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Abstract

Several cytogenetic markers show chromosomal diversity in the fish such as “armoured catfish”. Although
studies have characterized many species in the major genera representing these Siluridae, particularly in
the genus Hypostomus Lacépede, 1803, trends in chromosome evolution of this group remain unclear. The
Paraiba do Sul river basin contains the armoured catfish Hypostomus affinis Steindachner, 1877, which is
unique because of its distribution of repetitive DNAs, the 5S and 18S rDNA. Identified samples and reg-
istered collections in Brazilian museums were identified as the same typological species, while we observed
wide variations in the physical location of this gene in the karyotype based on fluorescent in situ hybridiza-
tion results. In this study, we propose that these species can represent evolutionarily independent units, as
these fish frequently undergo processes such as dispersion and vicariance and that the rDNA is associated
with DNA that spreads in the genome, such as transposons. Additionally, the absence of gene flow due to
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the distance of the sample location could intensify evolutionary processes. The phenotypes found for the
18S rDNA showed minor changes in relation to the number of sites between the lower and upper drainage
regions of Paraiba do Sul. The large difference in the number of sites found for the 5S rDNA entered the
same region (upper drainage of the basin) and the literature data could represent a population dynamics
where an expansion of the 55 rDNA sites provides an extinct or non-sampled cytotype in this work.
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Introduction

With a wide geographic distribution in nearly all of the Neotropical region from Costa
Rica to Argentina, Loricariidae is considered one of the largest Neotropical fish fami-
lies and the largest Family of catfishes (Siluriformes) (Nelson et al. 2016), with more
than 1100 species described to date (Eschmeyer and Fong 2017).

The great diversity of armored catfish is also reflected in the available cytogenetic
data of the group. Loricariidae exhibits large variations in diploid number, ranging
from 2n = 36 chromosomes in Loricaria latirostris Boulenger, 1900 (Giuliano-Caetano
1998) to 2n = 96 in Hemipsilichthys gobio Liitken, 1874 (Kavalco et al. 2005, previous-
ly identified as Upsilodus sp.). This group shows several structural differences (Mariotto
et al. 2009), numerous polymorphisms (Giuliano-Caetano 1998, Cereali et al. 2008),
and morphologically differentiated sex chromosome systems (Alves et al. 2006, Olivei-
raetal. 2007, Konerat et al. 2015, Oliveira et al. 2015a, Rocha-Reis et al. unpublished
data), which nearly always correspond to unique chromosomal features.

Most of this great diversity is related to the genus Hypostomus Lacépede, 1803,
which contains approximately 200 valid species (Eschmeyer and Fong 2017), only
some of which have their taxonomic resolution fully understood and resolved (Arm-
bruster 2004). Hypostomus is considered one of the most diverse genus of Neotropi-
cal fish, and many genetic studies have examined their complex karyotype evolution
(Rubert et al. 2008, Bitencourt et al. 2012, Endo et al. 2012, Pansonato-Alves et al.
2013, Traldi et al. 2013); studies have also been conducted to identify different species
and detect phylogenetic relationships within the genus (Montoya-Burgos et al. 2002,
Armbruster 2004, Lujan et al. 2015).

Fluorescent in situ hybridization (FISH) for localization of the 18S ribosomal
RNA (18S rRNA) gene was one of the first cytogenetic-molecular markers applied
in Neotropical fish (Hatanaka and Galetti Jr 2004), which revealed phenotypic varia-
tions in different groups. Although potentially interesting for gene expression studies,
silver nitrate localization of Ag-NORs has not been widely used and is routinely ap-
plied only for comparison. Because not every 18S ribosomal DNA (18S rDNA) site is
correctly identified using this technique (Dobigny et al. 2002), it is thought that the
evolution of ribosomal genes can be determined from FISH data. These data, however,
are rare for most fish, although some trends have been observed in smaller groups and
have been examined in detail. In Hypostomus, through the efforts of different research
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groups, 18S gene localization data are available for approximately 30 species/popula-
tions (for review, see Rubert et al. 2016).

In contrast, data for 5S ribosomal DNA (5S rDNA) are limited. This marker has
been defined in only approximately a dozen species of the genus for some Neotropi-
cal populations (Kavalco et al. 2004a, Mendes-Neto et al. 2011, Traldi et al. 2012,
Pansonato-Alves et al. 2013, Traldi et al. 2013, Baumgirtner et al. 2014, Bueno et al.
2014, Rocha-Reis et al. unpublished data). Similar results were observed for the distri-
bution of constitutive heterochromatin, although this type of highly compacted DNA
requires further examination. The numerous chromosomes and their small sizes may
be the main reason for the low prevalence of cytogenetic studies of armored catfish,
despite their great species diversity and relative abundance in Brazilian rivers.

Although Hypostomus affinis Steindachner, 1877 was found in the Mucuri and
Doce river basin, most of the records are related to the Paraiba do Sul river, indicating a
wide distribution of this species in this river basin (Mazzoni et al. 1994). In this study,
two populations of H. affinis, both upstream and downstream in the Paraiba do Sul
River, were analyzed. Data for the evolution of ribosomal sequences were compared
with polymorphisms observed in the populations presented here and those reported in
the literature for the genus Hypostomus.

Material and methods

Two populations of H. affinis were collected from Jacui creek, Cunha/SP (-23.04052/-
44.93408, Fig. 1 — point a; one male/seven juvenile fish) and the Paraiba do Sul River, in
Ttaocara/R] (-21.66141/-42.07454, Fig. 1 — point b; one female/five juvenile fish). Both
collections were carried out in the year 2005. These samples were analyzed by classical and
molecular cytogenetic techniques. First, the samples were processed, fixed in 10% formal-
dehyde, and stored in 70% ethanol. Finally, samples were sent to the Museum of Science
and Technology of the Pontifical Catholic University of Rio Grande do Sul - MCP, where
they were identified and deposited in the ichthyologic collection under vouchers MCP
43299 and MCP 43301 (populations from Cunha/SP and Itaocara/R], respectively).

The chromosomal preparations were obtained from kidney cells of the animals
as described by Gold et al. (1990) with some modifications. Silver nitrate (Ag-NOR)
staining to detect nuclear organizing regions (NORs) was performed according to
Howell and Black (1980) and Kavalco and Pazza (2004), and C-banding followed a
protocol adapted from Sumner (1972).

The physical location of the ribosomal genes was detected via FISH (Pinkel et al.
1986 modified by Pazza et al. 2006), using 18S ribosomal DNA (18S rDNA) and 5S
ribosomal DNA (5S rDNA) probes obtained from the genome of Prochilodus argenteus
Spix & Agassiz, 1829 (Hatanaka and Galetti Jr 2004) and Megaleporinus elongatus
Valenciennes, 1850 (Martins and Galetti Jr 1999), respectively. The 18S and 5S rDNA
probes were labeled with biotin-14-dATP by nick translation using BioNick Labeling
System according to manufacturer instructions (Invitrogen).
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Figure |. Hydrographic map of the southeast coast of Brazil with the collection points of Hypostomus affinis.

« »

Point “a” corresponds to Cunha/SP and point “b” corresponds to Itaocara/R]. Hydrographic basins: Paraiba
do Sul (in purple), Sao Francisco (in green), Upper Parand (in red) and Rios Costeiros (in blue).

Hybridization was detected with avidin and fluorescein isothiocyanate for 18S
rDNA probes and Cy3 for 55 rDNA probes. Blade assembly was performed with
antifade and propidium iodide, and antifade and DAPI for 18S rDNA and rDNA 5§
probes, respectively. High-stringency washes with >75% (20% formamide/0.1x SSC)
were performed for 15 min, and the signals were amplified using biotin-conjugated
anti-avidin solution and incubated in non-fat dry milk buffer. Images were acquired
with a camera coupled to an OLYMPUS BX41 microscope (Olympus Inc., Tokyo,
Japan) using QCapture 6.0 (QImaging Surrey, BC, Canada) software.

To assemble the karyotypes, chromosomes were classified as metacentric (m), submeta-
centric (sm), subtelocentric (st), or acrocentric (a) according to the arm ratio proposed by
Levan et al. (1964). All chromosomes were measured to avoid identification errors.

Results

Male and female fish in both populations showed a diploid number of 2n = 66 chromo-
somes, karyotype composed of 12m+12m+14st+28a, and fundamental number FN = 104
(Fig. 2A, B).

C-banding staining of both populations revealed subtle pericentromeric markers on
several chromosomes, as well as conspicuous terminal blocks on two pairs of acrocentric
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Figure 2. Karyotypes found for the populations of Cunha/SP (A) and Itaocara/R] (B). In the boxes are
the phenotypes for C banding, Ag-NORs and FISH with 5S and 18S rDNA probes.

chromosomes (a) (25, 29), although a size heteromorphism was found in one of the pairs
in the population of Itaocara (25) (Fig. 2A, B, box). These markers did not correspond
to the location of the major Ag-NOR:s (Fig. 2A, B, box).

Silver nitrate staining of both populations revealed the existence of multiple sys-
tems of NORs. In Cunha/SP specimens, two pairs of chromosome a (21, 24) exhibited
large markers on their long arms (Fig. 2A, B). According to FISH, the 18S rDNA
contained these four and two other sites located on the short arm of a small submeta-
centric (sm) pair, for a total of six gene sites (Fig. 2A, box). In Itaocara/R] specimens,
Ag-NORs analysis revealed five sites marked by silver nitrate: two located in the long
arms of pairs a (21, 24) and another located in the terminal position of the short arm
of chromosome a (22) (Fig. 2B, box). However, only four markers were detected on the
18S rDNA probe using FISH, corresponding to markers obtained from silver nitrate
staining on chromosomes a (Fig. 2B, box).

Hybridization of the 5S IDNA probe revealed two sites marked in the lowest meta-
centric pair of the complement in both populations (pair 6) (Fig. 2A, B, box).

Discussion

From a cytogenetic perspective, only one sample of H. affinis from the Jacui creek
Cunha/SP has been previously studied (Kavalco et al. 2004a, 2004b, 2005). In this
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study, we evaluated populations from the upper and lower Paraiba do Sul River. We
first sought to expand sampling from the Jacui creek to further analyze the heterochro-
matin polymorphism described previously (Kavalco et al. 2004b). Unexpectedly, we
observed the conservation of chromosomal characteristics between the two popula-
tions analyzed in this study, as well as large variations, particularly with respect to the
58 rDNA sites compared to the previously described sample. Although geographically
close, both populations from Cunha/SP showed large differences in their chromo-
somes. These populations showed relatively higher karyotypic divergence than geo-
graphic divergence, as they are only approximately 100 m away in geodesic distance
and are part of the same drainage.

Although the chromosome number is the same and the karyotypic formula ob-
served in the populations studied slightly differs from the previously sampled popula-
tion, other cytogenetic features revealed differentiated evolutionary units. The differ-
ence in karyotype symmetry observed between the chromosomes of both samplings
from Cunha/SP were clear; this was also clear when the relative size of the chromo-
somes was organized based on type, even when the same measurement and classifica-
tion criterion proposed by Levan et al. (1964) and same magnification scale were used.
In the previously analyzed sample from Jacui creek, karyotypic asymmetry was clearly
observed, even within each chromosomal group (Kavalco et al. 2005). In addition,
the distribution of constitutive heterochromatin and existence of conspicuous blocks
(Kavalco et al. 2004b) differed completely from the patterns observed in this study.

The difference among the observed chromosomal sites in the populations cannot
be attributed to the use of 18S and 5S ribosomal DNA probes isolated from different
species. The rRNA in eukaryotes presents as two subunits (one formed by 28S, 18S
and 5.8S and another one formed by 5S) and their DNA sequences vary very slowly
due to selective pressure, being considered highly conserved (Long and Dawid 1980).
This allows the interspecific hybridization of the mentioned probes (obtained from
Prochilodus argenteus and Megaleporinus elongatus), with chromosomes of a wide vari-
ety of fishes, like Characiformes (de Marco Ferro et al. 2001, Pazza et al. 2006, da Silva
etal. 2016), Gymnotiformes (Fernandes et al. 2017a, 2017b) Perciformes (Jacobina et
al. 2014, Argdlo and Affonso 2015, Oliveira et al. 2015b), Siluriformes (Blanco et al.
2014, Kantek et al. 2015, Ribeiro et al. 2015), including other species of Hypostomus
(Kavalco et al 2004a, 2005, Traldi et al. 2013, Baumgirtner et al. 2014, Oliveira et al.
2015a, Lara Kamei et al. 2017).

For the location of 18S rDNA, we observed conservation of the number and posi-
tion of sites in samples of the upper drainage region (Kavalco et al. 2005, this study),
as well as chromosome differentiation in the lower Paraiba do Sul population, which
showed the lowest number of sites. In addition to chromosome number, this is the
only characteristic shared between samples from Jacui creek.

The existence of different chromosomal formulas in close groups of different or-
ganisms, or nominally similar species, is attributed to chromosomal rearrangements.
In armored catfish, two major types of chromosomal rearrangements appear to be
involved in karyotype differences, depending on fixation of the diploid number (non-
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Robertsonian) or their variation (Robertsonian) (Artoni and Bertollo 1996, 2001,
Kavalco et al. 2005). However, other factors should be considered in the chromosome
evolution of the group, such as the dispersion trends of repetitive sequences such as
ribosomal genes (Kavalco et al. 2004a). Because the presence of a pair of chromosomes
carrying the rDNA in fish is thought to be a plesiomorphic condition (Martins and
Galetti Jr 1999, Oliveira and Gosztonyi 2000), even for Loricariidae (Kavalco et al.
2004a, Alves et al. 2012), the genus Hypostomus may contain lines with contrasting
tendencies (Pansonato-Alves et al. 2013) and possibly an ancestral phenotype with a
site in a chromosomal pair (Traldi et al. 2013). Dispersion of ribosome cistrons may be
related to not only species-specific events but also populational events, as in armored
catfish in which the formation of isolated populations typically occurs because of low
vagility (Artoni and Bertollo 2001, Bitencourt et al. 2012). In fact, variations in the
distribution of 18S rDNA sites in the genus Hypostomus were clear, and it was dif-
ficult to establish evolutionary tendencies for the character, as observed among differ-
ent populations of the Paraiba do Sul river. In addition, their co-location with DNAs
similar to transposons (Pansonato-Alves et al. 2013) is unfavorable for observing mac-
roevolutionary tendencies.

The divergent phenotype observed by Kavalco et al. (2004a) for the 55 rDNA
cistrons in Hypostomus reflects well-known characteristics of genomic evolution in re-
petitive DNA. The evolutionary dynamics of this gene are related not only to varia-
tions in non-transcribed spacers, but also to synteny with long and short interspersed
nuclear elements, non-long terminal repeat retrotransposons, U-snRNA families, and
microsatellite polymorphisms (Rebordinos et al. 2013). According to these authors,
polymorphisms in non-transcribed regions are observed in fish and polymorphisms in
transcribed regions do not appear to interfere with the cellular activity of 5§ rDNA.
Although in some species, the molecular diversity of the 55 rDNA gene families is
greater than the chromosome diversity (Rebordinos et al. 2013), this rule may not be
applied for Neotropical ichthyofauna biodiversity. In several respects, the genus Hypos-
tomus, as well as others, show various chromosomal evolutionary novelties at several
levels, potentially reflecting recent adaptive radiation.

The speciation by allopatry can be an important source of diversity in Neotrop-
ics and could be responsible for the biodiversity of fishes from Brazilian rivers and it
is possible that very short time periods can produce new phenotypes on Hypostomus
chromosomes. At the same time, the extensive chromosomal variation observed in the
sample of H. affinis analyzed previously by Kavalco et al. (2004a, 2004b, 2005; collect-
ed in the year 2001 - personal communication) could be related with an event that to-
day represents a “dead end” in the evolutionary history of the population, highlighting
sympatric evolutionary processes. Since the great number of 5S rDNA spread in the
karyotype is an uncommon feature to the catfishes and it can increase chromosomal
rearrangements, to consider the karyotype shown in this paper as the resident cytotype
of the drainage is the most parsimonious idea. It is possible that the phenotype of
the 18S rDNA disposition in the chromosomes shared between the individuals from
Cunha/SP represents an evidence of introgression between a variant extinct cytotype



8 Karina de Oliveira Brandio et al. | Comparative Cytogenetics 12(1): 1-12 (2018)

and the ancient one, stated in this work. In this case, the variant form probably had
lower adaptive value and was not able to fixation, or we do not sample the variant
cytotype, just the ancient one.

Conclusion

Minor chromosome changes were found between the two sampled populations, espe-
cially regarded to an extra chromosome pair bearing 18S rDNA in population from
Cunha. In addition, 18S rDNA distribution in Cunha was the same as previously
sample. However, the remarkable difference in the 5§ rDNA distribution between two
sampling at Cunha, separated by four years between the collections, could represent
a population dynamic where an expansion of the 5S rDNA sites provide a phenotype
furtherly extinct or not sampled in this work.
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Abstract

Chromosome counts and karyotype characterization have proved to be important features of a genome.
Chromosome changes during the diversification of ants might play an important role, given the diversity
and success of Formicidae. Comparative karyotype analyses on ants have enriched and helped ant system-
atics. Among leafcutter ants, two major chromosome counts have been described, one frequent in Arta
Fabricius, 1804 (2n = 22 in all Asta spp. whose karyotype is known) and the other frequent in Acromyrmex
Mayr, 1865 (2n = 38 in the majority of species whose karyotype is known). The main exception is Acro-
myrmex striatus (Roger, 1863), which harbors a diploid chromosome set of 22. Here we describe the use
of fluorescence in situ hybridization (FISH) with telomeric probes with (TTAGG), repeats to describe
the telomere composition of A. striatus and to recover potential interstitial non-telomeric signals that
may reflect fusion events during the evolution of leafcutter lineage from 38 to 22 chromosomes. Further,
we reconstruct the ancestral chromosome numbers of the leafcutter clade based on a recently proposed
molecular phylogenetic hypothesis and phylogenomic tree. Distinct signals have been observed in both
extremities on the telomere chromosomes of A. striatus. Non-telomeric signals have not been retrieved
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BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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in our analysis. It could be supposed that the low-numbered karyotype indeed represents the ancestral
chromosome number of leafcutters. The phylogenetic reconstruction also recovered a low chromosome
number from the diverse approaches implemented, suggesting that n = 11 is the most likely ancestral
karyotype of the leafcutter ants and is a plesiomorphic feature shared between A. striatus and Arza spp.

