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As more chromosome length genome assemblies are made available, 
it is increasingly feasible to study the evolution of chromosomes 
across varying taxonomic levels by aligning genome sequences and 
analysing synteny (defined in a comparative genomic context as the 
conserved order of loci on the chromosomes of related species, 
which originated from a common ancestor (Duran et al., 2009)). It is 

clear that chromosome evolution patterns vary drastically across the 
tree of life. In mammals, chromosomes diverge at a rate that is faster 
than in most other eumetazoan lineages (Bush et al., 1977), with the 
exception of amphibians (Evans et al., 2012), which have especially 
fluid sex chromosomes (Dufresnes & Crochet, 2022). Within mam-
malia, chromosome divergence between lineages is fastest in genera 
that either form clans or harems, display limited adult vagility, are 
strongly territorial, or have a patchy geographic distribution (Bush 
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Using recently published chromosome- length genome assemblies of two damselfly 
species, Ischnura elegans and Platycnemis pennipes, and two dragonfly species, Pantala 
flavescens and Tanypteryx hageni, we demonstrate that the autosomes of Odonata 
have undergone few fission, fusion, or inversion events, despite 250 million years of 
separation. In the four genomes discussed here, our results show that all autosomes 
have a clear ortholog in the ancestral karyotype. Despite this clear chromosomal or-
thology, we demonstrate that different factors, including concentration of repeat dy-
namics, GC content, relative position on the chromosome, and the relative proportion 
of coding sequence all influence the density of syntenic blocks across chromosomes. 
However, these factors do not interact to influence synteny the same way in any 
two pairs of species, nor is any one factor retained in all four species. Furthermore, it 
was previously unknown whether the micro- chromosomes in Odonata are descended 
from one ancestral chromosome. Despite structural rearrangements, our evidence 
suggests that the micro- chromosomes in the sampled Odonata do indeed descend 
from an ancestral chromosome, and that the micro- chromosome in �ĸՑ=Ѳ-�;v1;mv was 
lost through fusion with autosomes.
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et al., 1977őĺ� $_;� 1omv;u�-|bom�o=� 1_uolovol;� v|u�1|�u;� 1-m� -Ѵvo�
vary dramatically. For example, in primates, the rate of chromosome 
rearrangements is uneven across chromosomes, with some that are 
highly conserved within the group while others have undergone 
m�l;uo�v� bm�;uvbom� ;�;m|v� Ő"|-m�om� ;|� -Ѵĺķ� 2008). Chromosome 
evolution varies dramatically across the ray- finned fishes, class 
�1|bmor|;u�]bbĺ�"ol;�vr;1b;v�_-�;�l-bm|-bm;7�|_;�-m1;v|u-Ѵ�h-u�o-
type for over 300 million years, while others have undergone such 
a high number of translocations and other rearrangements that ho-
mology with the ancestral karyotype can no longer be identified 
(Kasahara et al., 2007). Evidence suggests that the karyotype of 
freshwater fishes evolves at a faster rate than their saltwater coun-
terparts (Nirchio et al., 2014). It has been recently discovered that 
at least one elasmobranch, the white- spotted bamboo shark, has 
experienced a number of rearrangements, with 13 of the 51 chro-
mosomes evolving more quickly than the others (Zhang et al., 2020). 
Among vertebrates, birds are an outlier in that their chromosomes 
have evolved slowly, with few chromosomal rearrangements since 
u-7b-|bm]� bm� |_;� Ѵ-|;��u;|-1;o�v� Őo�;u�ѵƔՓl�-ő� Ő	-l-v�;|�-Ѵĺķ�2018; 
Ellegren, 2010; Huang et al., 2022; Kretschmer et al., 2018).

In contrast to vertebrates, invertebrate chromosome evolution 
has been less well studied, including the class Insecta, the most di-
�;uv;�]uo�r�o=�-mbl-Ѵv�om�|_;�rѴ-m;|ĺ�$_bv�hmo�Ѵ;7];�]-r�bv�ruo0Ѵ;l-
atic considering the rich global biodiversity and almost ~ƔƏƏՓl��Ѵom]�
evolutionary history of insects (Misof et al., 2014). Non- model insects, 
especially those which inhabit aquatic environments, are dramatically 
underrepresented in genomics research (Hotaling et al., 2020), with 
most baseline knowledge about chromosomal evolution coming from 
the study of karyotype maintenance and rearrangement. Current in-
sect karyotype research suggests that trends in insect chromosome 
evolution vary greatly across orders. For example, in the superorder 
Paraneoptera, chromosome evolution is rapid in two of the three or-
ders (Hemiptera and Psocodea) resulting in both the gain and loss of 
holokinetic chromosomes (chromosomes that lack centromeres), while 
b|�bv�vѴo��bm�|_;�|_bu7�ou7;uķ�$_�v-mor|;u-�Ő�-�ubѴo�Ŋ�,blbm�;|�-Ѵĺķ�2015). 
Across the ~28 orders of insecta chromosome number varies greatly, 
but of the groups studied, the most diverse karyotypes occur in Aphi-
doidea (aphids), a lineage within the Hemiptera, where chromosome 
number ranges from 2nՓ=ՓƓ�|o�ƑnՓ=ՓƐƖƑ�Ő�-�ubѴo�Ŋ�,blbm�;|�-Ѵĺķ�2015). 
Analysis of the sex chromosomes of Blattodea and Diptera demon-
strated high conservation of the sex chromosome between the two 
orders, and presumably within them (Meisel et al., 2019őĺ� ";�;u-Ѵ�
studies have examined holometabolous (those which undergo com-
plete metamorphosis) insect karyotypes; in the case of scorpionflies 
(Mecoptera), the family Panorpidae have haploid chromosomes which 
range from nՓ=ՓƐƕ� |o� nՓ=ՓƑƓ� -m7� 7b�;uvb=b1-|bom��b|_bm� |_bv� =-lbѴ�� bv�
closely related to changes in karyotype (Miao et al., 2019).

Because they are among the first winged lineages (~325 mya), the 
;�oѴ�|bom�o=�1_uolovol;v�bm��7om-|-�bv�o=�r-u|b1�Ѵ-u�bm|;u;v|ĺ�$_;�
ancestor to these insects was likely the first lineage to have devel-
oped flight (Misof et al., 2014), an energetically costly key innovation 
that is considered to be a main driver of evolution in Pterygota. Odo-
nate karyotypes have been studied for over a century (Kuznetsova & 
Golub, 2020őĺ�$_;�1_uolovol;�m�l0;u��b|_bm��7om-|-��-ub;v�=uol�

2nՓ=ՓѶ�|o�ƑnՓ=ՓƒƏ�Ő�Ѵ-1hlom�;|�-Ѵĺķ�2017), and the presumed ancestral 
karyotype, which is found in many lineages of Odonata, is 2nՓ=ՓƑƔ�
(Kuznetsova & Golub, 2020őĺ�$_;�v;�Ŋ�7;|;ulbm-|bom�v�v|;l�o=��7o-
nates is XO but an XY system has evolved in 20 separate instances, 
likely from X- autosome fusions (Blackmon et al., 2017). Odonate 
chromosomes are usually holocentric, but monocentric chromo-
somes appear to have evolved several times throughout the order 
(Kuznetsova et al., 2021).

