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Abstract

Beta satellite DNA (satDNA), also known as Sau3A sequences, are
repeated DNA sequences reported in human and primate genomes. It is
previously thought that beta satDNAs originated in old world monkeys and
bursted in great apes. In this study, we searched 7,821 genome assemblies of
3,767 eukaryotic species and found that beta satDNAs are widely distributed
across eukaryotes. The four major branches of eukaryotes, animals, fungi,
plants and Harosa/SAR, all have multiple clades containing beta satDNAs.
These results were also confirmed by searching whole genome sequencing
data (SRA) and PCR assay. Beta satDNA sequences were found in all the
primate clades, as well as in Dermoptera and Scandentia, indicating that the
beta satDNASs in primates might originate in the common ancestor of
Primatomorpha or Euarchonta. In contrast, the widely patchy distribution of
beta satDNAs across eukaryotes presents a typical scenario of multiple

horizontal transfers.
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Main text

The genomes of eukaryotes comprise large tracts of repeated sequences,
including satellite DNAs (satDNAs), minisatellite, microsatellite sequences and
transposable elements (Charlesworth, Sniegowski, Stephan 1994). Highly
homogenized arrays of tandem repeats, known as satDNAs, are enriched in
centromeric, pericentromeric, subtelomeric regions and interstitial positions (Yunis,
Yasmineh 1971; Greig, Willard 1992). SatDNAs have recently been reconsidered to
have various functions, such as playing roles in genome stability, chromosome
segregation (Khost, Eickbush, Larracuente 2017) and even gene regulations (Tomilin
2008). Beta satDNAs were considered to be unique in the primates. The basic units of
beta satDNAs are 68 bp long with a higher GC content. Beta satDNAs are also known
as Sau3A sequences for the presence of a Sau3A restriction site within nearly every
single unit (Meneveri et al. 1985). Beta satDNAs have been identified in the genome
of human (Meneveri et al. 1993; Eichler et al. 1998), as well as great apes, lesser apes
(Meneveri et al. 1995) and old world monkeys (Cardone et al. 2004). However, most
of these studies were performed before next generation sequencing was utilized and
the amount of sequences studied was quite limited. In this study, we searched genome
assemblies of >3,000 eukaryotic species, and revealed that beta satDNAs are widely
distributed in eukaryotes. The distribution landscape of beta satDNAs presents a scene
of multiple horizontal transfers (HT/HGT) during evolution.

To study the distribution of beta satDNAs in different species, we BLASTed
human beta satDNA sequences online against the nucleotide collection of NCBI. In
addition to primates that known to harbor beta satDNAs, significant hits were found
in Spirometra erinaceieuropaei, Onchocerca flexuosa, Enterobius vermicularis, Bos
mutus and Nicotiana tabacum. S. erinaceieuropaei, O. flexuosa and E. vermicularis
are endoparasites of human and other mammals. The presence of beta satDNA in
these species indicates HT. To our great surprise, hit was also found in a plant, N.
tabacum. This result suggests that the distribution of beta satDNAs could be much
wider than what we have known. It is necessary to perform a global investigation for

beta satDNA sequences in eukaryotes.
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Currently, there are >8,000 genome assemblies of ~4,000 eukaryotic species in
the NCBI Genome database. We downloaded 7,821 assemblies of 3,767 species and
BLASTed them against the beta satDNA database containing human beta satDNA
sequences. After filtering the BLAST outputs, we found 33,150 beta satDNA copies
in 166 genome assemblies of 116 species (Fig. 1, Fig. S1, Table S1 and S2, and
Supplementary File 1). Since beta satDNA sequences are highly repeated and difficult
to assemble into chromosome contigs, it is hard to assess the ratio of beta satDNAS in
certain genomes, e.g. a human genome assembly, GCF_000002125.1 HuRef, has
7,036 beta satDNA copies, whereas, another human genome assembly;,
GCF_000306695.2 CHM1 1.1, has only 107 copies. In general, beta satDNAs were
found in most of the major branches of eukaryotes, including 68 out of 1,394 animals,
16/415 plants, 22/1,656 fungi, 8/60 species of Apicomplexa (9/176 species of Harosa),
and 1/20 species of Mycetozoa (1/43 species of Amoebozoa), but no hit was found in
Excavata (0/54), which actually is a polyphyletic group (Cavalier-Smith, Chao, Lewis
2015; Brown et al. 2018).

