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The cotton-melon aphid (Aphis gossypii) is a globally distributed species with
highly differentiated populations and various life cycle types. Based on the
haplotype classification of the A. gossypii, this study aimed to quantify the
effects of latitude, host specialization on transformation of the sexual morph of
the A. gossypii. Additionally, symbiotic bacteria potentially involved in the
formation of sexual morph were investigated. The results showed that I):The
most frequent haplotypes on the 29 host plants were Hapl (60.42%), Hapl7
(13.29%), and Hap4 (7.55%). Haplotypes in cotton fields of 10 geographic
populations were predominantly Hapl and Hap4. II):A. gossypii from the
Northwestern inland, the Yellow River basin, and the Yangtze River basin
cotton regions all were induced sexual morphs, except for Hapl from low
latitudes. There are also differences in the efficiency of sex aphid induction
between haplotypes under the same region/latitude(Jiangsu Yangzhou), which
can be corresponded to three life cycle types: holocyclic (Hapl and Hap4),
facultative (Hapl7 and Hapl-1), and specialized parthenogenetic (Hap3 and
Hapl6) life cycle. Interestingly, sexual morphogenesis of A. gossypii with
facultative life cycle are more susceptible influenced by the host. Subsequent
field surveys in Yangzhou, Jiangsu have also confirmed that the haplotypes
capable of sexual morphology transformation under natural rhythm variations
are Hapl and Hap4. It is worth mentioning that these sexual aphids are mainly
distributed on some Malvaceae plants, Chinese prickly ash, and pomegranate.
However, aphids with specialized parthenogenetic life cycle can complete their
entire life history by overwintering on crops or weeds (such as capsella and
veronica) in greenhouses or outdoors. Ill):The relative abundance of
Arsenophonus, Pantoea and Enterobacter varied among haplotypes. In
particular. the relative abundance of Arsenophonus was generally higher in
holocyclic aphids than in anholocyclic aphids in the parthenogenetic
morphology. Additionally, Arsenophonus higher in gynoparas and females than
in males in the sexual morphology. It can be observed that the aforementioned
symbiotic bacteria may play a role in the development of the specialized or
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reproductive mode of the A. gossypii. The present study contributes to our
understanding of the ecological adaptations of the A. gossypii to different
climatic conditions and host plants. Moreover, it will furnish a crucial
foundation for unravelling the diversification of reproductive modes exhibited

by A. gossypii.
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1 Introduction

Aphis gossypii Glover is a mosaic of sympatric host races
(Carletto et al., 2009a) that colonize over 900 plant species (Yan,
1993). The feeding activities of A. gossypii not only cause severe
damage but also transmit up to 76 viruses to plants (Zhang et al.,
2014), leading to substantial economic losses in global agricultural
and forestry production. A. gossypii populations are highly
differentiated and have a complex life history, often changing
with variations in geography, climate, and host plants (Simon
et al,, 2002). It is well recognized that A. gossypii has two types of
lifecycles, the holocyclic and the unholocyclic forms. The
unholocyclic form further includes parthenogenetic, male-
producing parthenogenetic and facultative lifecycle (Lambers,
1966). The holocyclic aphid is a typical alternate host aphid

species between a woody host (primary host) in winter and a
herbaceous host (secondary host) in summer. The holocyclic
aphids completes their annual life history usually starting with
eggs, going through several phenotypes of fundatrix, fundatrigenia,
parthenogenetic females, gynopara, male and sexual female, and
then forming new overwintering eggs. In contrast, the unholocyclic
aphids reproduce as parthenogenetic aphids throughout the year
(Figure 1) (Zhao et al.,, 1994). The transition between asexual and
sexual reproduction has received much attention in current
aphid research.

It is well known that some parthenogenetic aphids undergo a
transformation into sexual aphids during the late fall and early
winter months. This change is primarily attributed to a reduction in
photoperiod and a decrease in temperature (Gong and Zhang, 2001;
Kwon and Kim, 2017; Ji et al., 2023). The photoperiodic signal is
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conveyed from the brain to the reproductive tract of the aphid,
where it modifies the developmental trajectory of future embryos.
Instead of undergoing mitotic diploid embryogenesis, the oocyte
now proceeds with haploid gametogenesis. The process is
completed in 3 successive generations, resulting in the transition
from parthenogenesis to sexual reproduction in aphids (Le
Trionnaire et al, 2009). Several studies have demonstrated that
genes such UGTs (Uridine diphosphate-glycosyltransferases), InR1
(insulin receptor 1) and Tretl(trehalose transporter 1) exert
significant functions with respect to aphid sexual morphology
formation (Ji, 2017; Wang et al., 2024).

