Environmental Microbiology (2021) 23(4), 2184—2198

S/am

society f
applied microbiology

doi:10.1111/1462-2920.15391

Microbiota associated with Mollitrichosiphum aphids
(Hemiptera: Aphididae: Greenideinae): diversity, host
species specificity and phylosymbiosis

Man Qin,"2" Jing Chen ©,'" Shifen Xu,'? Liyun Jiang'
and Gexia Qiao 2"

'Key Laboratory of Zoological Systematics and
Evolution, Institute of Zoology, Chinese Academy of
Sciences, Beijing, China.

2College of Life Science, University of Chinese Academy
of Sciences, Beijing, China.

Summary

Symbiotic association is universal in nature, and an array
of symbionts play a crucial part in host life history.
Aphids and their diverse symbionts have become a good
model system to study insect-symbiont interactions.
Previous symbiotic diversity surveys have mainly
focused on a few aphid clades, and the relative impor-
tance of different factors regulating microbial community
structure is not well understood. In this study, we col-
lected 65 colonies representing eight species of the
aphid genus Mollitrichosiphum from different regions
and plants in southern China and Nepal and character-
ized their microbial compositions using lllumina
sequencing of the V3 — V4 hypervariable region of the
16S rRNA gene. We evaluated how microbiota varied
across aphid species, geography and host plants and
the correlation between microbial community structure
and host aphid phylogeny. Heritable symbionts domi-
nated the microbiota associated with Mollitrichosiphum,
and multiple infections of secondary symbionts were
prevalent. Ordination analyses and statistical tests
highlighted the contribution of aphid species in shaping
the structures of bacterial, symbiont and secondary sym-
biont communities. Moreover, we observed a significant
correlation between Mollitrichosiphum aphid phylogeny
and microbial community composition, providing evi-
dence for a pattern of phylosymbiosis between natural
aphid populations and their microbial associates.
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Introduction

Eukaryotes engage in associations with a variety of micro-
organisms. Bacterial symbionts of sap-feeding insects
have been documented in numerous studies
(Buchner, 1965; Baumann, 2005; Sudakaran et al., 2017).
Phloem-feeding aphids and their bacterial symbionts rep-
resent a good model system to study host-symbiont inter-
actions. Aphids rely on the primary endosymbiont
Buchnera aphidicola, which is located in specialized bac-
teriocytes, to supply essential nutrition lacking in their diet
(Buchner, 1965; Douglas, 1998). Buchnera persists in
almost all aphid species (Baumann et al., 1995), is
maintained within aphid populations by direct maternal
transmission (Koga et al., 2012) and has diversified in par-
allel with host lineages (Munson et al., 1991; Clark
et al., 2000; Liu et al., 2013; Xu et al., 2018). Furthermore,
Buchnera has undergone extreme gene loss and degrada-
tion of functions due to long-term living restricted to bacte-
riocytes (Rispe and Moran, 2000; Wernegreen, 2002). In
some aphid species, other bacterial partners are involved
in co-obligate associations to compensate for the essential
nutrient biosynthesis not ensured by Buchnera (e.g., the
co-obligate symbiont Serratia symbiotica in Cinara cedri)
(Lamelas et al., 2011; Mccutcheon and Moran, 2012; Ben-
nett and Moran, 2015).

In addition to the obligate heritable Buchnera, aphids
harbour multiple heritable facultative symbionts that can
provide diverse ecological benefits, such as conferring
parasitoid and fungal resistance (Oliver et al., 2005; Scar-
borough et al., 2005; Lukasik et al., 2013; Heyworth and
Ferrari, 2015), increasing tolerance to heat shock (Chen
et al., 2000; Russell and Moran, 2006; Guay et al., 2009)
and broadening host plant range (Tsuchida et al., 2004;
Tsuchida et al., 2011; Wagner et al., 2015). Facultative
symbionts inhabit various tissues of their aphid hosts
(Oliver et al., 2010) and spread via vertical transmission
and occasional horizontal transmission (Russell et al., 20083;
Russell and Moran, 2005; Michalik et al., 2014; Pons
et al., 2019). Nine facultative symbionts in aphids have
been extensively reported, including Serratia symbiotica
(Unterman et al., 1989), Rickettsia (Chen et al., 1996),
Hamiltonella defensa (Darby et al., 2001), Regiella
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insecticola (Sandstrém et al., 2001), Spiroplasma (Fukatsu
et al., 2001), Arsenophonus (Russell et al., 2003), Fukatsuia
symbiotica (Guay et al., 2009), Rickettsiella viridis
(Tsuchida et al, 2010) and Wolbachia (Augustinos
et al., 2011). In aphids, multiple infections of secondary
symbionts (i.e., infections of more than one symbiont in a
host individual) occur moderately because of the cost of
harbouring diverse assemblages of secondary symbionts
(Oliver et al., 2014). For example, coinfection of H. defensa
and R. viridis in the pea aphid Acyrthosiphon pisum caused
a reduction in aphid survival and fecundity (Leclair
et al., 2017).