Keywords
fluorescence in situ hybridization (FISH), telomere, phylogenetic reconstruction, chromosome evolution,
Formicidae

Introduction

The nuclear genome of any eukaryote is confined within the chromosomes, which vary
in number, size, and shape. In turn, macromolecular structures, such as centromeres
and telomeres, can be cytologically distinguished on each chromosome (Lysak and
Schubert 2013). These latter terminal structures on the chromosomes are composed
of tandem repeats that usually prevent the loss of DNA during replication, thereby
promoting their stability. The telomere sequences are conserved across the species of
a particular group. Among insects, the most common telomeric sequence reported
is (TTAGG) , but that is not a general consensus (Frydrychovd et al. 2004). Among
ants, it has been confirmed by fluorescence in situ hybridization (FISH) and by the
Southern blotting technique as being the most frequent repeat in Dolichoderinae,
Formicinae, and Myrmicinae subfamilies (Lorite et al. 2002).

Several studies have correlated the presence of non-telomeric signals or interstitial
telomeric signals as evidence that the chromosomes have undergone structural and/or
numerical rearrangements. For instance, after a Robertsonian chromosome fusion, the
telomeric sequences might remain in interstitial sites of this new fused chromosome
and can be detected today. Interstitial telomeric signals have been detected on the chro-
mosomes of different animal groups, such as mammals (Ventura et al. 2006), fishes
(Bitencourt et al. 2014), and insects (Sichovd et al. 2016). Among ants, the localiza-
tion of (TTAGG), telomeric repeats on the chromosomes was carried out only with
the well-known bulldog ants from the genus Myrmecia Fabricius, 1804 (Meyne et al.
1995), and on the chromosome set (2n = 18) of the ant species Tapinoma nigerrimum
(Nylander, 1856) (Lorite et al. 2002). In both studies, positive hybridization signals
were observed on the telomeres of the chromosomes. Lorite et al. (2002) suggested
that the telomeric repeat (TTAGG)  is conserved among the ant lineages. It has been
recently suggested that this telomere repeat was likely lost in the ancestor of Apocrita
and is putatively regained in Formicidae and Apidae, since only they comprise species
in which this motif was detected (Menezes et al. 2017).

Ants comprise a natural and diverse group consisting of more than 16,000 species
(Bolton 2017). In the Nearctic and Neotropics, but mainly in the latter, the leafcutter
ants of the genera Arta Fabricius, 1804 and Acromyrmex Mayr, 1865 stand out, which,
together, with all other 15 genera of fungus-farming ants, cultivate crops of symbiotic
Basidiomycete fungi inside their nests. Cytogenetic data for leafcutter ants are avail-
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able, so far, for 21 species comprising Azza (five spp.) and Acromyrmex (16 spp. includ-
ing subspecies and/or varieties). All Azta species (five cytogenetically studied out of 17
valid species) display karyotype uniformity with a diploid set of 22 chromosomes and
karyotypic formula of 2n = 18M + 4A, except Atta robusta Borgmeier, 1939, whose
karyotypic formula is 2n = 18M + 2SM + 2ST (Barros et al. 2015). Yet, Acromyrmex
(14 species and subspecies cytogenetically studied out of 62) display a slightly higher
uniformity in the chromosome counts, with a diploid set of 38 chromosomes, but
a very large variability in its chromosome morphology, bearing distinct karyotypic
structures (Barros et al. 2016), suggesting a structural dynamic nature of the genome
of Acromyrmex lineages. Two chromosome counts diverge from the 2n = 38 common
chromosome number, the first from Ac. ameliae de Souza, Soares & Della Lucia, 2007
(2n = 36) (Barros 2010), and the second much more pronounced from Ac. striatus
(Roger, 1863) (2n = 22) (Cristiano et al. 2010), the same chromosome number as
Atta spp. (Cristiano et al. 2013). It has been proved by molecular phylogenetic analy-
sis that A. striatus is a sister group of the remaining leafcutter ants (Cristiano et al.
2013), which was later confirmed by phylogenomic analysis (Branstetter et al. 2017).
Although A. striatus and Atta spp. shared some morphological characteristics and the
same number of chromosomes, they differ in some karyotype features (Cristiano et al.
2013, Barros et al. 2015).

Given the phylogenetic position of A. striatus and chromosome evolution based on
a phylogenetic approach, it has been supposed that n = 11 is the ancestral chromosome
number of leafcutter ants (Cristiano et al. 2013). Here, we investigate the position
of telomeric signals by means of FISH with telomeric probes (TTAGG), in order to
detect telomeric and/or non-telomeric hybridization signals on the chromosomes of A.
striatus, in order to dismiss the alternative hypothesis that A. striatus karyotype arose by
chromosome fusion due to the uniform chromosome number in the genus. We tested
the hypothesis that no interstitial markers would be observed given that the haploid
chromosome number of 11 chromosomes of A. striatus is the ancestral karyotype of
the leafcutter ants. Further, we tested once more the ancestral chromosome number of
all leafcutter ants by using the renewed phylogenetic approach to ancestral reconstruc-
tion CHROMEVOL 2.0 (Glick and Mayrose 2014) to estimate the potential ancestral
chromosome number of leafcutter ants based on a phylogenetic tree with a more com-
prehensive phylogenetic and cytogenetic matrix.

Material and methods

Sampling, chromosome preparations and fluorescence iz situ hybridization

Colonies were sampled from restinga environments of Morro dos Conventos, Ara-
rangud—Santa Catarina, Brazil (528°56'08.2", W49°21'28") (permit SISBIO-ICMBio
45464-1), transferred to the Laboratério de Genética Evolutiva e de Populagées of the
Universidade Federal de Ouro Preto-MG, and maintained as described by Cardoso et
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al. (2011) until obtaining a brood. Metaphase chromosomes were obtained from 20
individuals according to the protocol established by Imai et al. (1988), with modifica-
tions described in Cardoso et al. (2012), using the ganglia of prepupae. Metaphase
spreads were conventionally stained with Giemsa and with Fluoroshield with DAPI
(Sigma-Aldrich, St. Louis, Missouri, USA) for chromosome counting and karyomor-
phometry as described by Cristiano et al. (2017).

Telomeric FISH was carried out according to the procedure described by Ciofh et
al. (2011) on seven slides where the best metaphase spreads and an average number of
ten metaphases were analyzed. The telomeric probe (TTAGG), was directly labeled with
Cy3 on the 5 end. Briefly, metaphase spreads were denatured for 5 min in 70%/2xSSC
formamide at 75 °C. Probes were hybridized with chromosomes in 20 pl of hybridiza-
tion mix containing the following: 200 ng of labeled probe, 50% formamide, 2xSSC,
and 10% dextran and sulfate 20xSSC. This hybridization mix was heated for 10 min at
85 °C; slides were kept in a moist chamber at 37 °C overnight. Then, slides were washed
in 4xSSC/Tween and dehydrated in a series of alcohol solutions. Slides were mounted in
antifade solution with DAPI (DAPI Fluoroshield, Sigma-Aldrich). The DAPI-stained
slides were then analyzed under an Olympus BX53 epifluorescence microscope coupled
to an MX10 digital camera using cellSens imaging software.

Phylogenetic analysis and ancestral state inference

The ant DNA sequences were obtained from GenBank, representing the matrix data
from Cristiano et al. (2013) and Cardoso et al. (2014a, b), with some sequences origi-
nally obtained from Schultz and Brady (2008). Four genomic fragments were included:
wingless, long-wavelength rhodopsin, elongation factor 1-alpha paralog F1 and paralog F2.
The sequences were aligned visually in MEGA v7 (Kumar et al. 2016). Ambiguously
aligned sites were excluded (i.c., the long-wavelength intronic region) and the alignment
was confirmed by translation to amino acids, whereas the missing data were coded as “?”.

The phylogenetic inference was carried out by using Bayesian methods with Mark-
ov Chain Monte Carlo (MCMC) methods. In order to select the substitution model
of DNA evolution that fits best to each potential partition under Akaike’s Information
Criterion (AIC) and Bayesian Information Criterion (BIC), we used PARTITION-
FINDER2 (Lanfear et al. 2014, 2017). Taking into account the estimated parameters,
we carried out a Bayesian analysis in MRBAYES v3.2.6 (Ronquist and Huelsenbeck
2003), which consisted of two independent runs of twenty million generations each,
sampled every 1000 generations, and the convergence between runs was determined
using TRACER v1.4 (Rambaut and Drummond 2007). A burn-in period, in which
the initial 25% of the trees were discarded, was adopted to produce a consensus topol-
ogy that was visualized using the FIGTREE V1.4 program (Rambaut 2009). The con-
sensus topologies inferred were implemented in the inference of ancestral chromosome
numbers at internal nodes.
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In order to estimate the ancestral haploid chromosome number of the leafcutter
ants and all remaining internal nodes, we carried out three independent analyses using
CHROMEVOL 2.0 (Glick and Mayrose 2014). We used this integrative cytogenetic
and molecular phylogeny approach by using two probabilistic methods, maximum
likelihood (ML) and Bayesian inference (BI), to infer the chromosome evolution
model and haploid ancestral states (haploid chromosome number at internal nodes),
relying on a phylogenetic hypothesis estimated using the matrix and models described
above. The new data matrix included about 50% (20 spp.) more species whose chro-
mosome counts are available.

CHROMEVOL 2.0, under ML and BI inference, evaluates ten chromosome
evolution models and different transitions between chromosome numbers. Basically,
models evaluate dysploidy (decrease or increase by a single chromosome number in
the haploid set of chromosomes, constant or linear, the latter being dependent on
the current chromosome number), polyploidy (duplication of whole chromosome
complement), and demi-polyploidy (the process that allows karyotypes with multiples
of a haploid karyotype). The latter mechanism allows the transition from a haploid
karyotype (n) to 1.5n, which could be possible in ants if related species hybridize
due to the haplodiploid genetic system. Yet, polyploidy could be more unlikely. Al-
though it is widespread and common in plants, polyploidization occurs very rarely in
animals due to various incompatibility problems, so models with this parameter were
not evaluated. All parameters were adjusted for the data, as described by Mayrose et
al. (2010) and Glick and Mayrose (2014), and as performed by Cristiano et al. (2013)
and Cardoso et al. (2014). The model that, to date, fits best, and the null hypothesis
of no duplication, were analyzed with 10,000 simulations under the AIC. Further, to
check for possible inconsistencies in the ancestral reconstruction due to the topologies
recovered in our phylogenetic analysis, an additional run was performed by using the
phylogenomic tree of Branstetter et al. (2017). Then, the same chromosome number
matrix was implemented by adding the information from the new taxa when available,
to meet the taxa comprising the phylogenomic tree.

Results

The chromosome counts for all individuals of A. striatus analyzed here were 2n = 22
(Figure 1a). The karyotype of this species consists of 10 metacentric (M) pairs and one
submetacentric (SM) pair. Thus, the karyotypic formula of the diploid set was 2K = 20M
+ 2SM and the fundamental number was FN = 44. Morphometric data for chromosomes
were confirmed and are presented in Table 1. We were able to detect the telomere sequenc-
es (TTAGG), by FISH (Figure 1b—h). Positive signals were recovered at both ends of the
chromosomes of A. striatus; however, the size and intensity of the signals varied among the
terminal telomeric portions of the chromosomes, and between metaphase spreads (Figure
1b-h). No signals for interstitial telomeric sites were detected.
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Table I. Karyomorphometric analyses of the chromosomes of Acromyrmex striatus from ten well-spread

metaphases.
Chromosome TL L S RL r Classification
1(a) 4.34+0.62 | 2.58+0.41 | 1.67+0.21 | 7.01+0.34 | 1.55+0.16 Metacentric
2(a) 3.98+0.65 | 2.33+0.45 | 1.59+0.23 | 6.42+0.45 | 1.46+0.17 Metacentric
3(b) 3.66+0.64 2.1+0.46 1.52+0.23 5.9+0.53 1.37+0.17 Metacentric
4(b) 3.43+0.52 | 1.89+0.31 | 1.47+0.19 | 5.54+0.37 | 1.28+0.11 Metacentric
5(c) 3.17+0.5 1.73+0.31 1.4+0.22 5.11£0.27 | 1.24+0.18 Metacentric
6(c) 2.98+0.39 1.6+0.23 1.3620.17 | 4.82+0.1 1.18+0.1 Metacentric
7(d) 2.94+0.38 | 1.56+0.22 | 1.31+0.18 4.76+0.1 1.19+0.07 Metacentric
8(d) 2.87+0.37 | 1.57+0.23 | 1.28+0.18 | 4.63+0.12 | 1.25+0.19 Metacentric
9(e) 2.82+0.33 1.56+0.2 1.1840.19 | 4.56+0.12 | 1.35+0.21 Metacentric
10(e) 2.76+0.32 1.5+£0.21 1.24+0.15 | 4.47+0.13 | 1.22+0.14 Metacentric
11(f) 2.72+0.31 1.54+0.19 | 1.17+0.17 4.4+0.1 1.33+0.15 Metacentric
12(f) 2.66+0.29 | 1.44+0.21 1.23+0.12 4.32+0.1 1.17+0.09 Metacentric
13(g) 2.62+0.3 1.49+0.27 | 1.14+0.11 | 4.24+0.11 | 1.31+0.15 Metacentric
14(g) 2.56+0.31 1.41£0.18 | 1.13+0.13 | 4.14+0.09 | 1.25+0.13 Metacentric
15(h) 2.45+0.35 | 1.35+0.22 | 1.06+0.14 | 3.95+0.18 | 1.27+0.12 Metacentric
16(h) 2.33+0.32 | 1.25+0.21 1.02+0.16 | 3.76+0.16 | 1.23+0.09 Metacentric
17(i) 2.07+0.17 | 1.09+0.14 | 0.92+0.13 | 3.37+0.18 1.2+0.17 Metacentric
18(i) 1.95+0.13 1.06+0.1 0.88+0.12 | 3.17+0.19 | 1.21+0.12 Metacentric
19()) 1.75£0.16 0.9+0.11 0.75+0.07 | 2.84%0.15 1.2+0.09 Metacentric
20(j) 1.59+0.18 | 0.83+0.11 | 0.69+0.09 | 2.57+0.17 | 1.21+0.07 Metacentric
21(k) 3.2£0.55 | 2.16+£0.35 | 0.96+0.18 | 5.23%1.1 2.27+0.27 | Submetacentric
22(k) 2.94+0.43 | 2.02+0.3 | 0.93+0.16 | 4.840.74 | 2.18+0.25 | Submetacentric
Y 61.79

TL: total length; L: long arm length; S: short arm length; RL: relative length; #: arm ratio (= L/S).

Table 2. Models of molecular evolution by genes and codons implemented in the Bayesian analyses to
infer the molecular phylogeny of fungus-growing ants. This tree was the topology inputted in CHROM-
EVOL 2.0 to estimate the ancestral chromosome numbers.

Gene (number of base pairs) Position Model
wingless (411bp) 1st — first position K81+G
2nd - second position TIM+I+G
3rd — third position GTR+G
elongation factor-1 alpha F1 (402 bp) Ist — first position TIM+I+G
2nd — second position GTR+G
3rd — third position GTR+G
elongation factor-1 alpha F2 (519 bp) 1st — first position TIM+I+G
2nd — second position GTR+G
3rd — third position HKY+G
long-wavelength rhodopsin (464 bp) Ist — first position SYM+I+G
2nd - second position GTR+I+G
3rd — third position TVM+G
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Figure |. Metaphase and karyotype of A. striatus and metaphase spreads after FISH with the telomeric
probe (TTAGG),. @ Metaphase and karyotype stained with Giemsa b=h Best metaphase spreads stained
with DAPI (uniform blue) and the telomeric probes with Cy3-dUTP in red.

An alignment of 1796 base pairs was obtained for the four concatenated nuclear
genes comprising 49 sequences of fungus-growing ants, whose species from the gen-
era Apterostigma Mayr, 1865, Mycocepurus Forel, 1893 and Mycetarotes Emery, 1913
were placed as outgroups. Nine different substitution models were estimated by PAR-
TITIONFINDER? for each gene codon position (see Table 2 for details on the parti-
tion scheme) and were employed in the Bayesian analysis. As expected, all species of the
Acromyrmex and Atta genera formed a well-supported clade that fell as a sister group of
A. striatus. The results obtained in the analysis of chromosome evolution suggested that
the best-supported model of the process underpinning chromosome change was the hy-
pothesis with constant gain, loss, and duplication (likelihood = —58.53, AIC = 123.1).
These results revealed the possible occurrence of duplication events or an increase of the
chromosome number by the whole genome duplication in the chromosome evolution
of these species. However, the main events inferred were loss (fusion) and gain (fission),
which showed PP > 0.5. In the Bayesian analysis, the haploid chromosome number at
the most recent common ancestor (MRCA) of leafcutter ants with the highest posterior
probability (PP) was n = 11. Likewise, in the ML analysis the most likely haploid num-
ber was n = 11 (Figure 2). The same results were observed in the analysis based on the
phylogenomic tree, under both estimation approaches (Suppl. material 1: Figure S1).
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Figure 2. Ancestral haploid chromosome state reconstruction inferred under Bayesian Inference and

Maximum Likelihood methods. The ancestral chromosome number with the highest probability is given

inside the circle and pie charts at the main nodes. The colors on the pie charts represent the proportional

probability of each given chromosome number according to the legend. The known karyotypes of species

are given at the tip. The haploid ancestral chromosome numbers with the best likelihood are given in

brackets. * represent the same estimated haploid number in BI.

Discussion

All individuals of A. striatus from the population evaluated here had chromosome
counts of 2n = 22. The karyotype of this species consists of 20 metacentric (M) and
two submetacentric (SM) chromosomes, as reported by Cristiano et al. (2013). No
difference in karyotype was expected since the samples analyzed here belong to closely
related populations analyzed previously. However, differences in karyotype number
within the same species are fairly likely among ants (Meyne et al. 1995, Imai et al.
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1988, Cardoso et al. 2014b). No variation in the karyotypic formula was observed and
the diploid set was 2K = 20M + 2SM, therefore, the fundamental number that cor-
responded to the number of chromosome arms in the diploid karyotype was FN = 44.

