2). The leaves of each paired combination of wheat leaves were cut to a
length of 3 cm, and were placed on opposite sides of a 9-cm-diameter Petri dish. The bottom of
the Petri dish was covered with filter paper, on which 2 ml distilled water was added to keep
the leaves moist. Subsequently, 20 alatae aphids that had been deprived of food for 24 h were
released in 2 batches onto the center of the Petri dish. After 1, 2, 4, 8, and 24 h, the number of
aphids that had established on the leaves of each cultivar/line was counted and recorded. This
experiment was repeated 3 times.

Antibiosis experiments
Antibiosis is the antagonistic association between 2 species, in which at least 1 of the 2 species
is adversely affected. It is a heritable quality possessed by a plant that adversely affects the life
history or biology of the insect [50, 51]. In this study, the antibiosis experiments focused on
population dynamics, and were performed between 2003 and 2006 in the same fields/sections
that were used for the antixenosis experiments.

Wheat Varieties Resistance to Sitobion avenae

PLOSONE | DOI:10.1371/journal.pone.0156158 June 1, 2016 4 / 17



Data collection was performed in the 12 m2 central area of each repeated block. Five 1 m
long rows were sampled per block. In this antibiosis experiment, all aphids (including alatae,
apterae [wingless] adults, and nymphaea) from 5 points in each block were counted once a
week from mid-March to the end of May (a total of about 10 times). Direct counts were used
before the end of April, and scale counts, which were the average aphid number of 10 heads
multiplied by count wheat head number in 1 m long rows, were used following the end of
April. The maximum aphid number (MAN, or aphid peak number) and the aphid cumulative
count (ACC) were integrated to elucidate aphid population development. The sum of the
MAN and ACC at the 5 points in each repeat block was used as a single sample. The index of
aphid susceptibility (IAS) was counted as:

IAS = the number of aphids at each point/ the average number of aphids at all points combined
[2]

IAS� 0.3 indicated high resistance, 0.3< IAS� 0.6 indicated intermediate resistance,
0.6< IAS� 0.9 indicated low resistance, 0.9< IAS� 1.2 indicated low susceptibility,
1.2< IAS� 1.5 indicated intermediate susceptibility, and IAS� 1.5 indicated high
susceptibility.

Wheat tolerance experiment in the field
Tolerance is a genetic trait of a plant that enables it to tolerate higher pest populations than a
susceptible cultivar before damage occurs [50, 51]. At plant maturity, the grain yield, the yield
components, and their loss ratios were measured. The yield components included the number
of heads in sampled 1 m rows, kernels per wheat head (the average of 30 heads), and the weight
of 1,000 kernels (KW). The theoretical yield (TY) was calculated. The actual grain yields (AY)
per 1 m row for all 5 sampled points were measured for each block. The TY, AY, and KW loss
ratios were calculated using the following formula:

loss ratio = (control value - actual value)/ control value [2]

The control points were 1 m long rows. These points were located outside the 12-m2 core
area, but within the 20-m2 area of each block. The control points were sprayed 3–5 times with
imidacloprid (2.5%WP 8000X, 20 g a.i./hm2; Shijiazhuang Yaoyuan Pharmaceutical Technol-
ogy Co., Ltd., Shijiazhuang, Hebei, China) at the start of April and end of May to eliminate all
aphid infestation. When spraying, both sides of the control line were protected with cardboard
to prevent the pesticide from reaching the other wheat plants [2, 3, 28, 29].

Data analysis
There were 2 fields in 2004, 3 sections in 2005, and 1 field in 2006. The results for each field or
section were assumed to be independent in different years; thus, the 6 fields/sections were
treated as a single factor in the field experiments when using ANOVA. The number of adult
aphid alatae was very small in early spring; thus, the total number of alatae obtained from each
repeated block was combined as a single sample for each wheat variety/line. Then, two-way (14
wheat varieties and 6 fields/sections) ANOVA without duplication was used in the first antixe-
nosis field experiment. The number of aphid alatae was analyzed using a repeatable one-way
ANOVA in the second and third antixenosis laboratory experiments. MAN and ACC were
transformed using natural logarithm transformation to ensure homogeneity of variance. The
loss ratios of TY, AY, and KW were transformed using arcsine transformation to reduce vari-
ance. IAS were not transformed. Then, these parameters were analyzed using a two-way (14
wheat varieties and 6 fields/sections) ANOVA with the duplication of random factors model.
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All of the parameters were analyzed using ANOVA with General Linear Model (GLM). The
means were separated by Tukey’s test under α = 0.05 (Data Processing System, DPS, software).
All figures were drawn with SigmaPlot 12.1 (Systat Software Inc., Chicago, IL, USA).