To date, most studies on aphid symbiont diversity have
focused on the pea aphid and species of subfamilies
Aphidinae and Lachninae (Zytynska and Weisser, 2016).
The occurrence of particular secondary symbionts within
one aphid species has been reported to be mainly related
to the host plant (Simon et al., 2003; Ferrari et al., 2012;
Brady and White, 2013; Gauthier et al., 2015; Xu
et al., 2020a) and geographic distribution (Tsuchida
et al., 2002). Infection patterns can also vary from native
to invasive regions (Bansal et al., 2014) and during sea-
sonal shifts (Smith et al., 2015; Liu et al., 2019). At taxo-
nomic levels higher than species, the patterns of
secondary symbiont infections have been found to be
associated with aphid species, characteristics of aphids
and ecological conditions (Henry et al., 2015; Xu
et al., 2020b, 2021). However, the factors influencing the
symbiont community structure of aphids have rarely been
explored and assessed across both ecological and aphid
phylogenetic contexts. In addition, more studies on differ-
ent aphid lineages are needed for a comprehensive
understanding of the symbiont diversity landscape.

Mollitrichosiphum is a monophyletic aphid genus of the
subfamily Greenideinae (Insecta: Hemiptera: Aphididae)
that comprises 18 extant species worldwide (11 species
recorded in China) (Favret, 2020) and is mainly distrib-
uted in eastern and southern Asia (Blackman and
Eastop, 2020). Mollitrichosiphum species are monoe-
cious with a holocyclic or anholocyclic life cycle. Some
species are monophagous or oligophagous, feeding on
young leaves or shoots of Fagaceae or Meliosma
(Sabiaceae); some species colonize plants from different
families, including Fagaceae, Betulaceae, Sabiaceae,
Proteaceae and so on (Ghosh and Agarwala, 1993;
Zhang and Qiao, 2010; Blackman and Eastop, 2020).
Previous research has confirmed parallel evolution
between Mollitrichosiphum aphids and Buchnera (Liu
et al., 2013). In a survey study of Wolbachia infection in
Chinese aphids (Wang et al., 2014), Wolbachia was
detected in all sampled Mollitrichosiphum species. How-
ever, little is known about the bacterial flora of this genus.

In the present study, we used lllumina sequencing of
the 16S rRNA gene to characterize the microbial

Microbiota of Mollitrichosiphum aphids 2185

communities of eight Mollitrichosiphum  species
collected from different plants and regions across
southern China and Nepal. We fully assessed the vari-
ation in bacterial, symbiont (incl. Buchnera and second-
ary symbionts) and secondary symbiont communities
according to different factors, including aphid species,
geography and host plant, and revealed the microbial
community determinant in Mollitrichosiphum aphids.
Finally, we estimated the correlation between microbial
community dissimilarity and aphid relatedness to further
understand the eco-evolutionary pattern of aphid-
symbiont interactions.

Results

Taxonomic composition of the microbial community
associated with Mollitrichosiphum aphids

After all filtering steps, a total of 3,367,211 reads (51,803
reads per sample) were obtained. Ninety-nine operational
taxonomic units (OTUs) were clustered and assigned to
33 genera, 22 families, 15 orders, 13 classes and 6 phyla
of bacteria. Bacterial communities of Mollitrichosiphum
aphids were dominated by the phylum Proteobacteria
(average relative abundance across all samples:
99.73%). The most highly dominant class and order were
Gammaproteobacteria (93.58%) and Enterobacteriales
(93.48%), respectively. Enterobacteriaceae (92.81%)
was the most abundant family, followed by
Rickettsiaceae (4.10%) (Table S1).

At the genus level, the primary endosymbiont
Buchnera was detected in all samples and pre-
dominated in most, with an average relative abun-
dance of 72.09%. Six secondary symbionts were
detected: four showed relative abundances greater
than 1% (Serratia symbiotica: 8.91%; Rickettsia:
4.10%; Arsenophonus: 3.10%; Wolbachia: 1.94%), with
two having abundances lower than 1% (Fukatsuia
symbiotica: 0.67%; Hamiltonella defensa: 0.40%) (-
Table S1). S. symbiotica was the most abundant sec-
ondary symbiont, and its relative abundance was even
higher than that of Buchnera in several samples of M.
nigrofasciatum (Fig. 1). Additionally, a high frequency
of multiple infections of secondary symbionts was
observed in Mollitrichosiphum. Each aphid sample
simultaneously harboured 4-6 secondary symbionts.
All samples were infected with S. symbiotica, Rickett-
sia, Arsenophonus and Wolbachia. F. symbiotica was
detected in all Mollitrichosiphum species except
M. nigrum (prevalence across all samples: 40/65). The
prevalence of H. defensa was variable among different
aphid species (28/65). H. defensa was represented by
only one OTU, whereas each of the other secondary
symbionts harboured 2-4 OTUs (Fig. 2). The dominant
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Fig. 1. Microbial community composition associated with Mollitrichosiphum aphids.
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Fig. 2. Heatmap representing the distribution and relative abun-
dances of secondary symbiont OTUs among Mollitrichosiphum spe-
cies. The maximume-likelihood tree of secondary symbiont OTUs and
a simplified cladogram displaying the phylogenetic relationships of
Mollitrichosiphum species are presented.

secondary symbiont OTUs generally differed among
Mollitrichosiphum species, though most OTUs were
widely distributed.

