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Water deficit and aphid resilience on wheat:
examining Sitobion avenae F. and their
bacterial symbionts interplay under controlled
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Abstract

BACKGROUND: Climate change has far-reaching effects on food security and agriculture, affecting crop yields and food distri-
bution. Agriculture relies heavily on water for irrigation and production, making it vulnerable to water scarcity. Additionally,
climate change can affect crop pest insects, leading to increased global crop losses, particularly in cereals, an important com-
ponent of the human diet. Aphids are major crop pests and have a symbiotic relationship with bacterial endosymbionts that
can contribute to their success as pests under a climate change scenario. To test the effect of drought on aphids, we examined
varying levels of water deficit and endosymbiont composition on the grain aphid (Sitobion avenae) performance on wheat
under controlled laboratory conditions. We measured the intrinsic rate of population increase (rm), the body weight of adult
aphids, and the pre-reproductive period for different genotypes of the grain aphid (including Chilean superclones) under dif-
ferent irrigation regimes. We also analyzed the relative abundance of their endosymbionts under the different water
treatments.

RESULTS: Our findings revealed that water deficit affects each aphid genotype differently, impacting various traits. For
instance, the body weight of adult aphids was notably affected by different water treatments, with aphids grown under inter-
mediate water deficit (IW) being significantly bigger. The relative abundance of endosymbionts also varied among genotypes
and water treatments—specifically Regiella insecticola had a noticeably higher abundance under IW (P < 0.05).

CONCLUSION: This study provides valuable insights into the impact of water deficit on aphid performance and the role of endo-
symbionts in mitigating the effects of water deficit.
© 2024 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
The impact of climate change on food security and sustainable
agriculture is becoming increasingly concerning.1 Global warm-
ing, drought, climate variability, and extreme weather conditions
are significantly affecting crop yields, food distribution, and over-
all food security.2 Agriculture, which heavily relies on water for irri-
gation and production processes, is particularly vulnerable to
water scarcity, which can have severe implications for food secu-
rity.3 In fact, in 2017, agriculture accounted for 83% of the total
damage and loss resulting from drought in 53 developing
countries.4

Drought seriously threatens crop yields and is considered the
most devastating stress in agriculture. It produces water deficits
and salinity problems that hinder plant photosynthesis, respira-
tion, and stomatal movement, thereby impacting their growth
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and physiological metabolism, as well as their phenology and
weakening their chemical defenses against insect pests.5–9

Directly or indirectly, climate change significantly impacts insect
pests, affecting their biology, distribution, outbreak, and aggres-
sivity in unpredictable and extensive ways.10 Directly, climate
change—through phenomena such as drought, increased tem-
peratures and atmospheric CO2, unstable climates, and altered
frequency/intensity of extreme weather events—creates condi-
tions that favor the arrival and spread of invasive species.11,12 Indi-
rectly, climate change also disrupts the synchronization between
interacting species in agroecosystems, as plants, insect herbi-
vores, and their natural enemies respond differently to climate
change,13 posing a significant threat to food security when suit-
able control strategies are lacking.14

Aphids (Hemiptera: Aphididae) are insect herbivores that consti-
tute major crop pests worldwide due to their (i) clonal reproduc-
tion and telescoping of generations, which build up large
population sizes quickly reaching economic thresholds. (ii) The
ability to transmit plant viruses and (iii) multiple insecticide resis-
tance mechanisms.15 Remarkably, functional symbioses with a
range of bacterial endosymbionts have gained evidence to
explain the success of aphids as pests. Endosymbiotic relation-
ships are widespread in animals, particularly arthropods.16 Aphids
harbor an obligated (or primary) bacterial endosymbiont, Buch-
nera aphidicola, which is critical for aphid survival as it provides
essential amino acids and vitamins the aphids cannot obtain from
the plant sap.17 Additionally, aphids can harbor facultative
(or secondary) non-essential bacterial endosymbionts, which
have been shown to affect their life history traits such as repro-
duction and body mass,18,19 and provide them with adaptative
advantages such as thermal tolerance, protection from natural
enemies, and expanded host-plant range.20–23

The grain aphid Sitobion avenae Fabricius is one of the most
invasive cereal pests worldwide,24 and one of the most frequent
pests of wheat crops in Chile.25 S. avenae presumably originated
from Eurasia andwas introduced to Chile in the late 1960s.26 It sig-
nificantly reduced wheat yields (>40%) and led to regular insecti-
cide applications in Chile.27 In the late 1970s, parasitoid wasps
were introduced to control the grain aphid, resulting in reduced
insecticide use,28 which continues to be practiced in Chile.
Despite the wide geographical distribution of S. avenae in Chile,

its population is predominantly comprised of a few genotypes
that account for 80% of the total genotypic diversity.29 These
genotypes, referred to as superclones, are highly frequent and
widely distributed.30 The rapid spread and invasiveness of
S. avenae would result from combining obligate parthenogenetic
reproduction all year round, enabling them to rapidly spread
through a territory, along with its phenotypic plasticity due to ver-
tically transmitted bacterial endosymbionts.15,25 S. avenae is pri-
marily infected by the facultative endosymbionts Regiella
insecticola and Hamiltonella defensa,31–34 which have been associ-
ated with improved adaptative responses under stress, such as
defense against parasitoids and entomopathogenic fungi.19,35

