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The increase in temperature caused by global warming has greatly impacted plant
growth and pest population dynamics worldwide, especially for wheat aphids. In
this study, Sitobion miscanthi individuals from six geographic populations located in
different wheat-producing areas in China were compared with regard to their growth,
development, survival, and reproductive under different temperature conditions (17,
22 and 27°C). A population life-table analysis and a correlation analysis between
geographic factors and S. miscanthi longevity or fecundity were also performed.
Temperature significantly affected the nymphal development duration (NDD), the adult
longevity (ALY) and the fecundity (AFY) of the aphids, however, latitude can only affect the
NDD and ALY. There is an obvious interaction between temperature and latitude on the
NDD, ALY, and AFY. The NDD in the three northern populations was significantly shorter
than that in the southern populations. The ALY in northern populations was significantly
longer than that in southern populations at different temperatures. Except for Yinchuan
population was no significantly different under different degrees, the ALY of other
populations was significantly shortened at 27°C. The AFY of northern populations was
significantly lower than that of southern populations at 22°C, while significantly higher at
27°C. With the increase of temperature, the fecundity of northern population gradually
decreased from 17 to 22°C, while the southern population suddenly decreased at 27°C.
The curves of survival rate (s) in southern populations were significantly shorter than
that of northern population. Especially the populations in Suzhou and Wuhan, in which
the survival rate decreased rapidly at 27°C. Age-specific survival rate (k) of southern
populations began to decline rapidly on 15 days of age at 27°C, while those of northern
populations were not significantly affected until on 20 days of age. The highest peaks
of age-stage fecundity (fj), age-specific fecundity (my), and age-specific net maternity
(Ilkmy) were occurred in northern populations. In addition, there was a positive correlation
between latitude and longevity under the three degrees, however, only at 27°C, there
was a positive correlation between latitude and fecundity. Our result proved that the
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higher reproductive rate of southern population requires aphids to live at the suitable
ambient temperature, and aphid populations in the north have a wider ecological
amplitude. The results will be helpful for predicting the potential aphid outbreaks in
China’s main wheat areas under suitable conditions.

Keywords: Sitobion miscanthi, geographic population, longevity, temperature, development, reproduction

INTRODUCTION

Wheat is a major crop worldwide in temperate regions
(Kirkegaard et al, 2008; Nirmal et al, 2017). The main
production bases for high-quality wheat in China are located
on the Yellow-Huai-Hai Plain and the North China Plain (Jin
etal., 2021). Aphids cause severe crop yield reductions and result
in significant economic losses each year (Wang et al., 2014).
Sitobion miscanthi (Takahashi) (Hemiptera: Aphididae), a major
insect pest in temperate regions, has a short development cycle
and a high reproductive rate (Raychaudhuri et al., 1973; Turak
et al., 1998; Hawkes and Jones, 2005; Singh et al., 2009; Wang
et al., 2009; Hales et al., 2010; Chen et al., 2011). S. miscanthi is
anholocyclic in most geographic areas. In rare cases, there are
sexual forms: an ovipara (sexual female) collected on Persicaria
chinensis in India may be S. miscanthi (David, 1975). In Japan
and Korea, Sitobion akebiae may be a synonym, although
S. akebiae is holocyclic (lays overwintering eggs). However, the
taxonomy of the miscanthi and akebiae groups needs further
clarification. The evidence for holocycly requires confirmation
(Blackman and Eastop, 1984). Temperature is an important
abiotic factor that affects aphid populations and biological
parameters, including insect growth and development (Osawa,
1993; Nyaanga et al,, 2005; Del and Reisig, 2013; Zhu et al,,
2017). The optimal growth rate and development cycle of aphids
require an adapted temperature range (Bernard et al., 2018;
Wang et al., 2021). For example, for codling moths, the optimal
range is between 10 and 30°C (Rock and Shaffer, 1983). The
optimal range for egg, larval and egg-to-adult development of
Spodoptera frugiperda recorded is between 26 and 32°C (Plessis
et al., 2020). Under extremely harsh natural conditions, aphids
initiate diapause adaptation strategies (Denlinger, 2002; Kroschel
et al.,, 2013; Ma and Ma, 2016). In ectotherms, environmental
temperatures influence the organism’s biochemical reactions,
with direct consequences for life history traits (Hochachka and
Somero, 2002). Some studies show a correlation between the
optimal thermal value and the mean temperature of locations
by latitudinal or geographical analysis at intra- and interspecific
levels (Angilletta, 2009).