The A. gossypii population demonstrate notable host
specialization. Host switching bioassays represent the most
fundamental biological approach for distinguishing the biotypes of
A. gossypii (Guildemond et al., 1994; Liu et al., 2008). Moreover, the
rapid advancement of molecular methods, including Random
Amplified Polymorphic DNA (RAPD) bands and Microsatellite
Loci, are increasingly utilized to distinguish aphid biotypes
(Vanlerberghe-Masutti and Chavigny, 1998; Vanlerberghe-Masutti
et al,, 1999). In recent years, with the wide application of sequencing
technology in biotyping, some scholars have found that the
mitochondrial cytochrome b (CytB) gene can be used to distinguish
between A. gossypii and closely related species (Carletto et al., 2009b;
Kim et al, 2011). On the basis of this, a method based on single
nucleotide polymorphisms of the complete mitochondrial sequence
(CytB and 16S genes) was developed and has since been widely
employed for the identification of A. gossypii biotypes in northern
China (Wang et al., 2016; Zhang et al., 2018; Shi, 2022).

Host specialization is an important factor influencing the
reproductive mode of aphids. Takada (1988) investigated the
response of 58 asexual clones from 13 regions, 14 families, and 21
species of plants in Japan to a low temperature and short
photoperiod. The study recorded that 41.38% of the population
exhibited a holocyclic life cycle, 36.21% exhibited a specialized
parthenogenetic life cycle, and 15.52% exhibited a male-producing
parthenogenetic life cycle, with the remaining 6.9% exhibiting a
facultative life cycle. Interestingly, 100% of populations fed on the
Malvaceae family (Hibiscus spp.) plants exhibited a holocyclic life
cycle, whereas 72.73% of populations fed on the Cucurbitaceae
family plants exhibited a parthenogenetic life cycle. Shi (2022)
reported that the cotton-specialized aphids could sexually
reproduce on cotton and cucumber, while cucumber-specialized
aphids could only sexually reproduce on cotton. Additionally,
Changes in latitude can lead to diversity in the aphid
reproductive modes. According to (Liu et al, 2003), populations
of A. gossypii in high-latitude regions (Beijing and Xinjiang, China)
were able to induce sexual morphs; however, populations from low-
latitude regions (Hainan, China, and Ho Chi Minh City, Vietnam)
were unable to induce sexual morphs. By comparing previous
studies, we found that A. gossypii in the Anyang area of the
Yellow River basin (Ji et al, 2021) responded more readily to
photoperiod and temperature signals than in the Nanjing area of
the Yangtze River basin in China (Gong, 2000).

The occurrence of symbiotic bacteria is pervasive among
insects, encompassing primary symbionts, secondary symbionts,
and facultative symbionts (Bucher, 1965; Bright and Bulgheresi,
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2010). Recent findings indicate that symbiotic bacteria may play a
significant role in insect host specialization (Tsuchida et al., 2004)
and reproduction (Leonardo and Mondor, 2006; Simon et al., 2011;
Lietal, 2021; Gnainsky et al., 2021). The transmission of symbiotic
bacteria occurs vertically through eggs or embryos. Previous studies
have identified several symbiotic bacteria, including Wolbachia,
Spiroplasma, and Arsenophonus, which regulate reproductive
processes in insect hosts through cytoplasmic incompatibility,
parthenogenesis reproduction, and male killing (Poinsot et al,
2003; Engelstddter and Hurst, 2009; Ferree et al., 2008; Goerzen
and Erlandson, 2018), thus resulting in altered sex ratios of the
progeny or an increased proportion of female progeny. It is
noteworthy that the Arsenophonus has also been observed to play
a role in the promotion of host specialization in certain aphid
species (Wagner et al., 2015). Several studies have demonstrated
that the relative abundance of Arsenophonus is significantly higher
in cotton-specialization aphids compared to cucumber-
specialization aphids (Cao, 2016; Miao, 2018).

Populations of A. gossypii exhibit greater genotypic diversity
and broad host range (Charaabi et al., 2008; Carletto et al., 20094, b;
Razmjou et al., 2010; Komazaki et al., 2011; Zhang et al., 2018), but
the details of the life cycle divergence of the different biotypes and
the reasons for its formation remain unclear. In this study, we aim
to investigate the role of host, environmental factors and symbiotic
bacteria in driving the formation of different reproductive modes in
Aphis gossypii. To achieve this goal:

I. Haplotypes that are diverse and representative in terms of
geography and host were selected for sex aphid induction under a
low temperature and short photoperiod condition.

II. Tracking and correlation analysis of haplotypes and life
cycles in the fields.

III. A comparative study on the diversity and abundance of
endosymbiotic bacteria was estimated using 16S rDNA sequencing
in various phenotypes of six A. gossypii haplotypes.