Interestingly, R. insecticola has been shown to be present in high
frequencies in central Chile, exceeding 90%.31

Recent studies suggest that facultative endosymbionts in
aphids can help in mitigating the impacts of climate change,36,37

particularly concerning increased temperature.38–40 However,
the potential role of facultative endosymbionts in a water deficit
scenario has not been explored. Furthermore, it remains unclear
whether the presence of facultative endosymbionts in

superclones could lead to a more effective response compared
with less common genotypes under such conditions.
Hence, this study investigated how aphids raised on wheat

seedlings growing in water-deficient conditions under controlled
laboratory conditions respond. First, we investigated changes in
aphid life-history traits, as they are closely tied to the fitness of
aphids grown on wheat plants with different irrigation regimes.
We used two superclone genotypes of the grain aphid infected
with R. insecticola, the most frequent facultative endosymbiont
in Chile, and a non-superclone, infected with H. defensa. We
wanted to explore whether the presence or absence of facultative
bacterial endosymbionts alters the aphid responses to water-
deficient conditions on wheat. Second, we also aimed to investi-
gate the impact of different water regimes on the abundance of
obligate and facultative symbionts to better understand the inter-
nal interaction between aphids and their endosymbionts in
response to water deficit. Finally, we discussed the importance
of aphid responses and the presence of endosymbionts in aphid
outbreaks caused by drought and their impact on trophic interac-
tions with aphid natural enemies.

2 MATERIALS AND METHODS
2.1 Aphid lineages, genotypes, and endosymbiont
selection
During the 2016 wheat growing season (spring) in Chile, live
aphids of S. avenae were collected from wheat crops. Subse-
quently, they were transported to the laboratory and individually
placed inside separate tubes with a wheat plant. The top of each
tube was covered with a Terylene mesh. These aphid-plant sys-
tems were maintained under controlled laboratory conditions at
a temperature of 21 °C and a photoperiod of 16 h of light and
8 h of darkness, which allowed for the successful parthenogenetic
reproduction of the aphids (i.e., only females were produced).
To determine the genotypes of the aphids, we employed a mul-

tiplex PCR kit (Correa et al. in prep.) that amplified seven microsat-
ellite loci (Sm12, S3.43, S19, S5.L, Sm17, Sm10, and S3.R).41,42 This
kit enabled us to amplify all seven loci in a single PCR reaction. The
amplified fragments were then sized using an automated capil-
lary sequencer (ABI 3700 sequencer, Applied Biosystems), and
the results were analyzed with GeneMarker v1.75 (SoftGenetics
LLC). Furthermore, we utilized specific markers to determine the
presence of the primary endosymbiont, Buchnera aphidicola, as
well as the seven most commonly found facultative endosymbi-
onts in aphids, including Hamiltonella defensa, Regiella insecticola,
Serratia symbiotica, Spiroplasma sp., Rickettsia sp., Ricketsiella viri-
dis, and Fukatsuia symbiotica.31,34,43

The frequency of S. avenae genotypes and the presence of fac-
ultative endosymbionts in Chile have been previously deter-
mined.44 Based on that report, we chose the two most frequent
Chilean superclones, Sa2 and Sa3, which were found to only host
R. insecticola as a facultative endosymbiont. Due to the absence of
live aphid genotypes from Chile carrying H. defensa in the labora-
tory, we opted for a third genotype (SaF16) from France (non-
superclone) with the facultative endosymbiont H. defensa, which
was already in the laboratory.44

To properly evaluate the effects of a particular endosymbiont on
aphid performance, it is necessary to compare infected and
uninfected host insects with highly similar genetic backgrounds.
Most S. avenae individuals in Chile carry R. insecticola,31,34 so
uninfected genotypes could not be obtained from naturally
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endosymbiont-free individuals. A common method to obtain
uninfected aphid individuals involves using antibiotics to elimi-
nate infections with facultative symbionts in individuals and gen-
erate cured and infected individuals of the same genotype.45,46

Hence, a combination of antibiotics (ampicillin, cefotaxime, and
gentamicin) was administered via a 30% sucrose artificial diet to
cure the aphid genotypes of their endosymbionts.47 Following a
successful disinfection spanning over 10 generations, infected
(E+) and cured (E−) aphid lines were obtained and used for further
experiments in this study.