The (TTAGG), probe hybridized to both ends of chromosomes of A. striatus. This
reveals the composition of the telomeric portions on chromosomes of the leafcutter
ant A. striatus. The presence of the repeat (TTAGG), at the telomeres has already been
reported in Apidae and Formicidae (Frydrychovd et al. 2004) including ants Zapinoma
nigerrimum and Myrmecia spp. (Lorite et al. 2002, Meyne et al. 1995). However, the
TTAGG telomere motif was not detected in many other Hymenoptera, suggesting
that it may have been lost and only regained in Apidae and Formicidae (Menezes et
al. 2017). Nevertheless, the authors do not discard multiple losses along hymenop-
teran evolutionary history. Within Formicidae, the TTAGG motif was confirmed by
Southern blot hybridization against digested genomic DNA in ant species from the
Dolichoderinae, Formicinae, and Myrmicinae subfamilies (Lorite et al. 2002), sug-
gesting that the telomeres of ants may be mainly comprised of (TTAGG), . However,
positive signals using the common vertebrate repeat (T TAGGG) were also detected
by Meyne et al. (1995) on the chromosomes of Myrmecia spp. under low stringency
(reduced percentage of formamide, less than 50%). Thus, the authors did not reject
that both repeats might occur on ant chromosomes (Meyne et al. 1995). In fact, Lorite
et al. (2002) emphasize that the main telomere sequence in ants is (TTAGG), instead
of (TTAGGG) , and that the latter should be present in very low copy number con-
sidering the Southern blot hybridization results. Here, we reported for the first time
telomeric sequences by FISH in a neotropical leafcutter ant, adding to cytogenetic
knowledge on this important insect group, and helping us to identify trends in ant
chromosome evolution.

The size and intensity of (TTAGG), probe signals varied along the termini of the
metaphase spreads of A. striatus (see Figure 1b-h). This was also observed in both stud-
ies that have performed telomeric FISH on ant chromosomes. Meyne et al. (1995)
detected differential signals among termini of Myrmecia spp. by using both repeats
mentioned above; this pattern is quite evident in M. croslandi Taylor, 1991 and M.
haskinsorum Taylor, 2015. This variation in the hybridization signals was also observed
on the chromosomes of 7. nigerrimum (Lorite et al. 2002). We assume that this vari-
ation may be the result of two non-excluding processes. The first can be attributed to
the difference in the number of telomeric repeats comprising the chromosomes, the
second to the impairing of the probe hybridization as a result of protocol limitations in
the chromosome preparation. In fact, when different metaphase spreads are evaluated,
positive signals are detected over the negative signals on the chromosome of the next
spread. Further, if positive signals have never been observed on dozens of metaphases,
as recently reported for parasitoid Hymenoptera (Gokhman et al. 2014), this may
represent an absence of signal of the evaluated telomeric repeat. Moreover, a negative
signal on all chromosomes, as well as on all metaphases analyzed, was also reported
in the neotropical wasp Metapolybia decorata (Gribodo, 1896) of the family Vespidae
(Menezes et al. 2013), but this was not the case here.
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In several species, the presence of interstitial telomeric signals on chromosomes
has been observed (Meyne et al. 1990). These have been correlated with chromo-
some rearrangements and then used as markers of karyotype evolution and, con-
sequently, may be used to evaluate the phylogenetic relationship of species, and
even populations (Meyne et al. 1995, Quing et al. 2013). No interstitial telomere
sequences were detected on the chromosomes of A. striatus. Thus, it could be sup-
posed that the chromosome number observed in this species may represent the an-
cestral chromosome number of leafcutter ants. We do not ignore the fact that, due
to the limitation of the FISH technique’s resolution, small interstitial telomeric sig-
nals originated by chromosomal fusions were not detected. However, the results of
the cyto-phylogenetic approach to estimate the ancestral chromosome number have
recovered the haploid number of 11 chromosomes in ML and BI (see Figures 2 and
Suppl. material 1: Figure S1), in accordance with the previous estimate by Cristiano
et al. (2013). This new estimate is based on 20 cytogenetic data values of fungus-
growing ants instead of 12. Here, more cytogenetic and molecular data were added.
However, a more detailed chromosome evolution hypothesis for fungus-growing
ants, instead of just estimating the ancestral karyotype, will be possible when more
simultaneous cytogenetic and molecular data are available. Chromosome evolu-
tion hypotheses based on cytogenetics coupled with molecular phylogenetic data
were already drawn on the fungus-growing ant lineage from the genus Mycetophylax
Emery, 1913, where fusion events were evidenced as having taken place during its
karyotype evolution (Cardoso et al. 2014).

Likewise, the ancestral haploid chromosome number of 11 was recovered based
on the phylogenomic tree of fungus-growing ants from Branstetter et al. (2017).
On this tree, several non-fungus-growing outgroups were included, as well as oth-
er fungus-growing ants, but comprising the species included in the matrix of four
nuclear genes used in the molecular phylogeny presented here. Together, telomeric
FISH analysis of the karyotype of A. striatus and chromosomal reconstruction under
two phylogenetic hypotheses based on independent data reinforce a low chromo-
some number as the putative ancestral karyotype for leafcutter ants. In fact, known
karyotypes of Trachymyrmex Forel, 1893, the sister group to leafcutter ants, show as
few as nine and 10 chromosomes in the haploid chromosome set (Murakami et al.
1998, Barros et al 2013).

Opverall, in light of the results reported here, it is important to note that the evolu-
tion of the remaining Acromyrmex species, in contrast to the Azza spp. and A. striatus
lineages, was mainly driven by the increase of chromosome number by centric fission.
This could be followed by structural events, which, based on chromosome banding
techniques, was suggested by Barros et al. (2016). Thus, the diploid number of 38
chromosomes, and likely 36 chromosomes in A. ameliae, represents a derived feature
of the lineage leading to all other Acromyrmex species. Yet, in the lineage leading to A.
striatus and Atta spp., the maintained number of 22 chromosomes may represent a
plesiomorphic feature of their karyotypes.
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Figure S1. Phylogenomic tree used to estimate the ancestral chromosome number.
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Clemes Cardoso, Maykon Passos Cristiano

Data type: species data

Explanation note: Numbers at nodes represent the first and second most likely haploid
chromosome number followed by posterior support values under Bayesian optimi-
zation and the ancestral haploid chromosome number with best likelihood under
maximum likelihood optimization, as follows: [first haploid state (P.%)// second
haploid state (PP.%)// ML haploid state].

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Abstract

We explored the topology of 18S and 28S rDNA units by fluorescence i situ hybridization (FISH)
in the karyotypes of thirteen species representatives from major groups of Primates and Tupaia minor
(Giinther, 1876) (Scandentia), in order to expand our knowledge of Primate genome reshuffling and
to identify the possible dispersion mechanisms of IDNA sequences. We documented that rDNA probe
signals were identified on one to six pairs of chromosomes, both acrocentric and metacentric ones. In ad-
dition, we examined the potential homology of chromosomes bearing rDNA genes across different species
and in a wide phylogenetic perspective, based on the DAPI-inverted pattern and their synteny to human.
Obur analysis revealed an extensive variability in the topology of the rDNA signals across studied species.
In some cases, closely related species show signals on homologous chromosomes, thus representing syna-
pomorphies, while in other cases, signal was detected on distinct chromosomes, leading to species specific
patterns. These results led us to support the hypothesis that different mechanisms are responsible for the
distribution of the ribosomal DNA cluster in Primates.
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Introduction

Repetitive DNA elements make up a large portion of eukaryotic genomes and include
tandem arrays and dispersed repeats. These genomic components are able to change the
molecular composition of chromosomes and their study will contribute to the knowl-
edge of karyotype differentiation (Ciofh et al. 2010, Dumas et al. 2017). A prominent
repetitive DNA element organized in tandem repetition consists of ribosomal DNA
(rDNA) encoding the ribosomal RNA, essential for cell function. The rDNA region is
divided into two families: the 5.8S (minor) and the second one the 45S (major) compris-
ing 18S and 28S loci. The chromosome regions with transcriptionally active 45S loci,
referred as the Nucleolus Organizer Regions (NORs), can be identified either by silver
staining (Ag-NOR) or, more accurately, by fluorescence in situ hybridization (FISH)
which permits researchers to identify both inactive and active NORs. rDNA probes
have been cytogenetically mapped by FISH in the karyotypes of several vertebrate spe-
cies, representatives of fishes (Srikulnath et al. 2009, 2011, Sember et al. 2015), reptiles
(Rovatsos et al. 2015a, 2015b, 2016), and Artiodactyla (Nguyen et al. 2008, Degrandi
et al. 2014), rodents (Gornung et al. 2011, Cazaux et al. 2011, Britton-Davidian et al.
2012) and bats (Calixto et al. 2014) in mammals in order to clarify their chromosomal
location and mechanisms of dispersion. The topology of rIDNA loci is widely used as
marker for comparative cytogenetic studies and to explore evolutionary relationships,
since such loci often show species-specific patterns (Srikulnath et al. 2009, 2010, Ca-
zaux et al. 2011, Bulatova and Pavlova 2016). Furthermore, the variation in number
and topology of IDNA genes has been shown at inter- and intra-species levels, explained
as consequence of chromosomal rearrangements, ectopic recombination through asso-
ciation of IDNA with other chromosomal segments during meiotic division or transpo-
sition events (Hirai et al. 1996, Eickbush and Eickbush 2007, Baicharoen et al. 2016).
Concerted evolution of rIDNA clusters caused by unequal cross over is a well-doc-
umented process; IDNA gene copies within an individual and within a species remain
identical in sequence, while between closely related species the sequence can vary widely
(Averbeck and Eickbush 2005). In humans, it has been demonstrated that the dynamic
length variation occurring at IDNA clusters, is the direct result of unequal cross over
occurring both inter- and intrachromosomally (Stults et al. 2008). Recently it has been
showed that highly degraded, but near full length, rDNA units can be found at mul-
tiple sites in the human genome chromosomes. These sequences tend to accumulate
close to centromeres and to change from canonical IDNA to pseudogenes, representing
different stages in the evolution of the rDNA sequences (Robicheau et al. 2017).
rDNA distribution especially of the 18S and 28S loci has been investigated in many
species of Primates either by FISH (Henderson et al. 1974a,b, 1976, 1977, 1979, Hirai
etal. 1999, 2007, Guillén et al. 2004, Baicharoen et al. 2016) or silver staining (Tantra-
vahi et al. 1976, Bedard et al. 1978, Masters et al. 1987, Nagamachi et al. 1992, Hirai et
al. 2007, Tanomtong et al. 2009), including Homo sapiens Linnaeus, 1758. In humans,
NORs have been identified on the secondary constriction of five pairs of acrocentric
chromosomes: 13, 14, 15, 21 and 22 (Henderson et al. 1972, Tantravahi et al. 1976).
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In pioneering comparative studies on Primates, it was assumed that there is no ho-
mology between chromosomes bearing rDNA (Henderson et al. 1977). Furthermore,
exchanges among rDNA genes on non-homologous chromosomes (Arnheim et al.
1980) and a multiple topologies of rDNA sites with species-specific variations (Hirai
etal. 1999) have been shown in Hominoidea. Later, intra-species polymorphisms have
also been described in Primates such as Pan troglodytes (Blumenbach, 1775) (Guillén
et al. 2004), Hylobates lar (Linnaeus, 1771), (Tanomtong et al. 2009) and Nycticebus
bengalensis (Geoftroy, 1812) (Baicharoen et al. 2016), possibly related to unequal cross-
ing over or to transcriptional inactivation by methylation of NORs.

Therefore, we tried to explore the chromosomal distribution of IDNA loci in Primate
genomes, by mapping the 18S and 28S probe in thirteen species of Primates and in 7ipaia
minor (Giinther, 1876), the representative of the order Scandentia, as outgroup (Lin et al.
2014, Zhou et al. 2015). The chromosome topology of IDNA genes by FISH has been

analyzed in a wide phylogenetic framework taking in consideration previous literature.

Material and methods

The Primates species analyzed through rDNA probes mapping are listed in Table 1. In the
present work, rDNA distribution is documented by FISH analysis for the first time in ten
species and hybridization was repeated for Hylobates lar, Lemur catta (Linnaeus, 1758)
and Symphalangus syndactylus (Raffles, 1821) formerly studied (Warburton et al. 1975,
Henderson et al. 1977, Hirai et al. 1999). Metaphases for all species have been obtained
following the standard protocol (Sineo et al. 2007, Small et al. 1985), from primary
cultures of fibroblast cell lines treated and fixed at the National Cancer Institute, USA
by E Dumas and R. Stanyon. All karyotypes have been analyzed after DAPI inverted
banding. The probe for the rDNA sequence was prepared from a plasmid (pDmr.a
51#1) with a 11.5-kb insert encoding the 18S and 28S ribosomal units of Drosophila
melanogaster (Meigen, 1830) (Endow 1982), and it was subsequently labelled with
biotin-dUTP using a Nick Translation Kit (Abbott). In situ hybridization of the probe
with the chromosomal spreads was performed overnight according to standard protocol
and the probe signal was enhanced and detected using an avidin-FITC/biotinylated
anti-avidin system (Vector Laboratories) (Rovatsos et al. 2015a). Probe signals have been
pseudocolored in red for better contrast. The chromosomes were counterstained with
DAPI, and the slides were mounted with antifade medium Fluroshield (Sigma-Aldrich).

Karyotypes were examined by inverted DAPI method, as previously performed
(Dumas et al. 2016, Mazzoleni et al. 2017); the human homology between chromo-
somes with rDNA signal was identified based on painting data from previous projects
(Table 1). Our data have been compared with previous literature data on rDNA map-
ping in Primates (Table 2). The results of distribution of rDNA loci on the chromo-
somes of all analyzed species are illustrated in a graphical reconstruction of the primate
phylogenetic tree, following Perelman and colleagues (2011) with some modification,
created by MESQUITE v.2.75 (Maddison and Maddison 2011).
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Table 1. List of species (Primates, Scandentia) studied cytogenetically with rDNA probes mapped by FISH; the
chromosomes pairs bearing IDNA probe signals and the human homologies (HSA) identified through the anal-
ysis of the painting references are reported. A- acrocentric, SM - submetacentric, C - centromere. * - FISH mark-
ers position in human synteny association. HSA homology was extrapolated for Otwlemur garnertii (OGR#)
from O. crassicandatus Géoffroy, 1812 G-banding data (Masters et al. 1987) since they showed close karyotypes.

. . HSA Painting
Species rDNA mapping homologs | References
Chr. Chromosome Position 2nd'alr}./
type constriction
Strepsirrhini
Lemur catta LCA 21 Acrocentric Centromere No 22/12 Cardone et al.
(Linnaeus, 1758) 25 Acrocentric Centromere No 8 2002
Otolemur garnetti . Stanyon et al.
OGR (Ogilby, 1838) 19 Acrocentric Centromere No 17 2002*
Platyrrhini
15 A tri Cent 3
Callithrix jacchus CJA crocen rfc chtromere Neusser et al.
. 17 Acrocentric Centromere No 3
(Linnaeus, 1758) . 2001
19 Acrocentric Centromere 1
14 Acrocentric Centromere No 5
15 Acrocentric Centromere No *9/22
16 A i C N *15/
Callimico goeldii CGO 17 Acrocentrfc Centromere NO - 35/ 137 Neusser et al.
(Thomas, 1904) crocentric entromere o 2001
21 Acrocentric Centromere No 20
2 Acrocentrlc (only Centromere No *3/21
in 1 homologous)
) ) 20 Acrocentric qarm No 1
Saguinus Oedipus SOE 21 Acrocentric arm No ] Neusser et al.
(Linnaeus, 1758) q 2001
22 Acrocentric qarm Yes 10
Saimiri sciureus SSC . Stanyon et al.
(Linnacus, 1758) 6 Submetacentric Centromere Yes 20/3 2000
Ateles paniscus paniscus . | Centromere/q . de Oliveira et al.
APA (Linnaeus, 1758) 8 Submetacentric arm Yes 19/*%20 2005
Alowatta caraya ACA |17 Acrocentric qarm Yes 8 de Oliveira et al.
(Humboldt, 1812) 23 Acrocentric qarm Yes 2002
Catarrhini
Chlorocebus aethiops . Centromere/q Finelli et al.
CAE (Linnacus, 1758) | 1 | Subtelomeric arm Yes 2 1999
Colobus guereza CGU . | Centromere/q Bigoni et al.
(Riippell, 1835) 16 | Submetacentric arm Yes 22/21 1997
Erythrocebus patas EPA . Stanyon et al.
(Schreber, 1774) 26 Submetacentric Centromere No 22 2005
Hylobates lar HLA . - Jauch et al.
(Linnaeus, 1771) 12 | Submetacentric qarm Yes 2%/*3 1992
fj,ﬁf;lgzgggy 21 Acrocentric Centromere No 3 Muller et al.
(Raffles, 1821) Y Acrocentric Centromere No Y 2003
Scandentia
o 25 Acrocentric Centromere No 3
Tupaia minor TMI 26 Acrocentric Centromere No 9 Dumas ecal.
(Giinther, 1876) ) 2012
28 Acrocentric Centromere Yes 12*/*22
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Table 2. List of Primates - Scandentia species analyzed with the mapping data from rDNA probes and

the respective references.

