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Abstract

Background New Zealand is home to over 120 native endemic species of skinks and geckos that radiated

over the last 20-40 million years, likely driven by the exploitation of diverse habitats formed during the Miocene. The
recent radiation of animal hosts may facilitate cross-species virus transmission, likely reflecting their close genetic
relationships and therefore relatively low barriers for viruses to emerge in new hosts. Conversely, as animal hosts adapt
to new niches, even within specific geographic locations, so too could their viruses. Consequently, animals that have
niche-specialised following radiations may be expected to harbour genetically distinct viruses. Through a metatran-
scriptomic analysis of eight of New Zealand's native skink and gecko species, as well as the only introduced lizard
species, the rainbow skink (Lampropholis delicata), we aimed to reveal the diversity of viruses in these hosts and deter-
mine whether and how the radiation of skinks and geckos in New Zealand has impacted virus diversity and evolution.

Results We identified a total of 15 novel reptilian viruses spanning 11 different viral families, across seven

of the nine species sampled. Notably, we detected no viral host-switching among the native animals analysed, even
between those sampled from the same geographic location. This is compatible with the idea that host specia-

tion has likely resulted in isolated, niche-constrained viral populations that have prevented cross-species transmis-
sion. Using a protein structural similarity-based approach, we further identified a highly divergent bunya-like virus
that potentially formed a new family within the Bunyavirales.

Conclusions This study has broadened our understanding of reptilian viruses within New Zealand and illustrates
how niche adaptation may limit viral-host interactions.
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Background
Viruses of squamates are understudied [1]. There are
approximately 12,000 reptilian species on Earth [2] that
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for millions of years. Consequently, New Zealand lizard
species have evolved several unique characteristics. For
example, 99% of New Zealand’s lizards exhibit vivipar-
ity (i.e. produce live offspring) [7], although only around
19% of lizard taxa found around the world are vivipa-
rous [8]. The high incidence of viviparity exhibited by
New Zealand’s native lizards is believed to have helped
these species adapt to living in cold climates since bet-
ter incubation conditions in utero can promote success-
ful embryonic development in comparison to oviparity
where eggs are laid [7, 8].

Based on both DNA and fossil evidence, it is believed
that skinks colonised New Zealand from New Caledo-
nia during the early Miocene (16-22.6 million years ago
(mya)) following the Oligocene drowning (~25 mya) via
long-distance overwater dispersal [9, 10]. Skinks began
to rapidly speciate during the mid to early Miocene into
clear open-habitat, forest and coastal radiations [9]. Con-
sequently, all of New Zealand’s native skinks are currently
considered to fall within a single genus, the Oligosoma
alongside the Lord Howe Island skink (Oligosoma licheni-
gerum), which can be found on Philip Island and Lord
Howe Island [9]. Similarly, New Zealand geckos form a
single monophyletic group that diverged from the Aus-
tralian sister group of geckos approximately 40.2 mya
after the formation of the Tasman Sea [11]. Follow-
ing this divergence event, New Zealand geckos expe-
rienced an extensive radiation, particularly during the
mid to late Miocene, resulting in seven related genera:
Mokopirirakau, Toropuku, Dactylocnemis, Woodworthia,
Tukutuku, Naultinus and Hoplodactylus [11]. The rapid
radiation experienced by both skinks and geckos is likely
attributed to the fragmented landscape of New Zealand
following the Oligocene drowning, resulting in the isola-
tion and evolution of independent populations of lizards
[12]. Additionally, during the Miocene, New Zealand
experienced an increase in land area due to geographic
changes resulting in an increase in habitat diversity that
further promoted lizard radiation [9, 11, 12]. As a result
of these geographic and climatic changes, only around
7% of New Zealand’s lizard species are considered habitat
generalists, although high levels of lizard sympatry can
be observed within certain New Zealand habitats [13].

Despite their ubiquity, very little is known about the
viruses carried by skinks and geckos globally [14]. Para-
myxoviruses have previously been detected in healthy
skinks at London Zoo [15], and papillomaviruses have
been identified in multiple species of healthy geckos
located on Christmas and Cocos Islands [16]. Adenovi-
ruses and iridoviruses have been associated with disease
in both skinks and geckos [17, 18], while metatranscrip-
tomic surveys of seemingly healthy skinks and geckos
have uncovered a vast array of virus diversity, including
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viruses from the families Arenaviridae, Astroviridae,
Caliciviridae, Iridoviridae, Amnoonviridae, Bornaviri-
dae, Picornaviridae, Rhabdoviridae, Adomaviridae, Han-
taviridae and Flaviviridae [19, 20].

Since both New Zealand’s skinks and geckos have
experienced radiations, albeit across vastly different
timeframes, they provide a way to explore how host mac-
roevolution may have impacted virus evolution. Herein,
we sampled cloacal swabs from eight native New Zealand
skink and gecko species as well as the introduced rain-
bow skink, sampling nine species from four locations
including both wild and captive populations. We used a
metatranscriptomic approach to provide an initial survey
of the viromes of these species to determine how host
radiation may have impacted viral diversity and evolu-
tion. We also explored whether viruses in skinks and
geckos were distinct due to their different evolutionary
histories, introduction times and ecology, and whether
viruses had jumped from introduced rainbow skinks to
native lizards.

