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ABSTRACT

Sternorrhyncha, one of the four major suborders of Hemiptera, represents a phytophagous insect clade comprising nearly 18,000
described species. While recent phylogenomic studies have made significant efforts to elucidate the internal phylogenetic rela-
tionships within this group, substantial controversies persist regarding both the higher-level phylogeny and particularly the iden-
tification of the earliest-diverging lineage. To investigate the phylogenomics of Sternorrhyncha and to reveal the reasons behind
phylogenetic conflicts, this study utilizes the available genomic and transcriptomic data to reconstruct the Sternorrhyncha phy-
logeny and evaluates the impact of alternative evolutionary models on deep-node resolution. A well-supported backbone topol-
ogy, (Aleyrodoidea, (Psylloidea, (Coccoidea, Aphidoidea))), was consistently recovered across multiple analytical approaches
in our study. This study provides critical evidence for resolving the long-standing phylogenetic controversies within this taxon.

1 | Introduction

Hemiptera boasts an extensive evolutionary history, with its
remarkable morphological adaptations enabling the coloniza-
tion of diverse habitats and exploitation of varied food sources.
Today, it stands as one of the most specious and morphologically
diverse insect orders, comprising over 100,000 described species
(Li et al. 2017; Drohojowska et al. 2020). Extant Hemiptera are
divided into four suborders: Sternorrhyncha, Auchenorrhyncha,
Coleorrhyncha, and Heteroptera. The phylogenetic relation-
ships among these suborders have been extensively studied,
with Sternorrhyncha consistently recovered as the sister group
to the remaining Hemiptera, which has been strongly supported
by both morphological and molecular evidence (Bourgoin and
Campbell 2002; Misof et al. 2014; Li et al. 2017).

Sternorrhyncha, a group of minute phytophagous insects with
piercing-sucking mouthparts, includes four extant superfami-
lies: Aphidoidea, Coccoidea, Aleyrodoidea, and Psylloidea, with
approximately 18,000 described species distributed globally

(Drohojowska et al. 2020; Liu et al. 2024). Traditional mor-
phological studies support a sister-group relationship between
Coccoidea + Aphidoidea and Aleyrodoidea + Psylloidea (von
Dohlen and Moran 1995; Drohojowska et al. 2020). Molecular
phylogenetic analyses have provided new insights into the back-
bone phylogeny of Sternorrhyncha while introducing new chal-
lenges. The monophyly of the Coccoidea + Aphidoidea clade
has been consistently supported across studies without contro-
versy (Liu et al. 2024). In contrast, the phylogenetic positions
of Psylloidea and Aleyrodoidea exhibit remarkable instability,
varying with datasets and analytical methods (von Dohlen and
Moran 1995; Misof et al. 2014; Zhou et al. 2022; Liu et al. 2024).

Two primary hypotheses have emerged: (1) (Psylloidea,
(Aleyrodoidea, (Coccoidea, Aphidoidea))) (Campbell et al. 1994;
von Dohlen and Moran 1995; Cryan and Urban 2012) and (2)
(Aleyrodoidea, (Psylloidea, (Coccoidea, Aphidoidea))) (Misof
et al. 2014; Johnson et al. 2018; Kieran et al. 2019; Wang
etal. 2019; Song and Zhang 2022). The former has been supported
by Sanger sequencing and mitochondrial genome analyses
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(Campbell et al. 1994; von Dohlen and Moran 1995; Cryan and
Urban 2012; Xiong et al. 2017), whereas most large-scale phylog-
enomic studies favor the latter, positioning Aleyrodoidea as the
earliest-diverging lineage (Misof et al. 2014; Johnson et al. 2018;
Kieran et al. 2019; Wang et al. 2019; Song and Zhang 2022).
Intriguingly, a recent study by Liu et al. (2024), incorporating
ultraconserved element (UCE) data from 101 transcriptomes
and genomes, largely rejected the Aleyrodoidea-first hypothesis,
instead supporting the traditional morphological view.