Species rDNA mapping references
Catarrhini
Colobus polykomos Henderson et al. 1977
Gorilla gorilla Henderson et al. 1976; Hirai et al. 1999
Hylobates agilis Hirai et al. 1999
Hylobates lar Warburton et al. 1975
Hylobates x Nomascus hybrid Hirai et al. 2007
Macaca fuscata fuscata Hirai et al. 1998
Macaca mulatta Henderson 1974a
Pan paniscus Henderson et al. 1976; Hirai et al. 1999
Pan troglodytes Henderson 1974b; Hirai et al. 1999; Guillén et al. 2004
Pongo pygmaceus albei Henderson et al. 1979
Papio cynocephalus Henderson et al. 1977
Papio hamadryas Henderson et al. 1977
Symphalangus syndactylus Henderson et al. 1976; Hirai et al. 1999
Platyrrhini
Ateles geoffroyi Henderson et al. 1977
Pithecia pithecia Henderson et al. 1977
Saguinus nigricollis Henderson et al. 1977
Strepsirrhini
Lemur fulvis Henderson et al. 1977
Nycticebus bengalensis Baicharoen et al. 2016
Results

FISH signals were located in different positions on primarily small particular chromo-
somes of taxa studied. The variation was observed between karyotypes regarding both
the number and morphology of chromosomes bearing the signal as the rDNA site
number per karyotype.

From one to five rDNA autosome markers were located at the tip of acrocentrics
in 5 species: Lemur catta (pairs 21, 25) (Fig. 1A), Otwlemur garnertii Ogilby, 1838,
(pair 19) (Fig. 1B), Callithrix jacchus Linnaeus, 1758, (pairs 15, 17, 19) (Fig. 2A), Cal-
limico goeldii Thomas, 1904, (pairs 14-17, 21 and, not frequent, 22 — single homolog)
(Fig. 1G) and Symphalangus syndactylus (pair 21 and the Y-chromosome) (Fig. 1H).

In 7 species, pericentromeric position was recorded for a biarmed pair: Saimiri
sciureus Linnaeus, 1758 (submetacentrics pair 6) (Fig. 1E), Ateles paniscus paniscus Lin-
naeus, 1758, (pair 8) (Fig. 1C), Hylobates lar (pair 12) (Fig. 11), Colobus guereza Riip-
pell, 1835, (pair 16) (Fig. 2B), Saguinus Oedipus Linnaeus, 1758, (pair 20) (Fig. 1F),
Erythrocebus patas Schreber, 1775, (pair 26) (Fig. 1M), or subtelocentric chromosomes
19 of Chlorocebus aethiops Linnaeus, 1758, (subtelocentric chromosomes 19) (Fig. 1L).
Besides, in Saguinus oedipus the location on acrocentrics 21 and 22 was identified in a
visible secondary constriction (Fig.1F).
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Figure 1. tDNA loci mapping (red signal highlighted by white arrows) on metaphases of: A Lemur catta

B Orwlemur garnetti € Ateles paniscus paniscus D Alouatta caraya € Saimiri sciureus F Saguinus oedipus
G Callimico goeldii H Symphalangus syndactilus | Hylobates lar L Chlorocebus aethiops M Erythrocebus patas

N Tipaia minor.

In Alowatta caraya Humboldt, 1812, signals were positioned on medium-small
acrocentrics with a visible secondary constriction (pairs 17, 23) (Fig. 1D). Similarly,
three small acrocentrics of Tupaia minor were marked (pairs 25, 26, 28) (Fig. 1N).

The results are reported also in Figure 3 and summarized in Table 1. Homology
between marked chromosomes is below discussed.
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Figure 2. DAPI stained chromosomes (blue) with rDNA loci signal (red) are illustrated, together with
DAPIT inverted (grey) chromosomes arranged in karyotypes of A Callithrix jacchus B Colobus guereza.
Corresponding metaphases (with red signals highlighted by white arrows) are shown on the left.

Discussion

rDNA mapping has been previously performed in a number of Primate species (Ta-
ble 2), but in pioneering studies, the cross-species homology of chromosomes with
rDNA could not be reliably identified due to limitations of G-banding and the lack of
advanced molecular cytogenetic methods, such as chromosome painting. For example,
the topology of rDNA loci was previously studied in Hylobates lar, Lemur catta and
Symphalangus syndactylus (Warburton et al. 1975, Henderson et al. 1977, Hirai et al.
1999), but at that time, it was not always possible to identify the hybridized chromo-
somes nor their homology with human chromosomes. In our study, we were able to
identify, in all studied species, the homology and synteny of each chromosome bearing
rDNA loci to human karyotype, through DAPI inverted banding.

The data concerning the distribution of rDNA loci on the chromosomes of the
analyzed species are discussed in an evolutionary perspective and illustrated in a graph-
ical reconstruction (Fig. 4) based on chromosome characters such as is visualized in the
tree; we report for each species the diploid number, IDNA-bearing chromosomes and
the homology to human syntenies.

The comparative analysis of ours and other data demonstrated that rDNA loci
are often localized in the chromosomes homologous to HSA synteny 3 and 22 in
many Primates and in 7Zupaia as well (Fig. 3). Indeed, among Primates, we found
the rDNA loci on HSA synteny 3 on Platyrrhini species S. sciureus, C. jacchus, C.
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Figure 3. Chromosome pairs bearing rDNA probe signals for each species analyzed and corresponding
human syntenies (HSA): chromosomes are in DAPI inverted banding; rDNA probe signals in red.

goeldii and in gibbons H. lar and S. syndactilus. In addition, data from literature on the
Prosimian Nycticebus bengalensis Lacepede, 1800, (Baicharoen et al. 2016) show that
rDNA loci exist on human synteny 3. Furthermore, we identified rDNA loci on HSA
synteny 22 in the Prosimian representative L. catta. Similar topology of rDNA loci was
presented previously in N. bengalensis (Baicharoen et al. 2016). Among Platyrrhini,
even if the probe localized at the centromere of C. goeldii chromosome 15, close to
human synteny 9, this last synteny is associated to human synteny 22, thus leading us
to propose the hypothesis that an inversion could have relocated it after the fusion of
the two involved syntenies. In all Cercopithecoidea studied (C. aethiops, C. guereza and
E. patas), the IDNA loci were localized on human synteny 22; in C. guereza where it is
between syntenies 22 and 21 presumably it conserved its position after the fusion of the
first chromosome bearing the IDNA with the second one; other data from literature
indicate that rDNA localized on human synteny 22 also in Hominoidea species such
as Pan paniscus (Schwarz, 1929), B troglodytes, Gorilla gorilla (Geoffroy, 1852) and in
H. sapiens (Linnaeus, 1758) (Hirai et al. 1999, Tantravahi et al. 1976, Guillén et al.
2004). These results led us to suppose that rDNA on synteny 3 and 22 represents the
ancestral status; presumably rDNA on synteny 3 has been lost in prosimians (LLC,
OGR), Cercopithecoidea (CAE, CGU, EPA) and in many Platyrrhini, while the
rDNA on synteny 22 has been lost in gibbons (HLA, SSY).
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Figure 4. Primate molecular phylogenetic relationships as modified after Perelman et al. (2011). The
tree was reconstructed in MESQUITE in consideration of the diploid number (2n), the DAPI stained
chromosome (blue) with the rDNA probe signals localization (red) and the inverted DAPI (grey) for each
species. In each chromosome pair, only a single chromosome is shown. Homologies to human chromo-
somes are indicated on the right side of chromosomes and are inferred through the analysis of the refer-
ences listed in the last column. Ancestral localization of rDNA loci is underlined in color: green for human

synteny 22, pink for human synteny 3.

Other multiple rDNA signals that we detected on different chromosomes, could
be apomorphies with species specific locations such as, for example, the one found
on chromosomes homologous to human synteny 17 in O. garnettii. Consistent with
previous findings in N. bengalensis our data well correspond to species specific IDNA
locations (Baicharoen et al. 2016). Furthermore, other rDNA loci could represent
synapomorphisms in closely related species, such as the ones on HSA synteny 1 in
S. oedipus, A. caraya and C. jacchus (Platyrrhini), as well as on HSA synteny 13/14
previously shown in Hominoidea (Pan troglodytes, P paniscus, H. sapiens) (Tantravahi
et al. 1976, Henderson et al. 1976, Hirai et al. 1999).

Despite the facts that have documented a conserved pattern in the topology of IDNA
loci in many species (e.g. extensive homology to HSA synteny 3 and 22), we also showed
the presence of multiple rDNA loci on distinct chromosomes (Fig. 4). Therefore, we as-
sume that different mechanisms are responsible for their dispersion in genome, in agree-
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ment with previous hypotheses (Hirai et al. 1999, Britton-Davidian et al. 2012). We con-
clude that intra- and interchromosomal rearrangements are probably not the single expla-
nation of the rDNA pattern in Primates. Ectopic recombination might be responsible for
the gain and loss of rDNA loci, resulting in the dispersal or loss of IDNA tandem repeats
during meiosis, more prone to occur at the terminal tip of acrocentric chromosomes. For
example, among the studied Primates, we found multiple topologies with up to five pairs
of acrocentric chromosomes carrying the rDNA loci in C. goeldii (Platyrrhini). Actually,
the similarity of five to eight pairs has been previously reported in literature for human
(Henderson et al. 1972, Tantravahi et al. 1976), chimpanze and gorilla (Hirai et al. 1999).

In an alternative view, we cannot exclude the case that short tandem repeats of
rDNA loci may exist on multiple chromosomes, beyond the detection efficiency of
FISH, which were inherited by the ancestors of the extant Primates, and were subse-
quently amplified independently in different species during the evolution of their kary-
otypes, resulting in the extensive variability observed in this study. Concluding, our re-
sults indicate that rDNA distribution is due to different mechanisms; we found species
with conserved signals on syntenic chromosomes, while in others, signal was detected
in distinct chromosomes. There are reasons to pay more attention to the study of IDNA
loci in Primates chromosomes as marks of the complex evolutionary relationships.
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Abstract

The knowledge of cytogenetics in the harvestmen family Phalangiidae has been based on taxa from the
Northern Hemisphere. We performed cytogenetic analysis on Guruia africana (Karsch, 1878) (2n=24)
and four species of the genus Rhampsinitus Simon, 1879 (2n=24, 26, 34) from South Africa. Fluorescence
in situ hybridization with an 18S rDNA probe was used to analyze the number and the distribution of
this cluster in the family Phalangiidae for the first time. The results support the cytogenetic characteristics
typical for the majority of harvestmen taxa, i.e. the predominance of small biarmed chromosomes and the
absence of morphologically well-differentiated sex chromosomes as an ancestral state. We identified the
number of 18S rDNA sites ranging from two in R. gachasneki Kauri, 1962 to seven in one population
of R. leighi Pocock, 1903. Moreover, we found differences in the number and localization of 18S rDNA
sites in R. leighi between populations from two localities and between sexes of R. capensis (Loman, 1898).
The heterozygous states of the 185 rDNA sites in these species may indicate the presence of XX/XY and
ZZIZW sex chromosomes, and the possible existence of these systems in harvestmen is discussed. The
variability of the 18S rDNA sites indicates intensive chromosomal changes during the differentiation of
the karyotypes, which is in contrast to the usual uniformity in chromosomal morphology known from

harvestmen so far.

Copyright Frantisek Stdhlavsky et al. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

The harvestmen (Opiliones) represent one of the oldest terrestrial arachnid lineages
(Dunlop et al. 2004). They are traditionally divided into four suborders (Cyphoph-
thalmi, Eupnoi, Dyspnoi and Laniatores) (e.g. Pinto-da-Rocha et al. 2007), altogether
comprising more than 6500 described species (Kury 2017). Harvestmen are present
on all continents (except Antarctica) (Giribet and Kury 2007) and have a wide range
of ecological functions within the ecosystem (e.g. predators, detritivores, scavengers).
Typically, harvestmen have limited dispersal capabilities and show tendencies to local
endemicity (Giribet and Kury 2007). Despite the species richness and ancient geo-
graphical isolation of many groups, harvestmen possess similar cytogenetic character-
istics within each suborder.

So far, the chromosomes of 90 species of harvestmen have been examined, which
ranks them as the third best cytogenetically explored arachnid order (Tsurusaki et al.
2017). All groups usually have biarmed monocentric chromosomes (Tsurusaki 2007).
The highest numbers of chromosomes are known from Laniatores (20=25-109, median
81) (Schneider et al. 2008) and Cyphopthalmi (2n=24-52, median 30) (Svojanovskd et
al. 2016). Both Dyspnoi (2n=10-28, median 16) and Eupnoi (2n=10-36, median 22)
typically possess a lower number of chromosomes (Tsurusaki et al. 2017). In some spe-
cies, intraspecific variability in chromosome numbers has been reported. Given the low
vagility of harvestmen, the variability could be caused by a fixation of local karyotype
changes in isolated populations. Geographical variation among populations is particu-
larly known from sabaconids (Dypnoi) and sclerosomatids (Eupnoi) (Tsurusaki 2007),
where narrow hybrid zones exist between the populations with different chromosome
races (e.g. Tsurusaki et al. 1991, Gorlov and Tsurusaki 2000a). However, the intraspe-
cific variability in the chromosome number may also be attributed to the presence of
B chromosomes, i.e. the supernumerary chromosomes that remain univalent during
meiosis and are usually heterochromatic and non-coding. The number of B chromo-
somes can vary even within one individual (White 1973). In opilionids, the presence
of B chromosomes has been documented in the sclerosomatid harvestman Psathyropus
tenuipes L. Koch, 1878 (Eupnoi), where some individuals possessed up to 18 B chromo-
somes (Tsurusaki 1993). Finally, the intraspecific variability could also be related to the
presence of the heteromorphic XX/XY or ZZ/ZW sex chromosome systems. The XX/
XY system evolved independently in both Dyspnoi and Eupnoi (Tsurusaki 2007), while
the ZZ/Z\ system is documented uniquely in Mitopus morio (Fabricius, 1779) (Eup-
noi: Phalangiidae) from Rishiri island in Japan (Tsurusaki and Cokendolpher 1990).

The majority of the available chromosome data on harvestmen originates from
the suborder Eupnoi (58 species examined) (Tsurusaki et al. 2017). However, all the
Eupnoi taxa examined so far, with exception of Holmbergiana weyenberghii (Holmberg,
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1876) (Sclerosomatidae) from Argentina (Rodriguez Gil and Mola 2010), occur in the
Northern Hemisphere. Despite our relatively good knowledge of the cytogenetics of
this group, it is likely that the variability within Eupnoi could still be underestimated,
due to the obvious geographical bias of the available data. The suborder Cyphoph-
thalmi could serve as an example of a similar situation; it was traditionally perceived as
cytogenetically uniform, but a surprising amount of diversity was revealed when analy-
ses encompassed material from a broad geographical range (Svojanovskd et al. 2016).
The suborder Eupnoi is divided into six families comprising 1822 species (Pinto-
da-Rocha et al. 2007, Kury 2013). The family Phalangiidae (394 described species),
with the centre of diversity in the Northern Hemisphere (Giribet and Kury 2007),
represents the second most diverse group of Eupnoi (Kury 2017). The presence of
Eupnoi in South Africa is traditionally explained by the group’s active dispersion from
the Mediterranean region (Stargga 1984). Presently, only one species, Guruia africana
(Karsch, 1878), and 30 species of the genus Rbhampsinitus Simon, 1879 belonging
to the family Phalangiidae are known from South Africa (Lotz 2009). In this study,
we analyse the karyotypes of South African representatives of the family Phalangiidae
and present the first data on the cytogenetics of this family of harvestmen from the
Afrotropical Region. Moreover, we also use fluorescence in situ hybridization (FISH)
to identify the number and position of the 18S rRNA genes, which is the first imple-
mentation of this method in the family Phalangiidae. The marker for 18S rRNA is
frequently used to reveal concealed karyotype differences in groups with similar chro-
mosomes (e.g. Cabral de Mello et al. 2011, Mattos et al. 2014, Sember et al. 2015)
and to help inferring specific chromosomal changes along the course of the karyotype
evolution (e.g. Nguyen et al. 2010, Grzywacz et al. 2011, Panzera et al. 2012).

Material and methods

The material examined in this study is deposited in the National Museum, Bloemfon-
tein, South Africa (NMBA). We analyzed five species of harvestmen belonging to the
family Phalangiidae from different localities in South Africa:

Guruia africana (Karsch, 1878): KwaZulu-Natal: Ndumo Game Reserve (26.8749°S,
32.2109°E), 4 males (NMBAO00900-NMBAO00903).

Rbampsinitus  capensis (Loman, 1898): Eastern Cape: Hogsback (32.5888°S,
26.9352°E), 2 males, 2 females NMBAO01016-NMBAO01019).

Rhampsinitus discolor (Karsch, 1878): Eastern Cape: Port St. Johns (31.5977°S,
29.5346°E), 2 males (NMBAO01023, NMBAO01024).

Rhampsinitus leighi Pocock, 1903: Eastern Cape: Silaka Nature Reserve (31.6529°S,
29.4919°E), 1 male (NMBAOO01020); KwaZulu-Natal: Vernon Crookes Nature
Reserve (30.27489°S, 30.6092°E), 2 males NMBAO01021, NMBAO01022).

Rhbampsinitus qachasneki Kauri, 1962: KwaZulu-Natal: Royal Natal National Park
(28.7101°S, 28.9336°E), 1 male, 1 female NMBAO01025, NMBAO01026).
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The specimens were individually hand collected and kept alive until the gonad dis-
section. Chromosome preparation follows the “plate spreading” method (Traut 1976)
widely used in arachnids (e.g. Stahlavsky and Kral 2004). After the dissection, the go-
nad tissue was hypotonized in 0.075 M KCI for 20 min, subsequently fixed in metha-
nol: acetic acid (3:1) solution for 20 min, and finally dissociated in a drop of 60% acetic
acid directly on the surface of the microscope slide. After the dissociation, the slide with
the suspension was moved onto a histological plate (45 °C) to allow the evaporation
of the liquid component of the suspension. The chromosomes were stained in a 5%
Giemsa solution in Sérensen phosphate buffer for 20 min. Chromosomes were pho-
tographed using an ORCA-AG monochromatic camera (Hamamatsu) in an Olympus
IX81 microscope. The karyotypes were analyzed from photographs using the LEVAN
plugin (Sacamato and Zacaro 2009) for IMAGE] 1.47 program (http://imagej.nih.gov/
ij/). We used the classification of chromosomes of Levan et al. (1964) and measured the
relative length of the chromosomes for the diploid set (Suppl. material 1).