Materials and methods

Skink and gecko cloacal swab sample collection

Wild introduced rainbow skinks (L. delicata), pacific
geckos (Dactylocnemis pacificus), copper skinks (Oli-
gosoma aeneum), moko skinks (O. moco), ornate skinks
(O. ornatumy), Suter’s skinks (O. suteri), raukawa geckos
(Woodworthia maculata, also known as common geckos)
and Northern spotted skinks (O. kokowai) were caught
using either a pitfall [21], cell foam retreat [22], artificial
cover object [22], hand capture, or gecko house method
[22] across three different locations in New Zealand
(Shakespear Regional Park, Rangitoto Island and Matiu/
Somes Island) in 2021. Matiu/Somes Island is an off-
shore island that is free from introduced lizard species,
while Shakespear Regional Park and Rangitoto Island are
home to both native skinks and geckos and the intro-
duced rainbow skink. In addition, a captive population
of Kapitia skinks (O. salmo) that were rescued from the
West Coast of the South Island of New Zealand in 2018
and relocated to Auckland Zoo before Cyclone Fehi
destroyed a large proportion of their one-kilometre
coastal habitat were also captured and sampled in 2021
[23], having spent four years in captivity. More informa-
tion regarding sample locations, species, and the number
of individual skinks and geckos caught at each sampling
site is provided in Supplementary Table 1. While the
number of species and locations sampled in this study
were limited, this sampling approach allowed us to
undertake an initial survey of the viruses present in nine
of New Zealand’s skink and gecko species located across
four sampling sites. Due to the nature of working with
taonga (treasured by Maori, the indigenous population



Waller et al. BMC Ecology and Evolution (2024) 24:81

of New Zealand) and endangered species, sampling
was necessarily minimally invasive. Cloacal swabs were
placed into 1 mL of RNA stabilisation solution (RNAPro-
tect Tissue Reagent, Qiagen) and were stored at 4 °C until
the samples were sent to the University of Otago within
one week of sampling, where they were stored at -80 °C
until RNA was extracted.

Total RNA extraction of skink and gecko cloacal swab
samples

Frozen cloacal swabs were defrosted before being placed
in ZR BashingBead Lysis Tubes (0.1 mm and 0.5 mm)
(Zymo Research) filled with 1 mL of DNA/RNA shield
(Zymo Research). Lysis tubes were placed into a mini-
beadbeater 24 disruptor (Biospec Products Inc.) and
were homogenised for five minutes. RNA was extracted
using the ZymoBIOMICS MagBead RNA kit (Zymo
Research) with a few additions to the manufacturers
protocol. Briefly, three additional molecular grade pure
ethanol washes were undertaken to remove any residual
guanidine contamination. RNA was quantified using a
nanodrop. RNA from 285 cloacal swabs were at suitable
concentrations for sequencing. Equal volumes of RNA
from 4-36 individuals were pooled into 16 groups based
on species and location (see Supplementary Table 1).

RNA sequencing

Extracted RNA was subject to total RNA sequencing.
Libraries were prepared using the Illumina Stranded
Total RNA Prep with Ribo-Zero Plus (Illumina) and 16
cycles of PCR. Paired-end 150 bp sequencing of the RNA
libraries was performed on the Illumina NovaSeq 6000
platform using a single S4 lane.

Virome assembly and virus identification

Paired reads were trimmed and assembled de novo using
Trinity v2.11 with the “trimmomatic” flag option and
default settings [24]. Sequence similarity searches against
a local copy of the NCBI nucleotide (nt) database (2021)
and the non-redundant protein database (2021) using
nt Basic Local Alignment Search Tool (BLASTn) and
Diamond (BLASTX), respectively, were used to anno-
tate assembled contigs with a maximum expected value
of 1x107° and more sensitive alignment mode selected
[25]. Contigs were categorised into kingdoms using the
BLASTn and Diamond (BLASTx) “sskingdoms” flag
option. Non-viral BLAST hits including host contigs with
sequence similarity to viral transcripts (e.g. endogenous
viral elements) were removed from further analysis dur-
ing manual screening. A maximum expected value of
1x 1071 was used as a cut-off to filter putative viral con-
tigs. Viral contigs that have previously been identified as
viral contaminants from laboratory components were
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also removed from further analysis [26]. Based on the
BLASTn and Diamond results (database accessed June
2023), putative viral contigs were further analysed using
Geneious Prime 2022.2.2 to find and translate open read-
ing frames (ORFs).

Near complete viral sequences discovered using this
approach were used in instances as a reference to run the
raw reads from other libraries against it to obtain more
complete polymerase sequences using Bowtie2 [27].

Protein structure similarity search for viral discovery
Similar to previous work [28], we used a protein struc-
ture similarity search to identify highly divergent viral
transcripts, termed orphan contigs, that did not share
significant amino acid sequence similarity to other
known transcripts. Such “orphan contigs” [28] were
translated into ORFs using the EMBOSS getorf program
[29], with the minimum nt size of the ORF set to 1,000
nt, the maximum nt size of the ORF set to 50,000 and the
“methionine” flag option set to only report ORFs with a
methionine amino acid starting codon. Reported ORFs
were submitted to Phyre2, which uses remote homol-
ogy detection to build 3D models to predict and analyse
protein structure and function [30]. Virus sequences with
predicted polymerase structures with a confidence value
of >90% were aligned with representative amino acid
sequences from the same viral order obtained from NCBI
RefSeq using MAFFT v7.490. Conserved domains were
visually confirmed before phylogenetic trees were esti-
mated using the same method outlined in the Mateirals
and Methods Sect. Virus phylogenetic analysis.

TSA mining for highly divergent novel bunya-like viruses
To identify other highly divergent novel bunya-like
viruses we screened the protein sequence of the Rau-
kawa gecko associated bunya-like virus (PP272801)
against transcriptome assemblies available in NCBI’s
Transcriptome Shotgun Assembly (TSA) sequence data-
base [31] using the translated BLAST tool. Searches
were restricted to eukaryotes (taxid:2759). Putative viral
sequences were analysed using Geneious Prime 2022.2.2
to find and translate ORFs. Translated protein sequences
were then queried against the online non-redundant pro-
tein database (database accessed November 2023) using
the BLASTp tool.

Estimating viral transcript abundance estimations

Viral abundances were estimated using Trinity’s “align
and estimate” tool. RNA-seq by expectation—maximiza-
tion [32] was selected as the method of abundance esti-
mation, Bowtie2 [27] as the alignment method and the
“prep reference” flag enabled. To mitigate the impact of
contamination due to index-hopping, viral transcripts
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with expected abundances of less than 0.1% of the highest
expected abundance for that virus across other libraries
were removed from further analysis. Total viral abun-
dance estimates for viruses from vertebrate hosts (i.e.
skinks or geckos) across viral families and orders were
compiled across all libraries. Estimated abundances per
million reads were standardised to the number of paired
reads per library.