2.2 Plants and water deficit experiments
Wheat seedlings (Triticum aestivum L.) cultivar Millán (INIA-Chile)
were used to study the impact of water deficit on aphids. This par-
ticular cultivar is widely grown in Chile and is best suited for irri-
gated soils,48,49 making it susceptible to the effects of water
deficit. The experiments involved sowing three seeds in 4 cm-
diameter pots filled with 7 g of a substratum mixture of turfy soil,
vermiculite, and perlite (4:3:1).50 Turfy is a lightweight organic
growing medium that can absorb 10 to 20 times its weight in
water.51 Perlite and vermiculite are inorganic growing media pro-
viding optimal aeration and increased drainage for root develop-
ment.51 The pots were saturated with water after sowing and
allowed to drain for 24 h. The weight of each pot after draining
served as the baseline for treatments (100%).52 Three distinct irri-
gation conditions were established for the experiment: the con-
trol condition, known as ‘well-watering’ (WW), which involved
maintaining the pot's weights between 80% and 100% of the
baseline; an ‘intermediate watering’ (IW) condition, set between
50% and 60% of weight, and a ‘low watering’ (LW) condition,
established between 30% and 40% of weight.50 Plants were
weighed daily and watered three times a week with a carefully
measured volume of water to maintain the desired irrigation
ranges according to the weight. This watering schedule was
implemented 5 days after the sowing and continued for 16 days
(meaning 21 days after the sowing).
After 10 days of water treatment (15 days post-sowing), one

24 h-old individual aphid nymph (immature stage) of each geno-
type (Sa2, Sa3, and SaF16) and endosymbiont composition,
infected (E+) or cured (E−) was introduced on plant seedlings,
enclosed within a cellophane bag with small holes to allow gas
exchange, where the respective water treatment was applied
(WW, IW or LW). Each plant-aphid system was placed in climatic
rooms at 21 °C, with a photoperiod of 16 h of light and 8 h of
darkness. To prevent any negative effects on aphids from plant
deterioration, aphid individuals were transferred to fresh plants
(15 days post-sowing) with the same irrigation regimen every
21 days until the completion of the experiments. Additionally, to
evaluate the impact of the different water treatments on the
experimental wheat plants, we assessed the stomatal conduc-
tance of 15-day-old plants using the portable Leaf Prometer
device (SC-1; Decagon Devices, Inc., Pullman, WA, USA)
(Supplementary Data S1).

2.3 Life history traits
Life history traits have proven to be reliable indicators of aphid
performance. Particularly, the intrinsic rate of population increase
(rm),

53 has been widely used as a reliable measure of aphid perfor-
mance because it includes both developmental and reproductive
rates.54 Therefore, to investigate the effects of water deficit and
endosymbionts on grain aphids, we conducted a studymeasuring
the rm, adult body weight, and pre-reproductive time, traits that

have been shown to vary significantly according to the presence
of facultative endosymbionts,55–57 of aphids reared on wheat
seedlings treated with different irrigation regimes. This was done
by taking a single 24-h-old nymph set on a wheat plant for every
watering treatment and confined in a plant system. Each aphid
nymph was observed daily until the pre-oviposition time
(i.e., time to first reproduction) (Td) when aphids are considered
to have reached adulthood. Then, newborn nymphs were
counted (Md) for a time equal to Td, and the number of offspring
was used to calculate the rm of each caged aphid, rm = 0.738
(ln Md)/Td, where 0.738, is a correcting constant, calculated from
the slope of Md over Td.53 As aphids reproduce through clonal
reproduction with telescoping generations, they may transmit
stressful signals to their offspring, which can alter the life history
traits of daughter nymphs from one generation to the next.58 To
investigate this, we weighted each aphid at adulthood across
two generations (G1 and G2) under the varying watering treat-
ments using a Mettler Toledo MX5 Micro Balance. Ten biological
replicates were conducted for every life-history trait studied in
each water treatment, aphid genotype, and endosymbiont
presence.

2.4 DNA extraction and quantification of the relative
abundance of bacterial endosymbionts
As aphids from the first generation (G1) were utilized to measure
their life-history traits, the molecular studies focused on the sec-
ond generation (G2). Hence, nymphs of 24 h old from G2 were
allowed to grow until their first reproduction on wheat seedlings
with the same watering regime that those experienced by their
mothers (G1). Then, three individual aphids from each geno-
type/facultative endosymbiont composition/watering regime
combination were randomly selected and kept separately in an
Eppendorf tube with 95% alcohol until DNA extraction, which
was done by the ‘salting out’ method.41

We developed specific primers for the molecular identification
of B. aphidicola and R. insecticola. We measured the relative abun-
dance of facultative bacteria H. defensa and R. insecticola, as well
as the obligate endosymbiont B. aphidicola, relative to the aphid
host, by using a gene of single copy (elongation factor 1⊍ (EF-
1⊍)) (Table 1). To target B. aphidicola, we utilized the GroEL
sequence from the genome of a Chilean superclone of
S. avenae59, and for R. insecticola, we identified an appropriate
GyrB sequence from the literature.60 The primer sequences for
H. defensa were taken from a research paper (Table 1).61 These
specific primers were employed for quantitative PCR (qPCR) to
screen the relative abundance of bacterial endosymbionts. A
series of S. avenae DNA dilutions were conducted at a 1:4 ratio
to assess the efficiency of primers used for endosymbiont relative
abundance calculations. A total of six dilutions were prepared,
starting with an initial concentration of 100 ng/μL and ending
with a final concentration of 0.094 ng/μL. The primer efficiency
percentage was calculated using the following formula:
Efficiency = (10(−1/slope) − 1) × 100. Three biological samples,
each consisting of a single aphid DNA, and three technical repli-
cates were utilized in the analysis.
The amplification was carried out in a Stratagene Mx 3000 P