FISH detection of 18S rDNA

The probe for 18S rDNA was prepared from Euscorpius sicanus (Koch, 1837). The
whole genomic DNA was extracted using Genomic DNA Minikit - Tissue (Ge-
neaid), following the manufacturer’s guidelines. The 18S rDNA fragment (GenBank
accession number MG761815) were amplified with the following primer combina-
tion 18S-Gal forward: 5-CGAGCGCTTTTATTAGACCA-3‘ and 18S-Gal reverse:
5-GGTTCACCTACGGAAACCTT-3° (Fukovd et al. 2005), and 50 ng DNA tem-
plate. The PCR protocol was as follows: 95°C for 3 min, 30 cycles at 94°C for 30 s,
55 °C for 30 s and 72 °C for 2 min, final extension at 72 °C for 3 min. PCR products
were purified with GenElute PCR Clean-Up Kit (Sigma-Aldrich). The probe was la-
belled using PCR with biotin-14-dUTP (Roche) using Nick Translation Kit (Abbott
Molecular) following the manufacturer’s guidelines.

The FISH protocol was performed following Forman et al. (2013). Briefly, chromo-
some preparations were treated with RNase A (200 pg/ml in 2x SSC) for 60 min and
then washed twice in 2x SSC for 5 min. Chromosomes were denaturized at 68 °C for 3
min 30 s in 70 % formamide in 2x SSC. The probe mixture, comprising 20 ng of the
probe and 2.5 pl of salmon sperm DNA (Sigma-Aldrich) for each slide, was applied. The
slides were left to hybridize overnight in a dark chamber at 37 °C. The following day, the
preparations were treated with Cy3-conjugated streptavidin, followed by application of
biotinylated antistreptavidin and another dose of Cy3-conjugated streptavidin. Chro-
mosome preparations were counterstained with DAPI (4',6-diamidino-2-phenylindole),
contained in FluoroshieldTM (Sigma-Aldrich) and observed in an Olympus IX81 mi-
croscope equipped with an ORCA-AG monochromatic charge-coupled device camera
(Hamamatsu). The images were pseudocolored (red for Cy3 and blue for DAPI) and
superimposed with Cell*R software (Olympus Soft Imaging Solutions GmbH).
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Results

Guruia africana (Karsch, 1878)

The diploid number of chromosomes in the four males analysed was 24 (Fig. 1a).
The karyotype of this species comprised five pairs of metacentric (pairs No. 1, 3,
5, 6, 9), seven pairs of submetacentric and one pair of subtelocentric (pair No. 12)
chromosomes (Suppl. material 1). The chromosomes gradually decreased in length
from 6.49 % to 2.74 % of the diploid set (Suppl. material 1). In this species, we
observed visible modification of condensation of the chromosomes, such as posi-
tive heteropycnosis during mitosis. In the chromosomes, there were visible positive
heteropycnotic blocks at the position of the centromere of mitotic metaphases (pairs
No. 2, 5, 7, 10) (Fig. 1a); however, in some chromosomes, the heteropycnotic parts
expanded to a large proportion of the arms (pairs No. 1, 3, 4, 8, 11), or even across
the whole length of the chromosome (pairs No. 6, 9). Large positive heteropycnotic
blocks were visible also during prophase I of meiosis, mainly during zygotene and
pachytene (Fig. 1b). During the diffuse stage and the diplotene the heteropycnosis
was only moderate (Fig. 1c). Later, during diakinesis (Fig. 1d), metaphase I and
metaphase II (Fig. le), the whole chromosomes seemed to be isopycnotic (Fig. 1d,
e). We did not clearly detect visible heteromorphic bivalents during diakinesis and
metaphase I (Fig. 1d).

Two pairs of 18S rDNA clusters were detected by FISH in this species. The 18S
rDNA probe signals were localized interstitially at approximately one third of the short
arm of chromosome pair No. 1 and approximately at one third of the long arm of
chromosome pair No. 3 (Fig. 1a). The signals on chromosome pair No. 3 were more
intensive than on the longest chromosomes. During pachytene we identified the posi-
tion of the 185 rDNA clusters on the positive heteropycnotic areas of the chromo-
somes, and the clusters were usually associated in this phase (Fig. 1f). Also during the
diffuse stage and the diplotene the chromosomes bearing the NORs were close to each
other (Fig. 1g). The condensation of the chromosomes caused the visualization of the

18S rDNA in the terminal part of the chromosomes during diakinesis and metaphase
11 (Fig. 1h, i).

Rhampsinitus capensis (Loman, 1898)

The diploid number of chromosomes in the two males and two females analysed was
34 (Fig. 2a, b). The karyotype of males comprised two pairs of metacentric (pairs No.
4, 16), three pairs of submetacentric (pairs No. 2, 5, 6, 14), eight pairs of subtelo-
centric, and four pairs of acrocentric (pairs No. 8, 11, 12, 15) chromosomes (Suppl.
material 1). The first pair of chromosomes was slightly longer (5.49 % of the diploid
set) than the following chromosome pair (4.50 %), and the rest of the chromosomes
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Figure |. Chromosomes of Guruia africana (2n=24) males after Giemsa staining (A=E) and after FISH
with 185 rDNA (A partly, F-I). A karyotype based on mitotic metaphase B pachytene C diplotene
D diakinesis E one sister cell of metaphase IT F-I are the same cells as B—E after FISH with 18S rDNA.
White arrows indicate the position of 18S rDNA and black arrows indicate the same position after Giemsa

staining. Bar = 10 pm.

gradually decreased in length to 1.49 % of the diploid set (Suppl. material 1). In
some chromosomes, positive heteropycnotic blocks were visible at the position of
the centromere during mitotic metaphase in both sexes (Figs 2a, b), and also during
pachytene in females (Fig. 2d) (we did not observe meiosis in males). During this
phase we only observed one pair with the positive heteropycnotic areas expanded to
the larger proportion of the arms (Fig. 2d). In pachytene of females we detected one
heteromorphic bivalent (Fig. 2d). Three signals of 18S rDNA clusters were detected
by FISH in males of this species (Fig. 2a). The 18S rDNA probe signals were local-
ized in the terminal position of the short arms of chromosome pair No. 14 and at
one chromosome of pair No. 16. In females, we detected five signals of 18S rDNA
clusters. During the mitotic metaphase they seemed to be in a terminal position (Figs
2b, ¢); however, during the pachytene it was clear that one pair was in a subterminal
position (Fig. 2e). Interestingly, one cluster of 18S rDNA was very large (Fig. 2¢) and
covered nearly the whole arm of the large metacentric chromosome from the hetero-
morphic bivalent (Fig. 2e).
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Figure 2. Chromosomes of Rhampsinitus capensis (2n=34) (A-E) and Rbampsinitus discolor (F-K)
(2n=24) after Giemsa staining (A, B, D, F, G, J) and after FISH with 18S rDNA (A and F partly,
C,E,H, |, K). A male karyotype based on mitotic metaphase B, C female mitotic metaphase D, E female
pachytene, bottom left inset shows a reconstruction of the heteromorphic bivalent; crosses indicate the
subterminal position of 185 rDNA; arrowhead indicates bivalent with the expanded positive heterop-
yenotic area F male karyotype based on two sister cells of metaphase II G, H male mitotic metaphase
I diakinesis J, K two sister cells of metaphase II. White arrows indicate the position of 185 rDNA and
black arrows indicate the position after Giemsa staining. Asterisks indicate large signal of heteromorphic
bivalent. Bar = 10 pm.

Rhampsinitus discolor (Karsch, 1878)

The diploid number of chromosomes in the two males analysed was 24 (Fig. 2f). The
karyotype comprised eight pairs of metacentric, two pairs of submetacentric (pairs No.
6, 9), and two pairs of subtelocentric (pairs No. 8, 12) chromosomes (Suppl. material 1).
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The chromosomes gradually decreased in length from 5.96 % to 2.69 % of the diploid
set (Suppl. material 1). In this species, we observed modification in spiralization, visible
as positive heteropycnosis of large parts of the arms of almost all chromosomes during
mitotic prophase. These large blocks of positive heteropycnotic regions were visible only
in a few chromosomes later during mitotic metaphase (Fig. 2g). Large positive hetero-
pycnotic blocks were visible also during meiosis, from leptotene. These positive hetero-
pycnotic parts usually associated during pachytene, and they were still clearly visible
during diplotene. Some chromosomes still showed the positive heteropycnosis during
diakinesis and metaphase II (Fig. 2j). During meiosis, we did not detect clearly visible
heteromorphic bivalents (Fig. 2i). Two pairs of 18S rDNA clusters were detected by
FISH in this species (Fig. 2h, i, k). The 18S rDNA probe signals were localized at the
terminal parts of the first and third pairs of chromosomes (Fig. 2f).

Rhampsinitus leighi Pocock, 1903

We identified two cytotypes from two different localities in this species. The diploid
numbers of chromosomes in both of them were 26 (Fig. 3a, b), but the morphology of
the chromosomes and the number and position of 18S rDNA clusters differed.

The karyotype of cytotype I from Vernon Crookes comprised six pairs of metacen-
tric, five pairs of submetacentric (pairs No. 2, 4, 8, 9, 13), and one pair of subtelocen-
tric (pair No. 5) chromosomes. Moreover, the karyotype of cytotype I included one
heteromorphic bivalent (pair No. 11) composed of one metacentric and one submeta-
centric chromosome. The chromosomes of the first two pairs were distinctly longer
(6.18 % and 5.67 % of the diploid set) than the next chromosomes, which gradually
decrease in length from 4.29 % to 2.42 % of the diploid set (Suppl. material 1). In
some chromosomes, positive heteropycnotic blocks were visible at the position of the
centromere in mitotic metaphases, and in some pairs heteropycnotic parts expanded to
a large proportion of the arms (Fig. 3a). Large heteropycnotic blocks were also visible
during the early meiotic phases such as zygotene, pachytene (Fig. 3¢) and diplotene
(Fig. 3e). Later, during metaphase I and metaphase II the whole chromosome seemed
to be isopycnotic. We only found bivalents with one chiasma in both males from Ver-
non Crookes during the diplotene (Fig. 3e, Suppl. material 2). Altogether seven signals
of 18S rDNA clusters were detected by FISH in cytotype I (Fig. 3f). All of them were
localized in the terminal position of the chromosomes. Interestingly, we identified a
heterozygous state in two pairs of chromosomes (Fig. 3a). We identified a small signal
in the terminal position of one chromosome of pair No. 5 (Fig. 3a), which is also vis-
ible during pachytene (Fig. 3d) and diplotene (Fig. 3f). In pair No. 11 we identified an
expanded part of one chromosome that covered 18S rDNA clusters, which makes the
bivalent heteromorphic (compare Fig. 3¢, d, ¢, f).

The karyotype of cytotype II from Silaka (Fig. 3b) comprised seven pairs of meta-
centric and five pairs of submetacentric (pairs No. 3, 7, 9, 10, 12) chromosomes.
Similar to cytotype I, cytotype II also included one heteromorphic bivalent (pair
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Figure 3. Chromosomes of Rhampsinitus leighi (2n=26) from Vernon Crookes (A, C—F) and from Silaka
(B, G—M) after Giemsa staining (A-C, E, G, I, J, L) and after FISH with 18S rDNA (A and B partly,
D,F H, K, M). A, B karyotypes of males based on mitotic metaphase C, D pachytene with heterozygous
bivalent (asterisk), bottom right inset shows a reconstruction of the heteromorphic bivalent E, F diplotene
with heterozygous bivalent (asterisk) G, H mitotic prophase I diplotene, arrowheads indicate bivalents
with two chiasmata. J, K diakinesis L, M one sister cell of metaphase II. White arrows indicate the posi-
tion of 18S rDNA and black arrows indicate the same position after Giemsa staining. Asterisks indicate

heteromorphic bivalent with large signal of IDNA. Bar = 10 pm.

No. 11) composed of one metacentric and one submetacentric chromosome (Suppl.
material 1). The chromosomes of the first three pairs were slightly longer (6.04 %,
5.66 %, and 5.10 % of the diploid set) and the following chromosomes gradually
decreased in length from 4.42 % to 2.21 % of the diploid set (Suppl. material 1).
Also in cytotype II, positive heteropycnotic blocks were visible at the position of the
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centromere of the chromosomes during mitotic prometaphase (Fig. 3g) and meta-
phase, and in some pairs the heteropycnotic parts expanded to a large portion of the
arms (Fig. 3b). Large heteropycnotic blocks were also visible during the early meiotic
phases until diplotene (Fig. 3i). Later, during diakinesis, metaphase I and metaphase
II, the whole chromosome seemed to be isopycnotic (Figs 3j, 1). We found from
four to eight bivalents with two chiasmata in the male from Silaka during diplotene
(Fig. 31, Suppl. material 2). Six signals of 18S rDNA clusters were detected by FISH
in cytotype II (Figs 3b, h, k). All of them were localized in the terminal position of
the chromosomes (Figs. 3b, h, k, m). We detected a heterozygous state in one pair of
chromosomes (Fig. 3b). In pair No. 11 we identified an expanded part of one chro-
mosome that covered 18S rDNA clusters, which makes the bivalent heteromorphic

(compare Fig. 3j, k).

Rbhampsinitus qachasneki Kauri, 1962
The diploid number of chromosomes in this species was 24 (Fig. 4a, b). The karyotype

of the male comprised six pairs of metacentric, four pairs of submetacentric (pair No.
2,6, 9, 11), and two pairs of subtelocentric (pair No. 8, 12) chromosomes (Suppl.
material 1). The chromosomes gradually decreased in length from 5.74 % to 2.87
% of the diploid set (Suppl. material 1). In some chromosomes, positive heteropyc-
notic blocks were visible at the position of the centromere of mitotic metaphases, but
these blocks did not expand across the whole arms of the chromosomes. Large hetero-
pycnotic blocks were also visible during the early phases of meiosis such as zygotene,
pachytene and diplotene; however, later during the metaphase I and metaphase 11
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Figure 4. Chromosomes of Rhampsinitus qachasneki (2n=24) males after Giemsa staining (A, B, E) and
after FISH with 18S rDNA (A partly, C, D, F). A male karyotype based on two sister cells of metaphase
II B, C mitotic metaphase D diakinesis E, F two sister cells of metaphase II. White arrows indicate the
position of 18S rDNA and black arrows indicate the same position after Giemsa staining. Bar = 10 um.



Molecular technique reveals high variability of 18S rDNA distribution in harvestmen... 51

the entire chromosomes seemed to be isopycnotic (Fig. 4e). One pair of 185 rDNA
clusters was detected by FISH in the terminal part of one pair of chromosomes in this
species (pair No. 1) (Fig. 4a, ¢, d, f).

Discussion

Phalangiid harvestmen have a centre of diversity in the Northern Hemisphere (Gir-
ibet and Kury 2007), and their presence in South Africa is traditionally explained by
dispersal from the Mediterranean region (Stargga 1984). In this study, we focus on the
genera Guruia and Rhampsinitus that are endemic to the Afrotropical biogeographical
region (Stargga 1984), in order to provide further information about the cytogenetics
of the family Phalangiidae from previously understudied parts of the World.

The results of the cytogenetic analyses of Guruia africana (2n=24) and four species
of the genus Rhampsinitus (2n=24, 26, 34) show that the African taxa share the basic
karyotype characteristics with the Northern Hemisphere phalangiids analysed so far
(13 species). However, detailed information about the karyotypes is only available in
three species, whereas the records for the remaining species only comprise chromo-
some numbers (see Tsurusaki et al. 2017). In Phalangiidae the chromosome num-
ber ranges from 2n=16 in Oligolophus tridens (C.L. Koch, 1836) (Tsurusaki 2007) to
2n=36 in Rilaena triangularis (Herbst, 1799) (Sokolow 1930), with the karyotypes
predominated by biarmed chromosomes. The most frequent number of chromosomes
in this group is 2n=24 (8 species) and 2n=32 (5 species) (Tsurusaki et al. 2017, present
study). The hypothesised ancestral number of chromosomes in the order Opiliones is
around 30 (Svojanovskd et al. 2016). The low numbers of the chromosomes in Eupnoi
may be explained in two different ways. The first hypothesis assumes independent
reductions of the proposed ancestral number of chromosomes shared by the whole
order in each family of Phalangioidea. The family Phalangiidae still harbours some
species with an ancestral number close to 30 (see Tsurusaki et al. 2017). Therefore the
2n=34, found in Rhampsinitus capensis (the highest number of chromosomes), would
represent a karyotype derived by centric fissions, since one-armed chromosomes (sub-
telocentrics and acrocentrics) are still common in this species’ karyotype. The rest of
Rhampsinitus species (2n=24 and 26) and Guruia africana (2n=24) would thus possess
karyotypes derived by chromosome rearrangements, like fusions and inversions. This
hypothesis would imply an independent reduction of the diploid number in the fami-
lies Protolophidae (2n=18-22) and Sclerosomatidae (2n=10-24) (see Tsurusaki et al.
2017). The diploid number 2n=30 is also known from the family Caddidae (Tsurusaki
and Cokendolpher 1990), a sister group to the superfamily Phalangioidea (Giribet et
al. 2010), which would further indicate that the diploid number close to 30 probably
represents the ancestral state in Eupnoi.

Alternatively, the second hypothesis presumes the ancestral number of chromo-
somes of the whole suborder Eupnoi being between 20 and 24 (the most frequent
number in this suborder; see Tsurusaki et al. 2017). In this case, all higher numbers of
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chromosomes would represent a derived state driven by chromosomal fissions. How-
ever, the direction of karyotype evolution in Eupnoi can only be resolved by inter-
preting the cytogenetic data within a wider phylogenetic framework. Unfortunately, a
robust phylogenetic scheme for Eupnoi is not currently available.

The data concerning the number and position of the 185 rDNA clusters using
the FISH technique in arachnids are still limited (see Svojanovskd et al. 2016), and
most of them come from scorpions (e.g. Mattos et al. 2014, Sadilek et al. 2015). The
results suggest that the position of 18S rDNA clusters can be highly conserved among
different genera/species of scorpions, e.g. in a terminal position of the genera Rhopalu-
rus Thorell, 1876 and Tityus C. L. Koch, 1836 (e.g. Mattos et al. 2014) from South
America, or in an interstitial position in Androctonus Ehrenberg, 1828 from Africa and
Asia (Sadilek et al. 2015).