Virus phylogenetic analysis

Translated viral protein polymerase sequences (i.e., RNA-
dependent RNA polymerase (RdRp), replicase, DNA pol-
ymerase or nonstructural protein 1) were aligned with
representative protein sequences from the same virus
family or order obtained from NCBI RefSeq as well as the
closest BLASTp hit using MAFFT v7.490 [33]. Ambigu-
ously aligned regions were removed using trimAL
v1.2rev59 with the gap threshold flag set to 0.9 [34]. IQ-
TREE v1.6.12 was used to estimate maximum likelihood
phylogenetic trees for each viral species/family/order
[35]. The LG amino acid substitution model was selected
with 1000 ultra-fast bootstrapping replicates. Phyloge-
netic trees were annotated using Figtree v1.4.4 [36]. Only
those viruses that were likely to directly infect skinks or
geckos, based on their phylogenetic position on the tree
(i.e., were related to other vertebrate viruses), were ana-
lysed. The only exception to this was the highly diver-
gent bunya-like virus that was identified through protein
structural analysis. All other invertebrate host and envi-
ronmental associated viruses (i.e., that were likely com-
ponents of host diet or microbiome), that were closely
related and phylogenetically positioned beside previously
described invertebrate or environmental viruses, were
removed from further analysis.

Bipartite network analysis and plots

All plots were created in R v4.3.1 using RStudio
v2021.09.1 with the tidyverse ggplot2 package [37].
A bipartite network analysis was used to investigate
the relationships of viral families that were or were not
shared between skink and gecko species. The biparti-
tie network was created using the ggbipart package [38]
within the ggplot2 environment [37]. A heatmap was
created to compare the relative viral family abundance
percentages across libraries. Viral family abundance esti-
mates per million reads were first standardised by the
number of raw reads in each library. Standardised viral
family abundance estimates were then normalised across
each library and a log-scale heatmap was created using
the geom_tile function [37]. Dual plots were also gener-
ated to compare the average viral family richness across
lizard species and the average viral abundance per 100
million reads across lizard species to the average raw
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reads across libraries of lizard species. The standard devi-
ation of the data was also calculated and is represented
by the error bars on the plots.

Viral nomenclature

A virus was tentatively considered a novel species if it
shared <90% amino acid similarity within the most con-
served region (i.e. RARp/polymerase) [39, 40]. For novel
virus sequences we have provided a provisional virus
(common) name prior to formal verification by the Inter-
national Committee on Taxonomy of Viruses (ICTV).

Results

A total of nine species of skinks and geckos were sam-
pled across four different sites in the North Island of
New Zealand (Fig. 1). Wild copper skinks were the only
species sampled across all three ‘wild population’ sites,
while the captive Kapitia skinks were the only species
sampled from Auckland Zoo (Fig. 1c). Total RNA from
285 individuals were pooled into 16 libraries based on
species and sample location (see Fig. 1 and Supplemen-
tary Table 1). The number of sequencing reads that were
generated from the skink and gecko metatranscriptomic
libraries varied between 36 — 72 million paired-end reads
per library (Supplementary Table 1). The percentage of
viral reads ranged from 0.0005% to 1.17% across the 16
libraries (Supplementary Table 1).

Viral abundance and diversity
Analysis of skink and gecko metatranscriptomes revealed
viral transcripts spanning 11 different viral families that
likely infect lizard hosts based on their sequence similar-
ity (Fig. 2a). Seven out of the 16 skink and gecko libraries
contained no viruses that appeared to be directly infect-
ing skinks and geckos, including captive Kapitia skinks
from Auckland Zoo (Fig. 2a and b). Consequently, it was
not feasible to statistically compare the differences in
virome composition between captive and wild popula-
tions of skinks and geckos, or the differences in virome
composition between skinks and geckos generally.
Rainbow skinks, the only introduced species, had the
highest viral richness, with virus transcripts spanning
five viral families (Fig. 2a) and had an average viral family
richness of 3.5 (Fig. 2b). Only two of these families (Han-
taviridae and Picornaviridae) were also found in native
skinks and geckos while the others (Circoviridae, Hepe-
viridae and Amnoonviridae) were unique to rainbow
skinks (Fig. 2a). Overall, skinks appeared to have more
diverse viromes than geckos as transcripts from 11 viral
families were identified in skinks compared to transcripts
from only one viral family identified in geckos (Fig. 2a
and b). Similarly, the average viral abundance appeared to
be higher in skinks than geckos, ranging from 0-12,324
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reads per 100 million for skinks to 0-1.1 reads per 100
million for geckos (Fig. 2c). However, caution needs to be
taken given that there were only four sequencing librar-
ies of geckos sampled compared to 11 libraries of skinks,
such that there may be random variation within the data

Notably, skink and gecko species sampled from the same
locations had different viromes (Fig. 2a).

Viral network

A bipartite network analysis revealed that picornavi-
ruses and astroviruses were sampled more frequently
among hosts sampled than any other viral family
detected (Fig. 3). Captive Kapitia skinks and wild Pacific
geckos did not harbour any viruses besides those likely

associated with their diet or environment. Moko skinks
were disconnected from the rest of the bipartite network
since only parvovirus transcripts were identified in this
species, and this virus was absent from other sampled
hosts. In addition, transcripts from the Birnaviridae,
Chuviridae, Circoviridae, Hepeviridae, Amnoonviridae,
Caliciviridae and Adenoviridae viral families were not

shared between more than one host, indicating unique
virome composition among hosts.

Negative-sense RNA viruses in skinks
Amnoonviridae

A single amnoonvirus was identified in rainbow skinks
from Shakespear Regional Park, provisionally named
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rainbow skink amnoonvirus (Fig. 4a). Rainbow skink
amnoonvirus shared 39% amino acid sequence similar-
ity with the closest known genetic relative, Lauta virus
(QKU37010.1) which was previously identified in the
liver of a healthy Australian gulf tree gehyra (Gehyra
lauta), a species of gecko [28].