Results and Analysis

Antixenosis experiment
In the palatability experiment (the first antixenosis experiment in the laboratory, where ala-
tae chose between 2 wheat varieties/lines), significant differences in the average number of
alatae on each variety/line were detected after 24 h (Figs 1 and 2) (F = 298; D.F = 13, 28;
p< 0.001). After 8 h, aphid choosing behavior plateaued. After 24 h, the highest number of
alatae was attracted to ‘Xinong1376,’ ‘Xiaoyan22,’ ‘PI high,’ ‘Tp,’ ‘Tam200,’ and ‘186Tm’

(from high to low), higher number of alatae was observed on ‘Ww2730,’ ‘98-10-35,’ and 98-
10-30.’ The lowest number of alatae was observed on ‘Amigo,’ lower number of alatae
attracted to each plant was observed on ‘Astron,’ ‘Tm,’ ‘Batis,’ and ‘Xanthus’ (from low to
high) in 14 wheat varieties/lines (Fig 2). ANOVA indicated no significant difference in the
percentage of adult aphid alatae attracted to each of the 14 wheat varieties/lines after 24 h in
the non-preference experiment for the third antixenosis experiments in the laboratory
(F = 1.49; D.F. = 13, 28; p = 0.18) (Fig 3A). The second antixenosis experiment also showed
no significant different in the counts of adult aphid alatae attracted to each of the 14 wheat
varieties/lines in field (F = 1.236; D.F. = 13, 83; p = 0.276). However, there were significant
different between 6 fields/portions (F = 3.112, D.F. = 5, 83, p = 0.014) (Fig 3B). The total ala-
tae was significantly greater in 2006 than that in 2005–3.

Fig 1. S. avenae alatae selection dynamics between 2 wheat varieties/lines. This figure includes 91
graphs (14 wheat varieties/lines) representing the random combination of 91 pairs. Each paired combination
includes 2 different wheat varieties/lines. Each graph shows how 20 alatae selected between the 2 wheat
varieties/lines (for each small graph of the paired combinations, the name of the variety on the left is on the
horizontal axis, while the name of the variety on the right is above each graph) at 1 h, 2 h, 4 h, 8 h, and 24h
(from the bottom up).

doi:10.1371/journal.pone.0156158.g001
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Antibiosis field experiment
The abundance patterns of the S. avenae population were similar among all 14 wheat varieties/
lines in all 6 fields/sections over the 3-year study period (Fig 4). Aphids were first detected on
wheat seedlings in mid-March. Population numbers accelerated in mid-April. The MAN
occurred in the first half of May each year. Population numbers declined in late May, and had
disappeared by early June when the wheat was harvested.

In the ANOVA-based random model with 2 factors (14 wheat varieties and 6 fields/sec-
tions) variation existed among the 14 wheat varieties/lines with respect to MAN and ACC

Fig 2. S. avenae alatae selection dynamics of the 14 wheat varieties at 1 h, 2 h, 4 h, 8 h, and 24 h
(mean ± SD). Different capital letters indicate the significance of differences according to varieties after 24 h.

doi:10.1371/journal.pone.0156158.g002

Fig 3. Average number of S. avenae alatae that chose each of the 14 wheat varieties/lines
(mean ± SD). A: The alatae choose among 14 wheat varieties/lines in the laboratory after 24 h (black
columns), and in the field during spring (white columns). B: Difference in the number of alatae among 6 fields/
sections in 3 years. ‘NS’ above the bar in part A was not significant at p < 0.5. Different capital letters above
the bar in part B indicate the significance of differences according to repeats.