2 Materials and methods
2.1 The haplotype distribution and host

2.1.1 Plants and insects

From April 2021 to January 2023, A. gossypii samples were
collected during different seasons from 29 host plants, mainly in the
Yangtze River basin of China. Including cotton(Gossypium
hirsutum), cucumber(Cucumis sativus), zucchini(Cucurbita pepo),
white gourd(Benincasa hispida), loofah(Luffa cylindrica), pumpkin
(Cucurbita maxima), citrus(Citrus reticulata), okra(Hibiscus
esulentus), eggplant(Solanum melongena), kidney bean(Phaseolus
vulgaris), capsella(Capsella bursa-pastoris), chrysanthemum
(Dendranthema morifolium), chilli(Capsicum annuum), Chinese
trumpet vine(Campsis grandiflora), boxwoods(Buxus sinica),
veronica(Veronica persica), cotton rose hibiscus(Hibiscus
mutabilis), hibiscus(Hibiscus syriacus), peppermint(Mentra
piperita), dandelion(Taraxacum mongolicum), petunias(Ipomoea
nil), pomegranate(Punica granatum), rose(Rosa chinensis),
Erigeron annuus, evening primrose(Oenothera biennis), sesame
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(Sesamum indicum), crofton weed(Ageratina adenophora),
pittosporum tobira(Pittosporum tobira), Chinese prickly ash
(Zanthoxylum bungeanum). To explore the effect of latitude on
the reproductive mode of A. gossypii, samples were collected from
cotton fields in four cotton regions: the Yellow River basin,
Northwestern inland and the Yangtze River basin, and a low
latitude region. Only one individual per plant was collected to
avoid sampling the offspring of a single female.

2.1.2 Haplotype identification

Genomic DNA from single individuals was extracted using a
TIANamp Genomic DNA Kit following the protocol described by
the manufacturer (Tiangen, Beijing, China), and all extracts were
stored at -20°C. The mitochondrial Cytb and 16S gene regions were
amplified using CytbF and 16SR primers (Wang et al., 2016) with a
size of 917bp, and 577bp of the middle site was selected for
comparison with the haplotype published by Zhang et al.
(2018).The amplified products were sequenced at Shanghai
Sangon Biotech (Shanghai, China) and Qingke Biotechnology Co.,
Ltd. (Nanjing, China).

2.2 Sexual reproduction induction of
A. gossypii

2.2.1 Plants and insects

I. Different geographic A. gossypii (cotton regions from
Langfang, Hebei of the Yellow River basin; Korla, Xinjiang of the
Northwestern inland; Yangzhou, Jiangsu; Ezhou, Hubei of the
Yangtze River basin; Baoshan, Yunnan of low latitudes region)
were collected for the sexual reproduction induction.

II. Different haplotypes of A. gossypii (Hapl, Hap3, Hap4,
Hapl6, Hapl7 and Hap 1-1 were collected from cotton,
cucumber, cotton, loofah, zucchini and chrysanthemum plants of
Jiangsu province) for the sexual reproduction induction.

III. Hapl, Hap4 and Hap17 (collected from cotton, cotton and
zucchini) were maintained on cotton, cucumber, and zucchini
leaves for over 10 generations for the sexual reproduction
induction, respectively.

All the above colonies in acrylic cages in an insect rearing room
(26 £ 1°C, L:D=16:8, RH=65% * 5%, and a light intensity of 12,000
Ix). The population density was controlled to 10 aphids per acrylic
cage to avoid the production of winged aphids.

2.2.2 Sexual reproduction induction

Methods of sexual aphid induction refer to previously described
by Ji et al. (2019) with slightly modifications. Before inoculating A.
gossypii onto the leaves, the plant leaves were placed in petri dishes
containing 1% agar. The fresh agar and leave sections were changed
to new ones when needed. New-born first-instar aphids (G1) were
introduced to host leaves under a short-day (SD) condition (18 + 1°
C, 65 £ 5% relative humidity, 10 L: 14 D photoperiod) for sexual
reproduction induction. The progenies (G2) produced by G1 aphids
were transferred to a new plant every two days until G1 died.
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Numbers of G2 Phenotype were recorded under SD conditions.
10 replicates per treatment. Phenotypic identification of gynoparas
and males and parthenogenetic aphids by observation combined
with dissection under the stereomicroscope.

2.2.3 Field lifecycle survey of A. gossypii

The study investigated lifecycle types of A. gossypii from
different hosts during the sexually reproducing period (November
to December) and the winter (January to February) in Yangzhou,
Jiangsu, China. Then, these different lifecycle types of A. gossypii
individuals were subjected to mitochondrial sequencing for
identification of haplotypes.

2.3 Symbiotic microbial analyses in the
diverse haplotype of A. gossypii

2.3.1 Sample collection

For Illumina MiSeq DNA sequence analysis, we collected
wingless parthenogenetic adults of Hapl, Hap3, Hap4, Haple,
Hapl7, and Hapl-1, as well as gynopara, sexual females, and
male adults from Hapl and Hap4 in Jiangsu Province. Each
haplotype was reared under 18 + 1°C, 65 = 5% relative humidity,
10 L: 14 D photoperiod, excluding Hapl and Hap4, which
parthenogenetic aphids were obtained under 18 + 1°C, 65 + 5%
relative humidity, 16 L: 8 D photoperiod. All samples were collected
in nuclease-free Eppendorf tubes, immediately immersed in liquid
nitrogen, and stored at -80°C for further study.

