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Introduction

The population dynamics and genetic analysis of aphids 
revealed specialization or adaptation in many economically 
important aphid species (Wilson et al. 2003). For example, 
the pea aphid (Acyrthosiphon pisum Harris) consists of 
three specialized clones in Chile (Peccoud et al. 2008) and 
two specialized clones in North America (Via 1999), while 
the black bean aphid (Aphis fabae Scopoli) consists of a 
complex of closely related host plant-associated genotypes 
(Tosh et al. 2004).

Aphids have a remarkable life cycle which frequently 
includes a parthenogenetic and a sexual generation, an obli-
gate shift between unrelated host plant taxa, a short gen-
eration time, and telescoping of generations, where grand-
daughters begin to develop directly within the daughters 
which are themselves not yet born (Dixon 1998). Moreo-
ver, it is characteristic for aphids that one parthenogenetic 
female may give rise to up to eight discrete phenotypes 
differing in their physiology, morphology, developmental 
time, longevity, number of progeny, timing of reproduction 
and fitness, host preferences and ability to use alternative 
host-plant taxa (Moran 1992). In addition, aphids harbor 
secondary bacterial endosymbionts, which may contribute 
to their specialization in respect to host plants and to the 
way host plants use them (Chen et al. 2000; Tsuchida et al. 
2004).

The English grain aphid, Sitobion avenae (F.) is an 
important pest of cereals worldwide (Wangai et al. 2000). 
S. avenae is an autoecious aphid restricted to Poaceae and 
possesses all the life cycles known in aphids (Helden and 
Dixon 2002). Clones that produce both sexual and asexual 
morphs are holocylic; they reproduce parthenogenetically 
for many generations and have just one sexual generation 
in a year. When a clone produces only asexual morphs, it 
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is anholocyclic; and in this case, they only reproduce par-
thenogenetically. There are also androcyclic clones, which 
are the same as anholocyclic, but they produce males in the 
autumn. There are also intermediate clones, which can be 
holo- or anholocyclic.

Studies on the genetic structure of S. avenae have found 
a high genetic variability with spatial and temporal vari-
ation and the existence of predominant cyclic partheno-
genesis clones (common clones) and host plant adapted 
clones (De Barro et  al. 1995; Haack et  al. 2000; Papura 
et  al. 2003; Reimer 2005; Simon et  al. 1996; Sunnucks 
et  al. 1997). Also, recent studies in China have indicated 
the existence of specialized clones (Dai et  al. 2014; Gao 
et al. 2014). S. avenae can harbor secondary bacterial endo-
symbionts (Alkhedir et al. 2013; Lukasik et al. 2013), but 
their effects on the clones’ specialization in respect to host 
plants, and on host plant use, have not yet been adequately 
investigated.

Previous studies (Dai et al. 2014; De Barro et al. 1995; 
Gao et  al. 2014; Haack et  al. 2000; Papura et  al. 2003; 
Reimer 2005; Simon et  al. 1996; Sunnucks et  al. 1997) 
considered the original host of the clone and the collection 
site as the criteria to determine the degree of adaptation and 
the specialization of S. avenae clones. However, the factors 
that determine the specialization and fitness of S. avenae 
clones or other aphid species in respect to their host plants 
are not understood.

In this study, we investigated the factors that might 
affect the specialization of the common S. avenae clones 
in Germany as well as their use of host plants. Such factors 
include the original host of the clone, collecting site, and 
body color, in addition to clonal and bacterial diversity, tak-
ing into account the life cycle of S. avenae and the fact that 

even nymphs born from a parthenogenetic mother can be 
polymorphic. We evaluated the fitness parameters of ten S. 
avenae clones that were related to most common genotypes 
in Germany in respect to three host plants in order to assess 
the factors that influenced the host plant use, specialization 
and temporal abundance of these clones.

Materials and methods

Aphid and plant cultures

The ten clones (Table 1) used in this study were collected 
in 2004 (Alkhedir et  al. 2010) and they were genotyped 
and selected based on five microsatellite loci (Alkhedir 
et  al. 2013). The clones were abundant on wheat in cen-
tral Germany and represented the six most commonly 
occurring genotypes in central Germany (Reimer 2005). 
The clones were collected from different fields to ensure 
variability.

