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Abstract. Identifying the plants aphids have fed on can increase our understanding of their roles in food webs, and help in improving
management and implementation control strategies in agricultural systems. Field sampling and laboratory experiments were carried out
to determine the stable isotope ratios of carbon (8*C) and nitrogen (8'*N) in three different varieties of cotton and the aphids (4phis
gossypii) that fed on these varieties. The results were used to test the hypothesis that stable isotope signatures of aphids that have fed
on different varieties of cotton differ. Two-dimensional plots of stable isotope signatures for aphids and the cotton varieties they fed
on displayed a non-overlapping pattern, indicating that stable isotope signatures of the three cotton varieties and the aphids that fed on
them differed. The results indicate that stable isotope analysis can potentially be used to identify aphids that have fed on different varie-
ties of cotton. When the stable isotope signatures of diets clearly differ then it is highly likely the consumers will be distinguishable.

INTRODUCTION

Aphids are significant pests of agricultural crops world-
wide and have a great economic effect mainly because of
their rapid reproductive capacity and ability to manipulate
host plant physiology (Powell et al., 2006; Goggin, 2007,
Kuhlmann et al., 2013). Aphids are also widely used as
model organisms in studies on population dynamics, spe-
ciation and biological diversity (Powell et al., 2006). Cot-
ton, Gossypium spp., is a primary crop in Northern China,
where this C, plant is sown in summer and harvested in
autumn. The cotton aphid, Aphis gossypii Glover, is an im-
portant pest of cotton (Wu & Guo, 2005).

Methods for quantifying what an animal has fed on and
the movement of pests aid our understanding of their roles
in food webs and also help improve management and con-
trol strategies in agricultural landscapes. Many methods
are used to determine what insects have fed on and track
their movements within crop and/or non-crop habitats.
These methods include antigen-antibody reactions (Demp-
ster, 1960), gut content analyses (Isely & Alexander, 1949;
Marples, 1966), biological pigments (Putman, 1965), ra-
dioisotopes (Marples, 1966), direct observations of feeding
insects (Petelle et al., 1979), and intrinsic markers such as
fatty acid profiles (Smith et al., 1996; Guest et al., 2010),
molecular DNA analyses and stable isotope analyses (Hob-
son, 1999). Stable isotopes are non-radioactive, persistent,
intrinsically available labels that can indicate the long-term
feeding behaviour of animals, features that facilitate their
use in food web and diet studies (Peterson & Fry, 1987;
Schmidt et al., 1999; Hood-Nowotny & Knols, 2007).

Stable isotope analysis of natural variations in animal
tissue is a valuable tool for determining the source of the
food of insects (Ostrom et al., 1997; Prasifka et al., 2004).
There are many reports that stable isotopes can be used
to distinguish between insects that have fed on either C,-
or C,-plants (Schallhart et al., 2009; Ouyang et al., 2012,
2014). Our previous research found that the 8'*C values of
adult beetles of Propylea japonica that are first fed a C,-
based diet (cotton aphids) and then a C,-based diet (maize
aphids) reflect the isotope ratio of the latter diet for one
week. In addition, approximately 80-100% of the diet of
P. japonica adults in maize originated from a C,-based
sources in June, July and August, and approximately 80%
of the diet of those in an agricultural landscape composed
of cotton and maize originated from C,-based sources in
September (Ouyang et al., 2012).

However, few studies have shown that insects reared on
different varieties of the same plant can be differentiated
using isotope signatures analysis. We hypothesized that
the stable isotope signatures of aphids that fed on differ-
ent varieties of cotton differ. To test this hypothesis, field
sampling and laboratory experiments were carried out. Our
goals were: (1) To determine the 8'°C, "N and nitrogen
percentage (N%) of three varieties of cotton and aphids
that fed on them; (2) To identify the cotton variety using
8"3C and 8N or 6"C and N% values; (3) To identify the
diet of aphids using 6"*C and 8"°N or 6"*C and N% values;
(4) To determine how closely stable isotope signatures of
aphids that fed on various varieties of cottons reflect the
host cotton signatures (assuming the signatures differ).
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Fig. 1. Map showing the location of the study site in Hebei
Province, China.

MATERIAL AND METHODS

Field sampling and collecting

Cotton and aphid samples were collected at the Langfang Ex-
periment Station (39.53°N, 116.70°E) in Hebei Province (Fig. 1),
China, to establish the carbon and nitrogen stable isotope ratios
of three different varieties of cotton (variety 1: Han-4849, 2: Sim-
ian-3 and 3: 93-56) and aphids reared on each of those varieties
in the field. Samples of plant material were cut from the upper
leaves of cotton, taking care to avoid the main leaf veins. Aphids
were collected in groups of 50 or more by disturbing their colo-
nies and collecting fallen or walking aphids using fine forceps.