2.3.2 DNA extraction, 16S rRNA gene
amplification and sequencing

Before DNA extraction, each A. gossypii sample was washed
with 70% ethanol and rinsed three times with nuclease-free water.
The total DNA was extracted from the samples using the Fast DNA
SpinKit for Soil(MP, USA)according to the manufacturer’s
instructions. The hypervariable regions V3-V4 of the bacterial
16S rRNA gene were amplified using the primers (F: 5°-
CCTAYGGGRBGCASCAG-3’; R: 5-GGACTACNNGGGTATCT
AAT-3’). Thermal cycling consisted of initial denaturation at 98°C
for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s,
annealing at 50°C for 30 s, and elongation at 72°C for 30 s. Finally
72°C for 5 min. The quantity and quality of the DNA were
measured using a NanoDrop 2000C spectrophotometer (Thermo
Scientific). The purified DNA samples were stored at -20°C.
Samples with concentrations below 25 ng/uL were excluded from
the study. Sequencing libraries were generated usingTruSeq® DNA
PCR- Free Sample Preparation Kit(Illumina, USA). At last, the
library was sequenced on an Illumina NovaSeq platform and 250 bp
paired-end reads were generated. The quantification and
qualification of PCR products, amplicon generation, PCR product
mixing, purification, library preparation, and sequencing were
performed on an Ilumina MiSeq platform at Beijing Novegene
Technology Co., Ltd. (Beijing, China).
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2.3.3 Paired-end reads assembly and
quality control

Paired-end reads was assigned to samples based on their unique
barcode and truncated by cutting off the barcode and primer
sequence. Paired-end reads were merged using FLASH (V1.2.7,
http://ccbjhu.edu/software/ FLASH/). Quality filtering on the raw
tags were performed under specific filtering conditions to obtain the
high-quality clean tags according to the QIIME(V1.9.1, http://
qiime.org/scripts/split_libraries_fastq.html) quality controlled
process. The tags were compared with the reference database
(Silva database (16S), https://www.arb-silva.de/; Unite Database
(ITS), https://unite.ut.ee/) using vsearch(https://github.com/
torognes/vsearch/) to detect chimera sequences, and then the
chimera sequences were removed. Then the Effective Tags finally
obtained. The obtained sequences were subjected to bioinformatics
analysis, and those with >97% similarity were assigned to the
same OTUs.

2.4 Data analyses

1. Haplotype analysis of A. gossypii: The haplotype sequence
alignment was manually done in DNAMan v6.

II. Data were analyzed by one-way analysis of variance
(ANOVA) using Tukey’s test to determine differences in the
production of sexual morphs according to different populations
under low temperatures and short photoperiods (p < 0.05). All data
were statistically analyzed using SPSS 25.0 software, and all graphs
were created using GraphPad Prism 9.5 software.

III. Symbiotic bacteria bioinformatics analysis: The sequences of
OTUs were annotated using the Mothur method and the SSUrRNA
database (Quast et al., 2012) of SILVA138.1 (http://www.arb-silva.de/)
(Wang, 2007) to determine their taxonomic classification from
phylum to species (Phylum, Class, Order, Family, Genus,
Species). Principal component analysis (PCA) based on Qiime
software (Version 1.9.1) was performed to study the o-diversity
(Shannon and Simpson diversity indices; Chaol and ACE
estimators). Unifrac distances and UPGMA sample clustering
trees were also calculated using Qiime software (Version 1.9.1) to
further analyze the community composition of each sample. The
Tax4Fun function prediction employs the Nearest Neighbor
method, which uses a minimum 16S rRNA sequence similarity
for accurate classification.

3 Results
3.1 The haplotype distribution and host

3.1.1 A. gossypii haplotypes distribution in
different host plants

All sequences were cropped using Contig Express software, and
only sequences of length 577 nt were retained. Using DnaSP
software, 10 haplotypes were identified among 331 individual A.
gossypii sequences. This includes seven reported haplotypes namely
Hapl, Hap3, Hap4, Hap7, Hap13, Hap16, Hap17, three unreported
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haplotypes named Hapl-1, Hap7-1, and Hap17-1. The sequences
were aligned clearly, and no insertions or deletions were found. The
sequences cover 11 variable sites in the A. gossypii mitochondrial
genome sequence fragment.

Results revealed that the dominant haplotype was Hap1, with a
total of 200 individuals accounting for 60.42% of the total. The 3 most
common host plants of Hap1 are cotton, hibiscus, and pomegranate.
Hap17 was the second most frequent haplotype, with 44 individuals,
representing 13.29% of the total. The top 3 hosts for Hapl7 were
chilli, zucchini, and veronica. Additionally, Hap4, Hap3, Hap16, and
Hapl3 were also detected, with individuals (percentage) of 25
(7.55%), 18 (5.43%), 14 (4.23%), and 16 (4.83%), respectively. The
top 3 hosts for Hap 4 were cucumber, cotton, and orka. Interestingly,
the percentage of both cotton and cucumber hosts was close in Hap4.
The haplotypes of Hap3 showed a high specialization, feeding only on
Cucurbitaceae plants or weeds. The top 3 hosts for Hap 3 were
cucumber, pumpkin, and zucchini. Hap17-1, Hapl-1, Hap7-1, and
Hap7 were relatively less common, with only 6 (1.81%), 5 (1.51%), 2
(0.60%), and 1 (0.30%) individual, respectively (Figure 2).