The aphid cultures were kept on the winter wheat culti-
var ‘Bussard’ in rearing cabinets at 20 °C, 16:8 h light/dark 
conditions and 60–80 % humidity, with water being applied 
twice a week. The cultures were maintained by transferring 
new-born aphids of each tested clone to new seedlings. We 
set the light intensity in the rearing cabinets to 200 µE at 
which the aphids separated into green color morphs (clones 
7 and 8) and brown morphs (the rest of the tested clones). 
In addition, under this light intensity, the clones have their 
highest fitness and produce less alatae (Alkhedir et  al. 
2010). All the clones reproduced parthenogenetically under 
these conditions. The clones were used in the experiments 
6 months after collection.

Table 1   The aphid clones used in the experiments, abundance, genotype, color morph, collection site, host plant, and symbiotic bacteria

a  All clones were collected in 2004 (Alkhedir et al. 2010)
b  Alkhedir et al. (2013)
c  Proportion among 1112 clones collected in 2001–2003 in central Germany (Reimer 2005)
d  Alkhedir et al. (2010)
e  Alkhedir et al. (2015)

Clone codea Genotypeb Proportion [%]c Color morphd Collection site Host plant Primary symbiont Secondary symbiontse

1 I 17.45 Brown Goettingen Wheat Buchnera Regiella insecticola

2 I 17.45 Brown Kassel Cocksfoot Buchnera Regiella insecticola

3 I 17.45 Brown Kassel Bromus sp. Buchnera Regiella insecticola

4 L 5.94 Brown Goettingen Cocksfoot Buchnera Hamiltonella defensa

5 L 5.94 Brown Giessen Wheat Buchnera Hamiltonella defensa

6 L 5.94 Brown Kassel Cocksfoot Buchnera No

7 A 10.34 Green Giessen Wheat Buchnera Regiella insecticola

8 V 0.27 Green Giessen Wheat Buchnera Regiella insecticola

9 R1 0 Brown Kassel Cocksfoot Buchnera Hamiltonella defensa

10 R2 0 Brown Kassel Cocksfoot Buchnera Hamiltonella defensa
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The following cultivated host plant species were used in 
the experimental setup: winter wheat cultivar “Bussard”, 
ryegrass (Lolium perenne L. cv “Herault”) and bluegrass 
(Poa annua L., unknown cultivar). Ryegrass and bluegrass 
were selected because they are grown as forage in the col-
lecting area. Seven-day-old seedlings were used.

Clonal performance of S. avenae on the tested host 
plants

Before the start of the experiments, we performed a set of 
primary experiments (not shown) under the tested condi-
tions (see preceding paragraph). It was found that all the 
clones needed between 5 and 7 days to develop from first 
nymph stage to adults. Having tried different rearing sys-
tems, it was decided to use a system based on caging the 
aphid and plants with transparent ventilated 10 cm × 30 cm 
cylindrical tubes, as described by Alkhedir et  al. (2013), 
since using small cages or petri-dishes resulted in signifi-
cant mortality among the nymphs and also the production 
of more alatae.

In order to exclude the effect of any reduction in host 
quality and short photoperiods (Dixon 1998) as well as the 
effect of the crowding of both adults and offspring (Watt 
and Dixon 1981) on the fitness parameters of S. avenae, 
host plants of the same age were used and the aphid cul-
tures were maintained every 2 weeks.

The experiments were started with ten nymphs and rep-
licated 10 times for each clone on each of the tested host 
plants in order to simulate natural conditions and to mini-
mize the effect of polymorphism. The fitness parameters 
were estimated at intervals of 2  weeks, which is equal to 
one generation, in order to investigate the reasons behind 
the temporal abundance of the tested clones in central Ger-
many as reported by Reimer (2005). Two weeks was also 
the interval between collection times of the clones (Reimer 
2005).