Hantaviridae

Hantaviruses were identified in northern spotted skinks
from Matiu/Somes Island and rainbow skinks from

(See figure on next page.)

Shakespear Regional Park. Northern spotted skink han-
tavirus shared 44% amino acid sequence similarity to
Orthohantavirus seoulense (UXK58061.1) which was
previously identified in the lung of a brown rat (Rattus
norvegicus) from South Korea (Fig. 4b) [42]. Compara-
tively, Rainbow skink hantavirus shared 68% amino acid
sequence similarity with Fugong virus (YP_009362034.1)
identified in kachin red-backed voles (Eothenomys eleu-
sis) from China [43]. Phylogenetically, both novel skink
viruses fell as a sister group to the Mammantavirinae,

Fig. 4 Phylogenetic trees of negative-sense RNA viruses. Maximum likelihood phylogenetic trees of representative viral transcripts containing

the RdRp from negative-sense RNA viral families (@) Amnoonviridae, (b) Hantaviridae and (c) Chuviridae. Skink viruses identified in this study

are bolded while known genera and subfamilies are highlighted. Branches are scaled to the number of amino acid substitutions per site. All
phylogenetic trees were midpoint-rooted. Nodes with ultrafast bootstrap values of >70% are noted by a red circle. If near full-length genomes

of skink viruses were uncovered a nt alignment (black) and the predicted ORFs (orange) of the skink virus along with a representative complete viral
genome from the same family is shown below the respective phylogenetic trees
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YP_009505596.1 Orthohantavirus bayoui

AEA11488.1 Rockport virus

Q806Y6.1 Orthohantavirus dobravaense

YP_009362095.1 Orthohantavirus sangassouense

UXK58061.1 Orthohantavirus seoulense

YP_010084718.1 Tigray virus

YP_009361853.1 Bowe virus

AGI162334.1 Longquan virus

YP_010086165.1 Brno virus

UBB42244.1 Wenzhou Pipistrellus abramus hantavirus 1

QZA58014.1 Lena virus

WEU70803.1 Hantaviridae sp. ..
AY149859.1 Dode virus Mammantavirinae
YP_009507252.1 Laibin virus

YP_001911124.1 Thottopalayam virus

YP_009362290.1 Imjin virus
Rainbow skink hantavirus (S1) %
YP_010085031.1 Hainan oriental leaf-toed gecko hantavirus

Northern spotted skink hantavirus (S13)
WLJ60734.1 Retropinna hantavirus .
YP_010085034.1 Wenling red spikefish hantaviris ~ Actantavirinae
YP_010085032.1 Wenling minipizza batfish hantavirus
YP_010085033.1 Wenling yellow goosefish hantavirus
YP_010085035.1 Wenling hagfish virus

QMP82286.1 Coleopteran hanta-related virus OKIAV221

0.2
c. Chuviridae

YP_010797600.1 Guangdong red-banded snake chuvirus-like virus
UVF58767.1 Salarius guttatus piscichuvirus

QHX39772.1 Herr Frank virus 1

Suter’s skink chuvirus (S9)

YP_010797603.1 Wenling fish chu-like virus

YP_010840939.1 Hardyhead chuvirus 5 o o
YP_009337428.1 Sanxia atyid shrimp virus 4 PISCIChUVIrus
YP_009337856.1 Wenling crustacean virus 14 ..
YP_010839347.1 Wenzhou crab virus 2 ChuVlVlruS
YP_010800937.1 Odonatan chu-related virus 136 A
YP_010800940.1 Odonatan chu-related virus 137 Odonatavirus
YP_010797546.1 Blacklegged tick chuvirus-2

YP_009177719.1 Wuhan Mosquito Virus 8 == -
YP_010797753.1 Culex mosquito virus 5 Culicidavirus
YP_010797279.1 Mos8Chu0 chuvirus

QPB73971.1 Hymenopteran chu-related virus OKIAV147

YP_009666256.1 Wuchang Cockroach Virus 3 :
YP_010797948.1 Lampyris noctiluca chuvirus-like virus 1 scarabeuv’ rus
WAS28121.1 Hebei mivirus 1 A
'YP_010798463.1 Karukera tick virus MIVII’US
YP_009666255.1 Wuhan Louse Fly Virus 7 E
YP_009666265.1 Wuhan louse fly virus 6 BOSCOV’rUS
YP_010839899.1 Dermapteran chu-related virus 142

YP_009333178.1 Beihai barnacle virus 9

YP_009336632.1 Wenling crustacean virus 15

1 2000 4000 6000 8000 10000

) Glycoprotein
L protein Nucleoprotein

MG600010.1 Wenling fish chu-like virus
Suter’s skink chuvirus (S9) m—— ———— ———

0.3

Fig. 4 (Seelegend on previous page.)
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clustering instead with Hainan oriental leaf-toed gecko
hantavirus (YP_010085031.1) sharing 40-64% amino
acid sequence similarity. Hainan oriental leaf-toed gecko
hantavirus was previously identified in oriental leaf-toed
geckos (Hemidactylus bowringii) from China (Fig. 4b).

Chuviridae

A virus from the Chuviridae was identified in Suter’s
skinks from Rangitoto Island. Suter’s skink chuvirus
shared 53% amino acid sequence similarity with Herr
Frank virus 1 (QHX39772.1) identified in boa constric-
tors (Boa constrictor constrictor) from Brazil that had
boid inclusion body disease associated with reptarena-
viruses (Arenaviridae) [44]. Suter’s skink chuvirus along
with Herr Frank virus 1 fell within the Piscichuvirus
genus (Fig. 4c). A full-length 10,633 nt genome of Suter’s
skink chuvirus was uncovered, encoding three ORFs; L
protein, glycoprotein and nucleoprotein (Fig. 4c).