3.1.2 Geographic distribution of A. gossypii
haplotypes in cotton fields

The haplotypes of A. gossypii from 10 different geographical
populations in China were analyzed, resulting in the identification
of 3 haplotypes: Hap1, Hap4, and Hap?7. Results revealed that the A.
gossypii haplotypes were relatively abundant in the cotton fields of
Yangzhou, Korla, Wuhan and Ezhou, with more than 2 haplotypes,
particularly in Yangzhou, where 3 haplotypes were identified. Only
1 haplotype was found in Langfang, Hefei, Changsha, Nanchang,
and Baoshan. Hapl was the most common in cotton fields in China,
followed by the Hap4 (Figure 3).

3.1.3 Seasonal distribution for A.
gossypii haplotypes

The 2021 survey yielded a total of 7 haplotypes in the spring, 4
in the summer, and 4 in the fall. The data revealed that, among the
three periods, Hapl haplotypes were the most prevalent, while
Hap1, Hap3, Hap4, and Hap17 haplotypes were identified across all
3 seasons in 2021. The findings from the 2022 survey indicated that
the seasons with the highest diversity of haplotypes were still spring
and fall. The number of haplotypes observed in the spring, summer,
and fall were 5, 3, and 6, respectively. In comparison to the 2021
survey results, the number of Hapl7 exhibited a notable increase,
while Hapl demonstrated consistent dominance during the spring
and fall seasons (Figure 4).

3.2 reproductive mode of differentiation of
A. gossypii

3.2.1 The effect of geographical factors on the
reproductive mode of differentiation of
A. gossypii

Low temperatures and short photoperiods as key factors to
stimulate sexual reproduction in A. gossypii. This stimulation
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FIGURE 2
Distribution of Aphis gossypii haplotypes on various hosts.

FIGURE 3
Regional distribution of Aphis gossypii haplotypes in cotton fields. Langfang of Hebei Province (116.3°E, 40.0°N); Korla of Xinjiang Province (85.8°E, 41.8°
N); Yangzhou (119.4°E, 32.4°N) of Jiangsu Province; Liuan (116.5°E, 31.6°N) and Hefei of Anhui Province (117.2°E, 31.9°N); Ezhou (114.7°E, 30.4°N) and
Wuhan of Hubei Province (114.3°E, 30.5°N), Nanchang of Jiangxi Province (115.8°E, 28.8°N); Changsha of Hunan Province (111.7°E, 29.0°N) and Baoshan
of Yunnan Province (99.2°E, 25.1°N) of China in 2021 to 2023 at a total of 10 sites. Green for hapl, flower color for Hap4, slash for Hap?.
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resulted in the production of 3 phenotypes: parthenogenetic aphids,
gynopara, and males. A significant effect among different
geographic populations was observed. Our results demonstrated
that sexual morphs could be induced in all geographic populations
except for the Baoshan population (Figure 5C). The highest
transition rate of A. gossypii to gynopara morphs was observed in
Hapl and Hap4 of Ezhou, with 73.81% and 72.37% respectively.
This was followed by the Langfang Hap1(57.63%), the Korla Hap4
(56.43%), and the Yangzhou Hap1(56.25%) (Table 1). Besides, the
Langfang Hap1 had the highest proportion of males, accounting for
25.42%, followed by the Ezhou Hap4 and Hap1, with proportions of
24.23% and 23.89% respectively. The Korla Hap4 and the Yangzhou
Hapl had a low proportion of males, accounting for 14.78% and
13.26% respectively (Table 1). Moreover, only 2.30% and 3.40%
of Hapl and Hap4 of Ezhou maintained parthenogenetic
reproduction, while the proportion of parthenogenetic aphids in
the Langfang Hap1, Korla Hap4, and Yangzhou Hap1 were 16.95%,
28.80% and 30.48%, respectively (Table 1).

Also, there were a significant difference in the timing of sexual
induction among the aphids from various geographical region.
Except for the Yangzhou Hapl population (Figure 5D), where the
gynopara morphs appeared later (day 4 of G1 generation offspring),
the other populations developed into gynopara morphs at the
beginning of Gl offspring (Figures 5A, B, E, F). Besides, the
earliest emergence of males was observed in the Hapl in
Langfang (day 8 of Gl generation offspring), followed by the
Hapl in Ezhou (days 10 of G1 generation offspring), the Hap4 in
Ezhou and the Hap4 in Korla (day 12 of the Gl generation
offspring). The latest emergence of males (days 14 of Gl
generation offspring) was observed in the Hapl population in
Yangzhou (Figures 5A, B, D-F).