Environmental temperature affects the function and
adaptability of ectotherms, revealing that the distribution
of organisms is mainly limited by their thermal fitness (Huey and
Kingsolver, 1993; Angilletta, 2009). Studying how ectotherms
adapt to different thermal environments is particularly important
to understand changes in life history (Clarke, 1993). “The hotter
the better” hypothesis states that the higher the optimal
temperature is, the higher the maximum thermal performance
of the organism should be (Huey and Kingsolver, 1989).
The hypothesis predicts that optimal thermal performance

will lead to maximum performance at the most frequently
experienced body temperature. Therefore, the genotype of the
hot environment has a higher thermal optimization than that of
the cold environment.

The fitness cost investigation included life histories
(developmental time, fecundity, fertility, and population growth),
metabolism and behavior. Among them, life-table analyses are
a means of determining the population characteristics that
predict population growth and describing developmental
characteristics such as reproductive rates and life expectancies
in a pest population (Davison et al., 2010; Hajar et al., 2011;
Liao et al, 2017; Han et al, 2019). The effect of temperature
on aphids has been reported under laboratory conditions
with respect to some host plants. The optimum temperature
for the growth and development of grain aphids, Sitobion
avenae, is 15-25°C, at which the highest intrinsic growth
rate (t,,) results (Ahn et al, 2020). The highest r,, and finite
rate of increase in Acyrthosiphon pisum (Harris) (Hemiptera:
Aphidoidea) were observed at 25°C (Luis and Xavier, 2001).
Some studies have reported that temperature affects aphid
behavior and biochemical parameters (Ma and Ma, 2012; Chen
et al., 2013). However, few studies have involved the effects of
multiple factors, such as temperature and latitude, on aphid
biology and ecology.

Given that temperature and geographic factors may play
important roles in the evolution of insects, measuring the
life history traits of different populations under a series of
developmental temperatures can reveal the adaptation of traits
to general temperature conditions. In an effort to estimate
the influence of the net effects of changing climate scenarios,
the positive and negative effects of temperature changes on
insects need to be considered. Elevated temperature will bring
them closer to their physiologically optimal state, and insects
at high latitudes may have higher adaptability (Kingsolver,
2009). The impact on populations at low latitudes is little
known (Deutsch et al., 2008; Stange and Ayres, 2010). Insects
at low latitudes may suffer declines in growth, fecundity, and
fitness in summer.

The aphids were exposed to three constant temperatures
(17, 22, and 27°C). The optimal temperature of S. miscanthi
is approximately 22°C, while the other two temperatures are
increased and decreased by 5°C versus this temperature value,
making them within the range of the optimum temperature
threshold for the aphid. Based on the hypothesis that higher
temperature will eventually exceed physiologically optimal states,
we predict that the longevity and fecundity of S. miscanthi will
decrease with increasing temperature. Therefore, in this study,
the effects of three constant temperatures (17, 22, and 27°C)
on the development and reproduction of different geographic
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populations of S. miscanthi were evaluated. This is expected to
help predict area-wide aphid outbreaks.

MATERIALS AND METHODS
Aphid Colonies

Aphid populations were collected from wheat plants in six
major wheat-producing areas in China, namely, Suzhou (SZ),
Wuhan (WH), Kunming (KM), Tai’an (TA), Langfang (LF),
and Yinchuan (YC), by a five-point sampling method from
February to April 2018. The aphids were brought back to the
laboratory and transferred to wheat seedlings (aphid-susceptible
cultivar). Newborn nymphal aphids from adults were transferred
to new aphid-free wheat (cutivar, Hengguan 35) seedlings
to continue feeding. The aphids produced 3-5 generations
under lab conditions before the experiments and were stably
reproduced to achieve clonal homogeneity. Plants were grown in
controlled environmental chambers at 22 £ 1°C, with 75 & 5%
relative humidity (RH) and a 16 h photoperiod under a light
intensity of 9000 [y.

Wheat Plants

The wheat cultivar Hengguan 35 was used as the host plant
for aphid rearing. Wheat seedlings were updated every 2 weeks
to maintain aphid reproduction. Nutrient soil and loess were
sterilized, mixed with vermiculite at a ratio of 2:1:1 and placed
in pots. Ten full-grain wheat seeds were then sown in each
pot (20 cm in diameter). When the wheat plants had grown
to 5 cm, aphids were inoculated into five vigorous seedlings.
Temperature and humidity conditions were similar to those
related to aphid rearing.

