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Abstract

Insect herbivores frequently cospeciate with symbionts that enable them to survive on nutritionally unbalanced
diets. While ancient symbiont gain and loss events have been pivotal for insect diversification and feeding niche spe-
cialization, evidence of recent events is scarce. We examine the recent loss of nutritional symbionts (in as little as 1
MY) in sap-feeding Pariaconus, an endemic Hawaiian insect genus that has undergone adaptive radiation, evolving
various galling and free-living ecologies on a single host-plant species, Metrosideros polymorpha within the last ~5
MY. Using 16S rRNA sequencing, we investigated the bacterial microbiomes of 19 Pariaconus species and identified
distinct symbiont profiles associated with specific host-plant ecologies. Phylogenetic analyses and metagenomic re-
constructions revealed significant differences in microbial diversity and functions among psyllids with different host-
plant ecologies. Within a few millions of years, Pariaconus species convergently evolved the closed-gall habit twice.
This shift to enclosed galls coincided with the loss of the Morganella-like symbiont that provides the essential amino
acid arginine to free-living and open-gall sister species. After the Pariaconus lineage left Kauai and colonized younger
islands, both open- and closed-gall species lost the Dickeya-like symbiont. This symbiont is crucial for synthesizing es-
sential amino acids (phenylalanine, tyrosine, and lysine) as well as B vitamins in free-living species. The recurrent loss of
these symbionts in galling species reinforces evidence that galls are nutrient sinks and, combined with the rapidity of the
evolutionary timeline, highlights the dynamic role of insect-symbiont relationships during the diversification of feeding
ecologies. We propose new Candidatus names for the novel Morganella-like and Dickeya-like symbionts.

Key words: galling, B vitamins, Pariaconus psyllids, symbiont loss, symbiosis.

2021; Ward et al. 2022). Instead, the prototypical process
of speciation in insect herbivores, including psyllids, is via
geographic isolation or host-plant shifts (Percy 2003;
Taylor et al. 2016; Bastin et al. 2024). For example,
host-plant switching helped facilitate one of the largest ra-
diations of insects on the Hawaiian Islands: the endemic
Hawaiian leafhopper genus, Nesophrosyne, which has
>200 species (Bennett and O’'Grady 2012).

In contrast, Pariaconus has diversified on a single host
plant, M. polymorpha, via a remarkable array of habitat
and morphological shifts that have taken place within an in-
sular radiation of more than 36 psyllid species over the span
of just a few million years (Percy 2017). This sets Pariaconus
apart from other insect study systems (Price 2005; Nyman

Introduction

Among the many and varied oceanic archipelagos in the
Pacific, the Hawaiian Islands offer an unparalleled level of
isolation, setting the stage for the evolution of extraordin-
ary and diverse ecosystems. This remarkable isolation has
made the Hawaiian archipelago a natural laboratory, where
the phenomenon of adaptive radiations is observed more
frequently compared to other environments (Gillespie
et al. 2012; Shaw and Gillespie 2016). For example, sap-
feeding insects known as psyllids from the endemic
Pariaconus genus have been diversifying in the Hawaiian
archipelago for several millions of years (MY) on a single en-
demic host plant, the ecologically dominant shrub ‘6hi‘a

lehua, Metrosideros polymorpha (Percy 2017). This diversi-
fication on a single host-plant species is unusual for a
monophyletic group, not only for psyllids but also for other
plant-feeding insects (Joy and Crespi 2007; Hippee et al.
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2010) as a unique group exhibiting evolutionary shifts, par-
ticularly between galling and nongalling ecological habits,
on the same plant species. Although single plant species act-
ing as a “superhost” for many different galling insects are not
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uncommon and such superhosts may increase local insect
species richness (Araujo et al. 2019), examples of a single
plant species acting as a superhost for a monophyletic clade
of insects are much rarer. Some examples include oak
gall wasps in Andricus (Hymenoptera; Cynipidae) (Cook
et al. 2002) and gall midges in Asphondylia (Diptera:
Cecidomyiidae) (Joy and Crespi 2007). However, these exam-
ples are not as diverse as Pariaconus in terms of the number
of species found on a single host plant that exhibit different
galling/nongalling host-plant ecologies. One factor that may
contribute to Pariaconus speciation (Percy 2017) and pos-
sibly other insects associated with M. polymorpha (Gruner
et al. 2005) is the extraordinarily high degree of phenotypic
variation in the host plant. “Hypervariable” polymorphism in
M. polymorpha is posited to result from an unexpectedly rich
pool of ancestral genetic variation (Choi et al. 2021). An add-
itional key factor that likely drives this psyllid radiation is the
capacity exhibited by Pariaconus species to exploit different
ecological niches, which span from free-living to different
gall-inducing phenotypes on different parts of the host plant
(Percy 2017). Furthermore, phylogenies of the host plant and
the psyllids show these associated diversifications have oc-
curred over similar time frames and in a similar fashion in
that an initial colonization of Kauai was followed by colon-
ization of the younger islands (Percy et al. 2008, 2018; Choi
et al. 2021; Bastin et al. 2024).

The origins and diversification of many insect lineages
with specialized, nutrient-poor diet niches are associated
with intimate partnerships with mutualistic symbionts
(Moran et al. 2005; Sudakaran et al. 2017; Cornwallis et al.
2023). In fact, 90% of insect species that feed on phloem, xy-
lem, wood, and blood possess obligate symbionts that help
them feed on these nutritionally unbalanced or recalcitrant
diets (Cornwallis et al. 2023). Indeed, insect herbivores that
possess obligate symbionts are associated with a 15-fold in-
crease in the number of insect species compared to insect
herbivore families without symbionts, further suggesting
that these symbionts improve host fitness and foster diver-
sification (Cornwallis et al. 2023). However, studies that
show how different insect-feeding ecologies are associated
with the gains and losses of symbionts at a finer evolutionary
scale are limited because of poorly resolved species phyloge-
nies (Moran et al. 2005; Sudakaran et al. 2017; Bell-Roberts
et al. 2019; Cornwallis et al. 2023). In contrast, the
Hawaiian Pariaconus psyllid radiation is highly resolved
(Percy 2017).

Psyllids are globally distributed plant phloem feeders
that harbor the primary obligate nutritional symbiont
Candidatus Carsonella ruddii (hereafter Carsonella) (Thao
et al. 2000). Carsonella’s genome is dramatically reduced
compared to its free-living relatives but nevertheless still
encodes most genes for the essential amino acid pathways
given the psyllids’ specialized sap diet is limited in these es-
sential nutrients (Nakabachi et al. 2006). Gaps are still pre-
sent in some of Carsonella’s essential amino acid pathways,
however, and co-symbionts (Sloan and Moran 2012;
Dittmer et al. 2023) and/or psyllid host genes that were
horizontally transferred from bacteria into the psyllid
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genome in an early psyllid ancestor are assumed to com-
plement some of the enzymatic steps missing in
Carsonella (Sloan et al. 2014; Kwak et al. 2023).
Additional co-symbionts that are present in all indivi-
duals of a psyllid species and/or are cospeciating with re-
lated psyllid species (Hall et al. 2016; Morrow et al. 2017;
Nakabachi et al. 2020, 2020; Kwak et al. 2021; Serbina et al.
2022) are hypothesized to be transitioning into a poten-
tial obligate role with their psyllid host by providing miss-
ing genes for Carsonella’s essential amino acid and/or
vitamin biosynthesis pathways.

Previous research on insect galling of plant tissue has
shown that galls can act as nutrient sinks for essential ami-
no acids and nitrogen in general (Forrest 1971; Larson and
Whitham 1991; Inbar et al. 1995; Fay et al. 1996). Due to
this potential concentration of otherwise limited nutrients
in gall tissue, it was previously hypothesized that com-
pared to free-living psyllids, gall-feeding psyllids most likely
would not harbor additional bacterial nutritional sym-
bionts other than their Carsonella, which is generally pre-
sent in all psyllid species and cospeciated with their psyllid
hosts (Spaulding and Von Dohlen 2001). Yet, to date,
sequencing surveys have not revealed a clear pattern in
the presence or absence of additional nutritional co-
symbionts based on galling status (Sloan and Moran 2012;
Morrow et al. 2017; Hammer et al. 2021). This lack of pat-
tern can be due to low sample sizes and not examining
symbiont gains and/or losses at a species-level resolution
for a monophyletic group.

To investigate if shifts in host-plant ecologies are associated
with gains or losses of nutritional symbionts at a species level,
we examine the bacterial microbiomes of Pariaconus species
that span the Hawaiian archipelago (Fig. 1a) and have evolved
three main types of host-plant ecologies on M. polymorpha: (i)
free-living; (i) open-gall, living in a pit/cup gall that is open to
the environment; and (jii) closed-gall, living in an enclosed gall
that is not open to the external environment (Fig. 1b to ). We
conduct 16S rRNA sequencing on 19 Pariaconus species from
all four species groups (kamua, bicoloratus, minutus, and ohia-
loha) (Fig. 1a; supplementary Data Set S1, Supplementary
Material online) across the Hawaiian archipelago and analyze
their phylogenetic relationships with co-symbionts to explore
associations with different galling ecologies. Additionally, we
sequence metagenomes of coevolving symbionts and exam-
ine transcriptomic and genomic data from psyllids to investi-
gate the role of horizontal gene transfer in complementing
nutritional symbionts for essential amino acid and vitamin
biosynthesis.