(Agilent Technologies) real-time thermocycler. To provide a brief
overview, we utilized one μL of DNA (25 ng/μL), 10 μL of ROX
SYBR 2X Master Mix dTTP Blue (Takyon™), 0.4 μL of forward and
reverse primers (10 pmol), and 8.2 μL of ultrapure water, resulting
in a total volume of 20 μL. The amplification conditions were as
follows: one cycle of 95 °C for 10 min (polymerase activation);
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40 cycles of 94 °C for 30 s and 60 °C for 30 s; 72 °C for 1 min; and
finally, a dissociation curve consisting of 1 min at 95 °C, 30 s at
60 °C, and 30 s at 95 °C, followed by 1 min at 72 °C. Ultra-pure
water was used as a negative contamination control
(No Template Control, NTC). The relative abundance of endosym-
biotic bacteria was normalized to the reference gene (EF-1⊍) and
calculated using the mean of CT and 2−ΔΔct.62

2.5 Data analysis
The effects of different watering treatments on themeasured vari-
ables, rm, body weight of adult aphids, the pre-reproductive
period, and endosymbiont abundance, were assessed using sep-
arate models. To evaluate the effects of different watering treat-
ments, aphid genotype, and endosymbiont presence on rm and
body weight of adult aphids, we utilized mixed linear models
(LMM) through the R Studio Cloud platform.63 The response vari-
ables were rm and body weight of adult aphids (G1 and G2). When
the data did not adhere to a normal distribution, we applied a log
transformation for the body weight of adult aphids and a Box-Cox
transformation for rm.

64 To create more understandable data visu-
alizations, we plotted graphs using non-transformed data (i.e., raw
data). The pre-reproductive time (i.e., time to the first reproduc-
tion) was analyzed using Cox's proportional hazard model.65 The
proportional hazards assumption was checked using the cox.zph
function from the survival package.66 The fixed factors included
the watering treatment (WW, IW, and LW), endosymbiont pres-
ence (E+ and E−), and aphid genotype (Sa2, Sa3, and SaF16), while
the random factor was the temporal block (4 temporal blocks; 3, 2,
2, and 3 replicates per block, respectively). The significance of
fixed factors and their interaction was tested with an analysis
of deviance (Type II tests).67

Variance comparisons of the abundance of the symbiont bacte-
ria R. insecticola, H. defensa, and B. aphidicola were performed
using ANOVA in R Studio, with the response variable being the
abundance of each bacterium (2−ΔΔct).62 We conducted a devi-
ance analysis to determine the significant effects of the fixed fac-
tors studied. All post hoc comparisons were made using the
emmeans package in R Studio using the Tukey method.68

3 RESULTS
3.1 Performance of Sitobion avenae aphids reared on
wheat seedlings subjected to different watering regimes
3.1.1 Intrinsic rate of population increase (rm)
After conducting experiments on different aphid genotypes
under the different watering treatments studied, we observed
that both the aphid genotype and endosymbiont composition
play a significant role, along with their interaction (Table 2). The

genotype SaF16 displayed a smaller rm (0.215 ± 0.005) compared
with Sa2 (0.243 ± 0.003) and Sa3 (0.238 ± 0.003), while cured
aphids (E−) showed a significantly higher rm (0.238 ± 0.002) than
the infected (E+) (0.225 ± 0.004). Although the water treatment
factor alone was statistically non-significant (WW = 0.226 ±
0.004; IW = 0.237 ± 0.003; LW = 0.234 ± 0.004), its interaction
with the aphid's endosymbiont was significant (Table 2). This indi-
cated that the rm in E- aphids (0.248 ± 0.003) was significantly
higher than in E+ individuals (0.225 ± 0.005) under IW. The inter-
action of aphid genotype and endosymbiont composition was
only observed in the genotype SaF16, where E− individuals
showed a higher rm than E+ (Fig. 1(C)). No such interaction was
found for Sa2 (Fig. 1(A)) and Sa3 (Fig. 1(B)). The complete data
for the total number of nymphs and the pre-reproductive period
is available in Supplementary S2.