Experimental Conditions

Aphids were reared on wheat leaves in three artificial climate
rooms at 17, 22, and 27°C, and previous relative humidity and
photoperiod conditions were maintained. One adult aphid was
individually placed onto a wheat leaf at the two-leaf stage and
covered with a microcage. Each treatment included five pots, and
four adult aphids were inoculated into each pot. Each treatment
was repeated three times. After the nymphs were born, the adults
were removed, and all nymphs in each pot were at the same
developmental stage.

The aphids were observed twice at 8:00 and 20:00 every day.
The number and instars of nymphs as well as the developmental
duration of each instar were recorded. The number of aphids
produced was recorded until all the adults had died.

Data Analysis

Nymphal development duration, adult longevity, aphid
longevity, and fecundity were analyzed using ANOVA. Linear
correlation analysis was used between the latitudes of six places
and the fecundity of S. miscanthi. ANCOVA with temperature
as the main factor and latitude as the covariate was used to
analyze the effects of temperature and latitude on the nymphal
development duration, adult longevity, aphid longevity, and
fecundity of S. miscanthi. The experimental data are expressed

as the mean + standard error (SE). Duncan’s new multiple
range test at P < 0.05 was used to compare the means and to
determine the significance of differences between variables.
Life history data on the development, surviva and fecundity of
S. miscanthi were analyzed according to the age-stage, two-sex
life table theory (Huang and Chi, 2012). The computer program
TWOSEX-MSChart (Chi and Su, 2006) was used to obtain the
age-stage-specific survival rate (syj) (s is the probability that a
newly laid egg can survive to age x and develop to stage j where x
is the age and j is the stage), which was calculated as:
S5 = 3 (1)
no1
The age-specific survival rate [, represents survivorship of the
original cohort over the age interval from day x—1 to day x.
m, denotes the mean number of female offspring produced per
surviving female during the age interval x.

k
lx = zsxj (2)
j=1

The fecundity (fy;) (the number of eggs laid by female adult at
age x),

Ey
=2 ©)
fX] nxj

The age-specifc fecundity (m,) is calculated as:

L _Thsy
* ijzl Sxj

The reproductive rate (Ry) and the intrinsic rate of population
increase (r,,) were calculated by using the Euler-Lotka equation
(Maia Ade et al., 2000). R, 1, the generation average period
(T), the weekly growth rate (1) were calculated (Suleman and
Reisen, 1979; Wei et al,, 2018). To obtain stable and precise
estimates, we used 1,00,000 bootstraps. The data were analyzed
using SPSS statistical software, version 26.0 (SPSS, Inc., Chicago,
IL, United States). Graphs were produced using GraphPad Prism
8 biostatistics software (GraphPad Software Inc., San Diego, CA,
United States).

(4)

RESULTS

Distribution of Sampling Locations and

Their Basic Information

In the geographical division of China, the northern and southern
regions of China are divided by the Qinling Mountains and
the Huaihe River. Insect samples were obtained from six
populations located in the main wheat-producing areas of China,
among which three (SZ, WH, and KM) belong to southern
populations and the other three (TA, LE, and YC) to northern
populations. The sample information, including the names of
the collection places, latitudes and mean annual temperature, is
shown (Figure 1).
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FIGURE 1 | Map of China showing the locations of the sampling sites and the mean annual temperature (MAT) were calculated on 2015 and 2018 period.
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Effect of Temperatures and Latitude on
Nymphal Development Duration of

Sitobion miscanthi

Temperature and latitude significantly affected the nymphal
development duration (NDD) of the aphids, there is an obvious
interaction between temperature and latitude (Table 1). The
populations of Suzhou and Wuhan had the longest NDD among
the six populations at the three temperatures (Figure 2). At
each temperature, the NDD in the three northern populations
was significantly shorter than that in the southern populations.
Among the southern population, The NDD of Kunming
population was significantly shorter than that of the other
two. In northern populations, the NDD was not significantly
different (17°C: F = 18.729, df = 5,354, P < 0.001; 22°C:
F = 2.405, df = 5,354, P = 0.042; 27°C: F = 37.434, df = 5,354,
P <0.001) (Figure 2).

Different temperatures have different effects on NDD in
different regions. the NDD of southern population was
significantly shortened both at 22 and 27°C, while the northern
population was shortened only at the highest 27°C (SZ:
F =11.770, df = 2,357, P < 0.001; WH: F = 4512, df = 2,357,
P < 0.05; KM: F = 11.795, df = 2,357, P < 0.001; TA: F = 9.732,

df =2,357, P < 0.001; LF: F = 17.125, df = 2,357, P < 0.001; YC:
F =15.683, df = 2,357, P < 0.001).