3.2.2 Reproductive modes differentiation among
different haplotypes of A. gossypii

The transition rate of A. gossypii to sexual morphs varies greatly
among different haplotypes. The results indicated that Hapl, 4, 17,
and 1-1 (Figures 5B, D, E, H, J) could be transformed into sexual
forms under low temperatures and short photoperiod. However, the
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transition rate of the sexual morph of Hapl and Hap4 was
significantly higher than Hapl7, and Hapl-1. Specifically, the
gynopara and male morphs of Hapl7 appeared later, on the sixth
day and 16 of the Gl generation offspring. Only 1.50% of
individuals converted to gynopara morphs and 0.83% converted
to males. Besides, Hap1-1 sexual morphs appeared extremely late,
on the tenth day of G1 generation offspring. The transition rate of
gynopara morph of Hap1-1 was only 0.95% and no male transitions
were observed (Table 1). Moreover, the offspring of Hap3 and
Hap16 did not develop into sexual morphs (Figures 5L, M, Table 1).
The detailed comparison of the holocyclic (Hap 1) and
parthenogenetic (Hap 3) reproductive phenotypes of A. gossypii
can be seen in (Figure 6).

3.2.3 The effect of the host on the reproductive
mode of differentiation of A. gossypii

The host also affects the occurrence of sexual morphs of A.
gossypii. Hap1, 17, and 4 were chosen for inducing sexual morphs
on three host plants cotton, cucumber, and zucchini, respectively.
The results revealed that only Hapl7 was capable of establishing
populations on all three hosts, while Hapl and Hap4 could only
establish populations on cotton and zucchini. The sexual morph
ratio of Hapl and Hap4 phenotypes was skewed when induced on
zucchini compared to the original host cotton. The ratio of sexual
morphs among Hapl was gynoparae biased skewed on zucchini,
shifting from 56.25% and 13.26% (cotton) to 62.01% and 7.14%
(zucchini) (Table 1). Meanwhile, Hapl produced both gynopara
and male morphs 2 days earlier on zucchini compared to cotton
(Figure 5G-zucchini, D-cotton). After host transition, the
proportion of parthenogenetic, gynopara, and male morphs of
Hap4 changed from 28.80%, 56.43%, and 14.78% on the original
host cotton plant to 36.18%, 56.63%, and 7.20% on zucchini,
respectively (Table 1). There was no change in the timing of
gynopara and males produced by Hap4 on zucchini and cotton
(Figure 5F-zucchini and I-cotton). Notably, the reproductive mode
of Hapl7 is greatly influenced by host change (Figures 5H, K, N).
The sexual morphs of Hap17 can be induced in the cotton host but
not in the zucchini and cucumber hosts (Table 1).
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(N) Yangzhou, Jiangsu Hapl7 (cucumber).

rose hibiscus and okra), Chinese prickly ash, and pomegranate.

3.2.4 Reproductive modes of A. gossypii

haplotypes in fields

The result revealed that sexual morphs of A. gossypii were only
observed on plants of the mallow family (cotton, hibiscus, cotton

Frontiers in Ecology and Evolution

Sexual morphs were not detected on citrus, capsella,
chrysanthemum, chilli, veronica, erigeron annuus, loofah,
cucumber, and zucchini. These haplotypes of sexual individuals
were Hapl and Hap4 (Table 2).
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TABLE 1 Statistics on the proportion of morph produced by G1 generations in different Aphis gossypii populations.

Pathenogenetic

Information Gynopara (%) Male (%) Female (%) Host plants
Hapl, Langfang, Hebei 57.63 25.42 16.95 cotton
Hapl, Ezhou, Hubei 73.81 23.89 2.30 cotton
Hapl, Baoshan,Yunnan 0 0 100 cotton
Hapl, Yangzhou, Jiangsu 56.25 13.26 30.48 cotton
Hapl, Yangzhou, Jiangsu 62.01 7.14 30.85 zucchini
Hap4, Ezhou, Hubei 72.37 24.23 3.40 cotton
Hap4, Korla, Xinjiang 56.43 14.78 28.80 cotton
Hap4, Korla, XinJiang 56.63 7.19 36.18 zucchini
Hapl7, Yangzhou, Jiangsu 7.78 3.94 88.28 cotton
Hap17,Yangzhou, Jiangsu 0 0 100 zucchini
Hap17,Yangzhou, Jiangsu 0 0 100 cucumber
Hapl-1, Nantong, Jiangsu 0.95 0 99.05 cotton
Hap3,Yangzhou, Jiangsu 0 0 100 zucchini
Hap16,Yangzhou, Jiangsu 0 0 100 zucchini

Winter survey results revealed that A. gossypii in the Yangtze
River basin overwinter through parthenogenesis on crops or weeds
such as veronica, capsella, dandelion, and crofton weed in
greenhouses or outdoors. Capsella is an extremely suitable
overwintering host for A. gossypii. Almost all haplotypes could be
found on capsella, followed by veronica (Figure 7).