Factors structuring Mollitrichosiphum microbial
community diversity

The microbiota of Mollitrichosiphum displayed a pattern
structured by aphid species. Kruskal-Wallis tests of
alpha diversity indices of the bacterial, symbiont and sec-
ondary symbiont communities revealed significant differ-
ences among aphid species, which indicated greater
interspecific microbiota variation than intraspecific varia-
tion (p <0.05 for both Shannon and Simpson indices).
Conversely, the microbial communities did not differ sig-
nificantly among geographic  region  (Shannon,
p =0.081-0.901; Simpson, p =0.060-0.922) or host
plants  (Shannon, p =0.435-0.867; Simpson,
p =0.497-0.949). The results of three-way ANOVA for
alpha diversity indices also showed a significant impact
of aphid species on the bacterial and symbiont communi-
ties (n =1, Fz15 =4.750-9.167, p <0.004; n =3,
Fa,12) = 7.182-10.667, p < 0.001) (Table S2). The com-
munity compositions of bacteria and symbionts were not
significantly different among geographic regions or host
plants (p > 0.05), and the secondary symbiont community
was structured by none of these three factors (p > 0.05)
(Table S2).

Regarding beta diversity, constrained PCoA (cPCoA)
plots of Bray—Curtis distances displayed a separation
tendency of microbial communities according to aphid
species (p =0.001) (Fig. 3A-C and Fig. S1A-C).
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The structures of the microbial community among geo-

graphic regions (p =0.001-0.022) (Fig. 3D and F and
Fig. S1D-F) were also significant, except for the symbi-
ont community with a sample size =3 (p =0.051)
(Fig. 3E). However, aphid species usually explained
more overall variance in the data (28.6%—39% of vari-
ance) than did geographic region (21%-38.7% of vari-
ance). Moreover, cPCoA analyses did not indicate a
distinct structure constrained by host plant (4.66%—
13.6% of variance, p =0.12-0.68) (Fig. 3G-l and
Fig. S1G-I). Unconstrained NMDS plots failed to uncover
meaningful patterns structured by these three factors
using either Bray—Curtis or unweighted UniFrac dis-
tances (Figs S2-S4).
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ANOSIM corroborated that aphid species had the
greatest effect on the microbial community structure of
Mollitrichosiphum aphids (Table 1). Significant differ-
ences were observed among aphid species using all
types of beta diversity data (R = 0.228-0.446; p < 0.001).
The effects of host plant (R —0.093-0.084;
p =0.117-0.877) and geographic region (R = —0.013 —
0.114; p = 0.055-0.553) were not statistically significant,
except for a significant impact of geographic region on
the secondary symbiont community (n > 1, Bray—Curtis)
(p =0.016). Nonetheless, R values for this dataset
suggested greater dissimilarity between samples from dif-
ferent aphid species (R = 0.397) than from different geo-
graphic regions (R =0.137). The importance of aphid
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Fig. 3. Constrained principal coordinate analysis (cPCoA) plots of Bray—Curtis distances of bacterial (A, D, G), symbiont (B, E, H) and secondary
symbiont (C, F, ) communities (n = 3). Plots are structured by aphid species (A—C), geographic region (D—F) and host plant (G-I). The overall
variation explained by the constrained factor is displayed at the top of each plot. The percent variation shown on each axis refers to the fraction
of the total variance explained by the projection. The abbreviations are given in Table S5.
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Table 1. Results of ANOSIM and PERMANOVA based on Bray—Curtis and unweighted UniFrac distances.
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Statistically significant p values (p < 0.05) are highlighted in italics.

species in shaping microbiota composition was further
confirmed by PERMANOVA, in which highly significant
R? values of aphid species were obtained (R® = 0.292—
0.465; p =<0.007) (Table 1). Significant impacts of
geographic region were found only in the analyses of
Bray—Curtis distances (p = 0.002-0.017), with a minor R?
value in most cases (R? =0.229-0.410). The effect of
host plant was not significant (R® =0.041-0.144;
p =0.081-0.653), except for the bacterial community
(unweighted UniFrac) (p = 0.004-0.008). But its contribu-
tion was limited (R® = 0.129-0.202) compared to aphid
species (R? = 0.416-0.421).

Correlation between microbial community composition
and aphid relatedness

The correlation between microbial community composi-
tion and host aphid phylogeny was examined to further
understand the pattern of aphid-microbe associations.
The divergence times of Mollitrichosiphum are depicted
in Fig. S5. Mantel tests performed on unweighted
UniFrac distances and aphid divergence times showed a
significant positive correlation between microbial commu-
nity structure and aphid phylogeny (p < 0.001; bacteria:
r =0.413; symbionts: r = 0.422; secondary symbionts:
r = 0.396) (Fig. 4D-F). When analysed with Bray—Curtis
distances, significant correlations were also observed for
the bacterial (r = 0.087, p = 0.046) (Fig. 4A) and second-
ary symbiont communities (r =0.137, p =0.002)
(Fig. 4C). Procrustes analyses revealed the same pat-
tern, in which microbiota structure was related to aphid
phylogeny (Procrustes M? =0.768-0.856, p = 0.001)
(Fig. 5A, B, D-F), except for the secondary symbiont
community (Bray—Curtis) (M? =0.998, p =0.984)
(Fig. 5C).