Effect of Temperatures and Latitude on

Adult Longevity of Sitobion miscanthi
Temperature and latitude significantly affected the adult
longevity (ALY) of aphids. There is an obvious interaction
between temperature and latitude (Table 1). The ALY in northern
populations was significantly longer than that in southern
populations at different temperatures, except for the population
of Kunming is no significant difference with the population
in Langfang (17°C: F = 15.827, df = 5,354, P < 0.001; 22°C:
F = 8.552, df = 5,354, P = 0.042; 27°C: F = 48.380, df = 5,354,
P <0.001) (Figure 3).

Except for the ALY of Yinchuan population was no
significantly different under different degrees, the ALY of other
populations was significantly shortened at the highest 27°C, The
ALY of population in Suzhou, Wuhan and Tai’an was longest
at 17 and 22°C, and Kunming and Langfang are 22 and 17°C,
respectively. While the southern population suddenly decreased
at 27°C, which decreased greatly more than northern population.
(SZ: F=33.591, df =2,357, P < 0.001; WH: F = 77.747, df = 2,357,
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TABLE 1 | The effects of temperature and latitude on the nymphal development
duration, adult longevity, longevity and fecundity of S. miscanthi (ANCOVA analysis
with temperature as the main factor and latitude as the covariate).

Variable Source df F P
Nymphal development Temperature 2 18.735 <0.001
duration (D)
Latitude 1 156.368 <0.001
Temperature*Latitude 2 15.055 <0.001
Temperature 2 66.558 <0.001
Adult longevity (D) Latitude 1 170.332 <0.001
Temperature*Latitude 2 21.135 <0.001
Temperature 2 89.397 <0.001
Longevity (D) Latitude 1 77.591 <0.001
Temperature*Latitude 2 15.757 <0.001
Temperature 2 91.293 <0.001
Fecundity Latitude 1 2.584 0.109
Temperature*Latitude 2 37.344 <0.001
"Temperatures: 17, 22 and 27°C; “Latitudes: 24.59°N  (Kunming),

30.58°N  (Wuhan), 31.3°N (Suzhou), 36.19°N (Tai’an), 38.47°N (Yinchuan),
39.5°N (Langfang).

P < 0.001; KM: F = 48.834, df = 2,357, P < 0.001; TA: F = 14.369,
df = 2,357, P < 0.001; LF: F = 4.977, df = 2,357, P < 0.001; YC:
F =1.120, df =2,357, P < 0.05).

Effects of Temperature and Latitude on

the Fecundity of Sitobion miscanthi

Aphid fecundity (AFY) was significantly affected by temperature.
There was no significantly effect of latitude on the AFY. There
is an obvious interaction between temperature and latitude
(Table 1). There was no significantly effect of latitude on the
AFY at 17°C, however, there are significantly effect of latitude
on the AFY at both of the higher temperature. (17°C: F = 0.908,
df = 5,354, P = 0.479; 22°C: F = 5.037, df = 5,354, P < 0.001;
27°C: F = 24.083, df = 5,354, P < 0.001). The fecundity
of northern populations was significantly higher than that of
southern populations at 27°C (Figure 4).

The AFY of Kunming and Suzhou in the southern population
was significantly higher than that of the northern population at
22°C. At 27°C, Yinchuan had the highest fecundity (33.06 £ 2.14
a), and the lowest fecundity was observed from Wuhan
(11.11 £ 1.43 d). The fecundity of the southern population
was significantly lower than that of the northern population
(Figure 5A). With the increase of temperature, the fecundity
of northern population gradually decreased from 22 to 27°C,
and there’s not much difference between 22 and 27°C. While
the southern population suddenly decreased at 27°C, which
decreased greatly. (SZ: F = 27.138, df = 2,357, P < 0.001; WH:
F = 75373, df = 2,357, P < 0.001; KM: F = 25.129, df = 2,357,
P < 0.001; TA: F = 18.590, df = 2,357, P < 0.001; LF: F = 10.309,
df =2,357, P < 0.001; YC: F = 3.484, df = 2,357, P < 0.05).

The correlation of aphid fecundity with latitude at different
treated temperatures was analyzed and is shown in Figure 5A.
Based on the correlation coefficient data, the fecundity of
the aphids and latitude were significantly negative at 22°C
(r* = 0.7906, p = 0.018 < 0.05). However, fecundity and

latitude had no statistical significance at 17°C (r> = 0.4483,
p=0.146 > 0.05) and 27°C (r* = 0.6456, p = 0.054 > 0.05).