3.1.2 Body weight of adult aphids
Based on the data, the body weight of adult aphids at G1 was not
significantly affected by either the aphid's genotype (Sa2 = 0.685 ±
0.034; Sa3 = 0.598 ± 0.029; and SaF16 = 0.641 ± 0.032) or endo-
symbiont composition alone ((E+) = 0.630 ± 0.027, (E−) = 0.652 ±
0.025); however, their interaction was significant (Table 2). the
significance was not found in genotype Sa2 ((E+) = 0.732 ±
0.053; (E−) = 0.637 ± 0.042); and Sa3 = ((E+) = 0.599 ± 0.047;
(E−) = 0.596 ± 0.035) only in genotype SaF16, which exhibited a
higher weight in E− individuals (0.723 ± 0.049) than E+ individ-
uals (0.559 ± 0.036). Furthermore, the water treatment had a
notable impact on the aphid's weight, although it did not interact
with other factors (Table 2). The difference between water treat-
ments was due to a significantly larger weight of aphids in IW
(0.685 ± 0.031) than in WW (0.586 ± 0.028), although neither dif-
fered from LW (0.653 ± 0.036). The endosymbiont composition
and water treatment did not significantly affect the weights of
genotypes Sa2 (Fig. 2(A)), Sa3 (Fig. 2(B)), and SaF16 (Fig. 2(C),
Table 2).
In the second generation (G2), a similar outcome to that of G1

was observed. The aphid's weight was not influenced by its geno-
type (Table 2) (Sa2 = 0.730 ± 0.039; Sa3 = 0.665 ± 0.036 and
SaF16 = 0.646 ± 0.038). However, the presence of the facultative
endosymbiont had a significant impact on the aphid's weight. The
E− individuals exhibited a much larger weight (0.721 ± 0.032)
than E+ (0.639 ± 0.029). Additionally, the water treatment
affected the aphid's weight (Table 2), with IW (0.751 ± 0.042)
showing a higher weight compared with WW (0.586 ± 0.028),
but both were not significantly different from LW (0.691 ±
0.039). The interaction of genotype and endosymbiont composi-
tion was also significant (Table 2); adult aphids from genotype

Table 1. Primer sequences used for qPCR

Target Gen Primer Sequence (50-30) Amplicon size (bp) Source

Buchnera aphidicola GroEL Forward TCGGAAACGAAGCCCGAAT 204 This study
Reverse CTTTTACCATTTGCGCACCC

Regiella insecticola GyrB Forward GAAGTGAAAACCGCCGTTGA 167 This study
Reverse TCTAAAGCGCCTTTACGCCT

Hamiltonella defensa GyrB Forward CGCAAGGCAGTCATTATATTTTTG 201 Clarke 2013104

Reverse GACAGATTTTTTGATATTCGCTACTTTG
Elongation factor 1⊍ EF-1⊍ Forward CTGATTGTGCCGTGCTTATTG 160 Oliver et al. 200361

Reverse TATGGTGGTTCAGTAGAGTCC
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Table 2. Deviance table for the life-history traits measured in different genotypes of S. avenae and endosymbiotic composition subjected to differ-
ent watering regimes

Factor df

rm Aphid weight G1 Aphid weight G2 Pre-reproductive period

X2 P F P F P χ2 P

Aphid Genotype 2 24.814 <0.001 1.954 0.146 4.377 0.112 25.847 <0.001
Endosymbiont 1 10.260 0.001 0.745 0.389 6.177 0.013 3.294 0.069
Water treatment 2 5.032 0.081 3.164 0.045 12.988 0.001 1.058 0.589
Genotype: Endosymbiont 2 35.627 <0.001 3.967 0.021 21.718 0.019 6.897 0.032
Genotype: Water treatment 4 1.037 0.904 0.424 0.791 4.946 0.292 2.005 0.735
Endosymbiont: Water treatment 2 6.852 0.032 1.681 0.190 0.3816 0.826 3.812 0.148
Genotype: Endosymbiont: Water treatment 4 2.800 0.592 0.513 0.726 2.366 0.668 1.196 0.878

df, degrees of freedom; χ2, Chi-square value; F, F-value of ANOVA; P, P-value of the test. Bold values indicate significant P-values (P < 0.05).

Figure 1. The intrinsic rate of population increase (rm) in different genotypes, endosymbiont compositions, and water treatments. Different letters over
the bars indicate significant differences (P < 0.05).

Figure 2. Aphid weight from generations G1 and G2 in different genotypes, endosymbiont composition, and water treatments. G1 (A, B, and C), G2 (D, E,
and F). WW, well-watered (control); IW, intermediate watering; LW, low watering. Different letters over the bars indicate significant differences (P < 0.05).
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SaF16 showed a lower weight when they were infected with
H. defensa ((E+) = 0.515 ± 0.022) than when they were cured of
endosymbiont ((E−) = 0.776 ± 0.061), but that pattern was not
significant for Sa2 ((E+) = 0.683 ± 0.059; ((E−) = 0.611 ± 0.049))
and Sa3 ((E+) = 0.718 ± 0.052; ((E−) = 0.612 ± 0.049)). The aphid
genotype and water treatment interaction was also significant,
influenced mainly by the SaF16 genotype; the E− individuals
had a larger weight than E+ individuals, regardless of the water
treatment (Fig. 2(F)), a pattern not observed for genotypes Sa2
(Fig. 2(D)) and Sa3 (Fig. 2(E)).
Finally, when comparing aphid weight between G1 and G2,

there was no effect of the generation factor (F = 2.023, df = 1,
P = 0.156), its interaction with the water treatment (F = 0.371,
df = 2, P = 0.691), aphid genotype (F = 0.427, df = 2, P = 0.652),
or endosymbiont composition (F = 1.196, df = 1, P = 0.275) (see
the complete ANOVA table in Supplementary S3).