While karyotype number can be used to draw evolutionary con-
clusions in Odonata, chromosome- level genome assemblies offer 
additional resolution by illuminating inversion, translocation, and 
even fission and fusion events often hidden from karyotype analysis 
(Kuznetsova & Golub, 2020). Genomic data from the damselfly Ischn-
ura elegans was used to demonstrate that its sex chromosome is highly 
conserved when compared to Coleoptera, Lepidoptera and Diptera 
(Chauhan et al., 2021). However, despite this finding, there remain 
unresolved questions in Odonate genome evolution that are well- 
suited to be answered by an analysis of multiple chromosome- length 
genome assemblies. For example, it is not known how much homology 
is shared between autosomal chromosomes of Odonata, which have 
distinct evolutionary histories and pressures as compared to sex chro-
mosomes across the tree of life (Dufresnes & Crochet, 2022; Johnson 
& Lachance, 2012; Vicoso et al., 2013), or how these chromosomes are 
shaped by inversions and other rearrangements. It is also not known 
what specific factors (e.g. repetitive elements, GC content, density of 
coding sequences) influence the degree of homology across odonate 
chromosomes or those of other insects.

$_;�r-||;um�o=�oub]bm�-m7�Ѵovv�o=�lb1uoŊ�1_uolovol;v�ŐvoŊ�1-ѴѴ;7�
“m” chromosomes), that are notably smaller than autosomes, through-
out Odonata is also unclear. Do micro- chromosomes in Odonata 
descend from an ancestral micro- chromosome? Or have they been 
independently gained in lineages that contain them (Kuznetsova & 
Golub, 2020)? In lineages where m chromosomes are not found are 
they fused to other chromosomes, or lost entirely? Chromosome- 
level genome assemblies have been used to study chromosome 
evolution in various insects like Lepidoptera (butterflies and moths). 
$_uo�]_o�|�|_;�ƐƓƏŊ�lbѴѴbomŊ��;-u�_bv|ou��o=�|_bv�ou7;uķ�lov|�vr;1b;v�
have nearly identical haploid chromosome counts. However, a hand-
ful of species vary drastically from the ancestral karyotype due to 
numerous fusion and fission events, with translocation likely playing 
a very limited role in the evolution of Lepidopteran chromosomes 
(Blackmon et al., 2017; Hill et al., 2019; Wright et al., 2023).

$_;� -7�;m|� o=� Ѵom]Ŋ�u;-7� v;t�;m1bm]�_-v� u;v�Ѵ|;7� bm� -� ]uo�bm]�
number of publicly available genome assemblies from the order 
Odonata. As of the time of submission of this manuscript, there were 
four chromosome length assemblies for Odonata, those of: dragon-
flies Tanypteryx hageni�Ő0Ѵ-1h�r;|-Ѵ|-bѴő�Ő$oѴl-m�;|�-Ѵĺķ�2023) and Pan-
tala flavescens (wandering glider) (Liu et al., 2022), and damselflies 
�ĸՑ;Ѳ;]-mv (blue- tailed damselfly) (Price et al., 2022) and Platycnemis 
pennipes (white- legged damselfly) (Price & Allan, 2023). Given the ex-
citing pace of odonate genome research, we anticipate even more 
assemblies being made available by the time of publication.

Dragonflies and damselflies last shared a common ances-
tor ~ƑƔƏՓl�-ĸ�$ĸՑ_-];mb and �ĸՑ=Ѳ-�;v1;mv diverged ~ƐƕƏՓl�-ķ��_bѴ;�
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�ĸՑr;mmbr;v and �ĸՑ;Ѳ;]-mv split ~ƐƏƏՓl�-�Ő�o_Ѵb�;|�-Ѵĺķ�2021) (Figure 1). 
�ĸՑr;mmbr;v has retained the putative ancestral karyotype (2nՓ=ՓƑƔő�
as have all other zygoptera in the family Platycnemididae, mak-
ing it highly unlikely that the ancestral chromosome number has 
been retained through a series of fusions, duplications and fis-
sions (Kuznetsova & Golub, 2020). �ĸՑ=Ѳ-�;v1;mv (2nՓ=ՓƑƒő�-m7�$ĸՑ_--
geni (2nՓ=ՓƐƕő� _-�;� -� u;7�1;7� 1_uolovol;� m�l0;uķ� -m7� �ĸՑ;Ѳ;]-mv 
(2nՓ=ՓƑƕő�_-v�;�r-m7;7��rom�|_;�-m1;v|u-Ѵ�h-u�o|�r;�Ő���m;|vo�-�
& Golub, 2020). �ĸՑr;mmbr;v, $ĸՑ_-];mb and �ĸՑ;Ѳ;]-mv all have an “m” 
chromosome, and all four species use an XO sex determination 
system (Kuznetsova & Golub, 2020őĺ�$_;v;�vr;1b;v�-u;�;�|u;l;Ѵ��
variable in their natural histories. �ĸՑr;mmbr;v and �ĸՑ;Ѳ;]-mv are 
highly territorial odonates with relatively limited vagility, while 
�ĸՑ=Ѳ-�;v1;mv is considered the global wanderer, given their globally 
panmictic population, with individuals potentially crossing oceans 
(Ware et al., 2022). Further, these 3 species are all relatively young 
lineages from species rich families (Kohli et al., 2021ĸ� "��ouo��
et al., 2021). Conversely, $ĸՑ_-];mb is a member of the smallest family 
within Odonata (Ware et al., 2014) estimated to have split from its 
sister species (the Japanese Petaltail, Tanypteryx pryeri, for which 
there is currently no genome sequence) some 70 million years ago 
(Ware et al., 2014őĺ�$_uo�]_o�|�b|v�_bv|ou�ķ�b|v�lour_oѴo]��_-v�u;-
mained largely unchanged, designating it as a “living fossil” (Ware 
et al., 2014). Other ancient lineages such as the coelocanth (Am-
emiya et al., 2013), lungfish (Meyer et al., 2021), ginkgo tree (Guan 
et al., 2016őķ�-m7�l-m]uo�;�_ouv;v_o;�1u-0�Ő"_bm]-|;�;|�-Ѵĺķ�2020), 
seem to differ in genomic structure from their more recently derived 
relatives, through elevated repeat content and a larger genome size, 

and there is some evidence that $ĸՑ_-];mb has an elevated repeat con-
|;m|��_;m�1olr-u;7�|o�o|_;u��7om-|-�Ő$oѴl-m�;|�-Ѵĺķ�2023őĺ�$_�vķ�
the prolonged persistence of $ĸՑ_-];mb is an important factor to con-
sider when viewing its genome in a comparative context. Given the 
breadth of evolutionary history and life- history traits represented 
by the four species included in this study, a comparative analysis of 
their genomes is well- suited for answering outstanding questions 
regarding the chromosome evolution of Odonata.

Here we identify the synteny among Odonata genomes sampled 
from four different species and qualitatively describe the genomic ar-
chitecture influencing synteny. We demonstrate that the autosomes 
are largely homologous with each other and have undergone few, if 
-m�ķ�bm�;uvbom�;�;m|vĺ����1om|;m|ķ�u;r;|b|b�;�;Ѵ;l;m|vķ�-m7��	"�7;m-
sity all influence the degree of homology across chromosomes but 
interact differently in each species. We also test whether the micro- 
chromosomes are descended from a common ancestor, or inde-
r;m7;m|Ѵ��7;ub�;7ĺ�$_;�l�1_uolovol;v�=uol�;-1_�vr;1b;v�v_-u;�l-m��
_oloѴo]o�v�];m;v�0�|�7bvrѴ-��Ѵb||Ѵ;�v�m|;m�ĺ�$_�vķ��;�bm=;u�|_-|ķ�7;-
spite rearrangements, they are derived from an ancestral chromosome.