In this study, we integrated 110 genomes and transcriptomes
(including six outgroups) using single-copy orthologous genes,
with a focus on evaluating the utility of site-heterogeneous mod-
els in resolving Sternorrhyncha phylogeny. Our analyses yielded
arobust backbone phylogeny, shedding light on the evolutionary
relationships within this ecologically and economically import-
ant insect group.

2 | Materials and Methods

This study integrates a comprehensive dataset of 110 genomic
and transcriptomic sequences, comprising five aleyrodoids, 16
psylloids, 49 aphidoids, 34 coccoids, and six outgroup species.
All data were sourced from publicly available NCBI databases
(available at https://www.ncbi.nlm.nih.gov/) and Figshare re-
pository (Liu et al. 2024). Please refer to Table S1 for more details.

Paired-end reads derived from transcriptomic raw data were
assembled using SPAdes v4.4.0 (Prjibelski et al. 2020) with the
“-rna’ strategy. The assembled genomes were evaluated and
annotated using BUSCO v5.5.0 (Manni et al. 2021) with the
Hemiptera database from OrthoDB version 10 (creation date:
2024-01-08; n=2510; see Table S1), under the parameter ‘-m
geno’ (Kriventseva et al. 2019). To identify more “complete” se-
quences, the standard deviation (o) threshold of the mean uni-
versal single-copy ortholog (USCO) length was adjusted to 2¢
(Du et al. 2024). For transcriptomes, redundancy reduction was
performed initially using CD-HIT v4.8.1 with default settings (Li
et al. 2002) and followed by a BUSCO analysis. It should be noted
that BUSCO predictions may miss divergent exons (Waterhouse
et al. 2017). Consequently, this can lead to inaccurate gene anno-
tations and the inference of erroneous isoforms. The processes
of redundancy reduction and subsequent alignment trimming
may eliminate these genomic regions. Despite not directly eval-
uating the impact of these potential spurious alignment signals
on the phylogeny of Sternorrhyncha, our congruent results from
both concatenation and coalescent-based analyses suggest that
their influence on the overall conclusions is negligible.

Nucleotide (NT) sequences were aligned according to their
amino acid (AA) translations using MACSE v2.06 with ‘The

Standard Code’ to produce the corresponding aligned AA
sequences (Ranwez et al. 2018). Alignment refinement was
disabled by setting the maximum number of refinement iter-
ations to zero (—max_refine_iter 0). The resulting AA align-
ments were subsequently trimmed with BMGE v1.12 using
a stringent setting (—m BLOSUMS®62 -h 0.4) to minimize se-
quence heterogeneity and reduce computational demands
(Criscuolo and Gribaldo 2010). Finally, loci exhibiting species
occupancy greater than 75% and 90% were concatenated using
FASconCAT v1.04 (Kiick and Longo 2014) to generate matrices
1 and 2 (Matrix1: 698,389 AA from 2134 loci; Matrix2: 145,039
AA from 406 loci), respectively, for downstream concatenation
analyses (Table 1).

For coalescent analyses, each AA alignment was trimmed with
BMGE using a less stringent configuration (—m BLOSUMS62 -h
0.5) to retain a greater number of informative sites for gene tree
reconstruction. Gene trees were inferred in IQ-TREE v2.2.2.7
(Minh et al. 2020) under the LG4X model (Le et al. 2012), with
node support values estimated from 1000 ultrafast bootstrap
replicates (Hoang et al. 2018). The resulting gene trees were then
integrated to infer the species tree using the weighted algorithm
implemented in ASTER v1.15, under a multi-species coalescent
(MSC) model to reduce the influence of incomplete lineage sort-
ing (Zhang et al. 2025).

For concatenation analyses, we applied a partitioned model to
both Matrices 1 and 2. The optimal partitioning scheme and
corresponding substitution models were determined using
ModelFinder in IQ-TREE with the “m MFP+MERGE’ op-
tion (Chernomor et al. 2016; Kalyaanamoorthy et al. 2017).
To further account for site-specific compositional heterogene-
ity driven by biochemical constraints (Feuda et al. 2017), we
additionally evaluated mixture models. Specifically, LG4X+R
models were first tested for both matrices in IQ-TREE (Le
et al. 2012). Subsequently, C20-PMSF and C40-PMSF models
were assessed for Matrix1, and C60-PMSF for Matrix2, using
the LG4X+R topology as a guide tree to reduce computational
burden (Wang et al. 2018). Nodal support in the maximum-
likelihood (ML) analyses was evaluated using 1000 replicates
of the SH-like approximate likelihood ratio test (Guindon
et al. 2010) and ultrafast bootstrap (Hoang et al. 2018). All
trees were visualized and edited with FigTree v1.4.4 (https://
github.com/rambaut/figtree.git) and iTOL v6 (Letunic and
Bork 2024).