3.1.3 Pre-reproductive period (Td)
Table 3 presents the range of days of the pre-reproductive period
(Td), which varied between 8 and 15 days. According to the find-
ings, the aphid's genotype significantly impacted the pre-
reproductive period, as did the interaction between the genotype
and the endosymbiont composition. Specifically, individuals from
the SaF16 genotype took longer to reproduce than those
from other genotypes, with the most significant delay observed
in E+ individuals from SaF16 (as illustrated in Table 3). However,
the water treatment and its interactions with other factors did
not affect the pre-reproductive period significantly (Table 2).

3.1.4 Endosymbiont relative abundance
The primer efficiencies for R. insecticola, H. defensa, B. aphidicola,
and S. avenae elongation factor were 98%, 96%, 100%, and 97%,
respectively (CT values in Supplementary S4). Determining the rel-
ative abundance of the obligate and facultative endosymbionts in
each aphid genotype began with examining their relative abun-
dance under normal irrigation conditions (WW). This assessment
aimed to identify any inherent differences in endosymbiont prev-
alence among the studied genotypes under well-watered
regimes. Our findings indicated that there was a significant effect
of genotype on the abundance of B. aphidicola (F = 23.825,
df = 2, P = <0.001), as well as facultative endosymbiont presence
(F = 4.511, df = 1, P = 0.039). Superclone Sa2 had a higher rela-
tive abundance of B. aphidicola than Sa3, regardless of whether
it was infected or cured of R. insecticola (Fig. 3(A)). Interestingly,
only the genotype SaF16 had a higher relative abundance of

B. aphidicola when infected with its facultative endosymbiont
(E+), H. defensa, than when cured(E−) (Fig. 3(A)). Significant differ-
ences were found when comparing the relative abundance of
R. insecticola between genotypes Sa2 and Sa3 (F = 8.77, df = 1,
P = 0.018). Sa2 displayed a significantly higher proportion of
R. insecticola than Sa3. Conversely, SaF16 exhibited a significantly
higher proportion of H. defensa than genotypes infected with
R. insecticola (Fig. 3(B)).
After analyzing the effects of different irrigation regimes and

endosymbiont composition on the relative abundance of endo-
symbionts for each genotype, it was found that in genotype Sa2,
the water treatment (F = 3.038, df = 2, P = 0.057) and endosym-
biont composition (F = 1.563, df = 1, P = 0.217) did not have an
individual effect on the abundance of B. aphidicola. However, a
significant interaction between both factors (F = 5.589, df = 2,
P = 0.006) was observed, indicating a significantly higher abun-
dance of B. aphidicola in treatment IW when aphids were infected
with R. insecticola (Fig. 4(A)).
The relative abundance of B. aphidicola was significantly influ-

enced by the water treatment in the Sa3 genotype (F = 4.528,
df = 2, P = 0.0158). The IW treatment showed a higher relative
abundance, particularly in the presence of R. insecticola infection
(Fig. 4(C)). However, neither the endosymbiont (F = 0.155, df = 1,
P = 0.695) nor the interaction of both factors (F = 1.689, df = 2,
P = 0.195) had a significant effect.
On the other hand, the abundance of B. aphidicola in the SaF16

genotype was not affected by either the water treatment
(F = 0.265, df = 2, P = 0.768) or the presence of endosymbionts
(F = 3.735, df = 1, P = 0.059) alone. Nevertheless, the interaction
between both factors had a significant effect (F = 8.038, df = 2,
P = 0.001), resulting in a higher abundance of B. aphidicola for
individuals infected with the secondary endosymbiont
H. defensa under the IW regime (Fig. 4(E)).
When the abundance of facultative endosymbionts in

infected aphids was measured for each water treatment, the
data showed that the water treatment had a significant effect
(F = 16.25, df = 2, P = <0.001) in genotype Sa2, with a signifi-
cantly higher abundance of R. insecticola in the IW water treat-
ment compared with WW and LW (Fig. 4(B)). A similar result was
observed for genotype Sa3 (F = 5.158, df = 2, P = 0.013), with a
higher abundance of R. insecticola in the IW water treatment
than WW, but it was not different from LW (Fig. 4(D)). Finally,
the water treatment did not significantly affect the abundance
of H. defensa in genotype SaF16 (F = 2.966, df = 2, P = 0.070)
(Fig. 4(F)).