Discussion
Symbiont composition of Mollitrichosiphum aphids

All of the top seven abundant genera associated with
Mollitrichosiphum aphids were symbiotic bacteria (-
Table S1), which confirmed that the microbial communi-
ties of aphids are dominated by symbionts (Jousselin
et al, 2016; Guyomar et al, 2018; Xu
et al., 2020a,2021). High-throughput 16S rRNA gene
sequencing revealed a high symbiont diversity of
Mollitrichosiphum. Buchnera and six secondary symbi-
onts were detected, ranging from five to seven types of
symbionts per sample. Buchnera was found in all sam-
ples with high relative abundance, which substantiated
its  obligate  nutrient-providing role in  aphids
(Douglas, 1998; Baumann, 2005; Wilson et al., 2010)
and long-term cospeciation history with host aphids
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Fig. 4. Correlations between microbiota dissimilarities and aphid divergence times estimated by Mantel tests in bacterial (A, D), symbiont (B, E)
and secondary symbiont (C, F) communities. Microbiota dissimilarities were assessed by Bray—Curtis (A—C) and unweighted UniFrac distances

(D-F).

(Munson et al., 1991; Liu et al., 2013, 2014; Xu
etal., 2018).

Four types of secondary symbionts, including S.
symbiotica, Rickettsia, Arsenophonus and Wolbachia,
were detected in all samples. The resistance to heat
shock conferred by S. symbiotica has been documented
in a series of studies (Chen et al., 2000; Montllor
et al, 2002; Russell and Moran, 2006), and
Mollitrichosiphum aphids are mainly distributed in east-
ern and southern Asia, where the temperatures are rela-
tively high (Blackman and Eastop, 2020). Considering

the highest abundance and prevalence of S. symbiotica

among the secondary symbiont flora of the examined
samples, we infer that S. symbiotica may protect
Mollitrichosiphum aphids from thermal stress. In addition,
the high infection frequencies of Arsenophonus and
Wolbachia in Mollitrichosiphum confirm their widespread
distribution in aphids (Jousselin et al., 2013; Wang
et al., 2014; Xu et al., 2020a). The majority of
Mollitrichosiphum species also hosted F. symbiotica,
which has been detected in A. pisum (Ferrari et al., 2012;
Gauthier et al., 2015; Rock et al., 2018) and some
Lachninae species (Manzano-Marin et al., 2017
Meseguer et al., 2017). The frequent occurrence of F.

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 23, 2184—2198



2190 M. Qin et al.

A M?=0.856; p = 0.001 B

M?=0.845; p = 0.001 C

M?=0.998; p = 0.984

N N
O O
o o
-0.1 -0.1
-0.15 -0.10 -0.05 0 0.05 -0.15 -0.10 0 0.05 -0.15 -0.10 -0.05 0 0.05
PC1 PC1 PC1
D M?=0.814; p = 0.001 E M?=0.768; p = 0.001 F M?=10.791; p = 0.001
0.1
0
N o 0
O O
o o
-0.1
-0.1
-0.15 -0.10 -0.05 0 0.05 -0.15 -0.10 0 0.05 -0.15 -0.10 -0.05 0 0.05
PC1 PC1 PC1

—> M. luchuanum

-e> M. nigrum —> M. rhusae

—> M. montanum —o> M. nandii

—e> M. tenuicorpus

—> M. nigrofasciatum

—o> M. tumorisiphum

Fig. 5. Procrustean superimpositions for PCA-scaled aphid divergence times vs. variations in bacterial (A, D), symbiont (B, E) and secondary
symbiont (C, F) communities. Bray—Curtis (A—C) and unweighted UniFrac distances (D—F) were used to estimate the microbiota variations. The
Procrustes statistic, M2, measures the degree of correspondence between two matrices after rotation.

symbiotica may be related to the mobile genetic ele-
ments in its genome, which encode toxins and pathoge-
nicity factors that can facilitate heritable maintenance in
hosts (Patel et al., 2019).

In previous studies, the defensive symbiont H. defensa
has frequently been detected in field-collected aphids
(Ferrari et al., 2012; Brady et al., 2014; Henry
et al., 2015; Zhao et al., 2016; Guo et al., 2019). How-
ever, the prevalence of H. defensa in Mollitrichosiphum
aphids was not as high as other secondary symbionts,
and its relative abundance and OTU diversity were quite
low in this study. Mollitrichosiphum aphids move rapidly
and their long siphunculi enable them to efficiently
release alarm pheromones (Mondor et al., 2002) to
escape from natural enemies. Henry et al. (2015)
reported that the aphids with attendant ants that protec-
ted them from natural enemies tended not to harbour
defensive symbionts. In general, ecological habits that
confer defensive benefits may have resulted in the low

infection frequency and abundance of H. defensa in
Mollitrichosiphum.