Sample preparation

Aphids (4Aphis gossypii) were separated from plant material us-
ing a scalpel into ~20 groups and samples of approximately 50
individuals were taken from each group. All of the aphid samples
were dried for 72 h at 65°C before being weighed to an accuracy
of 1 pg and packaged in tin capsules. The capsules was labelled
and stored.

All cotton leaf samples were frozen in a freezer and washed
twice in reverse-osmosis filtered water. Accurate isotope analy-

sis of large samples usually requires homogenization by grinding
into a fine powder that is subsampled (Prasifka et al., 2004). Cot-
ton samples were large enough to require homogenization. After
drying for 72 h at 65°C, leaf tissue was pulverized to a powder
before enclosing a subsample (2-3 mg) in a capsule.

C and N stable isotope analyses

Carbon or nitrogen stable isotope ratios ('*C: 2C or PN : N )
are expressed as 8"3C or 8"°N, respectively, in a parts per thousand
(%o) difference relative to a reference material (Hobson, 1999).
These ratios are widely used in biological and ecological studies
of arthropods (Gannes et al., 1997, 1998; Kelly, 2000; Dawson et
al., 2002; Lepoint et al., 2004; Hood-Nowotny & Knols, 2007).

For each sample of aphids and cotton plant material, data were
collected for three variables: 8"°C, 8N and N%, which were
measured at the Chinese Academy of Forestry’s Stable Isotope
Laboratory using a combustion-gas chromatography-mass spec-
trometry process. Stable isotope measurements were obtained
using an elemental analyzer (Flash EA1112 HT) and a modified
Finnigan MAT Delta V advantage isotope ratio mass spectrom-
eter (Thermo Fisher, Waltham, MA, USA). Data were normalized
using internationally accepted isotope standards (Pee Dee Belem-
nite for carbon, atmospheric N, for nitrogen) in parts per thousand
(%o) and the following equation:

5X: [(Rsample /Rsﬁandard) - 1] . 1000

where X is *C or "N and the RS,{lmple and R are the ratios of
BC/12C or BN/“N for an individual sample and the analytical

standard.

Statistical analysis

All statistical analyses were done using SPSS software
(SPSS.17, 2008). C stable isotope (8'*C) was not correlated with
N stable isotope (8'°N) (r = 0.344, P = 0.149, N = 19). Signifi-
cance differences in individual factors were assessed using one-
way analysis of variance (ANOVA). ANOVA followed by a LSD
post hoc test was used to assess differences in 8"C, 8"°N and
N% between trophic levels in a food chain (e.g., cotton variety 1
and the aphids that fed on it), among cotton varieties and among
aphids.

RESULTS

Carbon stable isotope ratios and their differences
among food chains

The 8'3C values of three cotton varieties and aphids that
fed on them are in Table 1. Analysis of the 33C values re-
vealed no significant differences in food chain 2 (cotton va-
riety 2 and its aphids) or food chain 3 (cotton variety 3 and
its aphids) (Fig. 2A, Table 2). Although the 8"*C values of
aphids that fed on cotton variety 1 were significantly lower
than those of cotton variety 1 (Fig. 2A, Table 2), the mean
differences, or isotopic shifts, between trophic levels in
food chain 1 (cotton variety 1 and its aphids) were no more

TaBLE 1. Means (+ SE) of the 3'°N, 8"*C and N% values recorded for three varieties of cotton and the aphids that were reared on them.

Organisms 31C (%o) SN (%o) N (%)

Cotton variety 1 —24.84 £0.31 -0.47+0.35 3.15+0.16
Cotton variety 2 -26.39+£0.11 -0.74+0.44 4.16+0.17
Cotton variety 3 —25.77+0.14 -1.98 £0.30 4.69+0.23
Aphid reared on cotton variety 1 -26.12£0.11 0.07+0.52 5.27+0.33
Aphid reared on cotton variety 2 -26.58 £0.05 -2.02+0.02 6.27+0.24
Aphid reared on cotton variety 3 —26.29 £ 0.08 -2.57+0.38 6.67 +0.11
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Fig. 2. Stable isotope ratios (8"°C, 6"*N and N%) recorded for
the cotton plants and aphids in each of the three cotton—aphid
food chains. Error bars represent = SD.

than 1.3%o (isotopic shifts of 3'*C from cotton variety 1 to
its aphids).

There were significant differences in the 8'*C values of
the different varieties of cotton (Fig. 2A, Table 2). The 33C
values of cotton variety 1 were significantly higher than
those of cotton variety 2 (LSD post hoc test, p < 0.0048)
and cotton variety 3 (LSD post hoc test, p < 0.0408) (Fig.