Positive-sense RNA viruses in skinks and geckos
Caliciviridae

We identified Northern spotted skink calicivirus from
animals sampled on Matiu/Somes Island. This virus was
most closely related to Zhejiang gunthers frog calicivirus
2, although sharing only 38% amino acid sequence simi-
larity. Zhejiang gunthers frog calicivirus 2 was previously
identified in Gunther’s frogs (Sylvirana guentheri) from
China (Fig. 5a) [45].

Astroviridae

An astrovirus was identified in raukawa geckos from
Matiu/Somes Island (Fig. 5b). Raukawa gecko astrovirus
shared 68% amino acid sequence similarity with Zhejiang
Chinese fire belly newt astrovirus 1 (AVM87170.1), which
was identified in a Chinese fire belly newt (Cynops ori-
entalis) from China [45]. Phylogenetically, this virus also
fell closely beside Astroviridae sp. (UCS96447.1) previ-
ously uncovered in the faeces of Theobald’s toad-headed
agamas (Phrynocephalus theobaldi) from China [46] and
Guangxi changeable lizard astrovirus (AVM87190.1)
previously identified in the gut of oriental garden lizards
(Calotes versicolor) from China (Fig. 5b) [45].

A second astrovirus was identified in copper skinks
from Matiu/Somes Island (Fig. 5b). Copper skink astro-
virus shared 52% amino acid sequence similarity also
with Astroviridae sp. (UCS96447.1) [46], but following
phylogenetic analysis this virus was most closely related
to Wuhan asiatic toad astrovirus (AVMS87160.1) iden-
tified in asiatic toads (Bufo gargarizans) from China
(Fig. 5b) [45]. A third astrovirus was also identified in
the metatranscriptomic library of ornate skinks from
Shakespear Regional Park, although only a fragment of
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the capsid protein was recovered. Consequently, we were
unable to conduct a phylogenetic analysis of this virus.

Hepeviridae

A virus from the Hepeviridae was identified in rainbow
skinks from Shakespear Regional Park (Fig. 5¢). This
virus was termed Rainbow skink hepevirus and shared
52% amino acid sequence similarity with Red-eared
slider hepevirus (DAZ91124.1), which was identified in
red-eared slider turtles (Trachemys scripta elegans) from
China [20].

Picornaviridae

Four picornaviruses from the Kodimesavirinae subfam-
ily were identified across three skink species (Fig. 5d).
Rainbow skink picornavirus 1 from Shakespear Regional
Park shared 76% amino acid sequence similarity to Tor-
toise rafivirus A (YP_009026385.1) identified in Forsten’s
tortoises (Indotestudo forsteni) from USA experiencing
severe disease including anorexia, diarrhea and mucosal
ulcerations associated with Sulawesi tortoise adenovirus
1 [47]. An additional picornavirus, Rainbow skink picor-
navirus 2, was found in the same host species and same
location but was genetically similar to Red-eared slider
pemapivirus (DAZ91113.1) [20], sharing 56% amino acid
sequence similarity. Copper skink picornavirus, from
copper skinks sampled from the same location, also
shared 56% amino acid sequence similarity to Red-eared
slider pemapivirus and was 68.37% similar to Rainbow
skink picornavirus 2. The high sequence similarity shared
between the Copper skink picornavirus and the Rainbow
skink picornavirus 2 likely indicates cross-species trans-
mission in the evolutionary past, particularly as these
species were both sampled from Shakespear Regional
Park. A full-length 9,830 nt genome of Copper skink
picornavirus was uncovered (Fig. 5d). A fourth picorna-
virus, Suter’s skink picornavirus, was also identified from
Suter’s skinks from Rangitoto Island (Fig. 5d). Suter’s
skink picornavirus shared 52% amino acid sequence simi-
larity with Picornaviridae sp. (UCS96340.1) previously
identified in the faeces of Theobald’s toad-headed agama
from China [46].

DNA viruses in skinks and geckos

Circoviridae

Two libraries of rainbow skinks from Shakespear
Regional Park had replicase transcripts from the Cir-
coviridae sharing>98% amino acid sequence similarity
(Fig. 6a). Rainbow skink circovirus shared 61% amino acid
sequence similarity with Delphin virus 1 (QSX73076.1)
identified in orcas (Orcinus orca) from Saint Vincent and
the Grenadines [48] but phylogenetically this virus fell
more closely beside Brown toad circovirus (AHY24223.1)
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a. Caliciviridae

AWK57656.1 Sapovirus GlIl.5

Q69014.1 Sapporo virus-Manchester
AEMB37581.2 California sea lion sapovirus 1

NP_051035.1 Cowden I virus Sapovirus
ALF04311.1 Feline calicivirus SH
P27407.3 Feline calicivirus strain CFI/68 FIV . .
AFZ40060.1 Reptile vesivirus Cro1 Vesivirus

AMW64726.2 Hare calicivirus
‘Q96725.1 European brown hare syndrome virus GD .
ACZ59205.1 Rabbit calicivirus Lagov’rus
Q8JN60.1 Nebraska virus
Q288N7.1 Newbury agent 1
QX014970.1 Chicken calicivirus
YP_009666353.1 Turkey calicivirus
QX014952.1 Bavovirus sp.
AVM87548.1 Zhejiang gunthers frog calicivirus 2
Nothern spotted skink calicivirus (S13) ﬁ
AVM87221.1 Guangdong greater green snake calicivirus
AWI67137.1 Bat norovirus
P54634.1 Lordsdale virus
ABU55564.1 Murine norovirus 1
AVM87197.1 Beihai fish calicivirus
AVM87199.1 Beihai yellowfin seabream calicivirus
YP_009417302.1 Fathead minnow calicivirus
DAZ91097.1 Newt calicivirus
> QIB98724.1 Atlantic salmon calicivirus
AHE37915.1 Rhesus macaque recovirus
P_009666335.1 Tulane virus