Table 3. Pre-reproductive period for genotype and endosymbiont presence

Genotype

Pre-reproductive period

Endosymbiont n Mean ± SE

Sa2 E− 30 9.9 ± 0.117 a
Sa2 E+ 29 9.6 ± 0.159 a
Sa3 E− 30 9.6 ± 0.146 a
Sa3 E+ 30 9.8 ± 0.154 a
SaF16 E− 30 10.0 ± 0.195 a
SaF16 E+ 30 11.1 ± 0.246 b

n, number of individuals analyzed. Different letters next to mean values indicate significant differences (P < 0.05).
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4 DISCUSSION
4.1 Aphids seem to overtake the effects of water deficit
on their host plant
Our study observed that superclones (Sa2 and Sa3) exhibited
higher reproductive performance measures as rm, indicating a

faster population growth than the non-superclone SaF16. This
helps explain the high prevalence of these genotypes in Chile,
constituting over 50% of the total genotypic diversity in the
region (Correa et al. in prep).44 Similar rm values have been previ-
ously documented for Chilean S. avenae superclones.47,69

Figure 3. Relative abundance of endosymbionts in different genotypes under well-watered conditions (WW). Buchnera aphidicola (A), Regiella insecticola
(Sa2 and Sa3), and Hamiltonella defensa (SaF16) (B). Different letters over the bars indicate significant differences (P < 0.05).

Figure 4. Relative abundance of endosymbionts in different genotypes andwater treatments. Buchnera aphidicola (A, C, and E), Regiella insecticola (B and
D), and Hamiltonella defensa (F), for genotype Sa2 (A and B), Sa3 (C and D) and SaF16 (E and F). WW, well-watered (control); IW, intermediate watering; LW,
low watering. Different letters over the bars indicate significant differences (P < 0.05).
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Conversely, the water treatment had varying impacts on aphid
performance. The aphids' reproduction rate (rm) was only affected
by the water treatment in interaction with the endosymbiont
composition, with aphids from IW (E+) showing a lower rm than
IW (E−). The main effect on rm was observed based on the aphid
genotype and its interaction with the endosymbiont composition,
being significantly lower for genotype SaF16 infected individuals
(E+). The effect on aphids' performance with different endosymbi-
ont compositions in response to water deficit has not been fully
explored, but it will be discussed in the following section. Con-
versely, the water treatment significantly impacted aphid weight
in adulthood in both generations studied, particularly in the IW
treatment. The aphid weight was also lower for genotype SaF16
(E+) individuals. Lastly, the water treatment did not affect the time
it took for aphids to reach adulthood.
Contrasting effects have been found on insect performance

under water-stressed plants. Some studies have reported a
reduced performance when arthropod pests feed on drought-
stressed plants.50,70,71 However, positive effects of water deficit
on the tomato russet mite Aculops lycopersici have been observed,
while null effects have been reported in the cases of the corn ear-
worm Heliothis zea and the beet armyworm Spodoptera exi-
gua.72,73 Interestingly, our results indicate that the intermediate
water treatment positively affects aphid weight. Still, the rm was
only affected by water treatment in combination with the endo-
symbiont composition and only in IW. Previous studies have also
reported that mild stress in wheat plants seems beneficial for
S. avenae, probably due to a higher concentration of amino acids
and sugars in sap without a significant loss of turgor.74,75 Under
severe drought conditions, wheat has exhibited increased levels
of free amino acids, including alanine, aspartic acid, glutamic acid,
glutamine, glycine, serine, threonine, tyrosine, and valine, com-
pared with well-watered plants.76 Curiously, this high concentra-
tion of amino acids caused a poor performance in the cereal
aphid Rhopalosiphum padi (Hemiptera: Aphididae).76 The con-
trasting effect between the increased levels of free amino acids
and R. padi was attributed to the high glutamic acid content
found in drought-stressed plants, which has been associated with
reduced nutritional quality and inhibition of aphid feeding.77

Moreover, drought stress negatively impacted plant vigor by
increasing plant concentrations of defensive chemicals, which
suggests that the observed response of aphids is associated with
reduced plant vigor and increased chemical defenses in drought-
stressed plants.70,78,79

4.2 The impact of endosymbionts in aphids reared under
water deficit
Insects regularly face diverse forms of biotic and abiotic stressors.
In response, insects activate molecular pathways that might influ-
ence their microbiome.80 Moreover, endosymbionts that share a
symbiotic bond with their hosts frequently employ common sig-
naling pathways.81

Our research shows a significant difference in the levels of the
obligate endosymbiont, B. aphidicola, and facultative endosymbi-
onts between the genotypes studied under regular watering
(control) conditions (WW). Specifically, genotype Sa2 had a higher
abundance of B. aphidicola than Sa3, and a similar trend was
observed for the abundance of R. insecticola. A specific relation-
ship between the interaction genotype and endosymbiont can
explain the difference in the abundance of endosymbionts
between Sa2 and Sa3. This relationship has also been observed
in the pea aphid, where a higher abundance of endosymbionts

was not associated with fitness.82 Our findings indicated no
significant differences in B. aphicola abundance between
antibiotic-treated and non-treated individuals from the studied
genotypes under control watering (WW). This result confirms that
the combination of antibiotics used to eliminate facultative endo-
symbionts did not affect the abundance of the obligate
endosymbiont.83