ƑՊ |Պ��$��	"

ƑĺƐՊ |Պ	-|-v;|

$o�;v|bl-|;�|_;�-lo�m|�o=�1omv;u�;7�v�m|;m��-1uovv��7om-|-��;�
used the chromosome level genome assemblies of Zygoptera �ĸՑr;m-
nipes (Price & Louise Allan, 2023) and �ĸՑ;Ѳ;]-mv (Price et al., 2022) 


 ��&!� �ƐՊ!;r;|b|b�;�1om|;m|�o=�1_uolovol;Ŋ�Ѵ;�;Ѵ�];mol;�-vv;l0Ѵb;v�=uol��7om-|-ĺ
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ƔƕѶѶՊ |ՊՊՍ TOLMAN et al.

and Anisoptera �ĸՑ=Ѳ-�;v1;mv (Liu et al., 2022) and $ĸՑ_-];mb� Ő$oѴl-m�
et al., 2023). As our objective was to look at intra- ordinal patterns, 
we did not include any other genomes from Insecta. All genomes 
were assembled using PacBio HiFi sequences and were scaffolded 
with HiC data. All have been shown to be of relatively high qual-
b|��Ő$oѴl-m�;|�-Ѵĺķ�2023), and all but �ĸՑr;mmbr;v had been annotated 
at the time analysis was conducted. We used the remaining Odo-
nata genome assemblies from NCBI (Rhinocypha anisoptera (Iridian 
Genomes, 2020), Ladona fulva (Poelchau et al., 2015), Calopteryx 
splendens (Ioannidis et al., 2017), and Hetaerina americana (Grether 
et al., 2023)) to compare repeat content across the order.

ƑĺƑՊ |Պ�;mol;�-mmo|-|bom

$o� ;mv�u;� -ѴѴ� u;r;|b|b�;� ;Ѵ;l;m|v��;u;� -vv;vv;7� �vbm]� |_;� v-l;�
software and databases, all four Odonata genome assemblies 
were modelled using RepeatModeler v2.0.1 (Flynn et al., 2020) 
and classified with RepeatMasker2 v4.1.2 (Flynn et al., 2020). Fol-
lowing the RepeatModeler pipeline (Flynn et al., 2020), a sequence 
7-|-0-v;��-v�1u;-|;7�=ou�;-1_�];mol;��vbm]����"$��ƑĺƐƑĺƏ�Ő�--
macho et al., 2009őĺ�!;r;-|�o7;Ѵ;u��-v�|_;m�u�m�om�|_;����"$�
database to identify repetitive sequences. Following this, Repeat-
Masker was run using the option - - nolow, which does not mask 
simple repeats. RepeatMasker then classified the modelled repeti-
tive elements into families and provided a classification summary 
for each genome.

$o�-mmo|-|;�|_;�];mol;�o=��ĸՑr;mmbr;v we clustered the protein 
sets of �ĸՑ=�Ѳ�- (Poelchau et al., 2015), �ĸՑ;Ѳ;]-mv (Price et al., 2022), 
�ĸՑ=Ѳ-�;v1;mv (Liu et al., 2022), and $ĸՑ_-];mb� Ő$oѴl-m�;|�-Ѵĺķ�2023) to 
ƓƏ�r;u1;m|�vblbѴ-ub|���b|_��	Ŋ���$��ƓĺѶĺƐ�Ő
��;|�-Ѵĺķ�2012őĺ�$o�;mv�u;�
�;��;u;��vbm]�-�_b]_Ŋ�t�-Ѵb|��u;=;u;m1;�v;|ķ��;�u-m��&"���Ő�-mmb�
et al., 2021) on the clustered protein set, using the insecta database 
(odb10) as a reference, and recovered 94.9% of the single and com-
rѴ;|;��&"���];m;vķ��b|_� -m� -77b|bom-Ѵ�Ƒĺƕѷ�7�rѴb1-|;7� -m7�Əĺƕѷ�
fragmented.

We then mapped the clustered reference set onto the masked 
genome assembly of �ĸՑr;mmbr;v using miniprot v0.4 (Li, 2023). We 
extracted the protein set from the resulting gff file using gffread 
(Pertea, 2022), and assessed the annotation completion by running 
�&"���om�|_;�-mmo|-|;7�ruo|;bm�v;|ķ��b|_�|_;��&"���bmv;1|-�7--
tabase odb10 as a reference (Manni et al., 2021őĺ� $_;� ruo|;bm� v;-
quences are available in Appendix "Ɛ.

ƑĺƒՊ |Պ "�m|;mb1�-m-Ѵ�vbv

Given the large phylogenetic distance between species, we chose to 
1olr-u;�1_uolovol;v�0-v;7�om�v�m|;m�ĺ�$o��bv�-Ѵb�;�v�m|;m��0;-
tween $ĸՑ_-];mbĶ��ĸՑ=Ѳ-�;v1;mvĶ��ĸՑ;Ѳ;]-mv and �ĸՑr;mmbr;v, we first iden-
|b=b;7�ro|;m|b-Ѵ�_oloѴo]o�v�];m;v�0;|�;;m�vr;1b;v��vbm]����"$r�
(Camacho et al., 2009) to compare amino acid sequences from each 
genome annotation to a custom database containing all amino acid 

sequences from the three other genomes, limiting output to the top 
five hits between two species per gene, and restricting output to an 
;Ŋ��-Ѵ�;�0;Ѵo��Ɛ;ƴƔĺ��ѴѴ�u;|-bm;7����"$�_b|v��;u;��|bѴb�;7�bm�v�m|;m��
-m-Ѵ�vbvĺ�);�|_;m�1ol0bm;7�|_;����"$�o�|r�|�-m7�]==�-mmo|-|bom�
=bѴ;v� =ou�;-1_�vr;1b;v�-m7��v;7���"1-m*ķ� u;t�bubm]�-�lbmbl�l�o=�
five genes to call a syntenic block with no upper limit, and filtering 
=ou� ;Ŋ��-Ѵ�;v� Ѵ;vv� |_-m�Ɛ;ƴƏƔ� Ő)-m]�;|� -Ѵĺķ�2012) to identify areas 
with conserved synteny.

We visualized conserved syntenic blocks between the chro-
mosomes of each species, highlighting synteny with the ancestral 
karyotype conserved in �ĸՑr;mmbr;v in a Circos plot (v.0.69- 18) (Krzy-
winski et al., 2009őĺ�"�m|;mb1�rou|bomv�o=�|_;�1_uolovol;�-u;�rѴo||;7�
-Ѵom]vb7;� |_;�1ouu;vrom7bm]�ruorou|bom�o=�1o7bm]�v;t�;m1;� Ő�	"ő�
ŐlbmՓ=ՓƏĺƏķ� l-�Փ=ՓƏĺƐƒőķ� ��� 1om|;m|� ŐlbmՓ=ՓƏĺƒƏķ� l-�Փ=ՓƏĺƓƒőķ� u;|uo-
;Ѵ;l;m|v�ŐlbmՓ=ՓƏĺƏķ�l-�Փ=ՓƏĺѵƔőķ�|u-mvrovomv�ŐlbmՓ=ՓƏĺƏķ�l-�Փ=ՓƏĺѵƔőķ�
�m1Ѵ-vvb=b;7�u;r;|b|b�;�;Ѵ;l;m|v�ŐlbmՓ=ՓƏĺƏķ�l-�Փ=ՓƏĺѵƔőķ�-m7�-ѴѴ�o|_;u�
�m1-|;]oub�;7�u;r;|b|b�;�;Ѵ;l;m|v�ŐlbmՓ=ՓƏĺƏķ�l-�Փ=ՓƏĺѵƔőĺ��ѴѴ�u;r;|b-
tive element proportions were calculated from RepeatMasker2 out-
put (Flynn et al., 2020).