Beta satDNA can be found in all the major clades of primate, as well as in tree
shrew (Tupaia chinensis), presenting a vertical transfer scenario. In addition to
primates, beta satDNAs were also found in the genome assemblies of four Bovinae
species. HT in Bovinae had been reports in several previous studies. It seems that the
genomes of Bevinae are especially prone to HT (Kordis, Gubensek 1995; Walsh et al.
2013). Beta satDNAs are rare in the rest of mammals, as well as in other vertebrates
and invertebrates (3%), though found in most major taxa. 1.3% fungal species have
been found containing beta satDNAs. Since the fungal genomes are usually small and
easy to assemble, the existence of beta satDNA in fungi might be significantly rarer
than in animals. Interestingly, the proportion of genomes containing beta satDNAS is
relatively higher in plants (~3.9%), and even higher in Harosa (5.1%). Moreover, the
number of sequences found in Harosa is significantly higher than those in non-primate
animals, fungi and plants (Table S1 and Fig. S1). Beta satDNAs typically exist as
tandem repeats in human genome, and the similar pattern were also identified in the

contigs/scaffolds of certain non-primate species (Fig. S2), indicating that they may
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play similar roles as they do in primate genomes. Considering that most of the current
genome assemblies are far from complete, the actual distribution of beta satDNAs
should be substantially wider than the current view, especially in plants, for the extra
difficulty in their genome assembling (Claros et al. 2012).

We then analyzed 102 WGS data of 73 species from the NCBI SRA database
(Fig.2 and Table S3), so that we can 1) assess the proportion of beta satDNAS in
certain genomes; 2) obtain a more elaborate distribution landscape of beta satDNA by
looking at some representative nodes on the tree of eukaryotes. Similar to the genome
BLAST results, beta satDNAs were found in all primate clades, as well as in
Dermoptera and Scandentia. Previous study suggested that there are two bursts of beta
satDNA through the evolution of Hominidae: one is after the separation between great
apes and lesser apes, and the other is after the separation between African great apes
and orangutan (Cardone et al. 2004). However, our result showed that the proportion
of beta satDNAs in orangutans is similar to those in gibbons or old world monkeys.
Thus, the ‘big bang’ of beta satDNAs was taken place in the African apes, which may
suggest a distinct aspect of heterochromatin regulation in the Homininae. Besides
Euarchonta, bovines, toothed whales and elephants were the three mammalian clades
found having beta satDNAs. Beyond mammals, beta satDNAs were identified in
many parasites including blood-feeding insects. Since it is always hard to avoid
human DNA contamination in isolating parasites DNA samples (Oyola et al. 2013),
this observation need to be treated with special caution. The existence of beta
satDNAs seems more common in plants than in animals, though the abundances are
not high. We found significant hits in most major taxa of plants, including
Angiosperm, Gymnosperm, moss, green algae and red algae. Additionally, the three
species of Harosa checked here all contain beta satDNA sequences. Generally
speaking, the current WGS data of protists are not many and the quality is not high.
We expect a better prospect of beta satDNA in protists in the future.

To validate the search results in genome assemblies and SRAs, we performed
PCR assays using genomic DNAs (gDNAs) of 36 species as templates (Fig. 3 and Fig.
S3). The positive PCR signals of beta satDNAs are ladders with ~70-bp spacing for
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their tandem repeated pattern. Basically, the PCR results were consistent with the
BLAST results. The signals of mouse, rat and pig showed negative as the negative
controls, while a wide range of positive signals were observed in various animal and
plant genomes.

It is not surprising that the positive ratio of beta satDNA in SRA, and especially
in PCR are significantly higher than that in the genome assemblies. Since beta
satDNA sequences are difficult to assemble for their high repetition, many assemblies
don’t contain beta satDNA sequences, though the physical genomes do, e.g. we even
failed to identify beta satDNA sequences from the current genome assemblies of
Pongo pygmaeus (Bornean orangutan), who no doubt has beta satDNAs.

There are concerns of contamination in both WGS and PCR, and even the
genome data have possibility of contamination and wrong assembling. Therefore, we
tried multiple approaches to rule out the risk of false conclusion introduced by
possible contamination (see Supplementary Text for detailed information).