Results

Influence of Island, Species Group, and Host-Plant
Ecologies on Hawaiian Psyllid Microbiomes

Over several MY Hawaiian Pariaconus psyllids have radiated
across the islands and adopted distinct host-plant habits
along the way (Percy 2017). To investigate how psyllid micro-
bial communities have influenced psyllids or have been im-
pacted by these processes, we conducted a principal
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Fig. 1. Hawaiian psyllid radiation spans multiple islands and lifestyles. a) Cladogram of Pariaconus psyllid species radiation and their sampling
locations among the Hawaiian Islands of Kauai, Oahu, Maui, and Hawaii (black circles on gray islands). Psyllid relationships from the four species
groups kamua, ohialoha, minutus, and bicoloratus are shown by the cladogram, which was modified from Percy (2017, 2018). Species names are
linked to the island of specimen origin for study. Pariaconus gracilis is the only species found on multiple islands (Oahu, Molokai, and Maui). See
supplementary Data Set S1, Supplementary Material online for more details on samples. The host-plant ecologies of each species are indicated
next to their name as free-living (FL), open-gall (OG), or closed-gall (CG). Dating of the islands is presented as millions of years ago (Ma) and is
based on dating from Bonacum et al. (2005). b to e) Pictures taken by D.M.P.and A.K.H. b) Single host-plant species of all Pariaconus psyllid species,
‘6hi‘a lehua, M. polymorpha. c) Nymph stage of P. proboscideus (FL), d) nymph stage of P. dorsostriatus (OG), and e) CG structure of P. pyramidalis.

coordinate analysis (PCoA) of the sample weighted UniFrac
distances. This analysis identified trends in the similarity of
microbial community composition among samples by island,
species groups, host-plant ecologies, and galling types (Fig. 2a
to d; supplementary Data Sets S1 and S2, Supplementary
Material online). Rarefaction analyses of observed amplicon
sequence variants (ASVs) further revealed that for both
data sets, (i) all 319 samples/psyllid individuals and 15 psyllid
species and (ii) a random subsample of the data set to stand-
ardize the number of samples/individuals per species (56
samples and 14 species), there was an asymptote between
the sequence depth of 1,000 to 1,600 reads, suggesting that
ASVs were saturated below our randomly sampled minimum
read cutoff for all samples and species (supplementary fig. S1a
to d, Supplementary Material online). To determine if these
psyllid microbial communities are statistically associated
with island, species groups, host-plant habits, and galling
types, we conducted a PERMANOVA analyses, which ac-
counts for species-level variation, using both the entire data
set (n =319 psyllid individuals/samples) and the randomly
subsampled data set (n=52 psyllid individuals/samples).
For the PERMANOVA analyses, we found that island
(Oahuvs. Maui vs. Hawaii) (Adonis, P = 0.001), species groups
(ohialoha vs. bicoloratus vs. minutus) (Adonis, P =0.001),
host-plant ecologies (free-living vs. open-gall vs. closed-gall)
(Adonis, P=10.001), and galling type (free-living vs. open-
and closed-gall) (Adonis, P =0.001) were all significant fac-
tors associated with psyllid microbial communities, when
using both data sets (n =319 and n = 52).

We also examined the patterns of within sample diversity.
Using the subsampled data set, we calculated microbiome
richness (Faith’s phylogenetic distance) and evenness
(Pielou) (Fig. 3). Faith’s phylogenetic distance was not signifi-
cantly associated with island (Oahu vs. Maui vs. Hawaii) (gen-
eral linear model [GLM], F,, =0.732, P=0.503) (Fig. 3a).
In contrast, Faith’s phylogenetic distance was significantly
associated with species groups (ohialoha vs. bicoloratus vs.
minutus) (GLM, F,,;=6.664, P=0.013) and host-plant
ecologies (free-living vs. open-gall vs. closed-gall) (GLM,
F3411=8.018, P =0.007). Post hoc tests revealed that Faith’s
phylogenetic distance was not significantly different between
bicoloratus versus minutus groups (Bonferroni, P =1.0) or
free-living versus open-gall psyllids (Bonferroni, P =0.098)
(which largely reflects species groups); however, the other
pairwise combinations of ohialoha versus bicoloratus groups
(Bonferroni, P <0.001), ohialoha versus minutus groups
(Bonferroni, P < 0.001), closed-gall psyllids versus free-living
psyllids (Bonferroni, P < 0.001), and closed-gall psyllids versus
open-gall psyllids (Bonferroni, P < 0.001) were all significantly
different. Together, these results suggest microbiome rich-
ness based on Faith’s phylogenetic distance is on average
higher in closed-gall psyllids (ohialoha group) compared
to both free-living and open-gall psyllids (bicoloratus and
minutus groups) (Fig. 3a). However, when all galling psyllids
(open- and closed-gall) are compared to the free-living psy-
llids, galling psyllids display significantly higher microbiome
richness compared to free-living psyllids (GLM, F; ;, = 7.551,
P =0.018) (Fig. 3a).
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Fig. 2. Hawaiian psyllid microbiomes exhibit marked compositional differences. Weighted UniFrac PCoA plot representing the distances of the

bacterial microbiomes of 319 psyllid samples (individuals) to one another
habit c), and gall/no-gall d) associations. e) High-frequency ASVs represent
ASVs among sampled psyllid species, which belong to the Wolbachia-like

and colored according to their island a), species group b), host-plant
putative symbionts. A heatmap of the most prevalent high-frequency
, Morganella-like, and other plant-associated Enterobacterales, which

includes the Dickeya-like ASVs. Infection frequency is the percent of psyllid individuals per species infected with one of the high-frequency taxa
(>25%). Read frequency is the relative number of reads representing one of the high-frequency ASVs out of total reads for the species. Data
represent 319 psyllid samples (individuals) where sample size per species ranges from 2 to 107 individuals; see Materials and Methods and
supplementary Data Set S1, Supplementary Material online for more details on samples.
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Fig. 3. ASV diversity of Hawaiian Pariaconus psyllid microbiomes. Boxplots of ASV diversity per psyllid species for Faith’s phylogenetic distance a)
and Pielou’s evenness b). Sample size is standardized to four individuals per species (see Materials and Methods for more details). Outer bars on
species boxplots represent maximum and minimum diversity values. The box itself represents interquartile range from first to third quartile, and

the bar inside the box represents the median.

Pielou evenness was not significantly associated with
island (Oahu vs. Maui vs. Hawaii) (GLM, F,,;=0.859,
P =0.450) or species groups (ohialoha vs. bicoloratus
vs. minutus) (F,41,=3.521, P=0.066). In contrast, Pielou
evenness was significantly associated with host-plant ecol-
ogies (e.g. free-living vs. open-gall vs. closed-gall) (F 47 = 5.1,
P = 0.027) where post hoc tests showed that evenness was
significantly higher between free-living psyllids versus
open-gall psyllids (Bonferroni, P < 0.001) and free-living
psyllids versus closed-gall psyllids (Bonferroni, P < 0.001)
(Fig. 3b). Pielou evenness was also significantly different
between galling type (free-living vs. open- and closed-gall)
(GLM, F;,,=7.551, P=0.018) where psyllids with galls
display lower microbiome evenness compared to free-living
psyllids (Fig. 3b). In sum, free-living Hawaiian psyllids have
lower phylogenetic diversity of ASVs and the relative abun-
dances of the ASVs are more uniform while galling psyllids
have greater phylogenetic diversity in their microbial com-
munity and are more biased in their relative abundance
in/on the insects.

High-Frequency ASVs of Hawaiian Pariaconus Psyllid
Species and Their Phylogenetic Origins

Closer analysis of the Hawaiian Pariaconus psyllid micro-
biomes identified recurrent, high-frequency ASVs within
many of the psyllid species, where the frequency of ASVs
is defined as the percent of psyllid individuals harboring
the ASV within a psyllid species. Note we have defined high-
frequency ASVs as those that occur in >25% of psyllid indi-
viduals within a psyllid species. Based on an understanding
of insect-associated microbes, if a symbiont has a high fre-
quency of occurrence within a psyllid species (Morrow
et al. 2017), it may be involved in important biological roles
for that psyllid species because of its high fidelity with the
species either as an endosymbiont, exosymbiont, and/or en-
vironmental symbiont. We detected a variable number of
these high-frequency ASVs in the psyllid host-plant ecol-
ogies free-living (x=3.7+0.6 SD), open-gall (x=4+1.0

SD), and closed-gall (x=15.1410.8 SD) (supplementary
Data Set S2, Supplementary Material online). The detected
number of high-frequency ASVs and the average observed
ASVs per psyllid species (supplementary Data Set S2,
Supplementary Material online) are consistent with the
Faith’s phylogenetic distance results above where free-living
and open-gall psyllids have lower observed microbiome
richness compared to closed-gall psyllids.

The highest frequency ASVs observed in these Hawaiian
Pariaconus psyllids belong to Morganellaceae, plant-
associated Enterobacterales, and Wolbachia (Fig. 2e;
supplementary Data Set S3, Supplementary Material on-
line). The ASVs from these three groups also possessed
the highest relative read counts per psyllid species (if pre-
sent in the species) compared to other high-frequency
ASVs (Fig. 2e). We calculated the average relative read fre-
quencies per psyllid species where the species contained
reads for the ASV > 0% to be Wolbachia (x=54% + 31
SD, n=14), Morganellaceae (x=60%+ 17 SD, n=7),
and plant-associated Enterobacterales (Xx=15% + 11 SD,
n=29) (Fig. 2e).

Putative Wolbachia Endosymbionts

The well-known insect endosymbiont Wolbachia was the
most prevalent high-frequency ASV among Hawaiian
Pariaconus psyllid species sampled except for one,
Pariaconus hina. Additionally, in 6 out of 15 of the psyllid
species, the Wolbachia ASVs were present at 100% infec-
tion frequency for sampled individuals/species. Further,
these six psyllid species with 100% infection frequency re-
present both free-living and closed-gall psyllid species
(Fig. 2e). To determine the phylogenetic affinity of the
Wolbachia ASVs within the diverse Wolbachia genus, a
phylogenetic tree was constructed (supplementary fig.
S2a, Supplementary Material online). The Wolbachia
taxa from all of the Pariaconus psyllids here appear to
belong to Wolbachia subgroup B and cluster with
other Wolbachia taxa from insects including other
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Hemipterans. Closer inspection reveals at least two closely
related, but distinct lineages of Wolbachia taxa occur in five
and nine of the Pariaconus psyllid species. Each of these
lineages has members from all three plant ecologies (free-
living, open-, and closed-gall) (supplementary fig. S2a,
Supplementary Material online). Furthermore, three
Wolbachia ASVs were shared by more than one psyllid spe-
cies (supplementary fig. S2a, Supplementary Material on-
line) and subsequent sequence analysis revealed these
ASVs have 100% identity and coverage with existing
Wolbachia sequences in NCBI from diverse insect species
(grasshoppers, moths, beetles, aphids, psyllids, planthop-
pers, leafhoppers, spittlebugs, and whiteflies). This suggests
this region of the Wolbachia 16S rRNA does not mutate
rapidly compared to other bacterial taxa, precluding closer
analysis of its population structure in these samples.
As such, more gene markers other than 16S rRNA will be
required to fully resolve the evolutionary relationships
of these Wolbachia from Pariaconus psyllids (e.g. Baldo
et al. 2006).