$o�_b]_Ѵb]_|�1_uolovol-Ѵ�=bvvbom�-m7�=�vbomķ��;�];m;u-|;7�-�v;1-
ond Circos plot (Krzywinski et al., 2009) displaying only the involved 
chromosomes, as identified by the first plot, and the syntenic blocks 
between them.

ƑĺƓՊ |Պ !;r;-|�Ѵ-m7v1-r;

We generated a repeat landscape for each of the four chromosome- 
level assemblies by parsing the Repeat Masker output using the 
script parseRM_GetLandscape.pl from the perl module Parsing- 
RepeatMasker- Outputs (Hamilton et al., 2016; Kapusta et al., 2017; 
�-r�v|-�ş�"�_ķ�2017; Mitra et al., 2013). We used ggplot2 (Wick-
ham, 2016) in r to visualize the whole repeat landscape for each 
species. Elements that were classified as PENELOPEs/LINEs by 
Repeatmasker were classified as LINEs (Long Interspersed Nuclear 
Elements) in the repeat landscapes.

ƑĺƔՊ |Պ $_;�_bv|ou��o=�|_;�lb1uoŊ�1_uolovol;

Out of the four species studied here �ĸՑ=Ѳ-�;v1;mv is the only one 
|_-|�7o;v�mo|�_-�;�-�lb1uoŊ�1_uolovol;ĺ�$o�=�u|_;u�bm�;v|b]-|;�|_;�
origins of the micro- chromosomes of $ĸՑ_-];mbĶ��ĸՑ;Ѳ;]-mv, and �ĸՑr;m-
nipes��;��v;7����"$r�Ő�-l-1_o�;|�-Ѵĺķ�2009) to identify potentially 
homologous genes across all the genes located on the m chromo-
somes, and the entirety of all four genomes. We generated a custom 
database using the translated amino acid sequences from all four 
];mol;�-mmo|-|bomv�-m7�Ѵblb|;7�|_;�m�l0;u�o=����"$�_b|v�r;u�];m;�
|o�=b�;ķ�-m7�u;v|ub1|;7�o�|r�|�|o�-m�;Ŋ��-Ѵ�;�0;Ѵo��Ɛ;ƴƔĺ�);��bv�-Ѵ-
ized the links, and their locations on each chromosome using Cir-
cos v.0.69- 18 (Krzywinski et al., 2009). We calculated the expected 
ruorou|bom�o=����"$�_b|v�-v�-�ruorou|bom�o=�|_;�vb�;�o=�|_;�lb1uoŊ�
chromosomes as compared to all other chromosomes given the size 
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ՊՍՊ |ՊƔƕѶƖTOLMAN et al.

of the micro- chromosomes, and used a chi- squares test to deter-
lbm;�b=�lb1uoŊ�1_uolovol;v�_-7�lou;����"$�_b|v��b|_�;-1_�o|_;u�
than would be expected given their size.

ƑĺѵՊ |Պ "|-|bv|b1-Ѵ�-m-Ѵ�vbv�o=�=-1|ouv�
bm=Ѵ�;m1bm]�v�m|;m�

"�m|;m��l-�� 0;� blr-1|;7� 0�� m�l;uo�v� =-1|ouvĺ� $o� 1omvb7;u� |_bvķ�
we tested whether factors including ancestral karyotype, chromo-
some type (micro, sex, or autosome), chromosome history (whether 
the partition was on a chromosome that resulted from fusion or fis-
vbomőķ��	"�1om|;m|ķ����1om|;m|ķ�-m7�|_;�ruorou|bom�o=��m1Ѵ-vvb=b;7�
repeats, retroelements, transposons and other repetitive elements 
influenced proportion of synteny in a given region of a chromosome. 
We partitioned each chromosome into linear 10 million base pair 
partitions (dropping the remainder at the end of each chromosome) 
and calculated the proportion of each partition that was contained 
within a shared syntenic block with at least one of the three other 
species. We acknowledge that this method will not capture inter-
genic divergence, but it does more accurately reflect the length of 
syntenic regions. As more genomes become available, more research 
is needed to assess the best statistical methods for comparing an-
ciently diverging lineages.

We first considered if potential relationships between these 
factors and the proportion of synteny differed among species by 
constructing models that included main effects of each of these 
factors (indicating each factor does impact synteny), main effect 
of these factors and main effects of species (suggesting impacts 
of factors differed among species but in an additive fashion), and 
main effect of these factors and main effects of species and in-
teractions among species and factors (suggesting impact of these 
factors on levels of synteny differed among species). We then gen-
erated linear models predicting the proportion of each partition 
1om|-bm;7�bm�-�v�m|;mb1�0Ѵo1hĺ�"bm1;�r-u|b|bomv�=uol�-�]b�;m�1_uo-
mosome may be similar to each other in regard to the proportion 
contained within a syntenic block, we also compared models with 
and without a random effect of chromosome using AIC values 
(Burnham et al., 2011őĺ�$_bv�l;|_o7�-ѴѴo�;7�1olr-ubvom�o=�1_uo-
mosomes of various lengths.

For models with and without random effects, the lowest AIC 
score was observed when both species and other factors were in-
cluded but interactions were not ($-0Ѵ; "Ɛőĺ�"bm1;�|_;�Ѵo�;v|�o�;u-ѴѴ�
AIC score was associated with models without random effects and 
some factors (specifically, state change) were not relevant for all 
species, we further explored how factors were associated with syn-
teny in each study species using models without random effects. For 
each species, we used backwards selection procedures based on AIC 
values to determine final factors to retain in the model (Zuur, 2009). 
Assumptions regarding multicollinearity, dispersion, and residuals 
were also checked for all final models, and we also evaluated the 
final fit using the adjusted R2 value.

ƒՊ |Պ !�"&�$"

ƒĺƐՊ |Պ�;mol;�-mmo|-|bom

We utilized four long- read chromosome assemblies, representing the 
0u;-7|_�o=�|_;�;�oѴ�|bom-u��_bv|ou��o=��7om-|-�Ő$oѴl-m�;|�-Ѵĺķ�2023) 
and examined them all in a comparative context here. All four assem-
0Ѵb;v�-u;�_b]_Ѵ��1olrѴ;|;�-m7�1om|b]�o�v�Ő$oѴl-m�;|�-Ѵĺķ�2023). All but 
the genome of �ĸՑr;mmbr;v had been previously annotated, so we an-
notated this genome using miniprot (Li, 2023) v.0.4, similar to the pro-
cess used to annotate the genome of $ĸՑ_-];mb�Ő$oѴl-m�;|�-Ѵĺķ�2023). 
We recovered 22,810 protein coding genes from �ĸՑr;mmbr;vĺ��&"���
(Manni et al., 2021) analysis showed a high level of completion (C: 
ƖƐĺƕѷ�Œ"Ĺ�ѶƖĺƑѷķ�	Ĺ�ƑĺƔѷœķ�
Ĺ�ƑĺƔѷķ��Ĺ�ƔĺѶѷķ�nĹ�Ɛƒѵƕőĺ�$_bv� bv�1ol-
parable to other Odonata genome annotations, which have between 
15,000 and 27,000 genes, with over 90% of single copy orthologs 
ru;v;m|�Ő$oѴl-m�;|�-Ѵĺķ�2023). Repeat content was widely variable in 
publicly available chromosome- level Odonata genome assemblies, 
from approximately 18% of the genome in the dragonfly �ĸՑ=Ѳ-�;v1;mv, 
to over 50% in $ĸՑ_-];mb (Figure 1őĺ�Ő";;�Figure "Ɛ for repeat analysis 
of all publicly available Odonata genome assemblies as of May, 2023). 
$_;�1Ѵ-vv;v�o=�b7;m|b=b;7�u;r;|b|b�;�;Ѵ;l;m|v�-u;Ĺ

1. Unclassified repetitive elements that did not have a match in 
the RepeatMasker (Flynn et al., 2020) library.

Ƒĺ� $u-mvrov-0Ѵ;�;Ѵ;l;m|v�|_-|�1-m�r_�vb1-ѴѴ��lo�;�|o�o|_;u�-u;-v�o=�
the genome.