Contrastingly, the variability of the number of 18S rDNA sites may be high in
some arachnids (e.g. Forman et al. 2013). However, the interpretation of the dif-
ferences in the number of 185 rDNA clusters requires a precise knowledge of both
the ancestral number of these clusters and the phylogeny of the group, otherwise the
course of the karyotype evolution cannot be specified (e.g. Svojanovskd et al. 2016),
as in case of our results. There is no information available directly concerning the 18S
rDNA sites of phalangiid harvestmen in the literature that would allow a comparison
to our results. The only record available for the entire suborder Eupnoi belongs to the
sclerosomatid harvestman Psathyropus tenuipes (L. Koch, 1878), which possesses one
NOR (a transcription unit that encodes 28S, 5.8S and 18S rRNAs) in the diploid set
(Gorlov and Tsurusaki 2000b). However, the NOR was visualised by silver staining,
which only detects the NORs that are active during the preceding interphase (Miller
et al. 1976), and thus the real number may be underestimated (Forman et al. 2013).
Generally, it is hypothesized that one pair of NORs, as well as 18S rDNA sites, repre-
sents the ancestral state in the class Arachnida (Forman et al. 2013). We detected one
pair of 185 rDNA clusters only in one species included in the analyses (Rhampsinitus
qachasneki), while the number of clusters varied between 2 in R. gachasneki and 7 in
R. leighi. The high variability in the number, position and even size of IDNA clusters
between and also within the analysed species suggests intensive chromosomal changes
and rapid evolutionary dynamics of 18S rDNA clusters on chromosomes of South Af-
rican phalangiids. Rhampsinitus has a terminal position of 18S rDNA clusters, similar-
ly to basal harvestmen of the suborder Cyphophthalmi (Svojanovskd et al. 2016), and
other arachnid groups such as spiders (e.g. Krél et al. 2013), amblypygids (Paula-Neto
etal. 2013), and South American scorpions (e.g. Mattos et al. 2014). The proximity to
the telomeric region facilitates the efficiency of ectopic recombination (Goldman and
Lichten 1996) and the preferential replacement of IDNA genes into a new subtelom-
eric position (Nguyen et al. 2010), as detected in all Rhampsinitus species. The effect of
ectopic recombination may also be increased due to the association of positive hetero-
pycnotic areas of different chromosomes during the meiotic prophase (e.g. Figs 1b, 3c).
However, Guruia africana has 18S rDNA clusters placed in an interstitial position of
one arm of biarmed chromosomes, which may be a consequence of another chromo-
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some rearrangements, transposable element insertions or ectopic recombination (see
Cabrero and Camacho 2008). Some 18S rDNA clusters in Rhampsinitus species were
longer (see Fig. 3a, b), likely due to the presence of a higher number of copies of the
18S rDNA elements. This observation can be also explained by the duplication of the
chromosome part including this cluster, or alternatively as a consequence of an inser-
tion of transposable elements, which potentially accelerates the genomic reorganiza-
tion after a speciation event (e.g. Symonovd et al. 2013).

We also detected intraspecific variability and a heterozygous state in R. capensis
and R. leighi that may correspond to population polymorphism. The low dispersal
capability, typical for most harvestmen (Giribet and Kury 2007), can lead to a genetic
differentiation among the populations on a relatively small geographical scale in many
arachnid groups (e.g. Kotrbovd et al. 2016, Opatova et al. 2016). The intraspecific
variability in the number of 18S rDNA clusters between the populations from the two
localities of R. leighi could thus be explained as an independent accumulation of the
chromosomal changes at each locality, as is assumed for the wolf spider Wadicosa fidelis
(O. Pickard-Cambridge, 1872) (Forman et al. 2013). However, the harvestmen are
also an understudied group, so the differences in 18S rDNA clusters and karyotypes
between both populations could indicate a possible existence of cryptic species that are
common in this order (e.g. Murienne et al. 2010). Given this scenario, the presence of
a heterozygous state could be a result of crossbreeding,.

Interestingly, we also identified heteromorphic bivalents in both populations of
R. leighi caused by distinctly enlarged 18S rDNA clusters on one chromosome. Simi-
larly, the heteromorphic bivalents were also detected in R. capensis, but the enlarged
rDNA sites were only identified in females. The heterozygous states in the size of
18S rDNA clusters could indicate the existence of XY sex chromosomes in R. leighi
and ZW sex chromosomes in R. capensis. The XY sex chromosome system is known
in the harvestmen Sabacon makinoi Suzuki, 1949 (Dyspnoi, Sabaconidae) (Tsurusaki
1989) and from 13 species of Sclerosomatidae (Eupnoi) (see Tsurusaki et al. 2017).
In other arachnid orders the XY system is common in ticks (Oliver 1977), but it was
also identified in few species from different spider families (Krél et al. 2006, Rezad et
al. 2006), and some species of the pseudoscorpion family Neobisiidae (Troiano 1990,
1997, Stahlavsky and Zaragoza 2008). The ZW system is completely exceptional in
arachnids (Tsurusaki 2007). It is described only from Mizopus morio and it is hypoth-
esized in Olioglophus aspersus (Karsch, 1881) (both Phalangiidae) (Tsurusaki and Co-
kendolpher 1990). However, the ZW system in M. morio was described from a low
quality single standard stained mitotic metaphase of one female (see Tsurusaki and
Cokendolpher 1990). In this study, heteromorphic bivalents were detected in both
females of R. capensis (Fig. 2b, d); however, we did not obtain any information about
meiosis and chromosome pairing in males. The number and position of 185 rDNA
clusters in mitotic metaphases of the analysed males does not indicate the presence
of homomorphic chromosomes that would correspond to the heteromorphic state in
females. Similarly, the evidence of a XY system in R. leighi is unclear, since we have no
information concerning the organization of 185 rDNA clusters in females.
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The size variation of rDNA clusters on homologous chromosomes is frequently
considered a result of unequal crossing-over or gene duplication that does not represent
sex-specific differences (e.g. Foresti et al. 1981). However, when the sex locus is located
close to the rDNA, the recombination in this region can be limited and thus accelerate
the evolution of the sex chromosome(s) (Reed and Phillips 1997). For that reason, we
cannot rule out that the heteromorphic bivalents in R. leighi and R. capensis may rep-
resent the initial stages of sex differentiation from the ancestral nondifferentiated state
typical for harvestmen (Tsurusaki 2007). Our analysis indicates that the differences in
morphology and size of the chromosomes, considered in some harvestmen to be the
sex chromosomes (e.g. Tsurusaki and Cokendolpher 1990), may in fact represent the
variability in rDNA clusters induced by ectopic recombination, unequal crossing-over
or gene duplication mentioned above. It would be necessary to analyse the species with
heteromorphic sex chromosomes in order to know whether this heteromorphism is
also associated with the rDNA. These findings bring a new light to our understand-
ing of the presence of heteromorphic bivalents in harvestmen, and they highlight the
necessity for the implementation of molecular cytogenetic techniques such as CGH in
order to assess the presence of sex chromosomes in this group.
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Abstract

Polyploidy, the possession of more than two sets of chromosomes, is a major biological process affecting
plant evolution and diversification. In the Cactaceae, genome doubling has also been associated with re-
productive isolation, changes in breeding systems, colonization ability, and speciation. Pachycereus pringlei
(S. Watson, 1885) Britton & Rose, 1909, is a columnar cactus that has long drawn the attention of
ecologists, geneticists, and systematists due to its wide distribution range and remarkable assortment of
breeding systems in the Mexican Sonoran Desert and the Baja California Peninsula (BCP). However,
several important evolutionary questions, such as the distribution of chromosome numbers and whether
the diploid condition is dominant over a potential polyploid condition driving the evolution and diversity
in floral morphology and breeding systems in this cactus, are still unclear. In this study, we determined
chromosome numbers in 11 localities encompassing virtually the entire geographic range of distribution
of P pringlei. Our data revealed the first diploid (2n = 22) count in this species restricted to the herm-
aphroditic populations of Catalana (ICA) and Cerralvo (ICE) Islands, whereas the tetraploid (2n = 44)
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condition is consistently distributed throughout the BCP and mainland Sonora populations distinguished
by a non-hermaphroditic breeding system. These results validate a wider distribution of polyploid relative
to diploid individuals and a shift in breeding systems coupled with polyploidisation. Considering that
the diploid base number and hermaphroditism are the proposed ancestral conditions in Cactaceae, we
suggest that ICE and ICA populations represent the relicts of a southern diploid ancestor from which
both polyploidy and unisexuality evolved in mainland BCP, facilitating the northward expansion of this
species. This cytogeographic distribution in conjunction with differences in floral attributes suggests the
distinction of the diploid populations as a new taxonomic entity. We suggest that chromosome doubling
in conjunction with allopatric distribution, differences in neutral genetic variation, floral traits, and breed-
ing systems has driven the reproductive isolation, evolution, and diversification of this columnar cactus.

Keywords
Diploid, Cactaceae, cryptic speciation, cytogeography, karyotype, Pachycereus pringlei, polyploidy

Introduction

Polyploidy and hybridisation are major biological events in plant evolution and spe-
ciation (Grant 1981, Wendel and Doyle 2005), often leading to complex patterns of
genetic diversity, reproductive isolation, and discrepancy in breeding systems (De Wet
1971, Tate et al. 2005, Marques et al. 2014). Therefore, studies focusing on changes
in chromosome numbers are instrumental to identify reproductive variability and dis-
tribution of different cytotypes at the intra- and inter-population levels and to make
inferences about the origins of polyploids.

The Cactaceae, a family with approximately 1,430 species (Hunt et al. 2006),
exhibits an extensive habitat radiation and reproductive versatility linked to striking
specialized floral morphology (Cota-Sinchez and Croutch 2008, Almeida et al. 2013)
and variation in chromosome numbers (Cota 1991, Baker et al. 2009a). As stated by
Stebbins (1950, p. 369), “polyploidy ... is one of the quickest biological process pro-
ducing totally different and more vigorous and well-adapted genotypes.” In the same
way, polyploidy, along with variation in breeding systems, has been considered an im-
portant factor directing the evolutionary history and disparity of the Cactaceae, often
resulting in the formation of new species (Baker and Pinkava 1987, 1999, Baker 2002,
2006). Remarkably, approximately 28% (154 out of 551 species) of cacti cytologi-
cally investigated have increased genome dosage, primarily in subfamily Opuntioideae
(Rebman and Pinkava 2001). Genome doubling prompts the evolution of some sexual
systems in the Cactaceae, i.e., gynodioecy and trioecy (Rebman and Pinkava 2001),
and additional chromosome sets have been correlated with physiology and differences
in morphological and geographic distribution. For example, polyploidy in cacti allows
the adaptation to freezing temperatures (Cota-Sdnchez 2002), taxonomic diversifica-
tion (Majure et al. 2012), the colonization of higher latitudes (Cota and Philbrick
1994), wider geographical range (Barthlott and Taylor 1995, Cota-Sdnchez and Bom-
fim-Patricio 2010), and acts as a predictor of responses to environment and evolution
(Segura et al. 2007). However, for many taxa with wide ecological and geographic
distribution the role and extent of polyploidy is still unknown because different ploidy



Variation in chromosome number and breeding systems: implications for diversification... 63

levels come to light only after a cytological survey has been made across populations in
an extensive geographic area.

Surveys of chromosome variation, both numerical and structural, have been suc-
cessfully applied in systematic studies of the Cactaceae (Pinkava et al. 1977, Pinkava
and Parfict 1982, Mazzola et al. 1988). Chromosomal structural rearrangements in
the cactus family vary from translocations in Opuntia leptocaulis de Candolle, 1828
(Pinkava et al. 1985) and inversions in O. curvospina Grithiths, 1916 (Pinkava et al.
1973) to cryptic structural changes in Pyrrhocactus (A. Berger, 1929) Backeberg et
EM. Knuth, 1935 (Las Pefias et al. 2008) and stable nuclear content of DNA in
species of Mammillaria Haworth, 1812 (Christian et al. 2006). Similarly, analyses
of meiotic chromosome behavior and polyploidy have been effective in addressing
taxonomic problems in several genera and the hybrid status of Opuntia x spinosi-
bacca M..S. Anthony, 1956 (Pinkava and Parfitc 1988). The natural history of cacti
has also involved karyotypic studies to clarify species boundaries, the correlation of
geographic range with ploidy levels and morphology, and phylogenetic relationships
(Beard 1937, Grant and Grant 1979, Parfitt 1987, Cid and Palomino 1996, Das
1999, Baker and Johnson 2000, Baker and Cloud-Hughes 2014, Stock et al. 2014,
Wellard 2016). Yet, there are still numerous cacti for which cytological information
remains unknown.

The columnar cactus Pachycereus pringlei (S. Watson, 1885) Britton & Rose, 1909,
has been an excellent model plant for ecological and evolutionary studies because this
species has an extensive distribution range in the Mexican portion of the Sonoran De-
sert (Turner et al. 1995, Drezner and Lazarus 2008). Unlike most cacti, this taxon ex-
hibits variation in genders and breeding systems (Fleming et al. 1998, Medel-Narvéez
2008, Gutiérrez-Flores et al. 2016, 2017). While the vegetative morphological vari-
ability in this species is seemingly conservative to the extent that the species can be
easily recognized by these attributes, the existence of polymorphism in floral traits
associated with breeding systems and geographic distribution of populations is highly
diverse, suggesting reproductive isolation (Gutiérrez-Flores et al. 2017). Recent stud-
ies of neutral genetic variation (Gutiérrez-Flores 2015, Gutiérrez-Flores et al. 2016)
identified five genetic populations of P pringlei unexpectedly associated with different
breeding systems, namely two hermaphrodite populations restricted to Catalana and
Cerralvo Islands in the Gulf of California, a mainly dioecious assemblage in Cabo San
Lucas (CBS) at the tip of the BCE, another trioecious cohort from CBS to northern
BCP (-28°N), and a mostly gynodioecious population in northern BCP and the coast
of Sonora in mainland Mexico.

The biogeographic distribution pattern of P pringlei has been driven by long-
standing climatic fluctuations associated with differential colonization abilities of
genders, geographic variation of selfing and outcrossing rates, and the effect of biotic
and abiotic factors (Gutiérrez-Flores et al. 2016, 2017). As a result, the spatial seg-
regation of genders in P pringlei has long been a magnet to ecologists, geneticists,
and systematists (Fleming et al. 1994, 1998, Molina-Freaner et al. 2003, Gutiérrez-
Flores et al. 2016, 2017). Even so, several important evolutionary questions, such
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as the distribution of chromosome numbers and whether the diploid condition is
dominant over a polyploid condition influencing the evolution and diversity of this
cactus, remain unclear.

Chromosome counts and allozyme data have revealed that Pachycereus pringlei is
tetraploid (2n = 44), but these reports are supported by scanty evidence from north-
ern BCP at El Rosario (Pinkava et al. 1973) and another site in mainland Mexico in
Bahia Kino (Murawski et al. 1994). Consequently, chromosome numbers in the vast
area of distribution in the BCP remain unexplored. Moreover, to date there is no
record indicating the existence of the family’s base chromosome number (n = 11) in
this species. Since the characterization of the geographic distribution and potential
variability of ploidy levels is useful to gain new insights into the natural history of
this long-lived cactus in connection with the distribution of reproductive systems and
genetic variation, in this paper we present a survey of chromosome numbers in new
and different populations of P pringlei throughout the BCP and mainland Mexico.
We combine cytological data with information about breeding systems and floral and
genetic diversity to discuss their relationships and role in the diversification and evo-
lution of this species. Explicitly, the goals of the study were 1) to expand knowledge
about the geographic distribution and possible variation in chromosome numbers
(diploid versus polyploid cytotypes) throughout the geographic range of P pringlei
and 2) to examine the correspondence of ploidy levels with genetic populations, floral
attributes, and breeding systems. When appropriate, a discussion dealing with taxo-
nomic implications of variation in chromosome number with respect to morphologi-
cal traits is included.

Material and methods

The study species

Pachycereus pringlei, a cactus commonly known as Cardén, is circumscribed within
the subfamily Cactoideae. The species dominates rocky slopes and alluvial plains in
the deserts of the BCP, most islands of the Gulf of California, and coastal areas of
mainland Sonora, Mexico (Turner et al. 1995, Gutiérrez-Flores et al. 2017). Old
plants reach an average height of eight to nine m, have an impressive candelabra-like
shape (Fig. 1A), and bear from a few to up to 30 large branches (Bravo-Hollis and
Sdnchez-Mejorada 1991). The flowering season is from late March to early June with
a peak from late April to mid-May. The flowers are white to cream in color (Fig. 1B)
with abundant nectar and pollen, open early in the evening, and are pollinated by the
long-nosed bat Lepronycteris yerbabuenae Martinez & Villa-R., 1940 (Phyllostomi-
dae: Glossophaginae (Fig. 1C); however, the blossoms persist open for several hours
the next morning allowing visits from diurnal pollinators, such as birds and insects,
mainly bees (Fleming et al. 1996, 1998). The large, fleshy fruits with red pulp (Fig.
1D) attract frugivorous animals, facilitating seed dispersal.
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Figure . Typical vegetative and floral morphology of the emblematic cactus Pachycereus pringlei. A Mature

individual with candelabra-like structure in the Catavifia region. B Archetypal funnel-form flower. C Main
pollinator, the long-nosed bat Leptonycteris yerbabuenae. D Mature, fleshy fruit. Photo A by Jon Rebman;
photo C by Merlin D. Tutle.

Inspection of chromosome numbers

The chromosome numbers inspected in this study were obtained from individual plants
from natural populations across the wide distributional range of 2 pringlei encompass-
ing variation in ecology, latitude, and longitude as well as floral morphology, breeding
systems, and levels of genetic diversity. Fruits with mature seeds were collected in the
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field from three to 10 individuals in the following localities of the BCP: Bahia de Los
Angeles (BAN), Cabo San Lucas (CBS), Catalana Island (ICA), Cerralvo Island (ICE),
El Comitin (COM), Lépez Mateos (LMA), Loreto (LOR), San Felipe (SFE), Puente
Querétaro (PQU), and Santa Rosalia (SRO). Also, one fruit collected in mainland
Mexico from one locality, Alamos (ALA), Sonora, was scrutinised (Table 1). We also
included one previous count by Pinkava et al. (1973) from El Rosario (ROS) and an
allozymatic inference of the ploidy level by Murawski et al. (1994) from Bahia Kino
(BKI) (Table 1) for a grand total of 13 locations. The distance among the different
sample sites varies from 20 km between Lépez Mateos (LMA) and Puente Querétaro
(PQU) to 983.7 km between Cabo San Lucas (CBS) and San Felipe (SFE).