The correlation of aphid longevity with latitude at different
treated temperatures was analyzed and is shown in Figure 5B.
Based on the correlation coefficient data, the longevity and
latitude of the aphids were significantly positive at 17°C
(r? = 0.8389, p = 0.010 < 0.05) and 27°C (r* = 0.8271,
p = 0.012 < 0.05). However, longevity and latitude had no
statistical significance at 22°C (r? = 0.4545, p = 0.142 > 0.05).

Effects of Different Temperatures on the
Life-Table Parameters of Sitobion

miscanthi

The influence of latitude on the ry, values was complicated at
17°C, however, at 22°C, the ry, of the southern population was
high (SZ: 0.220 4 0.001; WH: 0.203 £ 0.001; KM: 0.223 £ 0.001).
At 27°C, the ry of the northern population was high (TA:
0.213 £ 0.001; LF: 0.223 £+ 0.001; YC: 0.227 £ 0.001). The
Ry value of the southern populations was lower than that
of the northern populations at 27°C (Table 2). There was
no significant difference between the southern and northern
populations at 17°C. The \ values of the populations were not
significantly different.

The age-stage specific survival rate (syj) represents the
probability of a newborn individual surviving to age x and stage
j- The stage overlaps observed in s; clearly showed the variable
developmental rate occurring among individuals (Figure 6). The
curves of southern populations for adult duration at 27°C were
significantly shorter than that of northern population at 27°C.
Especially the populations in Suzhou and Wuhan, the survival
rate decreased rapidly at adult stage at 27°C (Figure 6A). The
survival rates of northern populations were not affected by rising
temperatures (Figure 6B).

It is shown that s,; is a detailed survival rate showing the stage
differentiation, however, the age-specific survival rate I, curve is
the summation of the survival curves at different stages at age
x, and it is the simplified version of s,; means all stage structure
is ignored and all stages are pooled. The I, age-stage fecundity
(fxj)> age-specific fecundity (m,), and age-specific net maternity
(Iymy) in different populations at different degrees are shown in
Figure 7. [, of southern populations began to decline rapidly on
15 days of age at 27°C, while those of northern populations were
not significantly affected until on 20 days of age. The highest
peaks of age-stage fecundity (fy = 7) occurred on Day 10 in
Tai’an of northern population at 17°C, the second highest peak f;
(fx = 5.94) occurred on Day 10 in Yinchuan at 27°C (Figure 7B).
The highest peaks of f; in Southern population occurred on Day
13 in Wuhan with 5.61 offspring at 22°C (Figure 7A). The highest
peaks of m, (m, = 5.94) occurred on day 10 in Yinchuan of
northern population at 27°C (Figure 7B). the second peak value
was 5.61on day 13 in Wuhan of southern population at 22°C. The
third was Suzhou with a fertility value of 5.4 on Day 18 at 17°C
(Figure 7A). By factoring in the survival rate, the highest age-
specific maternity values (I,my) were 5.94 on Day 10 in Yinchuan
of northern population at 27°C. The second highest peak f;
(fx = 5.61) occurred on day 13 in Wuhan at 22°C. Double peak
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FIGURE 2 | Effect of different temperatures on nymphal development duration of S. miscanthi. The legend is ordered from highest to lowest MAT. SZ, Suzhou; WH,
Wuhan; KM, Kunming; TA, Tai’an; LF, Langfang; YC, Yinchuan.

of Iym, appeared in Suzhou and Wuhan of Southern populations
at 17 and 22°C (Figure 7).

DISCUSSION

Insects are poithermic animals, and their ability to maintain
and regulate internal temperature is not strong. Environmental
temperature affects the rate of all chemical reactions in their life
activities. Therefore, temperature is a key variable that determines
development, fecundity, population growth and survival of
insects (Dean, 1974; Deutsch et al., 2008; Wang et al., 2021).
In this study, artificial climate chamber were used to simulate
different temperatures and to comprehensively evaluated their
influences on the aphid population dynamics, survival rate,
growth, development and of different latitude populations. The

results showed that the change in environmental temperature
exerted a certain influence on the growth, development,
fecundity, and intrinsic growth rate of the aphid populations in
different latitudes.

Relevant research indicates the influence of temperature on
insect growth and reproduction. Ecological amplitude theory
refers to the scope of biological organisms or a physiological
process of biological organisms to adapt to ecological and
environmental conditions (Oyama, 1994). There is an optimum
zone in the ecological amplitude, in which the organism is in
the best physiological condition, the highest reproduction rate
and the greatest amount. The negative effects of low and high
temperatures on population parameters have been observed in
other species (Castillo et al., 2006).