3. Retroelements that can “copy and paste” themselves to other 
areas of the genome through an RNA intermediate.

4. All other repeats making up <5% of Odonata genomes.

$_;�1-Ѵ1�Ѵ-|;7�ruorou|bomv�o=�u;r;|b|b�;�;Ѵ;l;m|v�Őbm1Ѵ�7bm]��m1Ѵ-v-
sified repetitive elements) in the utilized genomes fell well within the 
u-m];�o=��_-|�_-v�0;;m�=o�m7�bm�momŊ�lo7;Ѵ��mv;1|-�Ő"ruo�Ѵ�;|�-Ѵĺķ�2022).

ƒĺƑՊ |Պ "�m|;mb1�-m-Ѵ�vbv

$o� b7;m|b=��_oloѴo]o�v�u;]bomv�0;|�;;m�|_;�1_uolovol;v�o=�|_;�
four species, we compared synteny between the species. Despite 
being separated by 250 million years of evolution, the chromosomes 
of Odonata show clear homology (Figure 2őĺ�"�m|;m��0;|�;;m�1_uo-
mosomes demonstrates that �ĸՑ;Ѳ;]-mv, $ĸՑ_-];mb and �ĸՑ=Ѳ-�;v1;mv all 
have clear orthologs in the ancestral karyotype (Figure 2), despite 
being separated by ~100 million years of evolution from �ĸՑ;Ѳ;]-mv 
and over 250 million years from the two dragonflies (Figure 1) (Kohli 
et al., 2021őĺ�$_;�h-u�o|�r;�o=��ĸՑ;Ѳ;]-mv expanded through one fis-
sion event (Figure 2), the chromosome number in $ĸՑ_-];mb decreased 
through three fusion events (although these chromosomes still show 
shared synteny with their original ancestral ortholog) (Figure 2), and 
the �ĸՑ=Ѳ-�;v1;mv chromosome number decreased through the loss of 
the m Chromosome (Figure 2).
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ƔƕƖƏՊ |ՊՊՍ TOLMAN et al.

$_;u;�-u;�omѴ��|_u;;�bmv|-m1;v�o=�1_uolovol-Ѵ�u;]bomv�v_-ubm]�
synteny with multiple chromosomes from the ancestral haplotype. 
Chromosome three in $ĸՑ_-];mb (resulting from a fusion of chromo-
somes 10 and 11 in the ancestral haplotype) shares two syntenic 
regions with chromosome 11 in the arm of the chromosome that is 
syntenic with chromosome 10 (Figure 3). Chromosomes 9 and 12 in 
�ĸՑ;Ѳ;]-mv, which resulted from the fission of chromosome 2 in the an-
cestral karyotype, each largely maintain synteny with only one half 
of chromosome 2 in �ĸՑr;mmbr;v (Figure 3). However, chromosome 
12 of �ĸՑ;Ѳ;]-mv shares one syntenic region with the opposite chro-
mosome arm of �ĸՑr;mmbr;v (Figure 3őĺ�$_;u;�-u;�mo�o|_;u�bmv|-m1;v�
of a chromosome, or chromosomal arm in the case of chromosomes 
resulting from fusion, sharing synteny with more than one chro-
mosome in �ĸՑr;mmbr;vĺ� $_;� o�;u-ѴѴ� v|u�1|�u;� o=� 1_uolovol;v� _-v�
largely been maintained in these four species. As syntenic analysis 
is based on cds, inversions or other structural rearrangements that 
span or fall within a gene region would be detectable; however, in-
tergenic inversions may not be detectable. Given these constraints 
we find no visible evidence of inversions, translocations, or even 
exogenous effects (such as transposable elements that can move 
between different regions of the genome and can reshuffle genes).

ƒĺƒՊ |Պ !;r;-|�Ѵ-m7v1-r;v

As repetitive elements play an import role in shaping the homol-
ogy of the genomes, we further investigated the repeat content by 

generating repeat landscapes for each species, showing the relative 
age and abundance of related repetitive elements within the ge-
nome. �ĸՑr;mmbr;v (Figure 4a), �ĸՑ;Ѳ;]-mv (Figure 4b), and �ĸՑ=Ѳ-�;v1;mv 
(Figure 4c) have relatively constant levels of various repetitive ele-
ments throughout their repeat landscapes, while the repetitive fea-
tures in $ĸՑ_-];mb appear in bursts (Figure 4dőĺ�$_bv�bv�-Ѵvo�u;=Ѵ;1|;7�bm�
the genome, where transposons and retroelements especially appear 
in dense clusters throughout the chromosomes and seem to be asso-
1b-|;7��b|_�-�Ѵo��1o7bm]�v;t�;m1;�Ő�	"ő�1om|;m|�ŐFigure 2). Repeti-
tive elements have played an especially dramatic role in shaping the 
X chromosome of $ĸՑ_-];mb, where unclassified (repetitive elements 
that did not have a match in the RepeatMasker (Flynn et al., 2020) 
library), transposable (elements that can physically move to other 
areas of the genome) and retroelements (elements that can “copy 
and paste” themselves to other areas of the genome through an RNA 
intermediate) are densely concentrated across long regions of the 
1_uolovol;��b|_�-�Ѵo���	"�1om|;m|�-m7�Ѵb||Ѵ;�v�m|;m��ŐFigure 2).

ƒĺƓՊ |Պ $_;�_bv|ou��o=�|_;�lb1uoŊ�1_uolovol;

While the large autosomal chromosomes showed a high level of con-
servation, the micro- chromosomes (defined here as chromosomes 
that were much smaller than all other chromosomes in the genome) 
7b7�mo|ĺ�$_;�l�1_uolovol;v�o=��ĸՑr;mmbr;v and $ĸՑ_-];mb shared one in-
stance of synteny (Figure 2). When the genes on each m chromosome 
�;u;����"$;7�Ő�-l-1_o�;|�-Ѵĺķ�2009) against all other protein coding 