The phylogenetic relationships of the beta satDNA sequences from different
species were also examined (Fig. 4A). Unlike the case in coding genes or transposable
elements (TEs), the beta satDNA sequences from different species couldn’t be
separated in phylogenetic tree, which may be due to the intrachromosomal and
interchromosomal exchanges (Rudd, Wray, Willard 2006). For this reason, the HT
pathways of beta satDNAs cannot be determined like those of coding sequences based
on the phylogenetic relationship of sequences from different species. Then we
compared the sequence libraries of different species pairwisely (Fig. 4B). Clearly, the
diversity of sequences in primates is higher than the rest, indicating that the pool of
beta satDNA is quite small until it bursted in primates. Similarly, the cluster analysis
on the beta satDNA sequences of non-primate species showed distinct pattern from
that on the total sequences (Fig. S4 and S5).

We also searched the 210,000 prokaryotic genome assemblies (12,398 species of
569 archaea and 11,829 bacteria) in the NCBI Genome database and found beta
satDNAs in 72 species, two archaea and 70 bacteria (Fig. S6). Obviously, beta

satDNAs in prokaryotes are far rarer than in eukaryotes. Most of these bacteria are
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symbionts/pathogens of animals or plants (Table S4) and they might acquire beta
satDNAs from their hosts. In addition, there are >13,000 genome assemblies of
organelles and >30,000 genome assemblies of viruses in the NCBI database, but none
of them contains beta satDNA. Although viruses and symbiotic organelles are
common media for HT (Bergthorsson et al. 2003; Liu et al. 2010), they might not play
roles in the HT of beta satDNAs.

Employing multiple approaches, we obtained a high-resolution distribution
landscape of beta satDNAs in eukaryotes. It is previously thought that beta satDNAS
were originated in Catarrhini and bursted in great apes (Cardone et al. 2004), whereas,
our study showed that beta satDNA actually exists widely across eukaryotes. The
patchy distribution of beta satDNAs in animals and fungi suggests multiple HT events
during evolution. However, the existences of beta satDNA seem wider in plants, and
especially in Harosa (Table S1 and Fig. S1). Animals, fungi and Amoebozoa belong to
Opimoda, while plants and Harosa belong to Diaphoretickes. All the beta satDNA
sequences identified here are within Opimoda and Diaphoretickes (Fig. 1 and 2). No
full-length beta satDNAs were found in any branches of Excavata so far, with only
several truncated fragments found in T. brucei (Euglenozoa). Therefore, we
hypothesize that beta satDNA was an ancient sequence that originated in
Diaphoretickes, after its separation with Euglenozoa. The beta satDNAs in Opimoda
were diffused from Diaphoretickes via HT. Parasites play critical roles in HT as
reported previously (Deitsch, Driskill, Wellems 2001; Gilbert et al. 2010). The
members of Apicomplexa are all kinds of parasites of animals, including the
pathogens of malaria, toxoplasmosis, cyclospriasis etc., and they might have played
the major role of transferring beta satDNAs to animals. Of course, today’s parasites of
Apicomplexa have been co-evolving with their hosts through all the time, so that the
current contents of beta satDNAs in their genomes should be the results of countless
two-way HT events. The distribution of beta satDNA in Plants could be the common
result of inheritance from ancestors, loss and HT. Most of the fungi that were found to
have beta satDNAs are parasitic and a few saprophytic. They might have acquired

beta satDNA from their hosts of the plants or animals in their living environments.
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We identified beta satDNA sequences in primates, as well as in Dermoptera and
Scandentia, but not in mouse, rat or other rodents. Given that the mouse genome has
been thoroughly studied, we tend to believe that the mouse genome doesn’t comprise
beta satDNAs and beta satDNAs are absent or at least not common in rodents.
Scandentia (tree shrew) was previously considered a sister group of Primatomorpha,
but recently was reconsidered a sister group of Glires (Meredith et al. 2011; Zhou et al.
2015). Thus, the origin of beta satDNAs in primates could be traced back to at least
the common ancestor of Primatomorpha (~80 MYA).