Putative Morganellaceae Endosymbionts

We identified ASVs initially assigned to the gammaproteo-
bacterial family the Morganellaceae present in 100% of psyllid
individuals from all free-living and open-gall psyllid species
and therefore appear to be fixed in their populations
(Fig. 2e). None of the closed-gall species were identified
with high-frequency Morganellaceae ASVs (hereafter referred
to as Morganella-like) (also see supplementary text S1,
Supplementary Material online on the removal of contamin-
ant ASVs). Further, phylogenetic reconstruction of these
Morganella-like ASVs with outgroup 16S rRNA sequences
from sequenced bacterial genomes with the greatest Blastn
similarity suggests the Morganella-like microbes are distinct
from sequenced insect endosymbionts (supplementary fig.
S2b, Supplementary Material online).

Plant-Associated Enterobacterales Endo/
Exosymbionts

Among the ASVs, those classified as Enterobacterales, which
were not from the family Morganellaceae, represent the
third most prevalent high-frequency ASV taxa among psyllid
species and were detected in all host-plant ecologies (free-
living, closed-gall, and open-gall) (Fig. 2e). Based on the
phylogenetic analyses, two groups of the Enterobacterales
ASVs clearly belong to two distinct plant-associated bacter-
ial genera Rosenbergiella and Pantoea (supplementary fig.
S2¢, Supplementary Material online). The third group exhib-
ited phylogenetic instability due to their divergent 16S se-
quences resulting in a floating long-branch that more
frequently resolved near plant-associated bacterial genera
Dickeya or Symbiopectobacterium (supplementary fig. S2d,
Supplementary Material online). Interestingly, only free-
living psyllid species are associated with microbes that be-
long to this Dickeya-like symbiont, and it is present and fixed
at 100% infection frequency in all free-living species and at
high relative read frequencies (Pariaconus wyvernus = 27%,
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P.  hina=34%, Pariaconus proboscideus =24%, and
Pariaconus gracilis = 19%) (Fig. 2e).

In contrast, the majority of closed-gall species are instead
associated with a single Rosenbergiella ASV, with the excep-
tion to Pariaconus ohiacola, which is associated with an
ASV assigned to the genus Pantoea (supplementary fig.
S2¢, Supplementary Material online). None of the ASVs
for Rosenbergiella or Pantoea are found in 100% of psyllid
individuals from any closed-gall species (X =61% + 17%
SD, n = 8), and relative read frequencies were low poten-
tially suggesting an exosymbiont location (X = 4.3% + 5.2%
SD, n = 8). Regarding phylogenetic patterns, similar to the
Wolbachia ASVs above, the same Rosenbergiella ASV is asso-
ciated with multiple closed-gall psyllid species. Based on
Blastn, this Rosenbergiella ASV has 100% sequence identity
and coverage with other Rosenbergiella sequences from
NCBI (top 100) indicating that this region of the 16S rRNA
is highly conserved for this bacterium as well.

Other Abundant Hawaiian Pariaconus Psyllid ASVs
Other high-frequency ASVs that were not fixed (e.g. 100%)
in any species but were present in two or more psyllid spe-
cies primarily belong to Gammaproteobacteria such as
Pseudomonas (seven psyllid species), Enhydrobacter (four
psyllid species), Acinetobacter (seven psyllid species), and
Massilia (four psyllid species) taxa (supplementary Data
Set S3, Supplementary Material online). Other Pseudomona-
dota taxa include those that belong to Alphaproteobacteria
such as Sphingomonadaceae (five psyllid species), Beijerinck-
iaceae (eight psyllid species), and Acetobacteraceae (se-
ven psyllid species). Other high-frequency ASVs among
psyllid species belong to other bacterial phyla including
Chryseobacterium from the phylum Bacteroidota (three
psyllid species) and Cutibacterium from Actinobacteriota
(four psyllid species) (supplementary Data Set S3,
Supplementary Material online). Several of these ASVs
appear specific to particular psyllid host-plant ecologies
including Massilia, Sphingomonadaceae, Chryseobacterium,
and Cutibacterium taxa, which were present only in several
closed-gall psyllid species (supplementary Data Set S3,
Supplementary Material online). None of the later taxa
were present in all individuals of any of the closed-gall species
(Xx=141% frequency + 13.7% SD, n=16) and were at rela-
tively low read frequency (X =1.6% read frequency + 3.9%
SD, n = 16).

Cospeciation Patterns of Carsonella-, Morganella-,
and Dickeya-like ASVs with Psyllids

The Pariaconus high-frequency ASV groups represent
phylogenetically distinct lineages of the Pseudomonadota
(supplementary fig. S2a to d, Supplementary Material on-
line). However, to obtain more information on the ancestral
state of the potentially coevolved Morganella-like and
Dickeya-like symbionts, we obtained additional 16S se-
quence data for four additional psyllid species (Pariaconus
hiiaka, Pariaconus iolani, Pariaconus crassiorcalix, and
Pariaconus caulicalix) from the kamua species group from
Kauai (Fig. 1). Previous data indicate that the closed-gall
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state is derived, evolving twice, once on Kauai and again on
the younger islands (Percy 2017). There are no extant free-
living taxa on Kauai; therefore, only closed-gall (P. hiiaka and
P. iolani) and open-gall (P. crassiorcalix and P. caulicalix)
psyllid species were obtained for this post hoc 165 rRNA
analysis. Screening the 16S rRNA clones identified two to
six unique bacterial taxa from each of the insect species
(n=2 to 3 individuals/species). We detected the
Dickeya-like symbiont and Wolbachia at variable frequen-
cies (4.7% to 65%) in all four Kauai Pariaconus species,
and the Morganella-like symbiont was only detected in
the open-gall species P. crassiorcalix (supplementary Data
Set S4, Supplementary Material online). Additional unique
16S rRNA clones were detected in P. hiiaka (n=2) and
P. caulicalix (n=4) (supplementary Data Set S4,
Supplementary Material online).

Using 16S rRNA sequences from all four psyllid species
groups, we compared the phylogenetic histories of
Carsonella-, Morganella-, and Dickeya-like symbionts
with the established Pariaconus species phylogeny
(Percy 2017, 2018) and found compelling evidence for a
history of cospeciation for all three symbionts (Fig. 4;
supplementary fig. S2e, Supplementary Material online).
Individual phylogenies for each of the three symbionts
were not significantly different from the psyllid phyl-
ogeny (approximately unbiased [AU] test, P> 0.05)
(supplementary fig. S2e, Supplementary Material online).
This result is expected for the obligate nutritional endo-
symbiont Carsonella; however, the Morganella-like and
Dickeya-like microbes exhibiting the same pattern were
surprising and suggest a long-term coevolved relation-
ship with their psyllid hosts that is not the result of
horizontal transfer. Given the free-living or open-gall
state is hypothesized to be the ancestral host-plant ecol-
ogy of Pariaconus psyllid species, it appears that the
Morganella-like symbiont was independently lost twice,
in tandem with the convergent evolution of the closed-
gall ecology, i.e. in both the kamua group and the ohialoha
group (Fig. 4). Interestingly, the Dickeya-like symbiont is
present in both open- and closed-gall psyllids species in
the kamua group and then is lost from all galling species
after the Pariaconus lineage left the oldest island, Kauai,
thereafter only remaining in free-living species (Fig. 4).
These losses of the Morganella-like and Dickeya-like sym-
bionts associated with galling host-plant ecologies and
island colonization events appear to be fixed and nonre-
versible. We do note that our sampling and sequencing
depth of the kamua group is not as extensive as for the
other three species groups. Therefore, additional sampling
will be important to test these observations.

Metagenomic Assembly of Hawaiian Psyllid
Endosymbionts

To better illuminate the impact of long-term coevolution
and changes in host-feeding ecologies on these endosym-
bionts, we sequenced six metagenomes from psyllids re-
presenting each host-plant ecology, which includes

P. hawaiiensis (CG)
P. pyramidalis (CG)
P. mauiensis (CG)
P. pele (CG)
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ohialoha
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— Dickeya-like (Ca. Malihini olakiniferum)

Fig. 4. Hawaiian psyllid radiation harbors additional coevolved sym-
biont lineages. Coevolutionary history of Pariaconus symbionts is
traced onto the insect species cladogram. Individual sequence phy-
logenies for Morganella-like (Ca. Makana arginalis) and Dickeya-like
(Ca. Malihini olakiniferum) 16S ASV symbiont sequences are not sig-
nificantly different from the insect phylogeny (AU test, P > 0.05) (see
also supplementary fig. S2, Supplementary Material online). As such,
inferred evolutionary events of Morganella- and Dickeya-like sym-
biont loss are shown by arrows near the relevant ancestral node.
Note cospeciation of Carsonella is not shown, but it is in all
Pariaconus psyllids and mirrors the insect species cladogram
(supplementary fig. S2, Supplementary Material online). Species
groups are shown to the right of the tree, with minutus indicated
by an “m.”

closed-gall species (Pariaconus pele f pele 1 and P. pele f
pele 2), open-gall species (P. minutus and P. dorsostriatus),
and free-living species (P. gracilis and P. hina). lllumina
sequencing resulted in an average of ~220,364,824
high-quality reads (SE +25,382,186; n=6) remaining
after quality trimming (supplementary Data Set S5,
Supplementary Material online). Reads from the primary
nutritional endosymbiont Carsonella were de novo as-
sembled into one contig/chromosome for all six samples
with an average depth of coverage of ~1,055 (SE + 408;
n=6) (supplementary Data Set S6, Supplementary
Material online). A high degree of synteny was detected
among all of the Carsonella strains with only a single
small rearrangement observed in P. gracilis involving the
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clsA gene (supplementary fig. S3a, Supplementary Material
online). Also, a high similarity was observed in %GC
(X =~14%; SE + ~0.11%), genome length (x=~152 kb;
SE + ~1.6 kb), and average pairwise nucleotide identity
(ANI) of 92.3% (SE + 0.32) (supplementary Data Sets S6
and S7, Supplementary Material online). Gene content
was also largely the same among the Carsonella genomes
except for the presence and absence of coding sequences
that were lineage specific (supplementary fig. S3b,
Supplementary Material online). Notably, the lineage with-
in the species group bicoloratus composed of both
free-living and open-gall psyllids lost six genes within the
His pathway and the two free-living species sequenced fur-
ther lost two additional genes within the His pathway
(supplementary fig. S3b, Supplementary Material online).
When Hawaiian Carsonella was compared to the free-
living outgroup Carsonella from the same psyllid family
(Triozidae: Bactericera cockerelli) (Riley et al. 2017), several
genes within five essential amino acids were lost (Arg, Phe,
Lys, Trp, and His) (Fig. 5). All Hawaiian Carsonella genomes
had the same genes lost from the Arg, Phe, Lys, and Trp
pathways indicating an early loss that is ancestral to the
three species groups bicoloratus, minutus, and ohialoha. In
contrast, gene loss within the His pathway was extremely
variable and was based on species group affiliation and
lineage, with free-living psyllids losing all nine genes within
the His pathway (Fig. 5).