0.3

Norovirus

c. Hepeviridae

IF74285.1 Horseshoe bat hepatitis E virus
QUS47382.1 Longquan Rhinolophus sinicus orthohepevirus 1
QTE76057.1 Desmodus bat hepatitis E virus
QUS47385.1 Wenzhou Pipistrellus abramus orthohepevirus 1
APA34844.1 Little egret hepatitis E virus
UUZ05396.1 Avian hepatitis E virus
AVP32821.1 Vole hepatitis E virus Orthohepevirinae
BAX00149.1 Ferret hepatitis E virus
AHC70111.2 Moose hepatitis E virus
AHY61295.1 Camel hepatitis E virus genotype 7a
UCJ03460.1 Cutthroat trout virus
AVM87265.1 Wenling samurai squirrelfish hepevirus
_CDAZQ‘I 120.1 Newt hepevirus
AVM87558.1 Wenling moray eel hepevirus
AVM87270.1 Guangdong fish caecilians hepevirus
AVM87261.1 Dongbei arctic lamprey hepevirus
DAZ91124.1 Red-eared slider hepevirus
Rainbow skink hepevirus (S1) %\/
QHW18922.1 Crustacea hepe-like virus 1
ASM94022.1 Barns Ness breadcrumb sponge hepe-like virus 1
QUF61516.1 Eastern mosquitofish hepevirus
QYF50009.1 Beijing sediment hepe-like virus 1
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b. Astroviridae

APA19813.1 Avian astrovirus
Q9JGF2.1 Avian nephritis virus 1
Q9JH69.3 Turkey astrovirus 1
UNJ12753.1 Duck astrovirus
AVM87518.1 Hainan oriental leaf-toed gecko astrovirus 1
ADV16847.1 Astrovirus swine/PoAstV15-6/Canada/2006
AZB52209.1 Human astrovirus 7 -
WNA12465.1 Canine astrovirus Mamastrovirus
YP_009664783.1 Bat astrovirus Tm/Guangxi/LD77/2007
AVMB87496.1 Dongbei arctic lamprey astrovirus 1
AVM87174.1 Wenling longspine snipefish astrovirus
ADX97519.1 Minke whale astrovirus 1
AVM87190.1 Guangxi changeable lizard astrovirus
UCS96447.1 Astroviridae sp.
Raukawa gecko astrovirus (S16)

AVM87168.1 Fujian spotted paddle-tail newt astrovirus

AVMB87170.1 Zhejiang chinese fire belly newt astrovirus 1
AVM87160.1 Wuhan asiatic toad astrovirus

Avastrovirus

o Copper skink astrovirus (S12) "5‘3
L AVMB87143.1 Dongtou red stingray astrovirus

0.2
d. Picornaviridae

Suter’s skink picornavirus (S9) )
UCS96340.1 Picornaviridae sp.
YP_009329856.1 Livupivirus A1

ADL38960.1 Oscivirus A1 Kodimesavirinae
ALO75938.1 Salivirus A SZ1

Rainbow skink picornavirus 1 (S1) %\V
YP_009026385.1 Tortoise rafivirus A
YP_009666862.1 Rafivirus B1
DAZ91113.1 Red-eared slider pemapivirus
YP_010798636.1 Chinese softshell turtle picornavirus 1
Rainbow skink picornavirus 2 (S2)
Cog‘f)er skink picornavirus ;S4)
YP_010796386.1 Tropivirus A
QID57933.1 Zebrafish picornavirus 1

Q155Z79.1 Seneca Valley virus USA/SSV-001 e
ACL15191.1 Cosavirus D1 Caphthov,r'nae

QRF54820.1 Enterovirus D111 Ensavirinae
AAT67220.1 Anativirus A1
AGV08598.1 Eel picornavirus 1
DAZ91111.1 Omei lazy toad picornavirus Paavivirinae

YP_009104360.1 Crohivirus A
AHV82114.1 Duck aalivirus 1
AVM87424.1 Tremovirus B2

Q05794.2 Human hepatitis A virus Hu/Arizona/HAS-15/1979
DAZ91101.1 Worm lizard picornavirus Heptrev,r,nae
Q9YLS4.1 Avian encephalomyelitis virus strain Calnek
——DAZ91100.1 Chameleon picornavirus 1

0.2
1 2000 | 4000 . 6000 = 8000 . 10000
Polyprotei
NC_076508.1 Chinese softshell turtle picornavirus 1 oyRren
N S N A S S S | S S

Copper skink picornavirus (S4) s

Fig. 5 Phylogenetic trees of positive-sense RNA viruses. Maximum likelihood phylogenetic trees of representative viral transcripts containing

the RdRp from positive-sense RNA families (a) Caliciviridae, (b) Astroviridae, (c) Hepeviridae, (d) Picornaviridae. Skink and gecko viruses identified

in this study are bolded while known genera and subfamilies are highlighted. Branches are scaled to the number of amino acid substitutions

per site. All phylogenetic trees were midpoint rooted. Nodes with ultrafast bootstrap values of > 70% are noted by a red circle. If near full-length
genomes of skink or gecko viruses were uncovered a nt alignment (black) and the predicted ORFs (orange) of the skink or gecko virus along with a
representative complete viral genome from the same family is shown below the respective phylogenetic trees

sampled from common toads (Bufo bufo) from Hungary
(Fig. 6a) [49].

Adenoviridae

An adenovirus was identified in northern spotted skinks
from Matiu/Somes Island (Fig. 6b). Northern spotted
skink adenovirus shared 51% amino acid sequence simi-
larity to Duck adenovirus 1 (QGX86418.1) identified in

dead ducks from Canada [50], although this virus fell as a
sister group to members of the genus Atadenovirus.