TaBLE 3. P-values of LSD post hoc test of the 83C, 8N and
N% values recorded for the three varieties of cotton. *P < 0.05,
*#kP < 0.01, ***P < 0.001.

Cotton Cotton variety 1

variety 3C 3N N%
2 0.0048** 0.6610 0.0058**
3 0.0408* 0.0409* 0.0006*** 0.1306 0.0738 0.1056

Cotton variety 2
8BC "N N%

2A, Table 3). Significant differences were also recorded for
the 8"°C values of the aphids that fed on the three varieties
(Fig. 2A, Table 2). The 8"C values of aphids that fed on
cotton variety 1 were significantly higher than those that
fed on cotton variety 2 (LSD post hoc test, p <0.0103, Fig.
2A, Table 4).

Nitrogen stable isotope ratios and their differences
among food chains

The 85N values of the three varieties of cotton and the
aphids that fed on them are in Table 1. Analysis of 8'°N
values revealed no significant differences in either food
chain 1, 2, or 3 (Fig. 2B, Table 2). The 8N values of cot-
ton variety 1 were significantly higher than those of cotton
variety 3 (LSD post hoc test, p < 0.0409) (Fig. 2B, Table
3). For the aphids, the 8"°N values of those that fed on cot-
ton variety 1 were significantly higher than those that fed
on variety 2 (LSD post hoc test, p < 0.0080) and 3 (LSD
post hoc test, p < 0.0034) (Fig. 2B, Table 4).

Nitrogen percentages and their differences among food
chains

The N% values of the three varieties of cotton and the
aphids that fed on them are in Table 1. Analysis of the N%
values revealed significant differences in food chains 1, 2
and 3 (Fig. 2C, Table 2). Mean differences in N% in food
chain 1 were 2.13% (isotopic shifts from cotton variety 1
to its aphids), 2.11% in food chain 2 and 1.98% in food
chain 3.

There were significant differences in N% among the
varieties of cotton (Fig. 2C, Table 2). The N% values of
variety 1 were significantly lower than those of varieties 2
(LSD post hoc test, p < 0.0058) and 3 (LSD post hoc test,
p <0.0000) (Fig. 2C, Table 3). Similarly, significant differ-
ences in N% were also recorded for the aphids (Fig. 2C,
Table 2), with the N% values of those that fed on variety 1
significantly lower than those that fed on varieties 2 (LSD
post hoc test, p < 0.0443) and 3 (LSD post hoc test, p <
0.0148) (Fig. 2C, Table 4).

TaBLE 2. One-way ANOVA of the 3"3C, 3'°N and N% values recorded for the three cotton aphid food chains. *P < 0.05, **P < 0.01,

*#%P <0.001.
Subject O1C ON N%

df F P df F P df F P
Food chain 1 1,4 10.0563 0.0338%* 1,7 0.6028 0.4629 1,6 24.9852 0.0025%*
Food chain 2 1,5 2.0664 0.2101 1,8 4.5039 0.0666 1,8 42.6508 0.0002%**%*
Food chain 3 1,4 7.5607 0.0514 1,5 1.1177 0.3388 1,5 34.5788 0.0020%**
Cotton 2,6 9.5722 0.0136* 2,12 2.9271 0.0922 2,11 11.6314 0.0019**
Aphids 2,7 6.3407 0.0268* 2,8 10.1073 0.0065** 2,8 5.3628 0.0333*
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Fig. 3. Two-dimensional analysis of C and N stable isotope ratios recorded for the three varieties of cotton and the aphids that were
reared on them. Error bars represent + SE. (A) §*C vs. §"*N for cotton. (B) §"*C vs. 8" N for aphids. (C) §"*C vs. N% for cotton. (D)

8"3C vs. N% for aphids.

Two-dimensional analysis of carbon and nitrogen
stable isotope ratios of three varieties of cotton and the
aphids that fed on them

The non-overlapping pattern in the two-dimensional
plots of the stable isotope signatures of aphids and the va-
rieties of cotton they fed on (Fig. 3) indicates that a combi-
nation of only two variables is sufficient for distinguishing
between the different varieties of cotton and the aphids that
fed on them. It was possible to identify the three varieties

of cotton (Fig. 3A) and the aphids that fed on them (Fig.
3B) (Table 1) by combining the values of 3*C and 6N in
two-dimensional analyses. In addition, two-variable analy-
ses using 8*C and N% values also identified the three va-
rieties of cotton (Fig. 3C) and the aphids that fed on them
(Fig. 3D) (Table 1).

DISCUSSION

Changes in isotopic signatures of the consumed and the
consumer occur during food assimilation and excretion.
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TaBLE 4. P-values of LSD post hoc test of the §'*C, 8"*N and N% values recorded for the aphids that were reared on the three varieties

of cotton. ¥*P < 0.05, ¥**P < 0.01, ***P < 0.001.