Morganella-like symbiont genomes were only identified
in the free-living and open-gall psyllid species samples,
consistent with 16S rRNA analyses. De novo assemblies re-
constructed single circular contigs (chromosomes) for each
sample with an average depth of coverage of ~1,218 (SE +
615; n=4) (supplementary Data Set S6, Supplementary
Material online). Similar to Carsonella, a high degree of syn-
teny was observed among all Morganella-like strains with
no observed rearrangements (supplementary fig. S3c,
Supplementary Material online). Also, Morganella-like
taxa were highly similar in %GC (X=~19.4%;
SE + ~0.003%), highly reduced sizes (x=~279.6 kb;
SE + ~2.5 kbp), ANI (87.3%; SE +0.15), and shared gene
content (supplementary Data Sets S6 and S7 and fig. S3d,
Supplementary Material online). Morganella-like sym-
bionts only encode six genes involved in the essential amino
acid biosynthesis pathways and these genes are all involved
within the Arg pathway, and all Hawaiian psyllid Carsonella
taxa do not encode four of these genes (Fig. 5). Importantly,
three of these genes are downstream from the intermediate
ornithine, which is often provided by the host psyllid via
nuclear-encoded genes (Hansen and Moran 2014; Kwak
et al. 2023) and the outgroup Carsonella still encodes these
downstream genes (Fig. 5). In turn, the free-living and open-
gall psyllids, which possess Morganella-like symbionts, are
assumed to be able to produce the essential amino acid
Arg through the complementation of genes involved in
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Fig. 5. Metabolic reconstructions of putative long-term symbionts of Pariaconus psyllid species. Matrices of gene presence, absence, or inacti-
vation in assembled Pariaconus symbiont genomes and an outgroup from same psyllid family (B. cockerelli) for several critical a) amino acid and
b) B vitamin biosynthesis pathways. Gene absences (not encoded) are white boxes and gene presence (encoded) are colored boxes correspond-
ing to the Carsonella-, Morganella- (Ca. Makana arginalis), and Dickeya-like (Ca. Malihini olakiniferum) symbiont assemblies. Boxes with an “X”
indicate inactivated pseudogene copies. The presence of horizontally transferred genes/transcripts from P. gracilis and P. montgomeri for homo-
logs and/or same enzymes in corresponding symbiont pathways are indicated as detected (black box) or not detected (outlined box with cross).
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Arg biosynthesis from both the Morganella-like symbiont
and Carsonella.

Again, consistent with the 16S rRNA analyses, the
Dickeya-like endosymbiont genomes were only detected in
the metagenomes of the two free-living psyllid species
sampled. The genomes were de novo assembled into eight
and ten contigs with an average depth of coverage of
~410X and ~86X for Dickeya-gracilis and hina, respectively
(supplementary Data Set S6, Supplementary Material on-
line). Unlike Carsonella- and Morganella-like genomes, gen-
omes of the Dickeya-like strains have experienced multiple
small- and large-scale rearrangements (supplementary fig.
S4a, Supplementary Material online). The Dickeya-like gen-
omes are also substantially larger than Carsonella and the
Morganella-like symbiont (Dickeya-gracilis: 1.1 Mb and
Dickeya-hina: 1.3 Mb) and have greater %GC compositions
(Dickeya-gracilis: ~44.4% and Dickeya-hina: ~38%).
Analysis of the gene annotations revealed surprisingly low
coding density in both genomes (43% to 59%) that upon
further inspection is the result of rampant pseudogene for-
mation (Dickeya-gracilis: 270 and Dickeya-hina: 184)
(supplementary fig. S4b, Supplementary Material online).
Furthermore, despite the synteny between flanking genes,
many long intergenic regions were found to be highly di-
verged, providing evidence that ancestral genes have been
completely eroded by mutation. As a result, only 486 intact,
orthologous protein-coding genes were detected between
both Dickeya-like de novo genomes. This left 32% to
35% of predicted CDS in each genome as unique
(Dickeya-gracilis: 227 and Dickeya-hina: 261). As indicated
above, all Hawaiian Carsonella are missing two key enzymes
in Phe biosynthesis and three key enzymes for Lys biosyn-
thesis. Although both Dickeya-like taxa appear to have lost
most of their genes for essential amino acid biosynthesis,
there are exceptions in the Lys and Phe pathways (Fig. 5).
Dickeya-gracilis can complement both enzymes for Phe bio-
synthesis while Dickeya-hina can only complement one. This
complementation is largely reversed for Lys, as Dickeya-hina
can complement all three enzymatic steps and these genes
are missing or pseudogenes in Dickeya-gracilis. In addition,
both Dickeya-like genomes encode intact B vitamin biosyn-
thetic pathways for riboflavin (B,) and biotin (B,).
However, only Dickeya from P. gracilis has intact pyridoxal
5’-phosphate (Bg), folate (Bo), and CoA (pantothenic acid)
(Bs) pathways. Fifty percent or more of the genes for these
three pathways have been inactivated in Dickeya-hina (Fig. 5).

Phylogenetic Origins of Novel Pariaconus Symbionts
To further determine if Pariaconus symbionts are closely re-
lated to other insect symbionts, we conducted phylogenetic
analyses with additional sequence data from NCBI. Initial na-
ive Bayes taxonomy classifier analysis placed the
Morganella-like symbiont in the family Morganellaceae; how-
ever, the initial ASV phylogeny did not conclusively place this
group of symbionts (supplementary fig. S2b, Supplementary
Material online). Therefore, additional phylogenetic analyses
were employed to determine if it was related to any of the

other known insect bacterial symbionts from this family of
microbes. An array of identified Morganellaceae and
Enterobacteriaceae symbiont 165 rRNA sequences from
both psyllids and other insects was analyzed with those
from the Pariaconus symbiont. This revealed that the
Pariaconus Morganella-like symbionts are a monophyletic
group that is diverged from the other known symbionts
(supplementary fig. S5a, Supplementary Material online).
As discussed above, short 16S rRNA ASVs can sometimes en-
code limited phylogenetic information. Due to the apparent
sequence divergence (long-branch artifact), the 16S ASVs for
the Dickeya-like symbiont exhibited phylogenetic instability
at times branching near or within the genus Dickeya or
with Symbiopectobacterium. To resolve this, we leveraged
the whole-genome sequences to recover a core set of 330
protein genes conserved in the symbiont along with
representative  Dickeya,  Symbiopectobacterium,  and
Pectobacterium species. The resulting phylogenetic estima-
tion places the Dickeya-like symbiont as sister to the genus
Symbiopectobacterium (rather than within the genus) with
100% bootstrap support (supplementary fig. S5b,
Supplementary Material online). Further comparisons of
their overall shared proteomes strongly suggest the distinc-
tion of the Dickeya-like symbionts from all three genera.
Within genus, Percentage of COnserved Proteins values
(Qin et al. 2014) averaged between 63% and 83%, whereas
between genus, values were overlapping but always lower,
ranging between 22% and 69% (supplementary Data Set
S8, Supplementary Material online). Together, these data
suggest both Pariaconus symbionts represent novel
Candidatus genera.

Rates of Evolution in Coevolving Symbiont Genomes
Given the varied combinations of symbionts found among
the Hawaiian Pariaconus species, it is conceivable that nat-
ural selection may have left its mark on the genes of one or
more of the symbionts. Therefore, rates of molecular evolu-
tion were estimated among the Carsonella-, Morganella-,
and Dickeya-like genomes. We found that in all symbiont
lineages, the overwhelming majority of orthologous genes
have experienced purifying selection (tree dN/dS < 1;
176/178, 242/242, and 486/486, respectively). Note that
the few exceptions appear to be driven by gene compari-
sons where dS ~ 0 due either to recently diverged lineages
and/or conserved hypothetical genes that are incredibly
short < 130 bp. Regardless, whole-gene estimates of dN/
dS can mask positive selection that may have acted at indi-
vidual codons within genes or along specific lineages; there-
fore, a nested approach was used to determine if there is
any evidence of such selection (Alvarez-Carretero et al.
2023). Only a minority of genes met the significance thresh-
old of encoding potentially positive selected codon posi-
tions (2Al> yisy), including rpsP, rpsM, and def in
Carsonella, rpsA, rpsO, and secE in Morganella and rplN,
rpmC and 12 other genes in Dickeya. Furthermore, only
two genes in the Morganella-like symbiont show evidence
of lineage-specific positive selection (rpsA, secE), and in
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both instances, greater dN/dS values were detected on the
branch leading to Morganella-minutus.

Like many insect-associated endosymbionts, Carsonella-,
Morganella-, and Dickeya-like symbionts from Pariaconus
spp. are on long phylogenetic branches indicative of elevated
rates of nucleotide substitutions compared to free-living
Bacteria (supplementary figs. S2 and S5, Supplementary
Material online). In addition, it has been previously estimated
that the Pariaconus bicoloratus and minutus lineages
emerged ~3 to 3.5 MYA (Percy 2017). This enabled us
to calibrate the rate of substitutions per year of these
three symbionts (Fig. 6; supplementary Data Set S9,
Supplementary Material online). Remarkably, the rates of
dN/t and dS/t of all three symbionts are all within 2-fold of
one another. Furthermore, their overall substitutions rates
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Fig. 6. Rapidly evolving Pariaconus symbiont genomes. a) Calibrated
Carsonella ultrametric tree based on 153 single-copy orthologs. Gray
bars represent estimated age ranges for each node based on a fixed
divergence time at the root node of 3 or 3.5 MY. b) Genome-wide es-
timates of time-resolved rates of nonsynonymous (dN) and synonym-
ous (dS) divergence in Pariaconus symbiont genomes compared to
other published symbionts rates (Vasquez and Bennett 2022). Two
points are shown for Carsonella- (filled circles), Morganella- (filled dia-
monds; Ca. Makana arginalis), and Dickeya-like (triangles; Ca. Malihini
olakiniferum) based on upper (3.5 MY) and lower (3 MY) bound time
estimates.
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are ~3 to 38X faster than similar estimates for symbionts
of aphids, ants, sharpshooters, and leafhoppers. Despite these
elevated rates, we note that the Pariaconus symbionts are still
9 to 15 times slower than the incredibly fast-evolving sym-
biont Nasuia of Hawaiian leafhoppers (Vasquez and
Bennett 2022).