To infer the strength of phylogenetic signal and to assess the
stability of our phylogeny, the four-cluster likelihood mapping
(FcLM) approach (Strimmer and von Haeseler 1997) was ap-
plied to all two matrices in IQ-TREE. The FcLM analyses were
conducted under the PMSF models (C40-PMSF for Matrix1, and
C60-PMSF for Matrix2).

TABLE1 | Summary of USCO amino acid matrices used for phylogenetic analyses.

Matrix Average missing taxa perlocus (%) No.ofloci No.ofsites Missingsites (%) Average locuslength
Matrix1 14.61 2134 698,389 18.57 327.27
Matrix2 8.28 406 145,039 12.15 357.24
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3 | Results

All phylogenetic analyses in this study were conducted using
AA sequences of USCO genes. This approach was adopted based
on extensive evidence demonstrating the superiority of AA data
for resolving deep phylogenetic relationships (Simion et al. 2017;
Philippeetal. 2019; Williams et al. 2020). Compared to NT data, AA
sequences effectively mitigate systematic errors arising from satu-
ration effects, rate heterogeneity, and compositional heterogeneity
(Wang et al. 2023). Besides, we implemented a multi-model ana-
lytical framework, with explicit emphasis on site-heterogeneous
models and the MSC model, to account for potential site-specific
compositional heterogeneity and incomplete lineage sorting (ILS)
within our dataset. Notably, all analyses recovered highly consis-
tent topologies across distinct evolutionary models.

In the higher-level phylogeny of Sternorrhyncha, all four super-
families, Aleyrodoidea, Psylloidea, Aphidoidea, and Coccoidea,
were robustly recovered as monophyletic with maximal support
(Figure 1a; UFBoot =100, SH-aLRT =100, WASTRAL =1). Their
interrelationships were consistently resolved as: (Aleyrodoidea,
(Psylloidea, (Aphidoidea, Coccoidea))).

Within Psylloidea, coalescent-based analyses strongly sup-
ported the monophyly of Aphalaridae (WASTRAL=1), placing
it as the earliest diverging lineage, followed by Carsidaridae as
the second branch. In contrast, concatenation methods unan-
imously rejected Aphalaridae monophyly, instead recovering
Aphalara as the second diverging lineage and Carsidaridae as
the third (Appendix A). Liviidae exhibited a close affinity to
the (Psyllidae + Triozidae) clade across all analyses (Figure 1a;
UFBoot=100, SH-aLRT=100, wASTRAL=1). However, the
monophyly of Psyllidae was compromised by the unstable po-
sition of the rogue genus Diaphorina. In coalescent analyses
and concatenation analyses based on Matrix1, Diaphorina was
recovered as sister to the remaining Psyllidae and Triozidae,
albeit with moderate support (Figure 1a; UFBoot=99-100,
SH-aLRT =98.9-99.9, wWASTRAL=0.45). Conversely, all con-
catenation analyses based on Matrix2 supported the monophyly
of Psyllidae, with Diaphorina sister to the remaining family
(Figure 1a; UFBoot=97-99, SH-aLRT =91.5-99.5).

Within Aphidoidea, all analyses unanimously supported
Aphididae as the sister group to the (Adelgidae + Phylloxeridae)
clade with maximal support (Figure la; UFBoot=100, SH-
aLRT =100, WASTRAL =1). Similarly, the Coccoidea phylogeny
demonstrated remarkable consistency across all analytical ap-
proaches, revealing a strongly supported sister relationship be-
tween Dactylopiidae and Eriococcidae (Figure 1a; UFBoot =100,
SH-aLRT =100, WASTRAL=1).