Parvoviridae

Moko skinks from Rangitoto Island carried Moko
skink parvovirus (Fig. 6c). This virus shared 52% amino
acid sequence similarity with Chapparvovirus sp.
(QNA42602.1) identified in both diseased and healthy
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a. Circoviridae

YP_009163913.1 Marine snail associated circular virus
_:st7ao7s.1 Delphin virus 1

Rainbow skink circovirus (S1) N
Rainbow skink circovirus (S2) 5"{\“
AHY24228.1 Brown toad circovirus

DAZ91099.1 Caecilian circovirus

YP_009091696.1 Silurus glanis circovirus
QUL61825.1 Fur seal circovirus

ADF80724.1 Circovirus Chimp41

NP_573442.1 Canary circovirus

'YP_010087816.1 Penguin circovirus

AHY24222.1 Australian treefrog circovirus

ALG92529.1 Tadarida brasiliensis circovirus 1 . .
WEMO5769.1 Porcine circovirus 4 Circovirus
UME38930.1 /talian wall lizard associated cyclovirus 1
YP_009551365.1 Arboreal ant associated circular virus 1
'YP_009021893.1 Dragonfly associated cyclovirus 1
YP_009362252.1 Bat cyclovirus GF-4¢

YP_009021871.2 Human associated cyclovirus 10 CycI ovirus
AGS36187.1 Circoviridae 4 LDMD-2013

_|:YPJJOQT 26932.1 Avon-Heathcote Estuary associated circular virus 1

0.3

b. Adenoviridae

Q8QNTO.2 Snake adenovirus 1
YP_009051654.1 Lizard adenovirus 2

A 5.1 C i 1
ANWO06228.1 Spur-thighed tortoise adenovirus 1
QDF59441.1 Coastal bearded dragon adenovirus
YP_007346998.1 Bovine adenovirus 6
YP_009414575.1 Odocoileus adenovirus 1
YP_009112716.1 Psittacine adenovirus 3
QGX86418.1 Duck adenovirus 1
ULR85938.1 Common lizard adenovirus 1

Northern spotted skink adenovirus (S13) ﬁ
072540.1 Bovine adenovirus 3

YP_009373238.1 Deer mastadenovirus B
YP_C 1 Polar bear irus 1
AXE75624.1 Egyptian fruit bat adenovirus Mas taden [o] Virus
QJX14716.1 Psittacine siadenovirus 1
'YP_009252208.1 Chinstrap penguin adenovirus 2
NP_062435.1 Frog adenovirus 1
YP_010790522.1 White sturgeon adenovirus 1
YP_010796997.1 Red-eared slider adenovirus 1
p ADMS53793.1 Turkey adenovirus 1 Aviadenovirus
Q64751.1 Fowl! aviadenovirus 1
YP_010799985.1 i

YP_009047155.1 Duck adenovirus 2

Atadenovirus

Siadenovirus

0.1

c. Parvoviridae

DAZ91116.1 Re d slider parvovirus
QQP20407.1 Lizard parvovirus 1

QNA42602.1 Chapparvovirus sp. <=
Moko skink parvovirus (S7)
DAZ91118.1 Garter snake parvol/ifusHam arvovirinae

WFP21508.1 Mol voviru:
YP_010798362.1 Psittacara leucophthalmus chapparvovirus
UVF58814.1 Luposicya lupus icthamaparvovirus
_tvp,m 0087281.1 Syngnathus scovelli chapparvovirus
AKP07382.1 Duck parvovirus strain FIM3
QPN96232.1 Bearded dragon parvovirus
AEX38011.1 Eidolon helvum (bat) parvovirus
WLF81974.1 Porcine parvovirus 4
4.1 Pigeon p irus 1
AOF39988.1 Mink bocavirus 1
WKK95409.1 Canine parvovirus 2a
AHAB6835.1 Seal parvovirus
UNJ12755.1 Zander parvovirus
AKC42760.1 Cherax quadricarinatus densovirus
NP_874376.1 Myzus persicae densovirus 1
NP_051020.1 ipl igir i

Parvovirinae

ANH56809.1 Di: ina citri
YP_OC 1 Acheta mini ambidensovirus . .
QOR29559.1 Bat-assaci irus 5 Densovirinae
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Fig. 6 Phylogenetic trees of DNA viruses. Maximum likelihood
phylogenetic trees of representative viral transcripts containing

the replicase, DNA polymerase or nonstructural protein 1

from the families (a) Circoviridae, (b) Adenoviridae and (c) Parvoviridae.
Skink and gecko viruses identified in this study are bold while known
genera and subfamilies are highlighted. Branches are scaled

to the number of amino acid substitutions per site. All phylogenetic
trees were midpoint rooted. Nodes with ultrafast bootstrap values
of >70% are noted by a red circle

central bearded dragons (Pogona vitticeps) from Australia
[51].

Novel viruses identified through protein structural
similarity

A protein structure similarity based search was used to
identify highly divergent novel viruses from contigs that
did not share clear sequence similarity to other known
sequences (i.e., “orphan contigs”). We identified a total
of 5,947,316 orphan contigs across skink and gecko
metatranscriptomic libraries contributing to 57.86%
and 45.75% of the total contigs identified within the 11
skink and five gecko cloacal metatranscriptomic librar-
ies, respectively. Of these, 9,254 contained a translatable
ORF of 1000-50,000 nt in length. These were submitted
to Phyre2 [30] for structural similarity analysis, resulting
in the detection of one putative viral RdRp structure with
a confidence of>90%. A 2,793 nt orphan contig from
raukawa geckos from Matiu/Somes Island had an iden-
tifiable structural relative: an RdRp structure from Severe
Fever with Thrombocytopenia Syndrome Virus (Protein
Data Bank identifier 8asb), a member of the Pheuniviri-
dae (order Bunyavirales), with a confidence of 93% and
22% percentage identity.