Presence of Known HTG in Hawaiian Pariaconus
Psyllids

Genomic and transcriptomic data from P. gracilis (free-living)
and Pariaconus montgomeri (closed-gall), respectively
(supplementary Data Set S10, Supplementary Material on-
line), were analyzed for evidence of psyllid-acquired, horizon-
tally transferred genes (Sloan et al. 2014; Kwak and Hansen
2023). We identified alleles of all characterized HTGs in
both species except for argininosuccinate lyase (ASL, EC
43.2.1), which was not found in either species and 16S
rRNA methyltransferase (RSMJ), which was found in P. gracilis
but not P. montgomeri. The missing transcript/gene of ASL is
important because it carries out the last step of Arg biosyn-
thesis in collaboration with Carsonella (Sloan et al. 2014;
Kwak and Hansen 2023). Carsonella taxa, including all the
taxa sequenced in this study, also encode a redundant ter-
minal step enzyme (argH, EC 4.3.2.1). Nevertheless, this
HTG and its paralogs, in addition to other HTGs that appear
to be transferred early in the psyllid lineage, appear to still be
maintained in three previously studied divergent psyllid spe-
cies (Sloan et al. 2014; Kwak and Hansen 2023). Given that we
do not have a fully sequenced genome for the two Pariaconus
psyllid species, we cannot discount that this gene is still en-
coded and/or just not expressed highly compared to other
HTG. Based on a previous whole-body adult transcriptome
analysis of another triozid psyllid species (B. cockerelli), all
three ASL copies were detected between 48% and 58% rela-
tive expression compared to other genes expressed in the
psyllid’'s genome (Kwak et al. 2023). In addition to ASL, the
only other HTG involved in the essential amino acid path-
ways with Carsonella is chorismate mutase (CM, EC
5.4.99.5), in which all three copies were detected in both
Hawaiian species; for reference, these three copies were ex-
pressed in B. cockerelli whole-body adult samples between
35% and 93% relative gene expression compared to other ex-
pressed genes in the whole-body transcriptome (Kwak et al.
2023). The HTG CM is thought to be involved in Phe biosyn-
thesis with Carsonella, and, similar to ASL, Carsonella taxa en-
code a redundant enzyme function (Sloan and Moran 2012;
Kwak et al. 2023). The HTG RIBC involved in the last step of
riboflavin biosynthesis (B2) was also detected in both
Hawaiian species (P. gracilis and P. montgomeri) (Fig. 5b).

Discussion

Pariaconus-Nutritional Symbionts as a Model System
Dynamic evolutionary systems are, arguably, better cap-
tured and more tractable for hypothesis testing in island
systems than anywhere else. In the Hawaiian Islands during
the last ~3.5 MY, Pariaconus psyllids rapidly lost two
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coevolving nutritional symbionts, the Morganella-like and
Dickeya-like symbionts, and this is associated with shifts in
their galling ecologies. In contrast, studies that show how
different insect-feeding ecologies are associated with the
gains and losses of symbionts are often looking at changes
that may have occurred over 10 to 100 s of millions of
years (Moran et al. 2005; Sudakaran et al. 2017;
Bell-Roberts et al. 2019). Whereas, in Pariaconus psyllids,
the Morganella-like symbiont appears to have been lost in-
dependently twice, and the two occasions coincide with
the convergent evolution of the closed-gall state. These
gall shifts occurred within both the basal kamua species
group (~4.7 MY based on island dating) and the derived
ohialoha group (~3.6 MY based on island dating) (Bastin
et al. 2024). The Dickeya-like symbiont was lost in all
sampled open- and closed-gall Pariaconus after the psyllid
lineage left the oldest major aerial island of the Hawaiian
archipelago (Kauai) (~5 to 3 MY based on island dating)
and appears to remain only in free-living psyllids, which
are currently known to be present on all the major
Hawaiian Islands except Kauai (Percy 2017) (Fig. 1). This
loss of the coevolved Morganella-like and Dickeya-like
symbionts, which encode missing genes from Carsonella’s
essential amino acid and B vitamin biosynthesis pathways,
supports a previous hypothesis suggesting that galling in-
sects should harbor fewer nutritional co-symbionts com-
pared to nongalling insects, because the galling habit
creates a nutritional sink for certain insect hosts
(Spaulding and Von Dohlen 2001). To our knowledge,
the loss of coevolved insect symbionts concurrent with
the evolution of the galling habit has never been systemat-
ically observed before in insects especially for a monophy-
letic species-level phylogeny. Pariaconus psyllids are
therefore one of the first in situ model systems with which
to observe this phenomenon. This endemic Hawaiian radi-
ation with a diversity of galling/nongalling ecologies on the
same host-plant species across differently aged islands has
created a natural “common garden” host-plant species de-
sign for testing symbiosis evolutionary hypotheses within a
time-calibrated phylogenetic framework. In other psyllid
genera that have multiple species occurring on the same
host-plant species (e.g. in genera Arytainilla, Bactericera,
Cacopsylla, Calophya, Mitrapsylla, and Queiroziella), there
are generally fewer than ten species on the same host
(e.g. Burckhardt 2021), with fewer distinct host-plant ecol-
ogies, and they are all continental genera in which pro-
cesses of speciation have not been explicitly tested for
monophyly, sister taxon relationships, or sympatry. In
turn, observing psyllid symbioses in association with gal-
ling habit is more difficult in these systems.

The loss of coevolved nutritional symbionts has been
observed previously at the family level or higher for specia-
lized diet shifts in insects (Cornwallis et al. 2023). Examples
of diet shifts that are associated with symbiont losses in-
clude the loss of Sulcia, an ancient nutritional symbiont,
which is associated with specialized diet transitions from
xylem to phloem as well as shifts to parenchyma feeding
in Auchenorrhyncha insects (Moran et al. 2005;

Bell-Roberts et al. 2019). An example of this type of diet
switch includes Typhlocybides planthoppers that lost their
obligate symbiont when they switched from a plant sap to
a parenchyma diet, which is more nutritionally enriched
(Buchner 1965; Bell-Roberts et al. 2019). In another ex-
ample, the mealybug genus Hippeococcus lost its sym-
bionts when shifting from an ancestral sap-feeding habit
to a myrmecophilous lifestyle, where it requires nutrient
provisioning by ants. Indeed, Hippeococcus female ovaries
and embryos only develop after they have been carried
off into ant nests (Buchner 1956).

Carsonella Functional Roles
Pariaconus Carsonella taxa from all three host-plant ecol-
ogies did not differ significantly in gene presence or ab-
sence except for several housekeeping genes involved in
ribosomal and tRNA processes, NAD kinase, PRPP biosyn-
thesis, and genes involved in the biosynthesis of the essen-
tial amino acid His (Fig. 5 supplementary fig. S3b,
Supplementary Material online). Some of these genes
may have been lost in a cascading fashion due to their
interdependence on each other within interacting meta-
bolic pathways, thereby resulting in a relaxation of purify-
ing selection and subsequent gene loss. For example,
within the bicoloratus lineage, which encompasses both
free-living and open-gall psyllid species, six genes involved
in histidine biosynthesis are lost, with three additional
genes lost exclusively in the free-living psyllid species.
Furthermore, the loss of ribose-phosphate diphosphoki-
nase (prs) in the bicoloratus lineage, involved in PRPP bio-
synthesis, could be linked to the loss of genes within the
His biosynthesis pathway given PRPP is important for
the biosynthesis of two amino acids, His and Trp
(Hove-Jensen et al. 2017), both of which Carsonella in
the bicoloratus group do not synthesize anymore (Fig. 5).
The complete loss of the His and Trp pathways in
Carsonella has been observed previously. In free-living
(Heteropsylla) and closed-gall (Pachypsylla) psyllid species,
the co-symbionts are not always present to aid in His or
Trp biosynthesis (Sloan and Moran 2012; Hansen and
Moran 2014). These results indicate that for some free-
living and closed-gall psyllids, their diets are sufficient in
His and Trp. Interestingly, in three independent
Carsonella lineages that cannot synthesize His anymore,
the loss of purA also co-occurs in these Carsonella taxa
from Heteropsylla and Pachypsylla (Sloan and Moran
2012) and the Pariaconus members of the bicoloratus
group in this study (Fig. 5). The interaction of purA with
the His biosynthesis pathway has been observed previously
in free-living bacteria given ATP is needed for His biosyn-
thesis and purA is the first step for ATP biosynthesis
(Hartman 1956; Shedlovsky and Magasanik 1962).

In comparison to Carsonella from the free-living psyllid
B. cockerelli (which belongs to the same psyllid family as
Pariaconus), all Pariaconus Carsonella genomes sequenced
here, representing all three host-plant ecologies, are miss-
ing the same genes within the Arg, Phe, and Lys biosynthesis
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pathways (Fig. 5). This suggests that the loss of these genes
in the Hawaiian radiation occurred either once in the
Carsonella ancestor of the colonizing free-living or open-
gall psyllid or independently multiple times after the psyllid
lineages (bicoloratus, minutus, and ohialoha) split off from
the basal Pariaconus lineage (kamua), which only resides
on Kauai, the oldest major aerial island of the archipelago.
Based on metabolic reconstructions and 16S rRNA and
phylogenetic analyses, the symbiotic role we predict for
the Morganella-like symbiont—as a coevolved symbiont
of free-living and open-gall psyllids—is for complementing
Carsonella’s gaps for Arg biosynthesis using host-derived
ornithine as an intermediate (Fig. 5). Interestingly, the
HTG ASL, which is conserved and expressed in divergent
psyllid species and redundant with Carsonella’s terminal
step for Arg biosynthesis (Sloan et al. 2014; Kwak et al.
2023) along with Morganella-like symbiont here, is not ex-
pressed or encoded in either closed-gall or free-living
Pariaconus species analyzed here. This suggests, based on
parsimony, the loss or reduction of expression levels of
this HTG in the ancestor of the Pariaconus lineage.
Potentially, the Morganella-like symbiont, instead of the
host HTG ASL, collaborates with Carsonella in this terminal
step for Arg biosynthesis in open-gall and free-living psy-
llids, but this requires further examination.