The optimal temperature for the growth of Acyrthosiphon
gossypii was 21-27°C (Gao et al.,, 2013), and that of S. avenae
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was 22.5°C (Lykouressis, 1985), Metopolophium dirhodum was
25°C (Zhou and Carter, 1992), Macrosiphum rosae was 22°C
(Mehrparvar and Hatami, 2007). The results showed that the
development and reproduction of S. miscanthi was regulated
by temperature. S. Miscanthi showed a moderate temperature
preference, with an optimum temperature range of 18-26°C
(Yin et al., 2003)? In the suitable temperature range, the
development duration of S. Miscanthi shortened with the increase
of temperature, and the generation duration shortened by 1 day
with the increase of temperature 1°C (Lykouressis, 1985). The
amount of aphid increased with the increase of temperature.
The reproductive peak was advanced, and the proportion of
intrinsic growth rate, finite growth rate and the proportion of
adult aphid increased gradually, reaching the maximum at 21-
22°C and decreasing at 26-27°C. In addition, some studies have
proved that when the temperature was higher than 27°C, the
adult aphid could not reproduce. When the temperature was
higher than 30°C, the development, survival and reproduction
rate of aphid decreased and could not complete development,

and the mortality rate of aphid reached 100% (Kieckhefer
et al., 1989; Asin and Pons, 2001). The development speed
of Laodelphax striatellus was linearly related to temperature
between 15 and 25°C. At 30 or 32.5°C, the relationship was
no longer linear, and the variation increased (Hachiya, 1990).
Temperatures higher than 32°C caused a decrease in the
developmental rate of Aphis spiraecola (Wang and Tsai, 2000).
In our study, it was also found that the nymph development
period of S. miscanthi in northern China was shortened, the
adult lifespan was increased, and the reproductive capacity was
enhanced. In conclusion, within the suitable temperature range
the fertility and intrinsic growth rate of wheat aphid increased
with the increase of temperature, and the development period
of wheat aphid decreased with the increase of temperature.
However, the wheat aphid has poor heat resistance, and when the
ambient temperature exceeded a certain limit, the life activities
of wheat aphid would be seriously affected. Temperature has
a significant effect on the physiological processes of insects,
such as body size (Atkinson, 1994), mating behavior, feeding
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TABLE 2 | Life-table parameters at each location at different temperatures.

T (Mean =+ SE)

rm (Mean =+ SE)

\ (Mean + SE)

Temp(°C) Location Ro (Mean = SE)
Sz 38.722 + 0.182b
WH 41.389 + 0.049a
17 KM 38.278 + 0.067¢
TA 36.333 + 0.081e
LF 34.667 + 0.096f
YC 36.944 + 0.121d
Sz 35.000 + 0.081a
WH 31.944 + 0.145b
22 KM 35.278 + 0.236a
TA 27.444 + 0.032d
LF 25.444 4+ 0.081e
YC 29.167 + 0.067¢
S74 16.667 + 0.049d
WH 11.111 £ 0.067f
27 KM 15.722 4+ 0.085¢
TA 23.278 + 0.103¢c
LF 26.222 + 0.067b
YC 33.056 + 0.081a

18.727 £+ 0.022a
18.323 £ 0.008b
17.184 4 0.008e
18.040 £ 0.045¢
17.583 4+ 0.018d
16.913 £ 0.037f
16.148 4 0.004d
17.059 £ 0.040c
15.964 4+ 0.010e
17.589 £ 0.050b
17.886 + 0.053a
17.493 £ 0.044b
14.843 4 0.052b
13.670 £+ 0.070c
13.078 4 0.061d
14.768 £ 0.029b
14.623 £+ 0.032b
15.439 4 0.088a

0.195 £ 0.001f
0.203 + 0.001¢c
0.212 4+ 0.001b
0.199 + 0.001e
0.202 4+ 0.001d
0.2183 £ 0.001a
0.220 & 0.001b
0.203 + 0.001¢c
0.2283 + 0.001a
0.188 + 0.001e
0.181 £ 0.001f
0.193 4 0.001d
0.190 & 0.001d
0.176 £ 0.001e
0.211 £ 0.001¢c
0.213 4 0.001b
0.223 +0.001a
0.227 £ 0.001a