We used FcLM analyses to detect potential confounding signals
with both matrices and evaluated which hypothesis was pre-
dominantly supported by these quartets: T1, (Aleyrodomorpha
+ Psyllomorpha) and (Coccomorpha + Aphidomorpha); T2,
(Aleyrodomorpha + Aphidomorpha) and (Psyllomorpha +
Coccomorpha); and T3, (Aleyrodomorpha + Coccomorpha) and
(Psyllomorpha + Aphidomorpha). The majority of quartets plac-
ing Aleyrodomorpha plus Psyllomorpha were sister groups to a
clade comprising (Coccomorpha + Aphidomorpha), with maxi-
mal support (Figure 1b).

4 | Discussion
4.1 | Systematic Position of Aleyrodoidea

The rooting of Sternorrhyncha is pivotal for understanding the
evolutionary origins of this group, yet it has remained conten-
tious. While phylogenomic studies have made significant ad-
vances, with most analyses consistently recovering Aleyrodoidea
as the first diverging lineage followed by Psylloidea as the third
diverging clade (Misof et al. 2014; Johnson et al. 2018; Kieran
et al. 2019; Wang et al. 2019; Song and Zhang 2022), recent UCE-
based analyses have challenged this consensus by proposing an
alternative topology where Aleyrodoidea forms a sister group
with Psylloidea (Liu et al. 2024). This relationship was pri-
marily supported by morphological evidence (von Dohlen and
Moran 1995; Drohojowska et al. 2020).

UCEs have emerged as a powerful tool in insect phylogenet-
ics, offering a cost-effective and scalable alternative to whole-
genome approaches (Liu et al. 2024). The standard UCE
methodology targets both exonic and intronic regions, but can
only employ NT data for phylogenetic reconstruction (Faircloth
et al. 2012; Liu et al. 2024). However, NT data may introduce
systematic errors due to rate or compositional heterogeneity, and
site saturation (Wang et al. 2023). Furthermore, the UCE matri-
ces constructed by Liu et al. (2024) contain substantial missing
data, potentially exacerbating phylogenetic uncertainty.

To address these limitations, we constructed the most compre-
hensive Sternorrhyncha dataset to date by integrating available
transcriptomes and genomes, from which we extracted USCOs.
Our analytical framework incorporated both better-fitting
site-heterogeneous models and the MSC model to account for
potential systematic biases. All analyses unanimously rejected
the (Aleyrodoidea + Psylloidea) sister relationship, instead
strongly supporting Aleyrodoidea as the first diverging lin-
eage. These results corroborate previous phylogenomic studies
(Misof et al. 2014; Johnson et al. 2018; Kieran et al. 2019; Wang
et al. 2019; Song and Zhang 2022), suggesting that the alterna-
tive topology recovered in UCE-based analyses may represent
an artifact. Meanwhile, the FcLM analyses also supported the
Aleyrodomorpha and Psyllomorpha as sister to a clade compris-
ing Coccomorpha and Aphidomorpha (Figure 1b).

4.2 | Phylogeny of Psylloidea

Wang et al. (2023) employed a genome-scale approach to re-
construct the phylogeny of Psylloidea, explicitly accounting for
systematic bias. By analyzing hundreds of USCOs derived from
psyllid transcriptomes and genomes, their AA-based analysis
recovered the relationship (Aphalaridae, (Carsidaridae, others))
with maximal support, a topology further corroborated by their
systematic-bias-aware NT-based analyses.

Our coalescent analysis recovered the same topology as the
ML tree inferred from concatenated AA sequences in Wang
et al. (2023), though the phylogenetic placement of Diaphorina
differed. In our MSC tree, this genus formed a sister group to
the (Triozidae + Psyllidae) clade, albeit with weak support
(WASTRAL=0.45). This relationship was strongly supported by
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FIGURE 1 | (a) Phylogeny of Sternorrhyncha based on Matrix2 under C60-PMSF (LG+C60+F+R) model. Node supports from other analyses
are also indicated by the colored squares (The node supports of each phylogenetic tree are shown in Appendix A). Image silhouettes sourced from
PhyloPic (https://www.phylopic.org/), and contributed by Yuang Li. (b) Four-cluster likelihood mapping (FcLM) analyses based on Matrix1 (left)

and Matrix2 (right). Voronoi cells are areas, in which quartets show predominant or maximal support for either of the three unrooted topolo-

gies T1, (Aleyrodomorpha + Psyllomorpha) and (Coccomorpha + Aphidomorpha); T2, (Aleyrodomorpha + Aphidomorpha) and (Psyllomorpha +