Arginine is generally either encoded in Carsonella and/or
its co-symbiont from all psyllid metagenomes sequenced to
date (Sloan and Moran 2012; Dittmer et al. 2023). The one
exception is the free-living psyllid Ctenarytaina spatulata
(Sloan and Moran 2012) and now the closed-gall
Pariaconus psyllids here. Potentially, the host-plant diets
of C. spatulata and closed-gall Pariaconus psyllids are not
deficient in the essential amino acid Arg due to these psy-
llids modifying their host-plant environment to elevate
Arg concentrations. Indication that the host-plant feeding
environment of Pariaconus closed galls is dramatically dif-
ferent compared to Pariaconus open galls was found re-
cently in Amada et al. (2020) where closed-gall leaf
tissue has much higher moisture stress compared to open-
gall leaf tissue. Bailey et al. (2015) corroborate these find-
ings that Pariaconus closed galls create moisture stress in
M. polymorpha leaves by showing that drought genes are
upregulated only in Pariaconus galling leaf tissue com-
pared to nongalled leaf tissue on the same plant. Given
that drought stress in addition to other stressors can in-
crease nitrogen availability to psyllids and other sap-
feeding insects (White 1984), potentially, closed galls are
more enriched in some essential amino acids, such as
Arg, compared to both free-living and open-gall psyllids.
For the free-living psyllid C. spatulata, it could potentially
induce an elevation in Arg concentrations in its host plant
even though it is not a gall former. This is because it is
known to cause leaf senescence, necrotic lesions, and the
proliferation of lateral shoots on certain tree species, espe-
cially when they are drought stressed (Queiroz et al. 2010).
Leaf senescence that can be initiated through stressors in-
cluding wounding and feeding by certain psyllids, such as
the free-living psyllid Cardiaspina near densitexta, has
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been shown to increase the levels of Arg in addition to
other essential amino acids such as lle, Leu, Lys, Thr, Trp,
and Val when causing leaf damage to Eucalyptus moluccana
(Steinbauer et al. 2014). In turn, the loss of obligate co-
symbionts from psyllid lineages may not just be associated
with gall formation but other factors as well where psyllid
species reliably induce plant stress (e.g. moisture stress) by
manipulating their host-plant environment thereby ele-
vating essential amino acid concentrations when feeding
and developing on their host plants.

Coevolved Nutritional Symbionts

The Morganella-like symbiont displays hallmarks of a long-
term obligate nutritional co-endosymbiont given that it (i)
is present in all psyllid individuals screened from open-gall
and free-living psyllid species after leaving Kauai, (ii) is pre-
sent in these individuals at high 16S rRNA relative read fre-
quencies compared to other putative co-symbionts per
individual, (iii) appears to be cospeciating with psyllid spe-
cies based on phylogenetic analyses, and (iv) is highly re-
duced in genome size (~280 kb), AT rich, and highly
syntenic. Compared to the Morganella-like symbiont,
the Dickeya-like symbiont’s genome is not as reduced in
genome size or AT rich suggesting that this symbiont
has a more recent association to Pariaconus psyllids.
Nevertheless, similar to the Morganella-like symbiont, the
Dickeya-like symbiont also appears to infect all individuals
sampled from free-living psyllid species and has coevolved
with these psyllids before the Pariconous lineage split into
four species groups (Fig. 4). These latter results support
the hypothesis that a free-living psyllid was the ancestral
colonizer of the Pariconous lineage on Kauai instead of
the other plausible alternative, an open-gall psyllid, based
on prior phylogenetic reconstructions (Percy 2017). The
Dickeya-like symbiont’s genome lost many genes for the
provisioning of essential amino acids except only for several
genes that may complement Carsonella’s gaps for Phe and
Lys biosynthesis (Fig. 5). These results suggest that free-
living Pariconous psyllids may need these additional essen-
tial amino acids compared to open- and closed-gall psyllids.
Observations suggest that both open and closed galls may
alter their host-plant tissue environment. This is evident
from the fact that galls from a variety of Pariaconus species
are occasionally reddish in color and chlorotic (Percy 2017).
These leaf phenotypes have previously been linked to other
psyllid species, attributed to psyllid-induced leaf senes-
cence, which can mobilize nitrogen nutrients to psyllid
feedingsites (Steinbauer et al. 2014). However, the develop-
ment of this reddish leaf color, associated with high con-
centrations of anthocyanins, does not always occur
during psyllid-induced leaf senescence. Its occurrence de-
pends on abiotic conditions (Steinbauer et al. 2014).

The Dickeya-like symbiont’s genome encodes several
partial and intact B vitamin pathways, which can be bene-
ficial to an insect host. Like essential amino acids, insects
cannot produce their own B vitamins de novo and rely
on their diet and/or microbiome to provide these
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coenzymes for their central metabolic pathways (Douglas
2017). Insects that switch to diets with elevated B vitamin
concentrations have previously been associated with sym-
biont loss, highlighting the importance of nutritional sym-
bionts for B vitamin provisioning when feeding on diets
with low B vitamin concentrations (Cornwallis et al.
2023). Symbiont taxa of insects that feed on low B vitamin
diets belong to a diversity of bacterial lineages demonstrat-
ing convergent evolution for these important symbiotic
associations (Cornwallis et al. 2023; Serrato-Salas and
Gendrin 2023). Sap-feeding insects such as aphids, white-
flies, planthoppers, and leafhoppers rely on symbiont-
provisioned B vitamins for postembryonic development,
longer lifespans, and/or egg production (Serrato-Salas and
Gendrin 2023). In psyllids, the primary nutritional symbiont
Carsonella generally does not encode genes for B vitamin
biosynthesis; however, psyllids, including the species
sampled here, are known to express/encode the HTG
RIBG, which is the end step of the riboflavin biosynthesis
pathway (Sloan et al. 2014; Kwak et al. 2023). These results
indicate that psyllids must obtain an intermediate from ei-
ther their host-plant diet and/or co-symbiont for riboflavin
biosynthesis. Psyllid co-symbionts that have been found to
encode B vitamin pathways include Profftella of Diaphorina
host species and Psyllophila of Cacopsylla host species
(Nakabachi et al. 2020; Dittmer et al. 2023). These latter
psyllid co-symbionts encode all genes for the riboflavin
pathway except for the end step, which Diaphorina citri is
known to upregulate (RIBC) in symbiotic cells (bacter-
iomes) compared to other body tissues (Kwak and
Hansen 2023). Other Hawaiian hemipterans that harbor a
co-symbiont that encodes B vitamin biosynthesis genes in-
clude seed-feeding Nysius leafhoppers (Stever et al. 2021)
and phloem-feeding planthoppers that live both above-
ground feeding on ferns and in lava tubes feeding on roots
of M. polymorpha (Gossett et al. 2023). The co-symbiont
Purcelliella from lava tube-dwelling planthoppers, which
feeds on the same host plant (M. polymorpha) as
Pariaconus psyllids, encodes nearly all the genes within
the B vitamin pathways of biotin (B7), riboflavin (B2), and
pyridoxin (B6) similar to the Dickeya-like symbiont of
Pariaconus psyllids. It will be of interest of future studies
to measure essential amino acids and B vitamin concentra-
tions in different M. polymorpha plant parts, in addition to
plant tissues that are galled and ungalled to have a greater
understanding of how symbiont genome metabolisms re-
late to essential nutrient concentrations in phloem from
these different plant tissues.

New Candidatus Species Designation for
co-symbionts

Given our results of distinct genomic, phylogenetic, 16S
rRNA read depth and frequency patterns, and metabolic
and ecological traits described above, we propose new
Candidatus names for the Morganella-like and Dickeya-
like co-symbionts discovered here. We propose the name
“Candidatus Makana argininalis” for the new Morganella-

like lineage. The generic name comes from the Hawaiian
term for “gift,” makana, and the specific epithet refers to
the role in providing the arginine metabolic pathway (+
-alis, Latin suffix for “pertaining to”). The genus “Ca.
Makana” is classified in Bacteria, Pseudomonadota,
Gammaproteobacteria, and Enterobacterales. We also pro-
pose the name “Candidatus Malihini olakiniferum” for the
new Dickeya-like lineage. The generic name comes from
the Hawaiian term for “guest,” malihini (treated as in-
declinable neuter), and the specific epithet from the
Hawaiian term for “health” referring to the nutritive role
(+ -iferum, Latin suffix for “bearing”), hence “health-bearing
guest.” The genus “Ca. Malihini” is classified in Bacteria,
Pseudomonadota, Gammaproteobacteria, Enterobacterales,
and Enterobacteriaceae.

Coevolved Symbiont Genome Paradigm

Many reduced genome symbionts experience recurrent
genetic bottlenecks and exhibit coincident patterns of ele-
vated mutation rates, compositional biases, and genome-
wide purifying selection. Indeed, all three symbiont lineages
in this study align to this model, exhibiting genome-wide
AT biases and strong evidence of purifying selection acting
on intact protein-coding genes. Notably, we did detect a
minority of genes with evidence of positively selected ami-
no acid positions, although not nearly as many genes as de-
tected in some other insect symbionts (e.g. Vasquez and
Bennett 2022). Several of the genes with signatures of posi-
tive selection (ribosomal protein rpsA and def) have previ-
ously been identified as experiencing positive selection in
the planthopper symbiont Sulcia as well (Gossett et al.
2023). While it is not immediately clear what effect the se-
lected amino acid substitutions may have on these pro-
teins, it is possible that these substitutions may modulate
translational activity in these symbionts.

Remarkably, we found highly similar estimated rates of
synonymous and nonsynonymous substitutions per year
in all three symbionts (Fig. 6). This is despite the marked
differences in the genes they retain for DNA repair
and replication and the considerable differences in their
genome sizes overall (supplementary Data Set S9b,
Supplementary Material online). For instance, both
Carsonella and C. Makana argininalis (Morganella-like sym-
biont) have diminutive genomes (<300 kb), yet C. Makana
argininalis unlike many insect symbionts of similar size has
retained a complete DNA recombination complex
(recBCD) and DNA mismatch repair gene (mutS). While
C. Malihini olakiniferum (Dickeya-like symbiont) genomes
have similar substitution rates, their genomes are 4 to 6x
larger and show a genome-wide trend of gene inactivation.
These traits coincide with genome trends in “recently” ac-
quired endosymbionts (McCutcheon and Moran 2012).
Despite the coevolutionary history of both C. Makana ar-
gininalis and C. Malihini olakiniferum with Hawaiian
Pariaconus species, and given the dramatic differences in
their genomes, we speculate that C. Makana argininalis
(Morganella-like symbiont) may share a longer history
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with Pariconous prior to the arrival of these insects in the
Hawaiian Islands, whereas C. Malihini olakiniferum
(Dickeya-like symbiont) potentially was acquired shortly
after arriving. Regardless, it appears that the C. Malihini ola-
kiniferum (Dickeya-like symbiont) continues to experience
relaxed purifying selection across large swaths of its genome,
leading to gradual decay of unnecessary gene functions
(supplementary fig. S4, Supplementary Material online).
Similar patterns appear to have affected several members
of the sister genus Symbiopectobacterium, which also appear
to have transitioned from free-living microbes to
host-associated symbionts (Martinson et al. 2020).