HT/HGT was considered one of the major drives of evolution, while recent
investigations suggest that the role of HT may be even more important than had been
thought (Keeling, Palmer 2008; Daubin, Szollosi 2016). Complex eukaryotic genomes
usually comprise large fraction of repeated sequences, including TEs and
non-transposable elements. Previous studies have shown that HT is important in the
origin of TEs in certain genomes (Gilbert et al. 2012; Walsh et al. 2013; Gilbert,
Feschotte 2018; Ivancevic et al. 2018), while here we suggest that HT may be
important for the origin of satDNAs too. As the deep sequencing capacity expands
tremendously, the main stream of the studies on HGT will certainly transit from
studies based on special cases to systematic studies (Gilbert et al. 2010; Ivancevic et
al. 2016; Peccoud et al. 2017; Ivancevic et al. 2018). Only by this way can we
evaluate the great impact of HT for evolution more accurately. We believe a new
distribution landscape of beta satDNAs with higher resolution will be obtained in a
few years when more genome assemblies with high quality are available.

Our study greatly updated the knowledge on the distribution of beta satDNA in
the tree of life and the origin of the beta satDNAs in primates. The previous
investigations on HT were mainly focus on certain genes or TES. Here we showed that
satellite DNAs too are materials for HT, and enriched the topics of the HT research
field. Furthermore, the beta satDNAs found in some laboratory models, such as
certain species of budding yeast, fruit fly and tobacco, suggest that studies on beta
satDNA can be performed in these simple organisms in the future, besides in primate

cell lines.
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Fig. 1. The distribution landscape of beta satDNAs in eukaryotes. 7,821 genome assemblies of 3,767
eukaryotic species were downloaded from the NCBI Genome database and BLASTed against the index of
beta satDNA. 116 species (red lines) were found containing beta satDNA sequences.

Fig. 2. Beta satDNAs in WGS data (SRA). 102 SRA datasets of 73 species were BLASTed against the beta
satDNA index. The proportions of beta satDNAs in different species were shown by the histogram at the
right part. The evolutionary relationships of the species were shown at the left part. Color range: red, verte-
brates (from light to dark: vertebrates, mammals, Euarchonta, primates, Simiiformes, Catarrhini, apes and
Hominidae); orange, invertebrates; cyan-green, plants (from cyan to green: plants, green plants, Embryo-
phytes, Equisetophyta, Equisetophytina, Spermatophytes, Angiosperms, dicots); blue, Harosa (dark, Alveo-
lata); purple, Euglenozoa. Circles: gray, not found or ratio <10?%; red, found but the bars are too short to
view; half red half gray, found in certain SRAs but not found in others.


https://doi.org/10.1101/772921
http://creativecommons.org/licenses/by-nd/4.0/

available under aCC-BY-ND 4.0 International license.

10107 10° 10° 10* 10° 10

Homo sapiens

Pan troglodytes

Pan paniscus

Gorilla beringei beringei
Gorilla gorilla gorilla

Pongo abelii

Pongo pygmaeus
Hylobates moloch
Symphalangus syndactylus
Mandrillus leucophaeus
Macaca fascicularis
Saimiri boliviensis boliviensis
Callithrix jacchus

Carlito syrichta

Prolemur simus
Galeopterus variegatus
Tupaia belangeri

[ Rattus norvegicus
———— Mus musculus

Bos mutus
4E Bos taurus
— Bos javanicus

Ovis aries

Giraffa camelopardalis
Monodon monoceros

—: Tursiops truncatus

Sus scrofa

Equus caballus

[ Ailuropoda melanoleuca
L canis lupus familiaris

Pipistrellus pipistrellus
[ Loxodonta africana
L—— Flephas maximus indicus
Macropus giganteus
Ornithorhynchus anatinus
Gallus gallus

Xenopus laevis

Danio rerio

T Drosophila melanogaster
Anopheles gambiae
Cimex lectularius
Onchocerca flexuosa
Enterobius vermicularis
Ascaris suum
Caenorhabditis elegans (@)
Spirometra erinaceieuropaei
Schistosoma japonicum
Pleurobrachia bachei (@)
Monosiga brevicollis (@)
Tremella mesenterica
Saccharomyces cerevisiae
Solanum tuberosum
Solanum melongena
Solanum lycopersicum
Capsicum annuum ()
Nicotiana benthamiana
Nicotiana tabacum