We next screened this highly divergent protein
sequence against the TSA database and identified a
6,597 nt-long transcript from Coptotermes acinaciformis
(GHZJ01088266.1), a species of subterranean termites
native to Australia sharing only 27% amino acid sequence
similarity with the novel virus found in raukawa geckos.
This contig had a 2,119 amino acid long OREF, although
there were no significant matches when this protein
sequence was queried against the non-redundant pro-
tein database using BLASTp. Order-level phylogenetic
analysis of both viruses revealed a potentially novel and
divergent viral family within the Bunyavirales (Fig. 7a).
Although highly divergent at the amino acid sequence
level, both Raukawa gecko associated bunya-like virus
and Termite associated bunya-like virus contained the
highly conserved Bumnyavirales A, B, C and E sequence
motifs (Fig. 7b) [52]. Given the phylogenetic clustering,
it is likely that Raukawa gecko associated bunya-like virus
is associated with dietary and environmental hosts.
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Fig. 7 Maximum likelihood unrooted phylogenetic tree of representative viral t

ranscripts containing the RdRp from the Bunyavirales. Viruses
identified in this study and the termite virus identified by screening the TSA are bolded while families are highlighted. Branches are scaled

to the number of amino acid substitutions per site. Nodes with ultrafast bootstrap values of > 70% are noted by a red circle. Below the phylogeny

is an alignment of Bunyavirales RdRp amino acid sequences. Conserved Bunyavirales A-E RdRp motifs are shown while the Raukawa gecko
associated bunya-like virus and the Termite associated bunya-like virus are bolded
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Discussion

We characterised the cloacal viromes of nine different
species of skinks and geckos sampled across four differ-
ent sites located on the North Island of New Zealand.
In total, we identified 15 novel skink and gecko viruses
spanning 11 viral families as well as one highly divergent
bunya-like virus, which is unlikely to be directly infect-
ing its reptilian host but potentially represents a new
viral family within the Bunyavirales. All viruses identi-
fied in this study were novel (i.e., shared<90% amino
acid similarity to their relatives), further highlighting the
uncharacterised viral diversity present in reptiles [20],
particularly in New Zealand.

Of note, we found no evidence of viral host-jump-
ing among native skinks and geckos even though both
groups have diversified within New Zealand. The only
potential host-jumping event detected was within the
Picornaviridae between the only introduced species —
the rainbow skink — and native copper skinks. The rela-
tively high sequence similarity (~70%) between rainbow
skink and copper skink picornaviruses suggests a viral
host-jumping event has occurred since rainbow skinks
colonised New Zealand, particularly as both species were
sampled from the same location. Drivers of skink and
gecko radiation include changes in climate, habitat and
geography [9, 11], resulting in over 120 species identified
to date with further species yet to be characterised [3].
While preliminary, our results suggest that the diverse
open habitat, forest and coastal niches occupied dur-
ing host speciation may have resulted in largely unique
viromes among skinks and geckos sampled here [9, 53].
Indeed, it is striking that even different species sampled
from the same sites had markedly different virome com-
positions. Expanding sampling to encompass a broader
array of New Zealand’s lizard species, geographical loca-
tions, including sites in the South Island, and across
time, would enhance our ability to make comprehensive
conclusions and allow us to identify whether the limited
host-jumping observed here is also observed nationally
across all New Zealand lizard populations.

Our results are in contrast with those previously seen
in African cichlid fishes that experienced a rapid adap-
tive radiation over the past 10 million years [54], albeit
the present study was much more limited in size. Viral
host-jumping among African cichlid species was fre-
quent across multiple different viral families, likely due
to their genetic similarity and therefore host cell recep-
tors, decreasing the barriers to viral host-switching [54].
While habitat separation of cichlid fish was effective at
driving host speciation, viral transmission was evidently
not prohibited.

The seemingly infrequent cross-species transmission
between introduced rainbow skinks and native skinks

Page 13 of 16

and geckos can be considered a positive finding from
a conservational standpoint. The introduction of exotic
species can have a devastating impact on native popu-
lations due to several factors such as predation, com-
petition or the introduction of pathogens [55]. Native
species from island ecosystems such as New Zealand
are particularly at risk of disease as many have been
isolated for millions of years and are often immunologi-
cally naive to potential pathogens [56]. Introduced rain-
bow skinks harboured the highest viral richness (five
viral families), greater than any other skink or gecko
species. This high viral richness may be attributed to
their gregarious nature and their tendency to lay eggs
in large communal nests [5, 57], increasing opportuni-
ties for viral transmission although further sampling
would be required to reinforce such patterns.

Nearly half of the skink and gecko cloacal swab
metatranscriptome libraries (seven of the 16), con-
tained no bona fide lizard viruses, such that we were
unable to statistically compare skink and gecko virome
composition. Similarly, no viruses were identified in a
previous study that sampled Chalky Island skinks (O.
tekakahu) located on an off-shore island in New Zea-
land [58]. However, it is important to note that our abil-
ity to identify vertebrate host-associated viruses may
have been limited due to the use of cloacal swabs, par-
ticularly for viruses that exhibit tissue specific tropisms
[59]. However, it might also be the case that very few
viruses were present in these hosts when they colonised
New Zealand [60].

It is also possible that some lizard viruses, or more
likely those associated with the diet and/or microbi-
ome of lizards, are so divergent that they may not be
detected using sequence similarity approaches [61],
particularly as New Zealand’s endemic flora and fauna
have been isolated for millions of years [62]. Neverthe-
less, one highly divergent virus was identified using
protein structural homology. Raukawa gecko associated
bunya-like virus shared protein structural similarities
to Severe Fever with Thrombocytopenia Syndrome Virus
(within the Phenuiviridae). Subsequent exploration
of published transcriptomes led to the identification
of a viral transcript within Coptotermes acinaciformis,
a species of subterranean termite native to Australia,
that shared sequence similarity to this divergent virus.
Phylogenetic analysis revealed that both viruses did
not cluster within any of the currently classified fami-
lies within the Bunyavirales, indicating that they likely
represent a new viral family. Host assignment of these
viruses remains unclear although they are likely inver-
tebrate in origin. These results further highlight the
benefits of sampling undersampled species such as
reptiles.
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Conclusions

This study serves as an introductory exploration into
the viromes of New Zealand’s lizards that have his-
torically been under-sampled. We documented the
viromes of nine of New Zealand’s skink and gecko
species. In doing so, we identified 15 novel skink and
gecko viruses, in turn enhancing our understanding of
the viruses that circulate within New Zealand’s lizard
populations. The limited cross-species viral transmis-
sion between skink and gecko species sampled here
may reflect the rapid radiation of New Zealand skinks
and geckos during the Miocene that resulted in niche-
constrained viral populations. Further sampling of a
wider range of New Zealand lizard taxa and geographic
locations over multiple time points are required to bet-
ter understand these viral dynamics.
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