Multiple infections of secondary symbionts

Previous studies found that multiple infections of many
types of secondary symbionts within one aphid host were
not frequent in natural populations (Sandstrom
et al., 2001; Tsuchida et al., 2002; Haynes et al., 2003).
Hughes et al. (2014) proposed that competitive interac-
tions among microbes within the same host might give
rise to the exclusion of less competitive microbes. The
balance between physiological costs to hosts and mutu-
alistic benefits (Oliver et al., 2006; Oliver et al., 2014;
Leybourne et al., 2020) may also account for such coin-
fection patterns. Regardless, in this study, multiple infec-
tions were very common in Mollitrichosiphum aphids,
and all samples examined harboured at least four sec-
ondary symbionts simultaneously.
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Many studies have demonstrated that cohabitation of
secondary symbionts may provide additional beneficial
services for aphids. For example, pea aphids harbouring
both S. symbiotica and Rickettsia were found to produce
more winged morphs (Chen et al., 2000). Oliver
et al. (2006) reported that pea aphids coinfected with S.
symbiotica and H. defensa were more resistant to para-
sitism than were singly infected lines. Moreover, multiple
infections provide opportunities for horizontal gene trans-
fer among coharbouring symbionts, which may enhance
microbial functions. Manzano-Marin et al. (2020) con-
firmed that in some Cinara aphids, the symbiont Erwinia
haradaeae acquired vitamin-biosynthetic genes horizon-
tally transferred from a Sodalis-related bacterium and
thereby gained a novel nutritional function. Finally, it is
worth considering that some coinfecting secondary sym-
bionts may contribute no benefit but only persist in aphid
populations by hitchhiking alongside other beneficial
symbionts (Smith et al., 2015, Doremus and
Oliver, 2017). Further work should be performed to
address the effects of such highly frequent multiple infec-
tions within Mollitrichosiphum aphids.

Host species-specific and phylosymbiotic microbiota

The results of both alpha and beta diversity analyses
highlighted that the aphid species had the strongest
impact on the microbial communities associated with
Mollitrichosiphum. Microbiota exhibited greater interspe-
cific variation than intraspecific variation. At the OTU
level, the secondary symbiont profiles were also different
among aphid species (Fig. 2). Contributions of geography
were found in several analyses but were generally wea-
ker than those of aphid species. Geography has been
found to be an important factor influencing the distribution
of secondary symbionts in aphids (Tsuchida et al., 2002;
Sepulveda et al., 2017; Guo et al., 2019). Here, spatial
variation may result from distinctive abiotic features such
as temperatures and precipitation in different geographic
regions (Sepulveda et al., 2017).

Mantel tests and Procrustes analyses identified signifi-
cant correlations between microbial community structure
and host aphid phylogeny, which is referred to as
‘phylosymbiosis’ (Brucker and Bordenstein, 2013; Lim
and Bordenstein, 2020). The microbiota were similar in
closely related Mollitrichosiphum aphids and their dissim-
ilarities increased along with the accumulation of host
genetic variation. Such microbiota signature in
Mollitrichosiphum is in line with previous study of
McLean et al. (2019), and the pattern of phylosymbiosis
has been reported in some insect, bird, fish and mammal
groups (Sanders et al., 2014; Brooks et al., 2016;
Groussin et al., 2017; Chiarello et al., 2018; Nishida and
Ochman, 2018; Laviad-Shitrit et al.,, 2019). Two
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alternative scenarios may account for this phylogenetic
correlation: host-microbe codiversification or ecological
filtering by phylogenetically correlated factors (Sanders
et al., 2014; Moran and Sloan, 2015; Lim and
Bordenstein, 2020).

Buchnera is strictly maternally inherited, and parallel
evolution between Buchnera and its corresponding
Mollitrichosiphum hosts has been corroborated by Liu
et al. (2013). Secondary symbionts primarily rely on
maternal passage to persist in aphid generations. Chen
and Purcell (1997) reported that S. symbiotica and Rick-
ettsia could be transmitted from mother to offspring at a
high rate under lab conditions. Theoretically, heritable
secondary symbionts should also have codiversified with
aphid hosts if they are strictly vertically transmitted. How-
ever, the fidelity of aphid-secondary symbiont associa-
tions has been eroded over time due to occasional
inheritance failures (Rock et al., 2018) and horizontal
transmissions. This may explain why phylogenetic corre-
lation was lacking within the microbiota of the ancient
and typical heteroecious holocyclic aphid lineage
Eriosomatinae (Xu et al., 2020b), in which repeated
losses and horizontal gains of secondary symbionts
might have occurred and consequently weakened or
even erased phylosymbiosis signals during the long evo-
lutionary period. In contrast, Mollitrichosiphum is a young
clade (18.00-19.09 Mya, Fig. S5), and its monoecious life
cycle may have greatly reduced interspecific horizontal
transfer of secondary symbionts. In this study, S.
symbiotica, Rickettsia, Arsenophonus and Wolbachia
were observed in all examined Mollitrichosiphum sam-
ples. It has been found that some specific keystone or
hub microbes may affect the colonization of other bacte-
ria and determine the composition of the entire microbial
community (Fisher and Mehta, 2014; Agler et al., 2016).
Buchnera and these prevalent and abundant secondary
symbionts may have served as keystones or hubs and
are  responsible for the  phylosymbiosis  of
Mollitrichosiphum microbiota. Therefore, a shared diver-
sification history between Mollitrichosiphum and its
microbial associates at short time scales was uncovered.
Similarly, mammalian gut microbiota display stronger
phylosymbiosis signals in recently diverged host lineages
(Groussin et al., 2017).