Coccomorpha); and T3, (Aleyrodomorpha + Coccomorpha) and (Psyllomorpha + Aphidomorpha).

concatenation analyses based on Matrix1. However, recent clas-
sifications integrating morphological and molecular evidence
(Percy et al. 2018; Burckhardt et al. 2021) place Diaphorina
at the most ‘basal’ position within Psyllidae. In our study, the
monophyly of Psyllidae was strongly supported by concatena-
tion analyses using Matrix2, with Diaphorina emerging as the
sister group to the remaining psyllids. Given these conflicting
results, the phylogenetic position of Diaphorina remains uncer-
tain and warrants further investigation through expanded taxon
sampling.

Additionally, the monophyly of Aphalaridae received only
moderate support, with robust confirmation solely in the co-
alescent analysis. In concatenation analyses, Aphalaridae was
recovered as paraphyletic due to the unstable placement of
Aphalara. While earlier studies based on Sanger sequencing
or mitogenome data also suggested paraphyly for this family
(Percy et al. 2018; Cho et al. 2019), genome-scale phylogenies,
particularly those accounting for systematic errors (Wang
et al. 2023, with species sampling consistent with our study),
strongly support its monophyly. Thus, we argue that the ob-
served paraphyly in concatenation analyses may represent an
artifact.

Regarding the phylogenetic position of Aphalaridae, Liu
et al. (2024) recovered an (Aphalaridae + Carsidaridae) clade
using NT data from UCEs, aligning with the NT-based ML
analysis by Wang et al. (2023). However, Wang et al. (2023)
demonstrated that this relationship likely reflects systematic
error stemming from compositional heterogeneity, a bias poten-
tially mitigated by AA data or RY-coding strategies. We concur
with their conclusion that AA-based concatenation analyses are
more reliable than NT-based approaches for resolving deep-level
relationships within Psylloidea. Our results strongly support
Aphalaridae as the sister group to Carsidaridae and the remain-
ing psylloid families, a topology consistently recovered in both
concatenation and coalescent analyses.

Notably, several families (e.g., Mastigimatidae and
Calophyidae) were absent from our dataset, and taxon sam-
pling across included families remained limited, as has also
been the case in previous studies (Wang et al. 2023; Liu
et al. 2024; Deng et al. 2025). The monophyly of Psylloidea has
been well established (Liu et al. 2024; Deng et al. 2025), and
our primary focus was on the relationships between Psylloidea
and other families; therefore, the limited internal sampling
within Psylloidea has minimal impact on our main conclu-
sions. Nevertheless, the backbone phylogeny of Psylloidea
requires further phylogenomic interrogation, and its classifi-
cation framework demands additional refinement through fu-
ture research.

4.3 | Phylogeny of Coccoidea

Coccoidea are traditionally divided into two informal groups: ar-
chaeococcoids and neococcoids. Archaeococcoids are typically
characterized by the presence of abdominal spiracles in at least
the females, by adult males possessing either compound or mul-
tifaceted eyes, or a row of unicorneal eyes encircling the head
and by an XX-XO sex determination system (Borchsenius 1958;
Williams et al. 2011; Deng et al. 2025). Furthermore, most
archaeococcoid lineages appear earlier in the fossil record
than nearly all identifiable neococcoid lineages (Gullan and
Cook 2007). These morphological and paleontological features
collectively suggest that archaeococcoids represent a more an-
cestral group than neococcoids.