Symbiont Role in Gall Formation

Bacteria are known to induce galls by producing metabolites
within cytokine and auxin pathways (Barash and
Manulis-Sasson 2009); however, the role of insect symbionts
in gall formation is unclear currently. For instance, a previous
study found no systematic differences in insect microbiome
diversity between galling and nongalling insects when exam-
ined at a high phylogenetic resolution, suggesting that micro-
bial associates of insects may not play a significant role in gall
formation (Hammer et al. 2021). Nevertheless, other studies
examining galling sawflies and flies have found potential cor-
relations between specific insect microbiome taxa and galling
(Bansal et al. 2014; Michell and Nyman 2021). Gall induction
on M. polymorpha from Pariaconus closed-galling psyllids is
hypothesized to be due to an auxin response based on tran-
scriptional evidence from psyllid galled M. polymorpha plant
tissue compared to nongalled tissue on the same individual
host plants (Bailey et al. 2015). Auxin and cytokine production
has been previously observed in insects that produce galls
(Yamaguchi et al. 2012; Suzuki et al. 2014). For example,
Suzuki et al. (2014) characterized the de novo pathway for
auxin via tryptophan both in divergent galling and nongalling
insects suggesting that endogenous auxin pathways are
present in insects in general. Given Carsonella and the co-
symbionts from Pariaconus psyllids do not encode a pathway
for Trp, it is expected that these psyllids, especially closed-gall
psyllids, must obtain this essential amino acid from their diet
and/or other microbial associates. Bacterial taxa that were as-
sociated only with Pariaconus closed-gall psyllid species
(Cutibacterium, Chryseobacterium, and Massilia) and open-
gall species (Enhydrobacter) were not present in all individuals
of these galling species and were present at low read frequen-
cies compared to Wolbachia. Wolbachia is a known insect
endosymbiont that is generally horizontally transferred in in-
sects (supplementary fig. S2a, Supplementary Material online)
and potentially fixed in some populations (Fig. 2); however, its
effects on psyllid hosts is not well known (Kwak et al. 2021)
and does not seem to have an association with host-
plant ecologies in Pariaconus psyllids. The taxa found exclu-
sively in closed-gall Pariaconus psyllids, Cutibacterium,
Chryseobacterium, and Massilia are known to be plant-
associated bacteria, where Chryseobacterium species
(Chryseobacterium tagetis sp. nov.) are known to produce
antibiotics and plant growth promoting abilities such as auxin
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(Campisano et al. 2014; Chhetri et al. 2022; Francioli et al. 2022;
Jeon etal.2023). Only three closed-gall species were associated
with Chryseobacterium taxa, however, and 25% to 49% of the
individuals sampled from those species were infected with
this microbe. Alternatively, if galling is associated with
microbiome members, multiple bacterial taxa that share func-
tionally redundant genes for Trp and/or auxin or cytokine-
producing metabolites would be needed, as we did not find
any clear patterns of one particular taxon only associated
with a galling species that was fixed at 100% infection fre-
quency. Thus, more evidence is needed from metagenomic
sequencing to determine if ASVs associated with gall formers
here encode genes that are associated with auxin production.

Conclusion

In conclusion, our study provides compelling evidence that
Pariaconus psyllids serve as an exemplary model for under-
standing the rapid loss of coevolved nutritional symbionts
in association with shifts in galling ecologies. The independ-
ent losses of C. Makana argininalis (Morganella-like) and
C. Malihini olakiniferum (Dickeya-like) across different
lineages within the Pariaconus radiation highlight a complex
interaction between insect hosts and their symbiotic partners
potentially driven by ecological factors such as diet and
habitat. Since animals, including insects, cannot synthesize
their own essential amino acids, these amino acids must
come from symbionts or their plant diet. Therefore, we argue
that these different nutritional symbiont coevolutionary pat-
terns and their metagenomes predict changes in the psyllids’
requirements from the diet. This phenomenon underscores
the dynamic nature of symbiotic relationships and their po-
tential role in facilitating ecological diversification over rapid
evolutionary timescales. Our findings also support the
hypothesis that galling insects harbor fewer nutritional co-
symbionts due to the nutritional modifications caused by
their galling behavior. Future research should focus on eluci-
dating the specific mechanisms by which these psyllids
manipulate their host plants and how this impacts their
nutritional environment. Ultimately, understanding the intri-
cate balance between host-plant manipulation and symbiont
loss will enhance our comprehension of insect—plant—
microbe interactions and their evolutionary implications.

Materials and Methods

Psyllid Sample Collection, Identification, and DNA
Extraction Methods/Details

Specimens were field collected by DP between 2002 and
2014. Field sampled material was collected by sweep net-
ting individual plants, aspirating directly from the host
plant, or in the case of immatures removing directly
from galls and leaf surfaces with tweezers; specimens
were transferred live into 90-95% ethanol and stored at
—20 °C. In a few cases, adults were raised from bagged
galled leaf material before preservation in ethanol.
Nondestructive DNA extractions, similar to Kwak et al.
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(2021), were conducted using whole individual psyllid spe-
cimens using the Qiagen Blood and Tissue Kit (Qiagen) or
QlAamp UCP DNA Micro Kit (Qiagen). DNA voucher spe-
cimens were preserved in ethanol (70% to 85%) and re-
tained in DP personal collection (DMPC, University of
British Columbia).

The final sample size per species (e.g. individual psyllids/
species) ranged from 2 to 107 individuals/species. Samples
were removed if (i) minimum reads/sample not met or (ii)
if species validation via CO1 primers (Simon et al. 1994)
and/or mitogenome analysis could not be confirmed. See
16S rRNA analysis methods below and supplementary
Data Sets S1 and S2, Supplementary Material online and
Fig. 1 for more sample details. The sample site map image
was generated using the mapview function in R package
version 2.11.0 (Appelhans et al. 2024).

Sample Preparation and Illumina miSeq

lllumina sequencing of 16S rRNA was carried out as in
Kwak et al. (2021). Briefly custom 16S rRNA primers
were synthesized by Integrated DNA Technologies, Inc.
(San Diego, CA, USA) using a dual barcode design with
25 primer pairs using the forward primer, 165-341F =
5’-CCTACGGGNGGCWGCAG-3/, and the reverse primer,
165-805R = 5'-GACTACHVGGGTATCTAATCC-3" (Morrow
et al. 2017). These latter primers span the V3 to V4 region
of the 16S rRNA gene resulting in a 464b-p amplicon.
Library preparation directly follows the pipeline detailed
in Kwak et al. (2021), and 16S rRNA amplicons were mul-
tiplexed in a single lane for dual index sequencing on the
lllumina MiSeq PE300 at the DNA Technologies and
Expression Analysis Core Laboratory at the University
of California, Davis.

The quality of raw reads was verified with FASTQC
v.0.11.3 (Andrews 2010). FASTQC results revealed that
R2 reads are of better overall quality than R1 reads. In
turn, given that single-end reads are sufficient to observe
the same relationships among samples that are revealed
with paired-end reads (Caporaso et al. 2012) for diversity
and statistical analyses, we analyzed the R2 reads for mi-
crobiome data analyses (see below). When possible, we
used the paired-end data for phylogenetic analyses (see be-
low) to provide greater sequence information.

Processing and Statistical Analysis of 16S rRNA Reads
The analysis of 16S rRNA read data was performed using
the Qiime2/v2023.5 pipeline (Bolyen et al. 2019) to demul-
tiplex and denoise quality filter reads into ASV tables.
Single-end reads were imported, demultiplexed
(g2-demux), and then denoised using DADA2 (q2-dada2;
Callahan et al. 2016) and trimmed to 200 nt in length.
Separately, paired-end reads were first joined (q2-vsearch;
Rognes et al. 2016), followed by quality filtering
(g-score-joined), then denoising with DEBLUR (q2-deblur;
Amir et al. 2017) and trimming to 400 nt in length. To assign
taxonomy to the ASVs, the classify-sklearn naive Bayes tax-
onomy classifier (q2-feature-classifier; Bokulich et al. 2018)

was used against the SILVA database (silva-138-99-nb-
classifier) (Quast et al. 2012). Single- and paired-end ASV
tables were exported from Qiime, and contaminating se-
quences were identified and filtered out of the data sets using
the prevalence of ASVs in the five negative control samples
with the decontam R package (threshold = 0.05; Davis et al.
2018). The final ASV tables were filtered to remove all con-
taminating reads; insect mitochondrial and plant chloroplast
sequences were also filtered out from the data sets using Silva
classifications before subsequent analyses.

Rarefaction and diversity analyses of the single-end data
were conducted in Qiime2/v2023.5, and libraries were rar-
ified to 2,000 reads per sample. Samples under 2,000 reads
(n = 13) were removed from the data set. Ordination ana-
lyses of the data were conducted in Qiime2/v2023.5 by
using a weighted UniFrac PCoA (Lozupone and Knight
2005). A PERMANOVA (ADONIS) was conducted in
Qiime2/v2023.5 using the weighted UniFrac distances
and nested to account for species-level variation where
the significance level was set to P <0.05. This analysis
was conducted both on the entire data set (n = 319 psyllid
individuals/samples) and a randomly subsampled data set
that standardized the number of individuals/samples per
psyllid species where species with >4 samples/psyllid
were retained resulting in a random subsampling of four
individuals per species (n =52 psyllid individuals/samples
and 14 species total). This subsampled data set was rar-
ified to 2,750 reads per sample based on the sample with
the lowest number of reads. Alpha diversity measures of
richness (Faith’s phylogenetic distance) and evenness
(Pielou evenness) were calculated in Qiime2/v2023.5.
These values were normalized by Log10 transformation
and analyzed using a factorial ANOVA with a univariate
GLM where species was included as a random factor and
the significance level was set to 0.05, and Bonferroni post
hoc tests were carried out using IBM SPSS 29 (IBM 2024).
The alpha diversity analyses were conducted only on the
subsampled data set to standardize the number of sam-
ples per species.