doi:10.1371/journal.pone.0156158.g003
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(FMAN = 3.47, D.F. = 13, 336, p = 0.0004; FACC = 2.76, D.F. = 13, 336, p = 0.0035). In contrast,
ANOVA indicated no variation among the 6 fields/sections (FMAN = 0.38, D.F. = 5, 336,
p = 0.86; FACC = 1.37, D.F. = 5, 336, p = 0.25). Higher mean numbers of MAN and ACC were
observed for ‘Tp,’ ‘Tam200,’ ‘186Tm,’ ‘98-10-35,’ ‘PI high,’ and ‘Xiaoyan22.’ These varieties/
lines were considered to be susceptible to aphid infestation. Lower mean numbers of MAN and
ACC were observed on ‘98-10-30,’ ‘Astron,’ ‘Xanthus,’ ‘Ww2730,’ and ‘Tm.’ These varieties/
lines were considered to be relatively resistant to aphid infestation. There were significant inter-
actions between the wheat varieties and replications (FMAN = 6.12, D.F. = 65, 336, p< 0.001;
FACC = 10.7, D.F. = 13, 336, p< 0.001). When checking the 14 wheat varieties, we found
the MAN and ACC of 3 resistant (‘Tm,’ ‘Astron,’ and ‘Ww2730’) and 1 low susceptibility
(‘Xinong1376’) lines/varieties were not significantly different among the 6 fields/sections
(Fig 5).

Fig 4. Population dynamics of S. avenae on 14 wheat varieties with 6 fields/sections over 3 years.

doi:10.1371/journal.pone.0156158.g004
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The ANOVA based on the randommodel with 2 factors (14 wheat varieties and 6 fields/sec-
tions) showed a significant difference for IAS based on MAN and ACC among the 14 wheat
varieties (F IAS based on MAN = 5.45, F IAS based on ACC = 8.97, D.F. = 13, 366, p< 0.0001)
and interactions between the wheat varieties and replications (F IAS based on MAN = 28.80,
F IAS based on ACC = 20.26, D.F. = 13, 366, p< 0.0001). There was no significant difference
among the 6 fields/sections. The IAS identified ‘Tm’ and ‘Ww2730’ as stable resistant wheat
germplasms in 6 fields/sections over the 3 years. ‘Xinong 1376’ was also identified as a stable
wheat germplasm, but with low susceptibility over the same period. The IAS of ‘98-10-30,’
‘Astron,’ ‘Xanthus,’ and ‘Batis’ was relatively stable, ranging between 0.5 and 1.2. The IAS of
‘Xiaoyan22,’ ‘Amigo,’ ‘Tam200,’ ‘Tp,’ ‘186Tm,’ ‘PI high,’ and ‘98-10-35’ fluctuated broadly
across the 6 fields/sections over the 3 years.

Wheat yield losses by the natural field aphid population (Tolerance)
The ANOVA based on the random model with 2 factors (14 wheat varieties and 6 fields/sec-
tions) showed significantly different average loss rates for KW (F = 4.40, D.F. = 13, 366,
p< 0.0001), TY (F = 3.89, D.F. = 13, 366, p< 0.0001), and AY (F = 4.27, D.F = 13, 336,
p< 0.0001) among the 14 wheat varieties (Fig 6). In contrast, the ANOVA indicated no varia-
tion among the 6 fields/sections (FKW = 2.15, D.F. = 5, 336, p = 0.06; FTY = 0.70, D.F. = 5, 336,
p = 0.63; FAY = 1.77, D.F. = 5, 336, p = 0.12). The interactions between the wheat varieties and
replications for KW (FKW = 2.00, D.F. = 65, 336, p< 0.0001) was significant. However, a signif-
icant relationship was not detected for the interactions of the wheat varieties with TY and AY
(FTY = 0.99, D.F. = 65, 336, p = 0.51; FAY = 1.10, D.F. = 65, 336, p = 0.29). The highest average

Fig 5. Themaximum aphid number (MAN, or aphid peak number, top x axes and right y axes) and the
aphid cumulative count (ACC, below x axes and left y axes)for the 14 wheat varieties on 6 fields/
sections over 3 years.Different capital letters above the horizontal lines indicate the significance of
differences of the average of the 6 fields/sections across the 14 wheat varieties/lines. Strongly significant
(p < 0.01) values are marked as ‘**,’ significant (0.05 < p < 0.01) values are marked as ‘*,’ and non-
significant (p > 0.05) values are marked as ‘NS,’ and are shown below the horizontal lines.

doi:10.1371/journal.pone.0156158.g005
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KW, TY, and AY yield loss rates were obtained for ‘98-10-30,’ ‘Xinong1376,’ ‘PI high,’ and ‘98-
10-35.’ The lowest average KW, TY, and AY yield loss rates were obtained for ‘Xanthus,’
‘Amigo,’ ‘Astron,’ ‘Ww2730,’ and ‘Tm.’ Intermediate average KW, TY, and AY yield loss rates
were obtained for ‘186Tm,’ ‘Tp,’ ‘Batis,’ and ‘Xiaoyan22.’