The scarcity of genomic data has long impeded robust phyloge-
netic reconstruction within Coccoidea. Recent advances in phy-
logenomics have addressed this gap through analyses of UCEs
(Liu et al. 2024) and USCOs (Song et al. 2024; Deng et al. 2025).
Notably, Deng et al. (2025) contributed the most extensive ge-
nomic dataset to date. While our analyses were completed prior
to the publication of their study, and given our primary focus
on Sternorrhyncha’s backbone phylogeny, we were unable to in-
corporate their newly sequenced genomes. Our taxon sampling
scheme closely resembles those of Song et al. (2024) and Liu
et al. (2024).

Our phylogenetic analyses yielded highly consistent topologies
for Coccoidea across multiple analytical methods and evolution-
ary models. In contrast to Liu et al.'s (2024) UCE-based study that
placed Dactylopiidae (Dactylopius coccus) within archaeococ-
coids, our results positioned this family within neococcoids as
sister to Eriococcidae. This finding aligns with the conventional
hypothesis proposing close relationships among Dactylopiidae,
Beesoniidae, Stictococcidae, and certain Eriococcidae lin-
eages (Cook et al. 2002; Cook and Gullan 2004; Gullan and
Cook 2007; Hodgson and Hardy 2013; Vea and Grimaldi 2016)
and has received support from recent phylogenomic studies
(Song et al. 2024; Deng et al. 2025). The aberrant placement of
Dactylopiidae in archaeococcoids by Liu et al. (2024) likely rep-
resents a systematic artifact arising from compositional hetero-
geneity in UCE data.

Additionally, our AA-based phylogenomic analyses revealed a
different systematic position for Conchaspididae compared to
Liu et al. (2024). Rather than forming a sister relationship with
Pseudococcidae, Conchaspididae clustered with a clade com-
prising all neococcoid families except Pseudococcidae. This
placement is more congruent with morphological evidence:
Conchaspididae and Diaspididae share several key morpho-
logical traits (e.g., tubular pores, sclerotised anal plates) not
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found in Pseudococcidae, and adult male characteristics of
Conchaspididae align more closely with the “diaspidoid” type
than with anything seen in Pseudococcidae (Mamet 1954).
This instability in the placement of Conchaspididae was also
observed by Song et al. (2024), where ML partitioned analyses
initially recovered it as sister to remaining neococcoids, but
subsequent correction for site-specific compositional hetero-
geneity yielded results congruent with our study. Considering
the additional support from Deng et al. (2025), we conclude
that the proposed sister relationship between Conchaspididae
and Pseudococcidae likely represents a methodological artifact.
Despite these advances, the precise phylogenetic placement of
Conchaspididae remains uncertain, and a comprehensive reso-
lution of the phylogeny of Coccoidea will require broader taxon
sampling across this enigmatic family and the highly diverse su-
perfamily as a whole.

4.4 | Phylogeny of Aphidoidea

Aphidoidea comprises three recognized families: Aphididae,
Adelgidae, and Phylloxeridae. These groups exhibit distinct
reproductive strategies, with Aphididae displaying viviparous
parthenogenesis, while Adelgidae and Phylloxeridae are char-
acterized by oviparous parthenogenesis (Liu et al. 2024). A key
morphological distinction lies in the absence of siphunculi in
Adelgidae and Phylloxeridae, contrasting with their presence
in Aphididae (Havill et al. 2007). Phylogenetic relationships
among these three families have shown remarkable consistency
across studies employing various molecular datasets, including
both NT and AA sequences. However, the resolution of inter-
nal relationships within the speciose family Aphididae remains
problematic.

Both our concatenation analyses and previous UCE-based
studies (Liu et al. 2024) reveal exceptionally short internode
branch lengths for deep-level relationships among aphidid lin-
eages. These compressed phylogenetic distances suggest an
ancient rapid radiation event, providing a plausible explana-
tion for the persistent challenges in reconstructing Aphididae

phylogeny.

To advance our understanding of Aphididae evolution, fu-
ture studies should prioritize comprehensive sampling across
all extant subfamilies. Additionally, incorporating comple-
mentary lines of evidence, particularly genomic data from
aphid-specific endosymbiotic bacteria (Jousselin et al. 2024),
may provide valuable phylogenetic signals. This integrative
approach promises to elucidate the complex evolutionary
history of this ecologically and economically significant in-
sect group.
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