1.216 £ 0.001f
1.225 £ 0.001¢
1.236 + 0.001b
1.220 £ 0.001e
1.223 £ 0.001d
1.238 £ 0.001a
1.246 £+ 0.001b
1.225 £0.001¢
1.250 £ 0.001a
1.207 £ 0.001e
1.198 £ 0.001f
1.213 £0.001d
1.209 + 0.001d
1.1983 £ 0.001e
1.235 £ 0.001¢
1.238 £ 0.001b
1.250 £ 0.001a
1.254 £0.001a

Ro: The reproductive rate; rm: the intrinsic rate of population increase, T: the generation average period; \: the weekly growth rate.

ability, immune function (Karl and Fischer, 2008; Karl et al.,
2011). Because the age-stage, two-sex life table take into account
all of the environment factors, offers the most comprehensive
understanding of these parameters (such as developmental rate,
survival rate, fecundity etc.), therefore, it is worth to be applied in
these researches.

In addition, geographical factors exhibit a certain correlation
with the reproductive ability and longevity of aphids at different
temperatures. In this study, the developmental duration of the
southern population decreased from 17 to 22°C, while that
of the northern population decreased from 22 to 27°C. The
nymph development period in the northern region is obviously
shorter than that in the southern region, and the longevity
of adults was longer than that of southern populations at the
three temperatures. The fecundity of northern populations was
significantly lower than that of southern populations at 22°C,
however, higher at 27°C. With the increase of temperature, the
fecundity of northern population gradually decreased from 22
to 27°C, and there’s no significant difference between 22 and
27°C, while the southern population suddenly decreased at 27°C.
I, of southern populations began to decline rapidly on 15 days
of age at 27°C, while those of northern populations were not
significantly affected until on 20 days of age. These findings are
somewhat surprising given that another research corroborates
the hypothesis of “the hotter the better” southern populations
are generally more fecundity than northern populations (Huang
et al., 2015). Although our results do not quite agree with the
hypothesis of “the hotter the better”. But from our result we found
that the fecundity of northern populations was significantly lower
than that of southern populations at 22°C, which agree with the
hypothesis. However, higher at 27°C (Figure 5). We considered
that 27°C is not the suitable degree for the reproduction of
the aphids. We proved that aphid populations in the north

have a wider ecological amplitude, that northern aphids adapt
to higher temperatures, develop faster at higher temperatures.
Some studies have proved that insects in lower latitudes (southern
regions) have higher fertility ability because that the higher
temperatures accelerate growth and development of nymphs.
But our result proved that the higher reproductive rate of
southern regions requires organisms to live at the suitable
ambient temperature.

On the basis of the law of conservation of energy, we
speculate that the shorter developmental period in the northern
populations led to their advantages in fecundity. The trade-
off is the negative correlation between these two life history of
development duration and fecundity (Cingolani et al., 2019).
Multiple mating increased reproduction in Edessa meditabunda
(Hemiptera: Pentatomidae), and the cost of increasing fecundity
was the reduction of longevity (Guerra and Pollack, 2007;
Silva et al., 2012). In this study, there was also significant
negative correlation between development duration of nymph
and fecundity of adult. The nymph development period in
northern China was shorter than that in southern China, and the
fecundity was higher than that in southern China in 27°C.

In particular, the longevity of adult aphid in Yinchuan
was not affected by temperature increase, indicating that
aphids in high latitudes display larger thermal tolerance
ranges. The reproductive rates of populations from various
locations declined with increasing temperature, except that
of the Yinchuan population, which may have been affected
by its high latitude and unique geographical environment.
Organisms at higher latitudes have greater environmental
variability over the course of a year. The peaks of age-
stage fecundity (fyj), age-specific fecundity (my), and age-
specific net maternity (Iym,) were all occurred in the northern
populations, and the peak value appeared earlier in the north
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FIGURE 7 | Age-specific survival rate (x), age-stage fecundity (fy;), age-specific fecundity (my), and age-specific maternity (imx)of S. miscanthi on different
geographical populations at different degrees (17, 22, and 27°C). (A) Southern populations (B) northern populations.
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than in the south. Insects have a smaller thermal tolerance at

low latitudes but a large thermal tolerance at high latitudes
(Huey and Kingsolver, 1989), This finding is similar to the
results of our research. Therefore, geographical conditions
are potential factors affecting the growth, development and
fecundity of aphids.