Mitotic chromosome numbers were determined using meristematic cells from fresh
root tips following a modified protocol by Cota et al. (1996). Approximately 30 seeds
per fruit were first rinsed with 10 % commercial bleach (NaClO) and then germinated
in Petri dishes with moistened filter paper under controlled greenhouse conditions. The
one-week-old root tips of ca. 1 cm in length were trimmed and immersed in Colchicine
0.2 % to arrest chromosomes at metaphase and kept at 4 °C for 2—4 h, then rinsed twice
with distilled water and fixed in Carnoy’s fluid (3:1 ethanol 95 % and glacial acetic
acid v/v) overnight. Next, the roots were rinsed with distilled water, hydrolysed in 1N
HCI at 60 °C, rinsed twice with distilled water, and stained with aceto-orcein at room
temperature for 1 h. Semi-permanent slides were prepared by squashing root tips in
Hoyer’s medium and then examined in a Zeiss Axio Imager Z1 microscope (Carl Zeiss,
Toronto, ON, Canada) at 40x, 60x, and 100x (immersion oil). Photographs were taken
using an AxioCam MRm charge-coupled digital CCD camera and AxioVision 4.8 im-
aging software. Chromosome size was estimated using the measuring tool available in
the AxioVision 4.8 imaging software to add the corresponding scale bar to the pictures.
For consistency, meiotic chromosome counts in CBS were also performed in anthers
from mature flower buds of one hermaphrodite and two male plants.

For meiotic figures and counts, anthers from floral buds at different developmental
stages were fixed in Carnoy’s solution, then stained with aceto-orcein at room tempera-
ture for 1 h, squashed, mounted in Hoyer’s medium and microscopically examined as
indicated above. A minimum of three cytological figures from different individuals
were scrutinized in each population for confirmation of chromosome number. Finally,
the geographic distribution of diploid and polyploid cytotypes from the localities ex-
amined was plotted on a base map obtained from the Comisién Nacional para el
Conocimiento y Uso de la Biodiversidad (CONABIO, http://www.conabio.gob.mx)
using the ArcGIS 10.4 software (ESRI).

Idiogram construction

Idiograms were reconstructed based on microscopic observation of mitotic figures. Chro-
mosome homology for diploid and tetraploid cytotypes follows Cota and Wallace (1995),
which is based on similarities in morphology, length, and centromere position, the pri-
mary physical features used because no satellites or secondary constrictions were detected.
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Table 1. Sample sites of the columnar cactus Pachycereus pringlei for which chromosome numbers were
investigated, including counts by Pinkava et al. 1973 (f) and Murawski et al. 1994 (*). All diploid counts
represent new reports for this species. Breeding systems, genetic diversity and genetic populations accord-
ing to Gutiérrez-Flores et al. (2016). ND = not determined.

Locality | Code | Latitude Longitude Chromosome| Ploidy |Breeding (.}enethlc Geneu.c
number level system | diversity | population
Cabo San CBS | 22.9438 -109.9905| 2n-44 | Teraploid | M"Y | 033 CBS
Lucas dioecious
Catalana ICA |25.6768 |-110.8087| 2n-22 | Diploid | ™% | 49 ICA
Island phroditic
Cerralvo Island| ICE | 24.1868 |-109.8775| 2n-22 | Diploid | L™ | 26 ICE
phroditic
El Comitdn COM | 24.1332 |-110.4317| 2n=44 Tetraploid 0.45
Lépez Mateos | LMA | 25.2726 |-111.8942| 2n=44 | Tetraploid Mail 0.45
in
Loreto LOR |25.8918 |-111.4698| 2n=44 Tetraploid | _ . Ay ND South
b trioecious
uente .
Queréaro PQU |25.3508 | -111.6094 | 2n=44 Tetraploid 0.45
Santa Rosalia | SRO | 27.2408 |-112.3615| 2n =44 Tetraploid ND
BahiadeLos | poN 28,9164 |-113.5541| 2n=44 | Tewraploid 0.35
Angeles Mainly
El Rosario ROS |30.0861 |-115.6795 n=22 Tetraploidf | gynodio- | ND North
San Felipe SFE |30.3716 |-114.8537 | 2n=44 Tetraploid | ecious 0.35
Alamos ALA |26.8978|-109.4578| 2n=44 | Teuaploid 0.35
Bahia Kino BKI |28.5000 -111.8063 ND Tetraploid* ND

Phenotypic variation in floral characters

To compare floral variability among diploid and polyploid populations of 2 pringlei,
17 floral traits were selected and a one-way ANOVA of morphological attributes from
flowers gathered for the five genetic populations fide Gutiérrez-Flores et al. (2017) was
performed. Only data from bisexual flowers were used to avoid potential misinterpre-
tations due to gender variation. Measurements of floral phenotypic traits and ANOVA
tests are summarized in Table 2.

Results

Chromosome number and morphology

Chromosome counts performed in the populations of P pringlei investigated revealed
variation in ploidy level. Foremost, our survey unveiled the first diploid (2n = 2x = 22)
count for this species and expanded the current cytological knowledge with additional
tetraploid (2n = 4x = 44) cytotypes in different localities of the BCP. The diploid
counts were consistently determined in all mitotic cells in plants from Cerralvo (ICE)
and Catalana (ICA) Islands (Figs 2, 3; Table 1), which are composed of hermaphrodite

populations. Double chromosome dosage was found in all the remaining populations
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Table 2. Measurements of phenotypic floral traits, including sample size (mean + SE) and statistical
comparisons of bisexual flowers between diploid (ICE, ICA) and polyploid (CBS, SOUTH, NORTH)
populations of Pachycereus pringlei in the Baja California Peninsula, Mexico. Lower case superscript letters

indicate floral characters having statistically significant differences.

Diploid Polyploid
Floral trait ICE ICA CBS SOUTH NORTH
n =50 n =35 n=7 n=20 n =38

Corolla width (mm) 33.3+0.7 36.2+0.9 29.4+1.2 33.1+1.0 36.0 £ 0.7
Floral length (mm) 90.7 + 1.2 86.8 + 0.4 76.4+2.8 85.1 +2.1 96.2 + 1.5
Nectary length (mm) 129+ 0.3 13.0+ 0.3 9.2+0.4 11.9+0.4 13.0+0.3
Nectary width (mm) 11.140.2° | 107+03° | 87+05° | 93:02% | 99:03%
No. of pollen grains (x109) 28+03° | 23:02% | 1.0£02° | 13:02% | 1.6£02%
No. of stamens (in 0.5 cm?) 48.6 + 1.0%0 43.0+1.8% | 49.0 + 3.14ab 53.4 1.9b 51.6 + 2.0°
No. of tepals 49.9 £ 0.6 46.7+1.2 443+ 1.6 47914 | 49.9+0.8
P:O ratio (x10%) 2337 £255° | 2638 +307° | 1178 +289% | 911+ 1172 | 2166 + 2037
Stamen length (mm) 10.0 £ 0.2 10.2+0.2 11.9+0.7 10.0 £ 0.2 10.9+0.2
Tepal length (mm) 23.0+0.4 23.5+0.4 19.0£ 0.6 20.4 + 0.6 23.0+0.5
Tepal width (mm) 7.7 +0.3 8.1+0.3 5.9+0.3 8.0+0.3 9.1+0.2
Opvary length (mm) 14.0 £ 0.4 9.4+04 8.3+0.7 134+0.7 | 15505
Ovary width (mm) 8.9+0.3 7.9+0.3 8.1+0.5 8.7+0.4 9.6+0.3
Pistil length (mm) 44.6+0.7 47.1+0.9 43.8+1.2 479+ 1.4 51.0 £ 0.9
Stigma length (mm) 9.8+0.3 8.8+0.3 7.7 0.5 89+0.3 10.7 + 0.4
No. of ovules (mm) 1550 £ 66° | 907 +40° | 849+ 115° | 1505+ 118" | 1614+ 112°
Stamen-stigma distance (mm) | 0.5 0.5% 2.0 +0.6%° 1.5+ 1.1%0 42+ 1.0°€ 5.4 +0.6°

investigated from both the BCP and mainland Mexico (Figs 2, 3; Table 1). All counts
performed in pollen grains from flower buds were diploid (n = x = 22), and no ab-
normal figures or disruptive cell divisions were noted. These observations supported
tetraploidy in two male individuals and one hermaphrodite plant from CBS.

The overall morphology of mitotic chromosomes for diploid and tetraploid cy-
totypes of this columnar cactus is, in general, symmetric and uniform in shape, i.e.,
chromosomes are mostly metacentric (M) with a few submetacentric (SM) and rela-
tively small in size (measuring in average 2um in length) (Figs 2, 4). No visible physi-
cal structural differences or secondary constrictions (satellites) were detected in any
of the diploid and polyploid populations investigated. The karyotype in diploid and
tetraploid populations is also symmetric (Fig. 4) and the variation mainly involves nu-
merical changes with insignificant differences in chromosome shape and proportions.

Phenotypic variation in floral characters

Morphological comparisons of bisexual flowers among populations revealed a few sig-
nificant statistical differences that can be associated with variation in ploidy level. For
instance, diploid individuals from ICE and ICA have wider nectaries (11.1 + 0.2 and 10.7
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Figure 2. Representative metaphase chromosomes of Pachycereus pringlei. Cerralvo Island (ICE) and
Catalana Island (ICA) are the sole localities for diploid cytotypes. Remaining pictures in plate are typical
chromosomes in different tetraploid populations. Scale Bar: 2 pm.

+ 0.3 mm, respectively) and larger P:O ratios (2,337 + 255 and 2,638 + 307, respectively).
The diploid cytotypes also tend to have larger amount of pollen grains (2.8 x10° and 2.3
x10°, respectively), fewer number of stamens (48.6 + 1.0, and 43.0 + 1.8, respectively),
fewer number of ovules (1,550 + 66 and 907 + 40, respectively), and closer proximity
between stamen and stigmas (0.5 + 0.5 and 2.0 + 0.6 mm, respectively). See also Table 2.

Discussion

Geographic and range expansion of chromosome numbers in P. pringlei

Chromosome number variation, especially polyploidy, is one of the major biological
processes that has affected angiosperm evolution (Stebbins 1971), leading to different
or new evolutionary lines promoting new genome combinations in organisms (Wen-

del and Doyle 2005), including the Cactaceae (Cota and Philbrick 1994). The signifi-
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Figure 3. Distribution of diploid and tetraploid individuals in populations (black dots) of Pachycereus
pringlei. Dark gray areas in ICA and ICE indicate distribution of diploid (2n = 22) cytotypes. Diagonal
shaded area indicates the predicted coverage of tetraploid (2n = 44) cytotypes. See Table 1 for full names
of the abbreviated localities indicated in the map.

cance of polyploidy in the cactus family is more evident in the subfamily Opuntioideae,
in which polyploid taxa, primarily in the genus Opuntia Miller, 1754 (Pinkava and
McLeod 1971, Pinkava et al. 1973, 1998, Baker and Pinkava 1987, Baker et al. 2009b,
Majure et al. 2012), are common. In subfamily Cactoideae, polyploidy is more spo-
radic despite the large number of species circumscribed in this group, probably due
to the relatively recent origin and the unexplored cytological aspects of this lineage.
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Different levels of polyploidy have been reported in various clades of the Cactoideae
including terrestrial, e.g., Blossfeldia liliputana Wendermann, 1937 (Ross 1981), Echi-
nocereus Engelmann, 1848 (Cota 1991, Cota and Wallace 1995), Mammillaria spp.
(Ross 1981), Weberbauerocereus weberbaueri (K. Schumann ex Vaupel, 1913) Backe-
berg, 1958 (Sahley 1996), and epiphytic taxa, e.g., Hylocereus (A. Berger, 1905) Britton
& Rose, 1909 and Selenicereus (A. Berger, 1905) Britton & Rose, 1909 (Lichtenzveig
et al. 2000), and Rhipsalis baccifera (Solander, 1771) Stearn, 1939 (Cota-Sdnchez and
Bomfim-Patricio 2010). Additionally, autotetraploidy (four copies of a single genome
due to doubling of an ancestral chromosome complement) has been documented in the
columnar cactus W, weberbaueri (Sahley 1996) and in P pringlei (Murawski et al. 1994).
This study has unveiled the first report of diploid (2n = 2x = 22) cytotypes in
P pringlei and expands the distributional range of the tetraploid (2n = 4x = 44) condi-
tion known for this species. Geographically, our survey also revealed that the base dip-
loid number is maintained exclusively in the two deep-water islands (ICA and ICE) of
the Gulf of California characterised by the prevalence of hermaphrodite individuals. In
turn, double chromosome dosage (tetraploidy) is consistent throughout the three BCP
populations (CBS, North and South) (Fig. 3) and is associated with the presence of
unisexual plants and a dioecious, gynodioecious or trioecious breeding system (Table 1).
We predict that the tetraploid condition extends to other continental islands, such as
Espiritu Santo, San José, Monserrat, San Lorenzo, and Tiburén, which are areas with
unisexual plants (Gutiérrez-Flores 2015). Conceivably, an increment in chromosome
number has enabled P pringlei to colonize wide areas of the BCP. The same premise has
been proposed in other cacti, e.g., Echinocereus, in which polyploid taxa occupy wider
territories and ecological sorting, from medium to high latitudes and elevations relative
to the overall distribution of the genus and diploid relatives (Cota and Philbrick 1994,
Cota-Sdnchez 2008). Also, comparable biogeographic patterns exist for other angio-
sperm taxa with different cytotypes, e.g., Chamerion (Rafinesque, 1818) Rafinesque ex
Holub, 1972 (Husband and Schemske 1998), Chrysolaena H. Robinson, 1988 (Do
Pico and Dematteis 2014), and members of the Asparagaceae (Azizi et al. 2016).
Among polyploids, tetraploidy is the most successful condition (De Wet 1980). In
fact, tetraploidy is the most frequent form in the Cactaceae (Pinkava et al. 1985), and the
radiation success of Echinocereus from central Mexico to the southwest of the US has been
attributed to the prevalence of tetraploids throughout the distribution range (Cota 1991,
Cota and Philbrick 1994) and the Humifusa clade of Opuntia s.s. (Majure et al. 2012).
Similarly, the relatively fast radiation of the South American epiphytic cactus Rbipsalis
baccifera into areas of the New and Old Worlds has been accompanied by successive cycles
of polyploidy (di-, tetra- and hexaploid), in conjunction with life history traits, such as
facultative selfing, asexual reproduction, and vivipary (Cota-Sdnchez and Bomfim Patri-
cio 2010). Accordingly, the incidence of polyploidy can be associated with increasing the
colonizing ability and diversification of species into new environments due to relaxed se-
lection in the additional genome copies (Stebbins 1971, Adams and Wendel 2005, Cota-
Sdnchez 2008). Thus, it is not surprising that the dominance and success of polyploid
(tetraploid) cytotypes in P pringlei is reflected in their extensive distribution and ability to
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Figure 4. Idiograms of tetraploid (A) and diploid (B) cytotypes of the columnar cactus Pachycereus
pringlei. Asterisk (*) denotes submetacentric chromosomes.

colonize a widespread range of habitats and ecological conditions in relation to the diploid
state, which is restricted to ICA and ICE. Recent studies, e.g., Levy and Feldman (2004),
Adams and Wendel (2005), have shown that the paramount ability of polyploids to adapt
to a gamut of novel factors is based on a wide spectrum of molecular and physiological
adjustments conferred by the amalgamation of two or more genomes.

During past geological events, the southern BCP, including ICE and ICA Islands,
exhibited suitable niche conditions that served as refugia for populations of 2 pringlei
during the Last Glacial Maximum (LGM), as evidenced by Ecological Niche Modelling
(Gutiérrez-Flores et al. 2016). Consequently, we suggest that ICE and ICA could be the
relicts of a southern BCP diploid ancestor of P pringlei from which both the polyploid
and unisexual conditions gradually evolved in concert in mainland BCP. This, in turn,
facilitated the northward range expansion during the Holocene, resulting in the mod-
ern dispersal of this neopolyploid complex with concomitant colonisation of suitable
habitats available after the glacial retreat, leading to the present-day distribution of this
cactus throughout the BCP and mainland Sonora. The same rationale has been used
to explain the colonisation of large geographic areas of the polyploid Opuntia humi-
fusa (Rafinesque, 1820) Rafinesque, 1830 s.l. and O. macrorhiza Engelmann, 1850 s.1.
based on LGM events (Majure et al. 2012). Similarly, rapid high polyploidisation caused
by recurrent population fragmentation and expansion during the Pleistocene has taken
place in other angiosperms, including Cerastium Linnaeus, 1753, Draba Linnaeus, 1753,
Parnassia Linnaeus, 1753, Saxifraga Linnaeus, 1753, and Vaccinium Linnaeus, 1753 (Ab-
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bott and Brochmann 2003, Brochmann et al. 2004), and other plants. Nonetheless,
it is unclear whether the extent of polyploid populations of P pringlei in the BCP is a
consequence of higher diversification rates following the ubiquitous genome duplication.