Malus domestica

Arabidopsis thaliana

Zea mays

Oryza sativa ()}
Ginkgo biloba
Aglaomorpha fortunei
Physcomitrella patens

[ Ulva mutabilis (]
| —— Yamagishiella unicocca

Porphyra umbilicalis
Plasmodium falciparum
Toxoplasma gondii -
Breviolum minutum (@) %

Saccharina japonica

Trypanosoma brucei
Leishmania donovani

Fig. 2. See previous page for figure legend.


https://doi.org/10.1101/772921
http://creativecommons.org/licenses/by-nd/4.0/

available under aCC-BY-ND 4.0 International license.

Rattus Norvegicus

Mus musculus

Homo sapiens

Gallus gallus

Rana catesbiana
Ctenopharyngodon idellus
Danio rerio
Cnaphalocrocis medinalis
Achatina fulica
Meghimatium bilineatum
Spirometra mansoni
Schistosoma japonicum
MW marker

o o
< 2
g 3
€ I
s 3
= o

Sus scrofa

B : C ,:c:%

3 © 3 - I = ® I
$$ 55 53¢t & ¢ g 5§ ¥§ £t

s §3 8 23 8§ 3 8 s 282 g8 S = S

S &€ 2 § & & § ¥ © I S &8 ¢§ S g 3 3

£ 5 9§ &8 § & 3 5 & °© > & & IS g S =

= Q O = T T I =
5 E o« &£ S g 88 35 8§ 8§ g 5 . £ x 1§ 8 45 § 8 ® 8 g B .
£ & 2 E @ © «© T X ¢ ¢ & £E 8§ g 5§ & g ° 5 8 o
= 2 O £ g E e x = o) T Q@ x
s §$ 3 S 5 S 3 § § § 8 = < ag%%:mggaw.sgsk <
c§ 855588358 85 s E 5§53 £ 3283883 E  PE
2 £ X 5 5 ™3 & &£ & & S 8 9 = 2 £ X 5§ 3 £ § S5 E 8 LS8 30 8 3
= < I o o 6 O 2 2 2 0 5 I = S R R IR 2ITd3 =SS ENTT 2 =

Fig. 3. PCR amplifications of beta satDNAs. Genomic DNA samples were isolated from certain organisms and
used as templates. Primers were designed according to the consensus sequence of beta satDNA. The prod-
ucts were then analyzed using electrophoresis with 1.5% agarose gel containing gel-red.

Fig. 4. The relationship between beta satDNA sequences identified from genome assemblies of different
species. a, Phylogenetic tree of 1,384 beta satDNA sequences of 92 species was constructed using RAXML,
with statistical support provided by bootstrapping over 1,000 replicates. b, The sequence libraries of different
species that contain > 10 beta satDNA copies were compared pairwisely. The matrix was normalized by a
matched random control, and then heatmap was produced using heatmap.2 in R language.


https://doi.org/10.1101/772921
http://creativecommons.org/licenses/by-nd/4.0/

available under aCC-BY-ND 4.0 International license.

Gorilla_gorilla_gorilla
Pan_troglodytes
Pan_paniscus
Homo_sapiens
Bison_bison_bison
Gopherus_agassizii

‘ Cuora_mccordi

| Patiriella_regularis

I Spirometra_erinaceieuropaei
Saccharomyces_pastorianus
= Blumeria_graminis
Melampsora_pinitorqua_Mpini7
Capsicum_annuum
Cajanus_cajan
/ Drosera_capensis
Hordeum_pubiflorum
A Hordeum_vulgare
Triticum_aestivum
/ ‘ Toxoplasma_gondii
Plasmodium_ovale_wallikeri
Plasmodium_vivax
Cyclospora_cayetanensis
Sarcocystis_neurona
0.01 ——— Plasmopara_obducens
other

primates

|“|. non-primate animals
5 1

4 -05 0 fungi

ty—

plants
Harosa

versi

d

Rhizophora_apiculata~GCA_900004065.1 ra_scaffold
Cyclospora_cayetanensis~GCA_002893365.1_ASM289336v1
Scheffersomyces_stambukii~GCA_002245345.1_ASM224534v1
Ophionereis_fasciata~GCA 9000676151 Ogh\o{;\;rels fasciata_genome_assembly_1.0