Nevertheless, another possible mechanism underlying
the correlation between microbial community dissimilar-
ities and Mollitrichosiphum phylogeny cannot be ruled
out, namely, the filtering by environmental factors or host
traits that have phylogenetic signals (Mazel et al., 2018).
Closely related hosts generally possess similar physiol-
ogies or immune mechanisms, and they are more likely
to select similar microbes from the environment. Chiarello
et al. (2018) highlighted the role of diet in shaping the
phylosymbiotic skin microbiome of coral reef fishes. In
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mammals and humans, diet is a strong selective filter for
gut microbiota assemblage (Muegge et al., 2011; Wu
et al., 2011). If such ecological filters themselves are phy-
logenetically  non-independent, the pattern  of
phylosymbiosis might be generated even in the absence
of host-microbe codiversification.

Conclusions

We provided the first systematic landscape of heritable
symbionts associated with Mollitrichosiphum aphids in
the present study, paving the way for further investiga-
tions of aphid-bacterial symbiosis. The major role of
aphid species in constraining microbiota was also con-
firmed. Finally, we detected a pattern of phylosymbiosis
in Mollitrichosiphum, in which microbial community com-
position varied in accordance with host aphid related-
ness. To elucidate how evolutionary and/or ecological
driving forces have shaped phylosymbiotic
Mollitrichosiphum-microbe interactions, phylogenetic
concordance between specific subsets of microbiota,
especially keystone symbionts, and aphid hosts should
be assessed, and candidate filtering factors should be
identified and estimated quantitatively in the future.

Experimental procedures
Sample collection and identification

A total of 65 colonies of eight Mollitrichosiphum species
were collected from seven families of plants and 19 geo-
graphic regions of southern China and Nepal. Detailed
collection information is listed in Table S3. All samples
were stored in 75% and 95% ethanol for slide mounting
and molecular experiments, respectively, and frozen
at —20°C. The aphids were identified by morphological
examination and DNA barcoding. All samples and
voucher specimens were deposited in the National Zoo-
logical Museum of China (NZMC), Institute of Zoology,
Chinese Academy of Sciences, Beijing, China.

DNA extraction

A single adult viviparous female individual per colony
was used for DNA extraction. The aphid was first surface
sterilized with 70% ethanol for 5 min and five additional
washes of sterile water. Total genomic DNA was
extracted from the whole body of each individual using
DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Ger-
many) following the manufacturer’s protocol. Sterile ultra-
pure water was processed in the same way to serve as a
negative control for DNA extraction. To identify aphid
species and remove samples contaminated by parasitoid
wasps, we quantified DNA extracts by PCR amplification

of the cytochrome ¢ oxidase subunit | (COI) gene with
the primers LCO1490 (5'-GGTCAACAAATCATAAAGAT
ATTGG-3) and HCO2198 (5-TAAACTTCAGGGTGAC
CAAAAAATCA-3') (Folmer et al., 1994). The DNA sam-
ples were stored at —20°C.

High-throughput 16S rRNA gene sequencing and
sequence analyses

After extraction, the DNA was diluted to 1 ng pl~" for use
as a PCR template. Amplification of the V3 — V4 hyper-
variable region of the 16S rRNA gene was performed
with the primers 341F (5-CCTAYGGGRBGCASCAG-3')
and 806R (5'-GGACTACNNGGGTATCTAAT-3')
(Yu et al., 2005). A 30-pl PCR mixture containing 15 pl
Phusion High-Fidelity PCR Master Mix (New England
Biolabs, Ipswich, MA, USA), 3 pl primers and 10 pl PCR
template was used. Triplicate reactions were performed
under the following conditions: 98°C for 1 min; 30 cycles
of 98°C for 10 s, 50°C for 30 s and 72°C for 30 s; and
72°C for 5 min. Negative controls for DNA extraction and
amplification were included in PCR reactions. The PCR
products were detected on a 2% agarose gel, and the
positive samples with a bright band between 400-450 bp
were chosen for purification with GeneJET Gel Extraction
Kit (Thermo Scientific, Wilmington, DE, USA). The library
was prepared using NEBNext Ultra DNA Library Prep Kit
(New England Biolabs). Library quality was examined
using a Qubit 2.0 Fluorometer (Thermo Scientific) and an
Agilent Bioanalyzer 2100 system. Finally, the library pool
was sequenced using the lllumina HiSeq 2500 PE250
platform (lllumina, San Diego, CA, USA).