3.3 Bacteria diversity and abundance
Analysis in Aphis gossypii

3.3.1 Overview of the A. gossypii symbiotic
bacterial diversity

The V3-V4 region of the 16S rRNA gene was amplified from
different haplotypes, and reproductive types of A. gossypii samples
analyses were sequenced on the Illumina MiSeq PE 300 platform. In
total, 60451.36 effective tags were obtained, with an average base
number of 25639041.56 bp. The average length of the effective tags
was 423.14 bp (Supplementary Table S1). Among different
haplotypes of parthenogenesis populations, the Hap3.P, Hap4.P,
and Hapl7.P aphids were found to have significantly higher
bacterial abundance estimates than the Hapl.P aphids in ACE
and Chaol index analyses (Supplementary Figure S1). Among
different reproductive types, parthenogenesis populations Hapl.P
were found to have significantly lower bacterial abundance
estimates than the sexual populations Hapl.M, Hap4.F, Hap4.M,
and Hap4.G (Supplementary Figure S1). The PCA-based studies of
the 25 samples revealed all clusters together, except for two Hap4.F,
two Hap4.G, one Hap4.M, one Hap4.P, one Hap1.M, one Hap17.P,
and one Hap3.P sample (Supplementary Figure S2).
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3.3.2 Bacterial community composition among
different A. gossypii populations

The analysis of the microbial community composition showed
that the dominant symbiotic bacterial phylum among the samples is
Proteobacteria. The dominant symbiotic bacterial genus differed
between samples. In the parthenogenesis aphids Hap3, Hap16, and
Hapl7, Buchnera was the most abundant genus. While both the
gynopara and female morphs of Hap1 and Hap4 were dominated by
Arsenophonus, it is worth noting that the relative abundance of
Arsenophonus is generally higher in sexual aphids (except Hap4.M)
compared to parthenogenetic aphids. Additionally, the relative
abundance of Arsenophonus is higher in gynopara and female
aphids compared to their respective male aphids. The relative
abundance of Arsenophonus in sexual aphids Hap4.F, Hap4.M,
Hap4.G, Hapl.F, Hapl.M, and Hapl.G was 22.37, 4.54, 42.89,
63.77, 22.42, and 69.70%, respectively. The relative abundance of
parthenogenetic aphids Hapl.P, Hap4.P, Hap3.P, Hap17.P, Hap1-
1.P(Ntj.P), and Hapl6.P was 10.35, 19.79, 2.06, 2.06, 3.68, and
0.54%, respectively (Figure 8).

The relative abundance of Pseudomonas and Acinetobacter in
parthenogenetic aphids was higher than that in sexual aphids.
Specifically, the mean relative abundance of Pseudomonas was
15.99% in parthenogenetic populations and 2.76% in sexual aphid
populations. Additionally, the mean relative abundance of
Acinetobacter was 6.63% in parthenogenetic populations and
0.25% in sexual aphid populations.

Also, the abundance of Pantoea and Enterobacter varied among
haplotypes in parthenogenetic populations. The relative abundance
of Pantoea was higher in Hapl.P, Hap4.P, and Ntj.P populations
(4.84, 9.52, and 19.32%) compared to Hap3.P, Hapl7.P, and
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FIGURE 6

Phenotypes of Hapl and Hap3 under low temperature and short photoperiod. Hapl: (A): Gynopara (wing); (B) Male; (C) Sex female; (D) Eggs
(anatomical figure) of sex female; (E) Mating of female and male (wing); (F) Fertilized eggs laid by female and male after mating. Hap3:

(G) parthenogenetic aphid; (H) embryos by parthenogenetic aphid (anatomical figure).

Hap16.P populations (0.36, 0.42, and 0.23%). Similarly, the relative 4 Djscussion
abundance of Enterobacter was higher in Hapl.P, Hap4.P, and
Hapl-1.P populations (16.18, 10.90, and 10.83%) compared to
Hap3.P, Hapl7.P, and Hapl6.P populations (1.78, 1.60, and
0.75%) (Figure 8).

The type of host colonized by aphids exerts a profound
influence on their reproductive strategy, which may be related to
the long-term adaptation of the A. gossypii to its respective
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Haplotype distribution of the overwintering Aphis gossypii on seven host plants.

specialized host plants. Furthermore, differences in the growth
characterization, nutrients, and compounds of the host plants
result in the differentiation of A. gossypii populations and even
symbiotic bacteria within them. This may be a significant factor
contributing to the observed differences in reproductive patterns. In
this study, the lifecycle types of six haplotypes in Yangzhou region

were categorized into three types based on whether aphids are
capable of sexual reproduction and whether they are influenced by
the host.

The type I is the holocyclic lifecycle, which refers to populations
that have a high proportion of sexual aphid transformations under a
low temperature and short photoperiod. This type is not affected by
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host changes (Hapl and Hap4). Hapl corresponds to the cotton-
type aphid (Zhang et al,, 2018), which is the most abundant
haplotype and colonizes the largest number of host species in
nature. The 3 most common host plants of Hapl are cotton,
hibiscus, and pomegranate, a typical hetero-host-holocyclic life
history type (the second host cotton, the first hosts hibiscus and
pomegranate) (Dixon, 1998; Geng and Liu, 2010). Meanwhile, the
results of the field survey confirmed that the vast majority of sexual
morphs in the field environment of Yangzhou were Hapl. The
Hap4 has a transitional host reference, which includes both hetero-
host-holocyclic (cotton-hibiscus or pomegranate), and many
unholocyclic lifecycle hosts (cucurbit hosts) (Figure 2). Indeed,
sexual morphs of Hap4 populations were found in all field
surveys, but apparently the number of individuals was not as
large as in Hapl.