 ��&!� �ƑՊ�bu1ov�Ő�u���bmvhb�;|�
al., 2009) plot of all four chromosome 
level Odonata genome assemblies. 
Lines connect inter- species syntenic 
u;]bomvĺ�"�m|;m���b|_��ĺ�r;mmbr;v�bv�
color coded according to the color of 
the P. pennipes chromosome. All other 
v�m|;mb1�Ѵbmhv�-u;�bm�]u;�ĺ�$_bv�bv�=oѴѴo�;7�
0��|_;�u;Ѵ-|b�;�ruorou|bom�o=��	"�bm�0Ѵ�;�
(min=0, max- .15), and the relative GC 
content in red (min=.30, max=ƏĺƓƒőĺ�$_;�
following four tracks display the relative 
proportion of various repetitive elements 
in the chromosomes with transposons in 
blue, retroelements in red, unclassified 
elements in purple, and all other repeats 
in black (all elements are displayed on 
a scale with a minimum proportin of 0, 
-m7�-�l-�bl�l�ruorou|bom�o=�ĺѵƔő$_;�
outer track displays the chromosomes 
from each genome (Plat=P. pennipes, 
$-m=$ĺ�_-];mbķ��-m=P. Flavescens, and 
Isch=I. elegans).
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ՊՍՊ |ՊƔƕƖƐTOLMAN et al.

sequences in the four genomes we found that they all shared a large 
number of orthologous genes (Figure 5), and shared a significantly 
_b]_;u�m�l0;u�o=����"$�_b|v��b|_�;-1_�o|_;u�|_-m��o�Ѵ7�0;�;�r;1|;7�
under a normal distribution (�ĸՑr;mmbr;vĹ�1_bvtՓ=ՓƑƏƑѵĺƕƔƐķ�pՓ<ՓĺƏƏƐĸ��ĸՑ;Ѳ-
egansĹ�1_bvtՓ=ՓƐѶƓѶĺƖƏƏķ�pՓ<ՓĺƏƏƐĸ�$ĸՑ_-];mbĹ�1_bvtՓ=ՓƕѶƖĺƒƐƐķ�pՓ<ՓĺƏƏƐőĺ�
All three m chromosomes contain a number of intra- chromosomal ho-
mologous genes (Figure 5), suggesting a high amount of duplication 
of the genes on these chromosomes, which could explain the lack of 
synteny. While the m chromosome of �ĸՑ=Ѳ-�;v1;mv is not present, the 
telomere of chromosome three of �ĸՑ=Ѳ-�;v1;mv does share one syn-
tenic block with the m chromosome of $ĸՑ_-];mb (Figure 2), and this 
chromosome contains a number of orthologs to the m chromosomes 
of �ĸՑ;Ѳ;]-mv, �ĸՑr;mmbr;v, and $ĸՑ_-];mb (Figure 5őĺ� $_;� |_u;;� lb1uoŊ�
1_uolovol;v�v_-u;7�-�vb]mb=b1-m|Ѵ��_b]_;u�m�l0;u�o=����"$�_b|v��b|_�
the third chromosome than any other chromosome in �ĸՑ=Ѳ-�;v1;mv 
Ő1_bvtՓ=ՓƑƏƑѵĺƕƔƐķ� pՓ<ՓĺƏƏƐőĺ� $_�vķ� �;� bm=;u� |_-|ķ� 7;vrb|;� u;-uu-m];-
ments, they are derived from an ancestral chromosome.

ƒĺƔՊ |Պ "|-|bv|b1-Ѵ�-m-Ѵ�vbv�o=�=-1|ouv�
bm=Ѵ�;m1bm]�v�m|;m�

$_;�lo7;Ѵv�l;|�-ѴѴ�m;1;vv-u��-vv�lr|bomv�-m7�_-7�mo��-ub-m1;�bm=Ѵ--
tion factor values greater than 2. No factors were found to impact 
the proportion of syntenic blocks in all four species, and no two spe-
cies models retained the same subset of factors ($-0Ѵ; 1). However, 

all four species did have a negative correlation between at least one 
class of repetitive element and synteny ($-0Ѵ; 1).

$_;� 1ouu;vrom7bm]� -m1;v|u-Ѵ� 1_uolovol;� �-v� u;|-bm;7� bm� -ѴѴ�
species but �ĸՑ=Ѳ-�;v1;mv. Of the chromosomes retained in $ĸՑ_-];mb, 
�ĸՑ;Ѳ;]-mv, and �ĸՑr;mmbr;v, chromosomes 2,3,4 and 9 all had positive 
regression coefficients, indicating partitions from these chromo-
somes contained more synteny on average ($-0Ѵ; "Ƒ). Chromosomes 
6, X and M all had negative regression coefficients ($-0Ѵ; "Ƒ), mean-
ing partitions from these chromosomes contained less synteny on 
average in these species. All other chromosomes varied in their di-
rectionality and model inclusion ($-0Ѵ; "Ƒ).

$_;� ;==;1|� o=� |_;� 7b==;u;m|� 1Ѵ-vv;v� o=� u;r;|b|b�;� ;Ѵ;l;m|v� �-u-
ied across taxa. Higher proportions of retroelements negatively 
influenced the proportion of synteny in chromosomal partitions in 
$ĸՑ_-];mb and �ĸՑr;mmbr;v ($-0Ѵ; 1őĺ�$u-mvrovomv�_-7�-�m;]-|b�;�bm=Ѵ�-
ence upon synteny in �ĸՑ;Ѳ;]-mv and �ĸՑr;mmbr;v but were positively 
correlated with synteny in $ĸՑ_-];mb ($-0Ѵ; 1). Unclassified repeats 
were negatively correlated with synteny in $ĸՑ_-];mb and �ĸՑ=Ѳ-�;v1;mv, 
and all other repeats were negatively correlated with synteny in �ĸՑ;Ѳ-
egans ($-0Ѵ; 1).

�	"�1om|;m|��-v�rovb|b�;Ѵ��1ouu;Ѵ-|;7��b|_�v�m|;m��bm��ĸՑ;Ѳ;]-mv 
and negatively correlated with synteny in �ĸՑ=Ѳ-�;v1;mv ($-0Ѵ; 1). GC 
content was positively correlated with synteny in both �ĸՑr;mmbr;v 
and �ĸՑ=Ѳ-�;v1;mv ($-0Ѵ; 1őĺ�$_;�o�;u-ѴѴ�blr-1|�o=�-m-Ѵ�v;7�=-1|ouv�om�
synteny differed among species. Adjusted R2 values ranged from .37 
(�ĸՑ=Ѳ-�;v1;mv) to .48 ($ĸՑ_-];mb) ($-0Ѵ; 1).


 ��&!� �ƒՊ�bu1ov�Ő�u���bmvhb�;|�-Ѵĺķ�
2009) plot showing chromosomes with 
mismatched syntenic links. Chromosomes 
9 and 12 are displayed from Ischnura 
elegans (Isch), chromosome 3 is displayed 
=uol�$ĺ�_-];mb�Ő$-mőķ�-m7�1_uolovol;v�Ɩķ�
11, and 12 are displayed from P. pennipes 
(Plat).
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ƔƕƖƑՊ |ՊՊՍ TOLMAN et al.

ƓՊ |Պ	�"�&""���

ƓĺƐՊ |Պ �_uolovol;�1omv;u�-|bom�-m7�
u;-uu-m];l;m|

$_;�Ѵ;�;Ѵ�o=�1omv;u�;7�-�|ovol-Ѵ�v�m|;m��v_o�m�bm�|_;v;�=o�u�vr;-
cies of Odonata is comparable to that seen in Aves (Damas et al., 2018; 
Ellegren, 2010; Huang et al., 2022; Kretschmer et al., 2018) and Lepi-
doptera (Hill et al., 2019), yet Anisoptera and Zygoptera diverged 
from each other 185 my and 110 my before the radiation of Aves 
and Lepidoptera, respectively. In the 250 million years since the split 
between Anisoptera and Zygoptera, there is scant evidence for any 
translocation or inversion events, although fusion and fission appear 
to be somewhat common (Figure 2).