Paired-end reads were merged using FLASH v1.2.7
(Mago¢ and Salzberg, 2011) with a minimum overlap size
of 10 bp and an error rate of 10%, and demultiplexed on
basis of the unique barcodes. Merged sequences with
quality score below 20 and length shorter than 300 bp
were filtered by QIIME v1.9.1 (Caporaso et al., 2010).
After removing chimeras with UCHIME v4.2.40 (Edgar
et al., 2011), the remaining sequences were clustered
into OTUs with a minimum identity of 97% using the
UCLUST module (Edgar, 2010) in QIIME. The most
abundant sequence in each OTU cluster was selected as
the representative sequence. Classification of each OTU
was performed using the RDP classifier (Wang
et al., 2007) with a 0.80 confidence threshold based on
the SILVA 128 reference database (Quast et al., 2013).
Taxonomic assignments were then manually checked by
BLAST against GenBank. For each OTU, the average
number of sequences across three PCR replicates per
sample was obtained for further analyses. Each sample
was rarefied to the same sequencing depth in USEARCH
v10.0 using the ‘otutab_norm’ function (Edgar, 2010).
OTUs of which the sequences were less than 0.005% of
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the total sequences were discarded for quality filtering
(Bokulich et al., 2013). Finally, an OTU table containing
taxonomic definitions of bacterial taxa and sequence
number per sample was generated (Table S4a).

Microbial community analyses

To better investigate the microbial diversity within
Mollitrichosiphum aphids, two reduced OTU tables con-
taining OTUs classified as known symbionts (incl.
Buchnera and secondary symbionts) (Table S4b) and
secondary symbionts of aphids (Table S4c) were pro-
duced. The relative abundance of each OTU was
assessed by dividing the number of sequences assigned
to each OTU by the sum of sequences in a given sample
using the ‘decostand’ function and ‘total’ method of the
package ‘vegan’ (Oksanen et al., 2010) in the R v3.5.1
programming environment (R Core Team, 2018). To visu-
alize the relative abundance of secondary symbiont
OTUs across aphid species, a heatmap was created
using the ‘pheatmap’ function of the R package
‘pheatmap’ (Kolde and Kolde, 2015). The maximum-
likelihood tree showing the relatedness of these OTUs
was generated in RAXML v8.2.7 (Stamatakis, 2014), and
a simplified cladogram from the aphid divergence time
estimation was presented to show the phylogeny of
Mollitrichosiphum aphids (detailed dating methods are
provided in the Supporting Information).

All statistical analyses were performed with bacterial,
symbiont and secondary symbiont data. All samples were
grouped by aphid species, geographic distribution and
host plant. The detail grouping information is shown in
Table S5. Downstream statistical analyses of microbial
community variation (i.e., all the following analyses
except Mantel test and Procrustes analysis) were per-
formed on all groups and groups with a sample size =3.
Samples with ambiguous host plant information were
excluded from analyses.

Alpha diversity (Shannon and Simpson indices) mea-
suring the community diversity within each aphid sample
was calculated based on the OTU tables using the ‘diver-
sity’ function in ‘vegan’. We investigated the variation in
alpha diversity with respect to aphid species, geography
and host plant. Nonparametric Kruskal-Wallis tests were
performed because of the non-normal distribution
(Shapiro—Wilk test, p < 0.05) and variance heterogeneity
of the alpha diversity data (Bartlett test, p < 0.05). We
then used three-way analysis of variance (ANOVA) to
simultaneously evaluate the effect of each factor on the
microbial alpha diversity. This method is useful in sum-
marizing separate contributions of categorical variables
by estimating the statistical significance of each variable
(Vaughan and Corballis, 1969). Three-way ANOVA was
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conducted using the ‘avop’ function in the R package
‘ImPerm’ (Wheeler and Torchiano, 2010).

Microbial community variation between aphid samples
was also assessed. We used Bray-Curtis and
unweighted UniFrac distances to quantify beta diversity.
The Bray—Curtis distance considers the presence/
absence and relative abundance of OTUs and the
unweighted UniFrac distance uses phylogenetic informa-
tion of OTUs to calculate community dissimilarity
(Lozupone et al., 2011). The latter is more powerful
because it provides insight into the complexity of phylo-
genetic  compositions of microbial communities
(Martin, 2002). The Bray—Curtis distance was assessed
with the ‘vegdist’ function of ‘vegan’ and the unweighted
UniFrac distance was calculated using the ‘GUniFrac’
function in ‘GUniFrac’ (Chen and Chen, 2018).

Based on both the Bray—Curtis and unweighted
UniFrac distance matrices, we used ordination methods
and statistical tests to assess the microbial community
variation with respect to different factors. First, dissimilar-
ity among samples was visualized using unconstrained
nonmetric multidimensional scaling (NMDS) (‘metaMDS’
function in ‘vegan’; stress values <0.05 were regarded
as indicative of excellent representations) and con-
strained  principal coordinate  analysis  (cPCoA)
(‘capscale’ and ‘anova.cca’ functions in ‘vegan’). NMDS
is a robust unsupervised means to extract interpretable
patterns from community dissimilarity data
(Minchin, 1987), and the constrained ordination technique
cPCoA can display community structures that may be
masked in an unconstrained method (Anderson and
Willis, 2003). CPCoA was performed based only on
Bray—Curtis distances, as unweighted UniFrac distances
are not suitable for this analysis.