The fitness parameters of the ten aphid clones on the 
tested host plants used in this study were assessed by quan-
tifying the population size (produced offspring), fresh 
weight, number of alatae, and survival of aphids after 
2  weeks following the introduction of ten synchronized 
first stage nymphs on the respective host plants. This exper-
iment was continued over three consecutive generations. 
Rearing of the nymphs followed the protocol described 
above.

Ten aphids from each clone on each host plant at each 
generation were genotyped to check the genetic identity 
of the clones during the course of the experiments. These 
were tested first at the time of collection and then at six-
month intervals on all host plants over three successive 
generations.

Statistical analysis

Analysis of variance was used to analyze the performance 
of the clones, with population size, number of alatae, sur-
viving aphids and the fresh weight of the population being 
considered as the dependent variables; and the clone, host 
plants, genotype, the original host of the clone, collection 
site, body color and symbionts being considered as the 
independent variables. Fisher’s LSD adjustment was used 
to compare the clonal performance on each host plant spe-
cies. Systat for Windows, version 11.00.01 (SYSTAT 2004) 
was used to perform these analyses.

Results

Clonal performance of S. avenae

The clonal performance (fitness parameters) was sig-
nificantly affected by the following factors: the host plant 
(Fig.  1) (F2,897  =  327,601, p  <  0.001), the genotypes 
(F5,894  =  7.635, p  <  0.001), the clones (F9,890  =  4.322, 
p < 0.001), and the number of generations (F2,897 = 33.546, 
p  <  0.001) (Figs.  2, 3, 4, 5). However, neither the site at 
which the clones were collected nor the clone-origin’s host 
affected the performance of the clones (F2,897  =  1,782, 
p > 0.05; F2,897 = 2,313, p > 0.05, respectively). In addi-
tion, neither body color (F1,898 = 10.879, p > 0.05) nor the 
performance of the tested genotypes were affected by the 
symbiotic bacteria (F2,890 = 0.207, p > 0.05).

The average number of offspring produced by all the 
Sitobion avenae clones tested was higher on wheat com-
pared to bluegrass and ryegrass (Fig.  1). Moreover, all 

Fig. 1   Clonal performance of Sitobion avenae on three host 
plants (white bars wheat, black bars bluegrass, gray bars ryegrass; 
mean ± SE)
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aphids had a higher weight on wheat compared to blue-
grass and ryegrass (Fig. 1). In contrast, all clones produced 
more alatae on bluegrass compared to ryegrass and wheat 
(Fig.  1), while more individuals survived on wheat com-
pared to bluegrass and ryegrass (Fig. 1).

The tested S. avenae clones varied in the number of off-
spring (Fig. 2) and in their fresh weight (Fig. 3) over three 
successive generations. The number of offspring was highly 
correlated with fresh weight (p  <  0.001; R2 =  0.965). S. 
avenae clones showed large variation in alatae production 
(Fig. 4) but less variation in survival rates over three gen-
erations (Fig. 5).

Discussion

Polymorphism of S. avenae clones

Sitobion avenae clones were reared for 6  months on 
wheat prior to the experiments, thus the variance in fitness 

parameters was not caused by a sudden change of host 
plants or by environmental conditions. Rather, it can be 
ascribed to the genetic make-up and intrinsic polymor-
phism of the aphids. Reimer (2005) evaluated the temporal 
abundance of the clones in the field at three collection times 
with an interval of 2 weeks. In this study, we estimated the 
population size at the same intervals under constant con-
ditions in the laboratory. The population size of the clones 
varied over three consecutive generations (Fig.  2). For 
example, clones 4, 5 and 6 on wheat produced their larg-
est populations in their third generations, while clone 9 
had the largest population in the second generation. The 
experimental conditions were controlled and kept constant; 
furthermore, the way the performance changed in consecu-
tive generations differed among clones, showing that a sys-
tematic effect of experimental conditions can be excluded. 
We conclude that estimation of fitness parameters for the 
assessment of adaptation or specialization in aphids over a 

Fig. 2   Clonal performance of Sitobion avenae clones (offspring; 
mean ± SE) of all tested clones during three successive generations 
(white bars first generation, black bars second generation, and gray 
bars third generation) on wheat, bluegrass and ryegrass

Fig. 3   Clonal performance of Sitobion avenae clones (fresh weight; 
mean ± SE) of all tested clones during three successive generations 
(white bars first generation, black bars second generation, and gray 
bars third generation) on wheat, bluegrass and ryegrass
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single generation is insufficient. Furthermore, our results 
show that variation of environmental conditions alone can-
not fully explain temporal variations in the abundance of 
aphids in the field.