ƓĺƑՊ |Պ 
-1|ouv�bm=Ѵ�;m1bm]�1_uolovol-Ѵ�
1omv;u�-|bom

�|�bv�mo|-0Ѵ;�|_-|ķ�bm�|_;v;�vr;1b;v�o=��7om-|-�-�_b]_;u��	"�1om|;m|�
is not always retained as a predictor of synteny ($-0Ѵ; 1). Conceptu-
ally, it would be expected that higher synteny would be associated 
�b|_�;Ѵ;�-|;7��	"�1om|;m|ķ�-v�o0v;u�;7�bm��ĸՑr;mmbr;v and �ĸՑ;Ѳ;]-mv. 
However, processes such as gene insertion, chromosomal rearrange-
ments and divergence in orthologous coding sequences could break 
�r�v�m|;m�ķ�;�;m� bm� u;]bomv�o=�_b]_��	"�1om|;m|� Ő�b��;|�-Ѵĺķ�2018). 

"�1_�ruo1;vv;v�1o�Ѵ7�;�rѴ-bm��_���	"�bv�mo|�-vvo1b-|;7��b|_�v�m-
teny in �ĸՑ=Ѳ-�;v1;mv and $ĸՑ_-];mb. Notably, unclassified repetitive 
elements are a major negative predictor of synteny in both species. 
Further research into these repetitive elements will likely be needed 
to better understand the underlying processes.

Contrary to their static autosomal counterparts, the sex chromo-
somes of �ĸՑ;Ѳ;]-mv, �ĸՑr;mmbr;v, and $ĸՑ_-];mb are fluid. Partitions from 
the sex chromosomes of these species ($-0Ѵ; "Ƒ) had a smaller pro-
rou|bom�o=�v�m|;m��om�-�;u-];ĺ�$_bv�bv�;vr;1b-ѴѴ��bm|ub]�bm]ķ�-v�ru;�bo�v�
research has shown that the sex chromosome of �ĸՑ;Ѳ;]-mv has synteny 
with several other insect orders (Chauhan et al., 2021). It seems likely 
that the syntenic blocks are constrained to remain on the sex chro-
mosome, but there is less pressure to maintain elements surrounding 
them, leading to the observed relative lack of synteny when compared 
|o�|_;�-�|ovol;vĺ�$_;�|�umo�;u�o=�|_;�momŊ�v�m|;mb1�u;]bomv�o=�|_;�v;��
chromosome could be a possible driver of speciation in Odonata. It is 
understood that additions and deletions can accumulate more rapidly 
on sex chromosomes and that sex chromosomes can contain numer-
ous selfish elements that influence genome stability and can quickly 
lead to reproductive barriers and speciation (O'Neill & O'Neill, 2018).

When compared to the other publicly available genome assemblies 
from Odonata, $ĸՑ_-];mb has a high repeat content (Figure 1, Figure "Ɛ), 
which has resulted in a large genome compared to many other Odo-
m-|-�Ő$oѴl-m�;|�-Ѵĺķ�2023). It also has a repeat profile showing punc-
tuated instances of repetitive element activity (Figure 4c), as opposed 
to the relatively smooth equilibrium seen in the other three species. 


 ��&!� �ƓՊ!;r;-|�Ѵ-m7v1-r;v�o=��ő��ĺ�r;mmbr;vķ��ő��ĺ�;Ѵ;]-mvķ��ő��ĺ�=Ѵ-�;v1;mvķ�-m7�	ő�$ĺ�_-];mbĺ�
ou�;-1_�vr;1b;v�|_;��bl�u-�v�0v|b|�|bom�
Ѵ;�;Ѵ�o=�|_;�u;r;|b|b�;�;Ѵ;l;m|v�bv�v_o�m�om�|_;���-�bv�-v�-�ruo���=ou�-];ĺ�$_;�ruorou|bom�o=�|_;�];mol;�=ou�;Ѵ;l;m|v��b|_�-�]b�;m��bl�u-�
substitution level is shown on the y axis. Varying repetitive elements are colored according to the legend.
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$_bv�v�rrou|v�|_;�r-||;um�o0v;u�;7�o=�Ѵ-u];�-u;-v�o=�u;r;-|�bmv;u|bomv�
on the chromosomes of $ĸՑ_-];mb. Retroelements are found to disrupt 
synteny in this species ($-0Ѵ; 1) providing evidence that retroelements 
are disrupting synteny in the genome of $ĸՑ_-];mb.

Tanypteryx hageni is by far the longest- lived lineage of the four 
species analysed, so a comparison with other so- called “living fos-
sils” clarifies some of the unique patterns seen in the genome that 
are not present in the other species. Although it is phylogenetically 
distant from $ĸՑ_-];mb, the Giant Australian Lungfish (Neoceratodus 
forsteri) has a similar evolutionary history. Like $ĸՑ_-];mb, N. for-
steri has maintained a small population size (Hughes et al., 2015) 
through much of its history. It has not undergone a whole genome 
duplication event since the diversification of vertebrates (Meyer 
et al., 2021), and it diverged from its sister species ~ƐƖƏՓl�-�
(Zhao et al., 2021). Both $ĸՑ_-];mb (Figure "Ƒ) and N. forsteri (Meyer 
et al., 2021) have a high proportion of LINEs in their genomes. In 
�ĸՑ=ouv|;ub, LINE activity has caused the size of the genome to con-
sistently grow (Meyer et al., 2021). As $ĸՑ_-];mb has one of the larg-
;v|��7om-|-� ];mol;� -vv;l0Ѵb;v� |o� 7-|;� Ő$oѴl-m� ;|� -Ѵĺķ�2023), it 
should be explored whether LINE activity is responsible for the ge-
nome size. �ĸՑ=ouv|;ub does have a much larger proportion of LINEs 
in its genome than $ĸՑ_-];mb (~25% in �ĸՑ=ouv|;ub and 12.37% in $ĸՑ_--
geniőĺ� $_bv� 1o�Ѵ7� 0;� 7�;� |o� r_�Ѵo];m;|b1� 7b==;u;m1;v� ou� |_;� oѴ7;u�
species age of �ĸՑ=ouv|;ub.

It is noteworthy that a recent analysis of chromosome evo-
lution in Lepidoptera found variation in chromosome structure 

within families (Wright et al., 2023). Previous research has shown 
that families within Odonata can contain variable karyotypes 
(Kuznetsova & Golub, 2020), and it is likely that we will observe 
similar patterns as more genome assemblies from Odonata be-
come available.