On the other hand, we speculated that because southern China
is not a major wheat-producing area, the low genetic diversity
of aphids in the region has led to poor overall adaptability
in southern aphids (Sun et al, 2022). This result may be
explained by the fact that there are migratory behaviors among

aphids from different populations. We've shown that in previous
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studies that wheat aphids generally move northward with the
southwesterly airflow in March and then move southwardly with
the northwesterly wind after August to become a source of insects
on autumn seedlings in winter wheat areas in China (Sun et al,,
2022). Therefore, the population samples of aphids collected in
the same place may be different, be partly from native aphids
and partly from migratory aphids, which also leads to uncertainty
in the results. The possible interference of migration cannot be
ruled out. Therefore, further studies are required to evaluate the
impacts of aphid migration.

The microenvironment in which insects live yields
temperature heterogeneity (Sinoquet et al., 2007; Kearney et al.,
2009). Organisms can alleviate the negative effects of climate
change by generating mobile bodies in the microclimate of the
habitat: that is, through thermo regulation. S. avenae can take
advantage of the spatial heterogeneity of the microenvironment
it inhabits and transfer itself to the moist soil surface through
thermoregulation to avoid the adverse effects of high temperature
(Kearney et al., 2009). In addition, some studies have found that
some hormone regulation plays a role in the development
and reproduction of insects. Many hormone changes are
influenced by environmental changes (Addo-Bediako et al,
2002). Candidate genes of insulin signaling and Wnt signaling
participating in circadian rhythmicity, which are pathways
previously associated with insect diapause development, are
also affected by environmental changes (Kostdl et al., 2017).
Insulin-like and testis ecdysiotropin neuropeptides are regulated
by the circadian timing system in the brain during larval-adult
development in the insect Rhodnius prolixus (Hemiptera)
(Vafopoulou and Steel, 2012). Bombyxin -8 gene plays an
important role in the development, silk protein synthesis and
egg diapause of silkworm (Zheng et al, 2016). Epigenetic
modification can also affect the development and reproduction
of insects. DNA methylation impacted by temperature change
regulates female fecundity in Nilaparvata lugens (Zhang et al.,
2015). And also made changes induced by long and short
photoperiods in Nasonia and aphids (Pasquier et al., 2014;
Pegoraro et al., 2016). Such as aphids, photoperiod regulates the
production of seasonal morphs, with short nights of summer
inducing parthenogenetic virginoparae, whereas the long nights
of autumn lead to the production of sexual forms (oviparae),
which inturn may lay diapausing eggs (Saunders, 2012). The
photoperiod and the gene or signaling referred to hormonal
regulation and epigenetic modification have been hinted to be
important in aphid development and reproduction, and we will
try to carry out relevant research in future studies.

Many insects adopt behavioral strategies to regulate their
body temperature. Therefore, when we study the impact of
temperature on population relationships, we will also consider
the role of thermoregulatory behavior strategies. Assessing
facultative endosymbionts in the different populations better
reveals aphid thermal tolerance (Burke et al., 2009; Ferrari
et al., 2020). There are close links between aphid responses to
heat and to infection. The endosymbiont-associated cereal aphid
thermal performance needs to be determined in the future. In
our study, we did not set the extreme temperature, which is the
survival temperature of the insects. Many studies have proved

that under the warming climate, extreme high temperature
occurs frequently, which has a great impact on the development
and reproduction of insects, namely the production and yield
of crops (Ma and Ma, 2012). The study involving impacts
of extreme thermal temperatures on aphids population fitness
deserve further research.

Strengthening the study of insect reproductive strategies to
cope with adverse temperature environment could lead to a
more complete understanding of insect reproductive physiology,
and could also make the forecast and control of insect pests
more accurate and effective. With the rise of transcriptomics,
genomics, metabolomics and other omics, future studies will
explore the mechanism of temperature affecting reproduction
and the interaction between these mechanisms from an
overall perspective. This study clarified the effects of different
temperatures on the development and reproduction of different
geographical populations of S. miscanthi. The results provide
a theoretical basis for predicting potential aphid outbreak
locations. The e effect of temperature on aphid control
efficiency and population fitness by influencing aphid growth and
reproduction has been estimated in many previous studies, such
as one on aphid braconidae (McCalla et al., 2019). Our result
proved that the higher reproductive rate of southern population
requires aphids to live at the suitable ambient temperature,
and aphid populations in the north have a wider ecological
amplitude. The results will be helpful for predicting the potential
aphid outbreaks in Chinas main wheat areas under suitable
conditions. Therefore, our study also provides a theoretical basis
for aphid control under future climate change. The wheat aphid
in northern China has a wide ability to adapt to temperature,
and may have stronger damage potential and adaptability under
future climate warming, which is the focus of field control.
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