The type II is the facultative lifecycle, including Hapl7 and
Hapl-1, which develops a small number of sexual forms only
feeding on certain plant (cotton) hosts under induced conditions.
The Hap17, with the second highest host abundance, did not show a
host pattern consistent with a hetero-host holocyclic life cycle
(Figure 2). The top 3 hosts for Hapl7 were chilli, zucchini, and
veronica. Moreover, no sexual morphs of Hapl7 were detected in
the field. In the laboratory-induced experiments, there were only a
few sexual morphs were found on cotton, and none on the two
Cucurbitaceae hosts. Thus, Hapl7 serves as a representative of
facultative life-history whose reproductive mode varies from host to
host. In this investigation, Hap1-1, whose host range could not be
determined due to its scarcity, had similar sex aphid-inducing
characteristics to Hap17.

The type III is the specialized parthenogenetic lifecycle, which is
unable to produce sexual stages under the induction condition
(including Hap3 and Hap16 types). The haplotypes of A. gossypii in
group IV corresponded precisely to the melon-specialized
populations, as reported by Zhang et al. (2018). The haplotypes in
this group showed a high specialization, feeding mainly on
Cucurbitaceae and weeds (Zhang et al., 2018).We tried to feed
them on cotton hosts to induce sexual aphids, but unfortunately
these two haplotypes did not colonize cotton. Moreover, in both
laboratory induction experiments and field surveys, Hap3 and
Hapl6 were found to reproduce solely through parthenogenesis.
According to Thomas et al. (2012), the melon aphid may originate
from wild plants. Importantly, winter field surveys identified
Capsella and Veronica as important transfer hosts of the melon-
aphid, serving as vital food sources for the continued survival of
specialized parthenogenetic aphid populations in the Yangtze River
Basin during the winter. The discovery of important winter hosts
provides ample evidence to explain how this species of cotton aphid
in spends its cold winters.

However, the lifecycle types of these haplotypes are not static,
and even the same haplotype originating in different regions can
present different life cycles. Geography is another critical factor that
influences the reproductive transformation in aphid (Blackman,
1974; Wiktelius, 1982). Prolonged favorable environmental
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conditions can lead to the loss of the sexual reproductive stage in
aphids (Liu et al, 2003). Hapl only from the low latitude region
(Baoshan, Yunnan) did not exhibit reproductive transformation.
This is due to the fact that the climate of the Yunnan region of
China is warmer during all four seasons in comparison to the other
three regions. In conditions conducive to survival, parthenogenetic
reproductive strategy can result in a rapid increase in aphid
populations. In contrast, the presence of sexual reproductive
strategy, has a significant inhibitory effect on population growth
while simultaneously ensuring the perpetuation of offspring.
Therefore, in regions with more extreme climatic conditions,
cotton aphids tend to reproduce sexually in order to ensure the
continuation of their offspring, rather than to continue expanding
their populations.

This study also found that the abundance of Arsenophonus were
significantly higher in holocyclic lifecycle aphids than in
parthenogenetic aphids. Notably, the relative abundance of
Arsenophonus was higher in gynopara and female aphids
compared to male aphids. Studies have shown that Arsenophonus
can cause Nasonia vitripennis male embryo mortality, resulting in a
skew towards female sexual development in hosts (Ferree et al,
2008; Goerzen and Erlandson, 2018). In summary, we suggest that
Arsenophonus may play an important role in the reproductive
transition of A. gossypii, especially in the formation of gynopara
and female aphids. However, the effects associated with
Arsenophonus on aphids remain poorly understood and merit
further study. Additionally, the relative abundance of
Pseudomonas and Acinetobacter are commonly higher in
parthenogenetic aphids than in sexual aphids. It has been
demonstrated that the intestinal symbiotic bacterium Acetobacter
pomorum plays an important role in oocyte production in the
ovaries of Drosophila melanogaster (Elgart et al., 2016).
Furthermore, Pseudomonas putida has been observed to stimulate
oviposition in the olive fruit fly, Bactrocera oleae. The number of
eggs laid by B. oleae that had been fed diets containing P. putida was
significantly higher than that of females that had been fed only
sucrose (Sacchetti et al., 2014). Unfortunately, there is limited
research on the involvement of these bacteria in aphid
reproductive function. Future research will focus on the isolation
and in cell-free culture of the symbiotic bacterium Arsenophonus,
the dynamics of the symbiotic bacteria during the formation of
different reproductive phenotypes of the A. gossypii, as well as the
use of antibiotics to remove and replenish Arsenophonus to validate
its function in the reproductive transition of the aphids. The present
study provides a new idea to aphid control through the utilization of
symbiotic bacteria that regulate reproduction.
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