ƓĺƒՊ |Պ �m�;v|b]-|bm]�|_;�oub]bm�o=�|_;�
lb1uoŊ�1_uolovol;

Because the micro- chromosomes of �ĸՑr;mmbr;vĶ�$ĸՑ_-];mb and �ĸՑ;Ѳ-
egans share significantly more orthologous genes with each other 
than is expected given their size (Figure 5), we infer that they de-
scended from an ancestral micro- chromosome prior to the split 
of these two suborders. Partitions from the m chromosomes of 
$ĸՑ_-];mbĶ� �ĸՑ;Ѳ;]-mv and �ĸՑr;mmbr;v contained less synteny than 
autosomes ($-0Ѵ; "Ƒ) even though they contain a number of or-
thologous genes. Highly accurate long- read technology, such as 
the PacBio HiFi reads used for each of these genomes, are able to 
generate high quality genomes of even highly repetitive Insecta 
(Hotaling et al., 2021), hence there is no evidence to suggest the 
lack of synteny is caused by errors in the genome assembly. It 
is likely that there are fewer selective pressures to maintain the 
chromosomal structure of the m chromosomes in these Odonata. 
$_;�|_u;;�|;v|;7�lb1uoŊ�1_uolovol;v�v_-u;�vb]mb=b1-m|Ѵ��lou;�ou-
thologous genes with the third chromosome of �ĸՑ=Ѳ-�;v1;mv than 


 ��&!� �ƔՊ�bmhv�0;|�;;m�];m;v�om�
|_;�l�1_uolovol;v�o=�$ĺ�_-];mb�Ő$-mőķ��ĺ�
elegans (Isch), and P. pennipes (Plat) and 
the third chromosome of P. flavescens 
(Pan) shown in black. All othersignificant 
���"$�_b|v�|_uo�]_o�|�-ѴѴ�=o�u�];mol;�
are shown in grey.
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ƔƕƖƓՊ |ՊՊՍ TOLMAN et al.

other chromosomes in the �ĸՑ=Ѳ-�;v1;mv assembly and chromosome 
3 of �ĸՑ=Ѳ-�;v1;mv shares one syntenic block with the m chromo-
some of $ĸՑ_-];mb (Figure 2), suggesting a fusion event that resulted 
in the loss of the m chromosome. We acknowledge a larger sample 
size of Odonata genomes is needed to determine the fate of miss-
ing m chromosomes and confirm if all m chromosomes across the 
order are homologous.

$_;� o�;u-ѴѴ� |u;m7v� bm� |_;�lb1uoŊ�1_uolovol;v� o=��7om-|-� -u;�
much different than other lineages within the tree of life. In birds, 
micro- chromosomes contain a large number of genes, are highly con-
served, and contain few transposable elements (Waters et al., 2021). 
Many m chromosomes, however, have been lost in reptiles and 
mammals (Waters et al., 2021). In the Australian Giant Lungfish the 
lb1uoŊ�1_uolovol;� -Ѵvo� 1om|-bm� _b]_��	"� 1om|;m|ķ� -m7� -� r-u|b1�-
larly low concentration of LINEs compared to the rest of the genome 
(Meyer et al., 2021). Further research is needed to determine if the 
fluid, repeat heavy micro- chromosomes of �ĸՑr;mmbr;vĶ�$ĸՑ_-];mb, and 
�ĸՑ;Ѳ;]-mv are unique to Odonata, or if they can be found more com-
monly throughout Insecta, or even Arthropoda.

ƔՊ |Պ �����&"���

$o� o�u� hmo�Ѵ;7];ķ� |_bv� �ouh� u;ru;v;m|v� |_;� =buv|� 1olr-ubvom� o=�
chromosome level genome assemblies of any non- holometabolous 
insect, filling in a major taxonomic gap. Our analyses are an impor-
tant step towards understanding the genome evolution of Odonata, 
showing high amounts of synteny among species that have been 
separated for many millions of years. While previous studies have 
shown that the sex chromosomes of Odonata are conserved (Chau-
han et al., 2021), our work demonstrates that this is also true of au-
tosomes, while the micro- chromosomes are much more variable. 
Evidence suggests that the present micro- chromosomes descend 
from an ancestral micro- chromosome. It is not known whether this 
is true of all micro- chromosomes in Odonata, but this finding is a 
major step towards answering an unknown question in Odonatology 

(Kuznetsova & Golub, 2020). As more genomes become publicly 
available, further investigation should be undertaken as to how 
various genomic elements interact with each other, and perhaps 
how different classification and annotation methods could impact 
findings.

While this paper focused on intra- ordinal evolution, further re-
search should explore whether inter- order synteny is maintained in 
the autosomes of Odonata, as is the case with the sex chromosome 
(Chauhan et al., 2021). Further work on the genome of $ĸՑ_-];mb in 
comparison to other ‘living fossil’ species may also help elucidate ge-
nomic patterns among species with long persistence times.

�&$��!����$!��&$���"
�|_-m�!ĺ�$oѴl-mĹ�	;vb]m;7�u;v;-u1_ķ�r;u=oul;7�u;v;-u1_ķ�-m-Ѵ�v;7�
data, wrote paper, edited paper. Christopher D. Beatty: Designed 
research, wrote paper, edited paper. Jonas Bush: Performed re-
search, analysed data, wrote paper, edited paper. Manpreet Kohli: 
Designed research, wrote paper, edited paper. Paul B. Frandsen: 
	;vb]m;7� u;v;-u1_ķ��uo|;�r-r;uķ�;7b|;7�r-r;uĺ� �ĺ�"|;r_;m��ovm;ѴѴĹ�
Designed research, performed research, analysed data, wrote paper, 
edited paper. Jessica L. Ware: Designed research, wrote paper, ed-
ited paper.

������)���	������$"
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$_;�-�|_ouv�7;1Ѵ-u;�mo�1olr;|bm]�bm|;u;v|vĺ

	�$���(��������$+�"$�$����$
$_;�];mol;�-mmo|-|bom�=ou�Platycnemis pennipes (including the Re-
peatmasker output and protein coding sequences), the partitioned 
chromosome dataset, and the r- markdown and corresponding html 
file used for statistical analysis have been uploaded to figshare 

$���� �ƐՊ
-1|ouv�u;|-bm;7�bm�=bm-Ѵ�lo7;Ѵ�=ou�;-1_�vr;1b;vĺ

"r;1b;v �7f�v|;7�RƑ


-1|ouv�u;|-bm;7

�m1;v|u-Ѵ�
1_uolovol;

!;Ѵ-|b�;�
1_uolovol-Ѵ�
rovb|bom

���
1om|;m|

!;Ѵ-|b�;�ruorou|bom�o=

�	"�
1om|;m|

&m1Ѵ-vvb=b;7�
u;r;-|v !;|uo;Ѵ;l;m|v $u-mvrovomv

�|_;u�
u;r;|b|b�;�
;Ѵ;l;m|v

�ĸՑr;mmbr;v .47 ± 4.88 ƴĺƕѶ ƴƑĺƐƖ

�ĸՑ;Ѳ;]-mv .43 ± 5.12 2.30 ƴƓĺƓƐ ƴѶĺƖƐ

�ĸՑ=Ѳ-�;v1;mv .37 0.02 ƴƓĺƐƏ ƴƐĺƐƑ

$ĸՑ_-];mb .48 ± 0.01 ƴĺƕƏ ƴƑĺƏƒ .60

Note: Output from linear models showing regression coefficients of retained factors for each species on the relative proportion of synteny in a 
chromosome partition. Coefficients for ancestral chromosome varied by chromosome and are shown in $-0Ѵ; "Ƒĺ�"|-|;�1_-m];��-v�mo|�u;|-bm;7�
in any species, and was not an option for �ĸՑr;mmbr;v or �ĸՑ=Ѳ-�;v1;mv. Chromosome classification was also not retained for any species. Positive 
regression coefficients indicate that synteny is more likely to be found on average, while negative coefficients indicate that synteny is less likely to be 
found on average.
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(https://figsh are.com/proje cts/High_levels_of_chrom osomal_ortho 
logy_in_250_milli on_year_old_groups_of_drago nflies_and_damse 
lflies_Insec ta_Odona ta_/162610ő� Ő$oѴl-mķ� 2023a, 2023b, 2023c, 
2023d, 2023e).

����
�$҃�"��!����"$�$����$
Our research benefits the public through the sharing of our data and 
results on the aforementioned public databases.
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