Additional sequencing of 16S rRNA sequences for post hoc
analyses was obtained from limited sample material from
Kauai (supplementary Data Set S1, Supplementary Material
online) where DNA extract was used for prior phylogenetic
analyses (Percy 2017, 2018). All DNA extracts available were
used per species per sample/individual for 16S rRNA amplifi-
cation using the same primers as above for the 16S amplicon
lllumina sequencing following the same PCR concentrations
and conditions. PCR amplicons were cloned and Sanger se-
quenced using the same conditions, kits, and platforms as
in Kwak et al. (2021) and Kwak and Hansen (2023). A min-
imum of ten clones were picked per individual extract except
for one sample where DNA availability did not allow addition-
al cloning. Additional screening of samples for Morganella-like
symbiont was conducted with MorgF—5'-GCACAATGGG
GGAAACCCTG-3’ and 165-805R-GACTACHVGGGTATCTA
ATCC-3'. PCR conditions were the following: 95 °C for 3 min,
35 cycles of 30 sat 95 °C, 30 sat 60 °C, and 30 s at 68 °C, with a
final extension of 5 min at 68 °C.
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ASV Phylogenetic Analyses

Representative ASV and 16S rRNA clone sequences of inter-
est were retrieved and aligned with appropriate outgroups
using MUSCLE v3.8.1551 (Edgar 2004) (supplementary Data
Set S11, Supplementary Material online). The outgroup 16S
rRNA gene sequences were identified by BLASTn using the
NCBI preformatted “ref_prok_rep_genomes” database
(download September 21, 2023) and from Maruyama
et al. (2023) (supplementary Data Set S11, Supplementary
Material online). Sequences were retrieved from the data-
base, trimmed to lengths corresponding to the ASVs and
aligned as above. Aligned sequences were then subjected
to approximately maximum likelihood tree estimation
with FastTree v2.1.11 (Price et al. 2010). The nucleotide
alignments were analyzed with a generalized time-reversible
model of evolution under a discrete gamma model with 20
rate categories, and Shimodaira-Hasegawa-like local sup-
ports are reported.

To test if symbiont and psyllid phylogenies were con-
gruent, unrooted, “best” phylogenies for Carsonella-,
Morganella-, and Dickeya-like ASVs were generated with
FastTree (-nt -gtr -gamma) (Price et al. 2010). In addition,
the Carsonella ASV tree was reestimated using a constraint
tree representing the species “subfamilies” as previously
identified (Percy et al. 2018). These phylogenies were
then compared to corresponding pared-down topologies
based on the mitogenome tree from Percy et al. (2018)
with the AU test (Shimodaira 2002) using the software
IQ-TREE v2.2.2.6 (Nguyen et al. 2015). The AU test was
run using the GTR+F+R3 model of evolution with
weighted tests and 10,000 RELL replicates.

Metagenomic Methods

Six metagenomes were sequenced from one psyllid individ-
ual per psyllid species that represent each host-plant
ecology that includes closed-gall species (P. pele f pele 1
and P. pele f pele 2), open-gall species (P. minutus and
P. dorsostriatus), and free-living species (P. gracilis and
P. hina) (supplementary Data Set S5, Supplementary
Material online). The same DNA extraction method as
above for 16S rRNA libraries was used here. Standard
lllumina library preparation and sequencing were conducted
by the University of California, Riverside Genomics Core
facility. Metagenomic libraries were constructed using the
New England Biolabs (Ipswich, MA, USA) FS DNA Library
Prep Kit (E7805, E6177) with inputs of <100 ng of DNA.
The libraries for the psyllid samples were pooled and se-
quenced as paired-end, 300-bp reads on three lanes of
NextSeq 2000 using the Illlumina P2 reaction kit.

The quality of raw reads for each sample run was verified
with FASTQC v0.11.9 (Andrews 2010), and low-quality
reads and adapter sequences were removed using
Trimmomatic v.0.36 (Bolger et al. 2014) with quality para-
meters LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15,
and MINLEN:100 or MINLEN:50 dependent on the run.
Symbiont reads were assembled into contigs using
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MEGAHIT (v1.29) (Li et al. 2015) and binned using
Anvi'o (v8.0) (Eren et al. 2020) with manual curation guided
by PFAM (v33.1) and TIGRFAM (v15.0) databases. Manual
curation of assemblies was further performed using Mauve
(v2.4.0) (Darling et al. 2004) and Tablet (v1.21.02.08) (Milne
et al. 2013). Draft genome completeness and quality were
examined by computing the N50 using QUAST (v5.2)
(Gurevich et al. 2013) and Busco (v5.4.4) (Simio et al.
2015). The percent nucleotide similarity between symbiont
assemblies was conducted using JSpeciesWS (v4.1.1)
(Richter et al. 2016). Initial gene prediction and annotation
were carried out with PROKKA (Seemann 2014). Intergenic
spacers from genomes with low gene density were reevalu-
ated with BlastX to identify the presence of potential pseu-
dogenes. These predictions were manually cross-referenced
with additional pseudogene predictions made by
Pseudofinder using default parameters (Syberg-Olsen
et al. 2022). Final pseudogene predictions were marked
when intact CDS represented <2/3 the length of known
homologs and the presence of >1 disruptive mutation.

Phylogenetic Analyses of Dickeya-Like Symbiont

The origins of the Dickeya-like symbiont were determined
by identifying single-copy orthologous proteins among a
set of Symbiopectobacterium, Pectobacterium, and
Dickeya genomes using OrthoVenn3 (Sun et al. 2023)
(supplementary Data Set S8, Supplementary Material on-
line). Alignments of the amino acid sequences for individ-
ual genes were performed using MUSCLE v3.8.1551 (Edgar
2004) and then combined into a single matrix. A max-
imum likelihood phylogeny was reconstructed using
RAXML v8.2.12 using the JTT model of protein evolution
(Stamatakis 2014) on the CIPRES server (Miller et al.
2010). Bootstrapping was allowed to be automatically
stopped using MRE-based bootstrapping criteria threshold
of 0.03 (autoMRE).

Molecular Evolution Analyses of Symbiont Genomes
Orthologous gene clusters and whole-genome species
trees for each symbiont lineage were identified and gener-
ated by OrthoVenn3 (Sun et al. 2023). Nucleotide se-
quences for all gene clusters (n>2) were individually
aligned with Muscle v3.8.1551 (Edgar 2004) based on their
amino acid translations and then trimmed to remove all
gaps and stop codons. Corresponding unrooted phyloge-
nies for each gene were assigned based on the genome spe-
cies tree. Rates of synonymous (dS) and nonsynonymous
(dN) substitutions were then estimated with CodeML
v4.9 using the strategies to detect positive selection with
heterogeneous dN/dS rates across sites and branches in
Alvarez-Carretero et al. (2023). This included testing five
nested site models (m0, m1a, m2a, m7, and m8) and
nested branch models allowing for two distinct dN/dS
rate categories along tagged branches (foreground vs.
background branches). Calculated maximum likelihood
scores were tested between appropriate nested models
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using a likelihood ratio test, and significance was deter-
mined based on the appropriate y° critical values for a
5% cutoff. Following Vasquez and Bennett (2022), the
only genes reported with potentially positive selected co-
don positions were significant in comparisons of both m1a
— m2a and m7 — m8 models. Subsequent statistical ana-
lysis of dS, dN, and dN/dS was performed in JMP v17.

To estimate absolute substitution rates, the ages of intern-
al nodes for OrthoVenn3 generated whole-genome phyloge-
nies were determined using r8s (v1.8) (Sanderson 2003). Ages
were estimated by “fixing” the age of the divergence between
the bicoloratus and minutus clades at 3.5 or 3.0 MYA based on
consideration of the rate of divergence identified in Percy
(2017), phylogenetic topology (Percy et al. 2018), and island
ages. Estimates were calculated for both Carsonella- and
Morganella-like symbionts; however, in the final calculations,
the appropriate ages from the resulting Carsonella ultra-
metric tree were then used as divisors to determine the aver-
age rates of dS and dN per year (dS/t and dN/t). Genes with
saturated dS values (dS > 3) were excluded.

Detecting Psyllid HTG
Genomic data obtained from Johnson et al. (2018)
originated from ten adult whole bodies pooled for the
closed-gall psyllid P. montgomeri’s transcriptome
(PRJNA295750) and six adult whole bodies pooled for
the free-living psyllid P. gracilis’s DNA shotgun assembly
(PRJNA389892). DNA and RNA extractions were pre-
pared and sequenced prior by Johnson et al. (2018).
Raw RNA sequence data were assembled into contigs
using Trinity v2.15.1 (Grabherr et al. 2011). Trinity tran-
scripts were merged using SuperTranscripts (Davidson
et al. 2017) to substitute for the lack of reference gen-
omes. Alternative assemblies were also generated to
have equal read depths for both species to determine if
read depth influences the presence and absence of specif-
ic genes by randomly selecting paired-end reads.
RNA/DNA contigs were then screened for horizontally
transferred genes (HTG) in psyllids using BlastX (% similar-
ity > 60%, E-value cutoff < 107°) using amino acid se-
quences of HTG previously identified from both B.
cockerelli and D. citri (Kwak et al. 2023). Corresponding
contigs were manually inspected further if they were be-
low the Blast threshold % similarity parameter and Blast
was then used against the NCBI nr and B. cockerelli data-
base in addition to all symbiont assemblies to ensure the
best blast hit was a psyllid species. To evaluate the com-
pleteness of both the psyllid transcriptomes and DNA as-
semblies BUSCO (v5.4.4) (Simao et al. 2015), scores were
calculated using the insect_odb10 database.

Data Availability

The amplicon and metagenomic data have been deposited
under the BioProject accession PRINA1125431. The ampli-
con data are submitted into the NCBI Sequence Read
Archive database under BioSample accession SAMN

41896535. The metagenome-assembled genome samples
are available under BioSample numbers SAMN41940397
to SAMN41940408. Author annotated versions of the me-
tagenome-assembled genomes are available on GitHub
(https://github.com/phdegnan/Pariaconus-Symbiont-
Genomes).

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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