Highly variable average KW, TY, and AY yield loss rates were obtained for ‘Tam200,’ ‘Tp,’
‘Xiaoyan22,’ ‘PI high,’ and ‘98-10-35.’ Gently fluctuating average yield KW, TY, and AY loss
rates were obtained for ‘Xinong1376,’ ‘Astron,’ ‘Xanthus,’ ‘Batis,’ and ‘Amigo.’

Discussion
Our study demonstrates major differences in the crop yield loss rates and IAS of the 14 wheat
varieties/lines among repeats, fields, and years. Previous studies also detected great disparity
among areas and years for crop yield loss rates and IAS of the same germplasm [2, 32, 43, 55–
57]. These differences arise because S. avenae is not evenly distributed within fields, but they
form aggregations [58–61], with generally weak spatial associations and some edge effects [62].
Consequently, wheat varieties that were identified as being resistant may not necessarily be so;

Fig 6. The loss rates of the 1000 grain weight (KW), for the 14 wheat varieties on 6 fields/sections over
3 years (A), and the loss rates average of theoretical yield (TY) and actual yield (AY) for the 14 wheat
varieties based 6 fields/sections over 3 years. In part A, different capital letters above the horizontal lines
indicate the significance of differences of the averages of the 6 fields/sections across the 14 wheat varieties/
lines. Strongly significant (p < 0.01) values are marked as ‘**,’ significant (0.05 < p < 0.01) differences are
marked as ‘*,’ and non-significant (p > 0.05) differences are marked as ‘NS,’ and are shown below the
horizontal lines. In part B, different little letters above the bar indicate the significance of the differences for the
averages of the varieties/lines (p < 0.05).

doi:10.1371/journal.pone.0156158.g006
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rather, these varieties may have been outside the core aphid aggregation area within each field.
Thus, the screening and identification of resistant wheat varieties should reflect these aspects in
the field. However, several experimental repeats conducted on a long period of time are
required to confirm our observations. Alternatively, artificially infesting fields might prevent
aggregations forming, resulting in a more evenly distributed spread of aphids within fields.

In the UK, France, Denmark, Romania, and Chile [63–68], there is low genetic differentia-
tion among S. avenae populations across different geographical regions. In contrast, S. avenae
exhibits high genetic differentiation across different geographical regions in China, and may be
divided into different biotypes [69–72]. For instance, most S. avenae that are found in the
wheat fields of northern China originate from winged offspring that have migrated north from
wheat fields in southern China [53, 54]. Some offspring also originate from eggs that overwin-
ter locally or from adults in non-extreme cold years [73–75]. Consequently, aphids originate
from multiple geographical populations in spring, resulting in high genetic differentiation.
This issue may also cause the highly different resistance levels detected in crops across fields
and years.

Our laboratory results show that there was a lack of consistency in aphid alatae attraction
when given the choice between 14 wheat varieties versus 2 wheat varieties. Visual and olfactory
discrimination is the first step used by insects to locate host plants. The grey glume, green
head, and green stem of wheat plants have been reported to be significantly positively corre-
lated with plant resistance to S. avenae [34, 76]. After the alatae land on the host leaf, gustatory
discrimination is the next step, whereby individuals select the host plant based on taste. Our
results showed that the alatae completed this process within 8 h. Differences in the level of
selection between the 2 experiments may be because vision, olfaction and taste are used
together when choosing among the 14 wheat varieties in field and a 2 m × 2 m × 1.5 m rectan-
gular gauze cage, whereas taste is preferentially used when choosing between 2 wheat varieties
in a 9-cm-diameter Petri dish.