Ambystoma_mexicanum~GCA 00 555251 AmbMex13 14.1.0
lordeum_pubiflorum~GCA_000582825.1_Hordeum ublﬂorum _assembly1
Aspergillus ipmmo?oru@ -GCA 003574815.1_ASM357481v1
Prolemur_simus~G
rgania_spinosa~GCA 32502451
Zasmidium_angulare~GCA_002 BGOLU AQHE/BFOAN‘
Triticum_aestivum~GCA_001889205.1_ASM188!
Blumeria_graminis~GCA_000417865. 1780' 42
lesobuthus_martensii~GCA_000484575.1 M_| mar‘ensu i_Version_1
FrmHar\a borealis~GCA_004368075.1 ASM 7v1
Cladonia_uncialis~GCA_002927785.1 ASM?E)?7/8V1
Bos_mutus~GCF_000298355.1_BosGru_v2.0
bacch'ﬂrom\ CeSdJ’iS(OH'imR ~GCA_001483335.1_ ASM148333v1
000230855.2_Pi eodjea—Vers\on 2.0
Toxoplasma gondii~GCA_000259835.
Onchocerca_volvulus~GCA_000180695.1_Onchocerca_volvulus_V1
Triticum_aesfivum~GCA (%%023591451 Canthatch-W

Plasmodium_falcij a 75.1 _365_1
Blumeria_graminis~GCA_000441875.1 0
Aspergillus_rambelli~GCA 0009866451 ASM98661v1
Toxoplasma_gondii~GCA_000150015.2 TGVEG
Cuora mccord\»GCA 003846335.1_ASM384633v1
Toxoplasma_gondii~GCA_000256725.2_TGCATPRC2 v2
Toxoplasma_gondii~GCA~000338675.2_TGCOUG_v2
Toxoplasma_gondii~GCF_000006565.2_TGA4
Sarcocystis_neurona~GCA 0008758851 ASM87588v1
Clunio “marinus~GCA_900005825.1_CLUMA 1.0
Patiriella_regularis~GCA 900067625.1_Patiriella refu\ans genome_assembly_1.0
Gopherus agassizii~GCA. 002896415 ASM28!
%clospora _cayetanensis~GCA 28934051 ASM289 40V
Physarum_polycephalum~GCA 000413255 B—Pnée.drum po\ycepha\um 10.0
Drosera_capensis~GCA_001925005.1_ASM1925!
Bison_bison~GCF_000754665.1 Bison_UMD1.0
Plasmodium_ovale~GCA_900088545.1_Po 2
Trichosporon_inkin~GCA 004023515.1-ASM
Cyclospora cayelanensns ~GCA_002 8934451 ASM289344V1
ulgare~GCA 0003250851 ASM3 608v1
N\comana otophora ~GCA 0007151151
Serinus_canaria~GCF_000534875. 1 SCA1
Capsicum_annuum-~GCA 0028783952 UCD10Xv1.0
Enterobius_vermicularis~GCA 900 051 E_vermicularis_Canary_lslands_upd
Spirometra_erinaceieuropaei~GCA 0009519951 S erinaceieuropagi
Beroe_ovata~GCA_900239995.1 ASM90023999
Clarireedia, h()mu@l)b:};{)l G 1002242865.1 ASMZZ428€JV1
_aestivum~GCA_900235935.1_Canthatch-K
Ir)\mt()r(‘bld ~GCA_000464645.1_Mel_pini_1.0
900480045.1_Ea d\
gare~GCA_001077415 521 ASM
C clospcra cayetanensis~GCA 00201?9051 ASM201990V1
Plasmopara. obducen52~(35CA 003640485.1 /;SMSG 048

A 29339
Nomascus_leucogenys~GCF_000146795.2_Nlel
Plecturocebus_donacophilus~GCA 004027 151 CaIDon v1_BIUU
_rylhrocebus patas~GCA_004027335.1_EryPat_vi_BIUU
mo_sapiens~GCF_000002125. u
-lomo sap\ens~GCf000001405.38,GHCh318,p12

l. Pan_tro |0dy|es~GCF 00001515 9 Pan _tro_3.0

Fig. 4. See previous page for figure legend.
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