Host specialization in S. avenae

Traditionally, DNA microsatellites are used to assign 
S. avenae samples to clones (Dai et  al. 2014; De Barro 
et  al. 1995; Figueroa et  al. 2005; Gao et  al. 2014; Haack 
et al. 2000; Vialatte et al. 2005; Weber 1985; Wilson et al. 
1997). Adaptation of the clones of S. avenae to host plants 
is defined by the host from which they were collected, 
which are mainly maize, wheat, barley, cocksfoot and 
other graminoides (Dai et  al. 2014; De Barro et  al. 1995; 
Figueroa et  al. 2005; Gao et  al. 2014; Haack et  al. 2000; 
Vialatte et  al. 2005; Weber 1985; Wilson et  al. 1997). 
Microsatellite analysis and the plant from which an aphid 
was collected, however, do not reveal whether a clone is 
common and to which host it is specialized. Especially 

if the interaction between aphids and their host plants is 
determined by genes responsible for host plant resistance, 
as in the case of Schizaphis graminum (Ono et  al. 1999), 
clonal performance on resistant and susceptible varieties of 
the host plants should be studied. In our study, we did not 
find any impact of the clone’s original host on its adapta-
tion to tested host plants.

Clones of S. avenae that are restricted to one host plant 
were only found on the cocksfoot cultivar “Prairial” (De 
Barro et  al. 1995; Sunnucks et  al. 1997). Recent studies 
showed that the specialization on cocksfoot depends on 
the content of water-soluble carbohydrates (Alkhedir et al. 
2013). Other cases of restriction of S. avenae to host plants 
are not known. The term “specialized clones” should be 
used with caution in respect to aphids; the term “adapted 
clones” might be a better way of expressing the fact that 
the clones have a better performance on certain host plants 
than on others.

Fig. 4   Clonal performance of Sitobion avenae clones (number of ala-
tae; mean ± SE) of all tested clones during three successive genera-
tions (white bars first generation, black bars second generation, and 
gray bars third generation) on wheat, bluegrass and ryegrass

Fig. 5   Clonal performance of Sitobion avenae clones (number of 
surviving aphids; mean ± SE) of all tested clones during three suc-
cessive generations (white bars first generation, black bars second 
generation, and gray bars third generation) on wheat, bluegrass and 
ryegrass
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Effect of the body color of S. avenae

We did not find any difference between green and brown 
clones in respect to their host plant use, which agrees with 
our previous results (Alkhedir et al. 2010). An exception is 
cocksfoot; green phenotypes used in this study were well 
adapted to cocksfoot varieties with low soluble carbohy-
drates content (Alkhedir et al. 2013).

Clonal and endosymbiont diversity of S. avenae

Genetic variability of Sitobion avenae was considered as 
the main source of differences among clones not only in 
this study but also in all relevant studies that we are aware 
of. In our study, however, we could not find any effect of 
clonal identity on host plant use on any tested host plant 
species. The genetic diversity among endosymbionts of S. 
avenae clones used in this study was very low (Alkhedir 
et al. 2015). Although the effect of endosymbionts on host 
plant use cannot be conclusively excluded, our results sup-
port the report by Lukasik et  al. (2013) who did not find 
any effect of secondary endosymbionts on host plant’s use 
by S. avenae in England.

Conclusions

Host plant origin, clonal identity and color of aphid do not 
affect the host plant specialization in S. avenae. All clones 
in this study performed best on wheat.

Estimation of performance of S. avenae requires moni-
toring several generations.
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