Our MAN and ACC field results showed that ‘Amigo’ was the highest susceptible variety to
S. avenae in 2004, but that it was the resistant in 2005 and 2006. Only 13.5% of alatae on aver-
age chose to feed on ‘Amigo’ when given the choice of 2 varieties. ‘Amigo’ contains a resistant
gene to S. graminum biotypes B and C [18, 19]. ‘Amigo’ tends to be resistant to most aphid
populations in different regions of China, and across different years [37, 70, 77]. However, this
variety is susceptible in some geographic regions in some years in China [35, 70] and Germany
[29, 77]. These results support the high genetic differentiation of S. avenae in China [69–72],
and suggest Amigo has different resistance level to different biotypes or geographical popula-
tion of S. avenae. Therefore, ‘Amigo’ could be used to distinguish the biotypes or geographical
population of S. avenae in China [70].

We found that the average IAS of S. avenae on all wheat varieties/lines ranged from 0.4 to
0.8. Of note, fewer alatae chose the 4 German wheat varieties (‘Ww2730’, ‘Astron’, ‘Xanthus’,
and ‘Batis’). Liu et al. reported that the IAS of S. avenae is about 1.0 on ‘Batis’ and ‘Ww2730’ at
the adult plant stage in other fields in Yangling, Shaanxi Province [34]. In Germany, ‘Astron,’
‘Xanthus,’ and ‘Ww2730’ were resistant to S. avenae populations, whereas ‘Batis’ was suscepti-
ble [28, 78]. ‘Astron,’ ‘Batis,’ and ‘Xanthus have a thick wax powder layer on the ear and leaf,
while ‘Ww2730’ has thick tomentulose on the ear and leaf. In China, these 4 German varieties
mature about 3 weeks later than Chinese wheat varieties. The electrical penetration graph
(EPG) technique shows that S. avenae salivated more in the sieve elements of ‘Batis’ than
‘Ww2730,’ and spent more time passive sucking in the sieve elements of ‘Batis’ than ‘Ww2730,’
and ‘Ww2730’ also has other factors in the epidermis, mesophyll, and phloem that restrict feed-
ing by aphids [79]. Thus, the resistant mechanisms of these 4 German varieties include antibio-
sis and non-preference to S. avenae.
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The synthetic wheat lines ‘98-10-30’ and ‘98-10-35’ are the offspring of T. aestivum (var.
Chris) and T. turgidum (var. durum) hybridization. Both lines have high hydroxamic acid,
DIMBOA (2, 4-dihydroxy-7-methoxy-1, 4-benzoxazin-3-one) content [26], and appeared to
be resistant to S. avenae under laboratory conditions [27]. In our study, we detected fewer
aphids on ‘98-10-30’ in the field; yet, yield losses were high. Our results support those obtained
by Li et al. [36]. The resistance mechanisms of ‘98-10-30’ are antibiosis and no tolerance. ‘98-
10-35’ exhibited highly variable IAS and yield loss rates among different fields and years. In
contrast, our results differed to those reporting lower IAS on ‘98-10-35’ in one year [80].
Highly variable IAS, KW, TY, and AY yield loss rates were obtained for the hybrid offspring of
T. aestivum and wheat related species, ‘Tam200,’ ‘Tp,’ ‘Xiaoyan22,’ ‘PI high,’ and ‘98-10-35,
even among 3 repeats in 2005.’ Thus, we conjecture that the quantitative trait locus (QTL)
influences resistance in heterozygote and control varieties/lines, in addition to variation in
meteorological conditions.

Our results identified ‘Tm’ (Triticum monococcum) as a resistant germplasm in all repeats
over the 3 years. The resistance mechanism of this variety is antibiosis and non-preference.
Seventy percent of S. avenae alatae preferentially fed on ‘Xinong1376’ after 24 h when given the
choice between 2 wheat varieties. ‘Xinong1376’ contained large numbers of aphids, and had
high yield loss rates in most repeats. This result was similar to that obtained by Li et al. and Liu
et al. [35, 37]. ‘Xinong1376’ is an early maturing wheat cultivar that is used as a susceptible con-
trol variety to S. avenae in China [25, 26, 37, 77, 80, 81]. The development time of S. avenae
on‘Xinong1376’ was shorter compared to other varieties, with greater fecundity and intrinsic
rate of increase than other varieties [77].