Aphid reared on cotton variety 1

Aphid reared on cotton variety 2

d"C 3N N% d"°C 8N N%
Aphid reared on cotton variety 2 0.0103* 0.0080%** 0.0443*
Aphid reared on cotton variety 3 0.2613 0.0034** 0.0148* 0.0662 0.4088 0.4010

The variability in the degree of the isotopic shift in 6'*C be-
tween trophic levels ranges from —2.7 to +3.3%o (Sagers &
Goggin, 2007). Here, isotopic shifts in A3'*C values were
in this range with a mean difference in A3'*C between cot-
ton variety | and the aphids that fed on it of 1.28%., variety
2 and the aphids that fed on it of 0.19%o and variety 3 and
the aphids that fed on it of 0.53%o.. The 8'*C values of cot-
ton aphids were higher than the corresponding values for
the varieties of cotton they fed on in all three food chains.
Isotopic analysis of organisms in a food web can provide
information about trophic relationships and be used to
identify what a particular organism has eaten (Hood-Now-
otny & Knols, 2007). The 6'*C values of animals in most
cases are similar to that of their diets (Deniro & Epstein,
1978). The 8"3C values can be used to differentiate aphids
that fed on variety 1 from those that fed on variety 2, prob-
ably because the 8"3C values of variety 1 were distinctly
higher than those of variety 2.

The variability in the degree of the shift in the §'°N val-
ues between trophic levels ranges from —2.1 to +5.4%o
(Sagers & Goggin, 2007). The isotopic shifts in A3"°N val-
ues between trophic levels recorded in this study were in
this range, with the mean differences for A3'N between
variety 1 and the aphids that fed on it of —0.54%o, 1.28%o
for food chain 2 and 0.60%o for food chain 3. As insects
that feed on plant sap, aphids are frequently reported to
show no enrichment or even depletion in "N relative to
that in their diet (Scrimgeour et al., 1995; McCutchan et
al., 2003; Sagers & Goggin, 2007; Schumacher & Platner,
2009). Our results indicate that cotton aphids have a simi-
lar "N to that of their hosts, with the values for the aphids
that fed on variety 2 and variety 3 not significantly dif-
ferent, but those fed on variety 1 richer in 6'°N than their
diets. This study indicates that the '°N values can be used
to differentiate between aphids that fed on variety 1 and
those that fed on variety 3, because the 8'°N values of the
former were distinctly higher and similar to the N% values.

Ideally, the stable isotope signature in aphids, as plant
phloem feeders, should be analyzed relative to that of the
phloem sap. This was not possible because of the techni-
cal difficulties of collecting sufficient quantities of phloem
sap for stable isotope analysis. Results of previous aphid/
host studies indicate that the isotope signature of plant leaf
tissue does not differ significantly from that of phloem sap
and is used as a reliable proxy for phloem sap when meas-
uring stable isotope ratios (Yoneyama et al., 1997; Sagers
& Goggin, 2007; Wilson et al., 2011). But using this proxy
indicates a greater isotopic shift between trophic levels
than recorded in this study, which might also account for
the N% value of consumers being distinctly higher than
that recorded for their diets.
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Using two stable isotope ratios (e.g., 8'*C and §'°N)
in analyses rather than one can provide a clearer differ-
entiation between diets (Hood-Nowotny & Knols, 2007;
Ouyang et al., 2014; Brewitt et al., 2015). Wild-caught
Drosophila exhibit interspecific differences in isotope sig-
natures reflecting the four groups of host plants they feed
on (Markow et al., 2000). In this study, neither the 6'*C or
SN values alone could differentiate the three varieties of
cotton, but by using both these values it is possible, as they
then segregate into a non-overlapping pattern of distinctive
stable isotope signatures in plots of 8*C vs. 6'°N or plots
of 8C vs. N%. The distinctive 6'*C values of the different
varieties of cotton were transferred to the aphids that fed
on them with little further change; similarly, different 8'*N
or N% values of diets also are passed on to the consumers.
Consequently, the larger the differences in the isotope sig-
natures of the diets, the more easily their consumers can be
identified using stable isotope analysis.

Our study indicates that stable isotope signatures can
be used to identify three varieties of cotton and the aphids
that fed on them by segregating these organisms into non-
overlapping groups in two-dimensional diagrams. When
stable isotope signatures of the diets are clearly different,
the consumers are more likely to be distinguishable. Stable
isotope analysis can potentially identify which aphids feed
on which variety of cotton. This study was not meant to be
an exhaustive description of the relationships between dif-
ferent varieties of cotton and the aphids that feed on them
based on stable isotope ratios; rather, we were interested in
whether their stable isotope ratios were different enough to
distinguish between the plants and the aphids that fed on
them, which we have shown to be the case.
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