Next, analysis of similarities (ANOSIM) and permuta-
tional multivariate analysis of variance (PERMANOVA)
were applied based on the Bray—Curtis and unweighted
UniFrac distance matrices to estimate statistically signifi-
cant differences between groups. ANOSIM and PER-
MANOVA were performed using the ‘anosim’ and
‘adonis’ functions, respectively, with 10,000 permutations
in ‘vegan’. The R value of ANOSIM is scaled to lie
between —1 and + 1, and the values between 0 and + 1
indicate greater dissimilarity among samples between
groups than occurs within groups (Anderson and
Walsh, 2013). For PERMANOVA, a factor with a larger
R? value is regarded as a more important component
contributing to the overall variation (Anderson, 2017).

Finally, to explore the impact of aphid phylogeny on
microbiota dissimilarity, the Mantel test and Procrustes
analysis were conducted on all samples using matrices
of aphid divergence times and beta diversity (Bray—Curtis
and unweighted UniFrac distances). Aphid divergence
times were estimated with BEAST v2.5.2 (Bouckaert
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et al., 2019) (detailed analysis methods are provided in
the Supporting Information). The Mantel test is frequently
employed to evaluate the statistical significance of the
correlation between two dissimilarity matrices (Anderson
and Walsh, 2013), and analyses were performed using
Spearman’s rank correlation method and the ‘mantel’
function in ‘vegan’ with 10,000 permutations. Procrustes
analysis, which is more powerful for testing the concor-
dance between matrices (Peres-Neto and
Jackson, 2001), was carried out with the ‘procrustes’ and
‘protest’ functions in ‘vegan’. We used the aphid diver-
gence time matrix as the target matrix and the beta diver-
sity matrix as the rotated matrix. These two matrices
were first scaled using principal component analysis
(PCA) and then rotated to find the optimal superimposi-
tion that maximized their fit. The fit of superimposition is
represented as the M? value. The significance of Pro-
crustes statistics was calculated using a Procrustean ran-
domization test in which 999 permutations were
performed (Jackson, 1995).
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Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1 Structural segregation using constrained principal
coordinate analyses (cPCoA) of Bray—Curtis distances of bac-
terial (A, D, G), symbiont (B, E, H) and secondary symbiont
(C, F, I) communities (n = 1). Plots are structured by aphid
species (A—C), geographic region (D-F) and host plant (G-I).
The overall variation explained by the constrained factor is dis-
played at the top of each plot. The percent variation shown on
each axis refers to the fraction of the total variance explained
by the projection. The abbreviations are given in Table S5.
Fig. S2. Nonmetric multidimensional scaling (NMDS) plots
based on Bray—Curtis distances of bacterial (A, D, G), sym-
biont (B, E, H) and secondary symbiont (C, F, I) communities
(n = 1). Samples are coloured by aphid species (A-C), geo-
graphic region (D—F) and host plant (G-I). The stress value
indicates the goodness of fit between the NMDS representa-
tion and the data. The abbreviations are given in Table S5.
Fig. S3. Nonmetric multidimensional scaling (NMDS) plots
based on Bray—Curtis distances of bacterial (A, D, G),

symbiont (B, E, H) and secondary symbiont (C, F, I) commu-
nities (n = 3). Samples are coloured by aphid species (A-C),
geographic region (D-F) and host plant (G-I). The stress
value indicates the goodness of fit between the NMDS repre-
sentation and the data. The abbreviations are given in
Table S5.

Fig. S4. Nonmetric multidimensional scaling (NMDS) plots
based on unweighted UniFrac distances of bacterial communi-
ties (n =1, A, C, E; n =3, B, D, F). The distance data of sym-
biont and secondary symbiont communities were insufficient
for NMDS. Samples are coloured by aphid species (A, B), geo-
graphic region (C, D) and host plant (E, F). The stress value
indicates the goodness of fit between the NMDS representa-
tion and the data. The abbreviations are given in Table S5.
Fig. S5. Time-calibrated phylogenetic tree  of
Mollitrichosiphum. The red circle at the node shows the cali-
bration point. Horizontal bars display the 95% highest poste-
rior density intervals of the estimated node ages. The mean
ages of nodes are presented above the bars.

Table S1. Relative abundance of the top 10 bacterial phyla,
classes, orders, families and genera in Mollitrichosiphum.
Table S2. Results of three-way ANOVA based on alpha
diversity indices in bacterial, symbiont and secondary symbi-
ont communities.

Table S3. Voucher information and GenBank accession
numbers of aphid samples used in this study.

Table S5. Grouping information of Mollitrichosiphum aphid
samples used in this study.

Table S4 The OTU tables of bacterial (a), symbiont (b) and
secondary symbiont communities (c).
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