We found that 67.8% of S. avenae alatae preferentially fed on ‘Xiyan22’ after 24 h when
given the choice between 2 wheat varieties. However, in the field the average number of aphids
found on this variety greatly varied across the 3 years. Since the end of the 20th century,
‘Xiyan22’ has been a leading wheat cultivar in central Shaanxi Province. S. avenaemust pierce
more cell layers in the mesophyll of ‘Xiaoyan22’ compared to ‘Ww2730’ and ‘Batis’ [79]. Con-
sequently, the aphid must salivate more before it can passively ingest the sieve elements of
‘Xiaoyan22’ compared to ‘Xinong 979’ and ‘Aikang58’ [82]. This difference leads to S. avenae
that develop on ‘Xiaoyan22’ having a longer development time [77, 79], lighter body weight,
and less offspring than those that develop on ‘Xinong 979’ and ‘Aikang58’ [82]. However, after
9 days feeding by S. avenae, ‘Xinong979’ and ‘Aikang58’ had lower fresh and dry matter loss
rates than ‘Xiaoyan22’ [82]. This result indicates that ‘Xiaoyan22’ has excellent tolerance to S.
avenae.

We detected high variation in the IAS and yield loss rate variations of ‘186Tm,’ ‘Tp,’
‘Tam200,’ and ‘PI high’ in different fields and years, similar to that detected for ‘90-10-35.’ The
resistance of some wheat varieties to S. avenaemay be controlled by incomplete dominant
genes [24] or dominant major genes [36, 80, 83–85]. However, for most intermediate or low
resistance wheat varieties, resistance to S. avenae is regulated by a quantitative trait locus
(QTL), which, in turn, is controlled the by micro effect of multiple genes, with resistance levels
being influenced by environmental factors and aphid adaptability.

Our results showed that the yield loss rate of some wheat varieties/lines broadly varied
across years. However, such variation was less for ‘Amigo,’ ‘Xiaoyan22,’ and some sample
points of ‘186Tm’ compared to other varieties subject to similar or higher aphid numbers (Fig
6). In general, wheat yield loss is not noticeable at 4 aphids/tiller, but rapidly increases from 4
to 10 aphids/tiller in flowering and grain-filling period. However, in our study, 15 to 40 aphids/
tiller caused less than 10% damage when compared to controls (without aphids) in some year.
Thus, yield loss rate is relative to aphid number, damage duration time, and damage period
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[86]. Our results show that the extent of damage varies across years and with respect to the
inherited characteristics of different wheat varieties/lines.

Screening for resistant germplasm in the laboratory may produce different results to field
screening. Field screening is used to determine the resistance level of wheat germplasm to
aphids based on natural aphid numbers that occur on wheat varieties [2]. This technique
closely reflects natural conditions, and is suitable for the preliminary screening of large quanti-
ties of wheat germplasm materials. Resistance index score units are 0.25 in some references
[36, 76] and 0.3 in others [25, 34, 35, 39]. Some studies have investigated the IAS in relation to
the flowering and filling stage [30, 39, 42, 87], while others have investigated population
dynamics throughout the entire wheat growth period [3, 38, 88, 89]. The MAN and ACC of
aphid populations may differ due to different climatic conditions in different years, coupled
with changes in the aggregation distribution of aphids in fields. Consequently, to guarantee
that the sample error is not too large, the sample size should be large enough for the wheat field
being tested [58, 59]. For instance, in our study, the repeat block area used for planting each
wheat variety was 20 m2, with the sample area for the 5-point sampling being 0.25 m2, in which
80–130 wheat plants were planted.

In conclusion, our study demonstrates that the detected resistance of wheat varieties to S.
avenae aphids may differ between laboratory and field experiments, due to the different set-
tings. In addition, under field conditions, the resistance of different varieties differs across
fields and years due to the way in which aphids aggregate, as well as differences in the genetic
mixing of aphid stocks across years and climatic conditions. Therefore, we strongly recom-
mend a combination of laboratory and long-term field experiments in the target planting
regions to identify varieties/lines that consistently show high resistance to S. avenae infesta-
tion. Our study suggests that ‘Amigo’, ‘Astron,’ ‘Xanthus,’ and ‘Batis’ use antibiosis as the
resistant mechanism. ‘98-10-30,’ ‘Astron,’ ‘Xanthus,’ ‘Ww2730,’ and ‘Tm’ also use antibiosis.
‘Amigo,’ ‘Xiaoyan22,’ and some ‘186Tm’ samples had good tolerance. Aphid population size
and wheat yield loss rates greatly varied in different fields and years for ‘98-10-35,’ ‘Tp,’
‘Tam200,’ ‘PI high,’ and other ‘186Tm’ samples, all these germplasm should be considered
for use in future studies.
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