Recent research has reported that the host immune system
plays a critical role in regulating the abundance of endosymbi-
onts.84 Specifically, R. insecticola has been found to suppress the
immune system of specific pea aphid genotypes and increase its
abundance.84 The higher abundance of R. insecticola found in
superclones under IW can be explained, in part, by an increase
in nutrients in wheat plants due to mild water stress, as has been
previously reported.76 Furthermore, the high frequency of
R. insecticola found in S. avenae in Chile,31 seems to suggest that
R. insecticola has no or limited fitness costs at the field level. Inter-
estingly, R. insecticola appears to ‘cooperate’ with B. aphidicola to
exploit resources found in wheat plants under IW. The obligate
endosymbiont B. aphidicolamay be crucial in how aphids respond
to drought stress. Indeed, B. aphidicola can over-express essential
enzymes, such as phospho-2-dehydro-3-deoxyheptonate aldol-
ase, which is involved in the metabolism of essential amino acids
and proteins that can compensate for the effects of water deficit
as observed in the peach-potato aphidMyzus persicae.85 Regretta-
bly, no further studies have been conducted to examine the inter-
nal interaction between obligate and facultative endosymbionts
under water deficit conditions. Therefore, additional research is
required to confirm whether the increased abundance of
B. aphidicola and R. insecticola under water deficit is result of
‘cooperation’ between them and the mechanism that controls
the abundance of endosymbionts in aphids under water deficit.
On the other hand, the presence of the facultative endosymbi-

ont H. defensa in genotype SaF16, a bacterium well-known for
conferring protection against parasitoids such as in the pea aphid
Acyrthosiphom pisum,21,86 showed adverse effects on the
aphid performance regardless the watering treatment. It is worth
noting that infections with endosymbionts like H. defensa can
involve trade-offs. For instance, aphids carrying H. defensa have
been observed to display resistance to parasitoids but also exhibit
reduced behavioral defenses such as dropping behavior in the
pea aphid,87 decreased longevity in the black bean aphid Aphis
fabae,88 and diminished survival rate, offspring, and longevity in
the corn leaf aphid Rhopalosiphum maidis-.55 Hence, our results
confirm the occurrence of fitness cost associated with H. defensa.
Similar to Sa2 and Sa3, genotype SaF16 (E+) showed a higher

abundance of B. aphidicola in both WW and IW treatments than
cured individuals. Conversely, SaF16 displayed amarginally signif-
icant increase in the abundance of H. defensa under LW, which
suggests that when resources are limited, H. defensamay become
more abundant at the expense of B. aphidicola. However, defini-
tive conclusions cannot be drawn due to the limited research on
endosymbionts and their involvement in aphid responses to
water deficit.

4.3 Consequences of water deficit for the pest integrated
management
The impact of water stress on multitrophic interactions is not fully
understood, especially in the context of biological control of
insect pests by parasitoid wasps. Climate change poses a signifi-
cant threat to the efficacy of biological control, particularly
regarding parasitoid wasps, whose sensitivity to temperature
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and water availability can lead to outbreaks of insect pests,89–92

disrupting the essential synchronicity between aphids and para-
sitoid wasps.93 Our results indicate that wheat plants under a
moderate water deficit (IW) produce bigger aphids, which could
mean that aphids feed more and, hence, can cause greater dam-
age to plants. Furthermore, the water deficit has been observed to
have an impact on the natural enemies of aphids, causing
bottom-up effects,94–96 including changes in aphid-natural
enemy interactions, shifts in predator preferences and
abundances,97 alterations in the search and recognition cues of
biological control agents,98–100 and a decrease in survival during
the pupal stage of the parasitoid wasp Aphidius ervi,101 which
serves as the primary biocontrol agent for S. avenae in Chile.102

Our research demonstrates that S. avenae aphid superclones
exhibit tolerance to water deficits, raising concerns due to the
ongoing severe drought in central Chile.103 This situation may
impede the effectivity of biological control of S. avenae popula-
tions by their natural enemies, suggesting the potential need for
regular insecticide applications, which could adversely affect the
agroecosystem health.

5 CONCLUSIONS
Ensuring food security is critical in the face of climate change.
Studying essential players in the functioning of agroecosystems,
such as endosymbionts in insect pests and their impact on insect
performance, could help anticipate pest outbreaks and create
preemptive sustainable practices to deal with the effects of water
deficit and climate change. Our study provides valuable insights
into the complex interactions between aphid genotypes, endo-
symbionts, and their response to water deficit. These findings sug-
gest that the distinct internal interactions between aphid
genotypes and their endosymbionts may play a significant role
in the invasivity and success of aphids facing climate change
effects, even though those interactions do not affect the studied
traits. Our findings also suggest that S. avenae aphid superclones
show significant resilience to water deficit, which is worrying
given the current severe drought in Chile and the world.
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