Chromosome morphology

In terms of morphology, the chromosomes of P pringlei follow the overall homogene-
ous pattern reported for the sister taxon 2 weberi (J.M. Coulter, 1896) Backeberg, 1960
(Gama-Lépez 1994) and, in general, for the cactus family (Cota and Wallace 1995,
Las Penas et al. 2008 and references therein). Because of the similarity and minute size
of chromosomes among cytotypes, no major structural differences were detected. That
is, the chromosomes are consistently small and mostly metacentric with no evident
secondary satellites. Therefore, except for the numerical difference, the homogeneous
chromosome morphology in terms of arm length and shape makes the characterization
between diploid and tetraploid cytotypes difficult. In addition to uniformity, chromo-
some size between diploid and tetraploid individuals is also insignificant, and structur-
al changes, if any, remain cryptic. Similarly, in Opuntia, morphological differentiation
is equivocal and has been a commonly reported event among diploid and polyploid
cytotypes (Majure et al. 2012). Thus, structural chromosomal arrangements, either
cryptic or physical, should not be ruled out in this columnar cactus because speciation
without detectable chromosomal changes or divergence has been documented in other
plants, e.g., Platanus Linnaeus, 1753 (Swanson et al. 1981) and Stephanomeria Nuttall,
1841 and Clarkia Pursh, 1814 (Crawford 1985).

Stebbins’ (1971) hypothesis on the frequency of chromosome types in plants is
useful to explain the existence of symmetric idiograms in diploid and tetraploid cy-
totypes of P pringlei. In plants, metacentric chromosomes are fairly common, e.g.,
Araceae (Turco et al. 2014), Arecaceae (Oliveira et al. 2016) and Asparagaceae (Chen
etal. 2017), and originate by the fusion of two telocentric chromosomes with relatively
little effect in gene sequence (Stebbins 1971). In the Cactaceae, symmetric karyotypes
are also ordinary, e.g., Echinocereus (Cota and Wallace 1995), Nycrocereus (A. Berger,
1905) Britton & Rose, 1909 (Palomino et al. 1988), Setiechinopsis Backeberg, 1950
(Las Penas et al. 2011), Opuntia Ser. Armata (Las Penas et al. 2017), and other species
exhibiting low degree of variability in karyotype morphology. Hence, the morphologi-
cal homogeneity of chromosomes in P pringlei is not surprising.

Chromosome number and diversification of breeding systems

Foremost, it is worth noting that the correspondence of the base chromosome number
(x = 11) with a hermaphroditic mating system in most cacti, including members of the
basal subfamily (Pereskioideae) and species closely related to 2 pringlei, such as P weberi
(Gama-Lépez, 1994) and P, pecten-aboriginum (Engelmann ex S. Watson, 1886) Brit-
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ton & Rose, 1909 (Pinkava et al. 1977), indicates that both the evolution of unisexu-
ality and polyploidy are derived conditions in the Cactaceae, an idea put forward by
Gutiérrez-Flores et al. (2017). In fact, there is an apparent transition between breeding
system and ploidy level. The change from hermaphroditism to trioecy is coupled with
an increase in chromosome number in P pringlei and is consistent with polyploidisa-
tion events reported for other cacti with non-hermaphroditic sexual systems (Valiente-
Banuet et al. 1997, Fleming et al. 1998, Strittmatter 2002, Dfaz and Cocucci 2003,
Strittmatter et al. 2006, 2008). Our results imply that in P pringlei the hermaphrodite
system is diploid and restricted to ICA and ICE, whereas the tetraploid condition is
essentially associated with unisexual, dioecious, gynodioecious and trioecious breeding
systems (Table 1). Also, the high level of genetic divergence reported for the ICE and
ICA populations (Gutiérrez-Flores et al. 2016) support the general idea that difference
in ploidy level is an important factor for reproductive isolation, as proposed by Baker
and Pinkava (1987, 1999), Cota and Philbrick (1994), and Baker (2002, 2006). How-
ever, intra- and inter-population experimental crosses between different cytotypes are
needed to determine the degree of compatibility and reproductive potential.

Taxonomic implications in relation to morphology and ploidy level

Diploid and tetraploid plant populations may or may not be ecologically differentiated
(Cota 1991). According to De Wet (1980), in the absence of chromosome informa-
tion, close morphological resemblance may imply genetic continuity, a characteristic of
conspecific populations. However, when a difference in ploidy level is known to exist,
the issue is that barriers to gene exchange characteristic of distinct species are generally
found between diploid and polyploid populations, which poses a taxonomic problem,
i.e., whether or not to recognize these entities as two different species on the basis of
reproductive isolation due to differences in chromosome number.

Unveiling polyploid individuals from diploid ancestors leads to the discov-
ery of new cytotypes and potential taxonomic issues because different populations
are frequently associated with an assortment of floral and/or vegetative phenotypes
(Brickford et al. 2007). In this regard, the phenotypic variation reported in vegetative
(Medel-Narviez et al. 2006) and reproductive (Gutiérrez-Flores et al. 2017) traits in
populations of 2 pringlei has been interpreted as a physiological response to a gradual
change in environmental conditions and sex-specific selection acting at different mag-
nitudes on sexual characters of floral morphs and populations (Gutiérrez-Flores et al.
2017). However, considering floral attributes (Table 1) and data reported by Gutié-
rrez-Flores et al. (2017), it is clear that the flowers from the diploid populations in
ICA and ICE have, in general, wider nectaries, shorter stamen-stigma distance, larger
amounts of pollen grains, larger P:O ratios, and fewer number of stamens and ovules
compared to flowers of the polyploid counterparts. These morphological differences in
conjunction with discrepancy in chromosome number, and geographic isolation are
key elements suggesting the description of a new subspecies. Although some may argue
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that these few, somewhat obscure, floral traits may not warrant the recognition of a
new taxonomic entity even with the evidence of a difference in ploidy, we argue that
these floral features play a role in pollinator selection and breeding systems, reinforc-
ing reproductive isolation between polyploids in mainland BCP and Sonora and their
diploid progenitors in populations from the ICA and ICE islets, further suggesting a
distinct taxonomic unit. Thus, rather than one species with different cytotypes, which
can hinder insights into evolution, speciation, and conservation, we propose two ge-
netically divergent subspecies with distinct ploidy levels, geographic ranges, breeding
systems, and floral morphological differences. In concert, all these factors may also
be largely responsible for the genetic divergence and putative reproductive isolation
between diploid and tetraploid 2 pringlei populations. This idea is also substantiated
by several cytological studies providing compelling evidence to effectively distinguish
diploid from polyploid species of cacti by correlating morphology with geography. For
instance, the existing geographic variation of diploid and tetraploid phenotypically
similar cytotypes in Echinocereus spp. (Cota and Philbrick 1994), the morphological
disparities, sometimes cryptic, among diploid and polyploid cytotypes of the Humifusa
clade of Opuntia s.s. (Majure et al. 2012), the dimorphic hexaploid (2n = 66) Echi-
nocereus yavapaiensis M.A. Baker, 2006 (Baker 2000), as well as in other higher plants
(Bickford et al. 2007, Rani et al. 2015, Molgo et al. 2017) and animals (Vacher et al.
2017) have been used as evidence to delimit new taxa.

Evidently, genomic changes potentially produce new gene complexes, facilitat-
ing rapid evolution of individuals and their new attributes (Soltis and Soltis 1999).
However, although some functional traits are important in explaining species success,
genome flexibility, and versatility in reproductive systems, morphological evaluations
encompassing a large, wide-ranging number of individuals are needed to deal with a
formal taxonomic description and the implications arising from differences in ploidy
and patterns of geographic variation and inconsistency in morphological features
throughout the populations of P pringlei. At present, we can only say that variations
in morphology, genetic diversity, and ploidy level suggest reproductive isolation and
support the recognition of a new taxonomic entity.

Concluding remarks

Merging chromosome number information, genetic data, breeding systems, and floral
morphology has provided new insights to better understand the evolutionary history and
reproductive success of this iconic cactus in northwestern Mexico. P pringlei has diploid
and tetraploid populations with distinctive distribution. Although tetraploids have not
been named as distinct species due to the tradition of including multiple cytotypes de-
rived from diploid relatives as a single species and the practicality of adhering to the gen-
eral morphological species concept (Soltis et al. 2007), our results allude to the possibility
of describing a new subspecies in P pringlei. The diploid condition is endemic to Catalana
and Cerralvo Islands, whereas polyploid populations characterise the populations from
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mainland BCP and Sonora. This cytogeographic distribution suggests the distinction of
the diploid populations as a new taxonomic entity, which is likely the ancestral condition
of the broadly distributed tetraploid throughout the BCP. Succinctly, we suggest that
chromosome doubling in conjunction with allopatric distribution, differences in neutral
genetic variation, floral traits, and breeding systems has driven the reproductive isolation,
evolution, and diversification of this columnar cactus. These functional attributes render
this species an ideal candidate to conduct ecological genetic investigations to further
explore the selective forces acting on plants and their life history traits.
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Abstract

Mitotic chromosome preparations of the interspecific hybrids Chlamys farreri (Jones & Preston, 1904)
x Patinopecten yessoensis (Jay, 1857), C. farreri x Argopecten irradinas (Lamarck, 1819) and C. farreri x
Mimachlamys nobilis (Reeve, 1852) were used to compare two different scallop genomes in a single slide.
Although genomic 77 situ hybridization (GISH) using genomic DNA from each scallop species as probe
painted mitotic chromosomes of the interspecific hybrids, the painting results were not uniform; instead
it showed species-specific distribution patterns of fluorescent signals among the chromosomes. The most
prominent GISH-bands were mainly located at centromeric or telomeric regions of scallop chromosomes.
In order to illustrate the sequence constitution of the GISH-bands, the satellite Cf303 sequences of
C. farreri and the vertebrate telomeric (TTAGGG), sequences were used to map mitotic chromosomes
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of C. farreri by fluorescence in situ hybridization (FISH). The results indicated that the GISH-banding
pattern presented by the chromosomes of C. farreri is mainly due to the distribution of the satellite C/303
DNA, therefore suggesting that the GISH-banding patterns found in the other three scallops could also
be the result of the chromosomal distribution of other species-specific satellite DNAs.

Keywords
GISH banding, FISH, Cf303, telomere, scallop

Introduction

Chromosomal bandings were used to identify chromosomes and provided insight into
the substructure and organization of whole chromosomes (Renne 1990). Some chro-
mosome banding techniques have been applied to bivalves, e.g. C-banding was used
for investigating the distribution and composition of heterochromatin (Pasantes et al.
1996, Insua et al. 1998, Pauls and Affonso 2000, Huang et al. 2007b, Garcia-Souto
et al. 2016), silver staining was used for localizing the nucleolus organizer regions
(Ag-NORs) (Martinez-Expésito et al. 1997, Pauls and Affonso 2000, Boron et al.
2004), fluorescence counterstaining with chromomycin A, or DAPI/PI used to iden-
tify the GC-rich or AT-rich heterochromatic regions (Martinez et al. 2002, Huang et
al. 2007b, Zhang et al. 2007¢, Pérez-Garcia et al. 2010a, Garcia-Souto et al. 2015,
2016), and fluorescent in situ hybridization (FISH) were used to localize 28S rDNA,
5S rDNA, and histone H3 gene to study karyotypic evolution on a variety of bivalves
(Insua et al. 1998, 2006, Wang and Guo 2004, Lépez-Pindn et al. 2005, Huang et al.
2006, 2007a, Odierna et al. 2006, Zhang et al. 2007b, Hu et al. 2011, Li et al. 2016,
Yang et al. 2016, Garcia-Souto et al. 2015, 2016). In addition, FISH was proved to
be a valuable tool for mapping vertebrate telomere sequence (I'TAGGG)  on chro-
mosomes of some bivalves (Wang and Guo 2001, Huang et al. 2007a, 2007b, Garcia-
Souto et al. 2016).

Genomic 77 situ hybridization (GISH) has been successfully used for discrimina-
tion of genome constitutions in hybrids and allopolyploids (Schwarzacher et al. 1989,
1992; Heslop-Harrison and Schwarzacher 1996; Hae-Woonet et al. 2008; Huang et
al. 2011; Hu et al. 2013) and estimating phylogenetic relationships (Markova et al.
2007, Zhou et al. 2008). GISH-banding was occasionally observed on chromosomes
with conventional GISH, which revealed chromosomal distribution of the randomly
repeated sequences (Zhou et al. 2010). Patterns of GISH-banding coincident with
those of Giemsa C-banding were first reported in the genus Alstroemeria (Linnaeus,
1762) using standard GISH with blocking DNA (Kuipers et al. 1997). Belyayev et al.
(2001) constructed a GISH-banding karyotype of Aegilops speltoides (Tausch, 1837)
and investigated the evolutionary dynamics of repetitive sequences in Aegilops (Lin-
naeus, 1753). Zhou et al. (2008) developed a GISH-banding protocol, built a uni-
versal reference karyotype of the Secale cereale (Linnaeus, 1753) chromosome 1R to
7R, and discriminate the repetitive sequence polymorphism in species or subspecies
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of Secale. In Pectinidae, GISH was used to discriminate parental genomes in hybrids
and some GISH-bandings were observed which implied the different distribution of
repetitive sequences (Huang et al. 2011, Hu et al. 2013, Huang et al. 2015). Recently,
the genome of Yesso scallop, Patinopecten yessoensis (Jay, 1857) was sequenced and as-
sembled, providing a thorough overview of the repetitive sequences constitution in
Pectinidae (Wang et al. 2017). In addition, by paired-end sequencing of 2016 fosmid
clones, a total of 2500 tandem repeats of Chlamys farreri (Jones & Preston, 1904),
including 313 satellites, 1816 minisatellites and 371 microsatellites, were described
(Zhang et al. 2008). However, the distributions of repetitive DNA sequences in chro-
mosomes of different species of the family Pectinidae are still uncertain.

Repetitive DNA refers to DNA sequences that occur in multiple copies and makes
up the major proportion of the nuclear DNA in most eukaryotic genomes. Changes
in repetitive DNA likely contribute to the karyotypical features and variations, as well
as genome sizes (Flavell 1986, San Miguel and Bennetzen 1998). Repetitive DNAs
usually evolve faster than coding regions, and their sequence divergence may reflect
evolutionary distances between species (Belyayev and Raskina 1998). Satellite DNAs,
as the tandem arrays of repeated units, are paramount among repetitive sequences and
can be located in centromeric, intercalary and/or subtelomeric chromosomal regions
(Plohl et al. 2008, Plohl 2010, Garcia-Souto et al. 2017), which are chiefly heterochro-
matic regions of chromosomes (Brutlag 1980).

In the present study, GISH was carried out on chromosomal slides of interspe-
cific hybrids C. farreri x P yessoensis, C. farreri x Argopecten irradians (Lamarck, 1819)
and C. farreri x Mimachlamys nobilis (Reeve, 1852). Chromosomal distributions of
the randomly repeated DNA sequences were revealed by GISH-banding in the four
scallop species (C. farreri, P yessoensis, A. irradians and M. nobilis). In order to verify
the sequences constitution of GISH-banding, FISH with the satellite DNA Cf303
and vertebrate telomere sequence (TTAGGG), probes were performed to compare the
GISH-banding of C. farreri. Our results provided the first application of GISH-band-
ing in Pectinidae, and first physical mapping of the satellite DNA Cf303 and vertebrate
telomere sequence (TTAGGG)n in C. farreri, aiding to understanding chromosome
distribution and composition of the repetitive DNA sequences in the studied scallops.

Material and methods

Specimens and chromosome preparations

The sexually mature scallops, C. farreri, P yessoensis, A. irradians and M. nobilis, were
obtained from hatcheries in Shandong Province, China. The interspecific hybrids
C. farreri x R yessoensis, C. farreri x A. irradians and C. farreri x M. nobilis were car-
ried out in the laboratory. Eggs and sperm were collected from sexually mature scal-
lops. Eggs were fertilized by adding sperm suspension. After fertilization, excessive
sperm was removed by rinsing with seawater on a 20 pm screen (Wang and Wang
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2008). The progeny individuals were sampled at the trochophore stage. Chromosome
preparations were performed following the method of Zhang et al. (2007a). Briefly,
following a treatment with colchicine (0.01 %, 1.5 h) and KCI (0.075 M, 20 min),
trochophores were fixed three times (15 min each) in fresh ethanol/ glacial acetic acid
solution (3:1 v/v). The fixed larvae were dissociated in 50 % acetic acid to obtain a
cell suspension and that was then dropped onto hot-wet glass slides. The chromosome
preparations were air-dried and stored at -20 °C until use.

Probe preparation

Telomeric (TTAGGG), probes were synthesized and 5-end labelled with biotin-
16-dUTP (Invitrogen). Plasmids were isolated from a fosmid clone containing the sat-
ellite DNA (Cf303 by standard laboratory methods (Sambrook et al. 1989). Genomic
DNA was extracted from adductor muscle tissue using a standard phenolchloroform
procedure (Sambrook et al. 1989). Then they were both labeled with biotin-16-dUTP
by nick translation (Nick translation kit, Roche) following manufacturer’s instructions.
The lengths of the DNA fragments were estimated by 2 % agarose gels and 100-600
bp were suitable as the probes for next GISH analysis.

GISH and FISH

GISH and FISH were performed according to the methods of Huang et al. (2011) and
Zhang et al. (2007a). Detection of biotin-labeled probes was carried out with fluores-
cein avidin DCS (Vector). Chromosomes were then counterstained with PI (Vector).
Slides were examined with a Nikon Eclipse-600 epifluorescence microscope equipped
with a CCD camera, and the signals were collected using appropriate filter sets for FITC
and PI. The digital images were analyzed with a Lucia-FISH Image System Software.
At least 10 complete metaphase chromosome spreads were examined for each sample.

Results

Using labeled total genomic DNA from C. farreri as probe, the hybridization
signal (yellow-green) covered only chromosomes of C. farreri, but not B yessoensis,
A. irradians and M. nobilis, on the mitotic chromosomes of C. farreri hybrids with
these scallop species (Fig. 1A1, B1, C1). Moreover, the signals on chromosomes
of C. farreri were not uniform. The brighter fluorescent signals (GISH-bandings)
clustered in the centromeric and/or peri-centromeric regions of 11-12 subtelocentric
chromosomes, and the telomeric and/or peri-telomeric regions of the long arms of 13—
14 submetacentric or subtelocentric chromosomes of C. farreri. In addition, the signal
in telomeric regions was apparently stronger than that in the centromeric regions.
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Figure |. Metaphase chromosomes and karyotypes of scallop hybrids. Al, A2, DI, D2 C. farreri x
P. yessoensis Bl, B2, E1, E2 C. farreri x A. irradians C1, C2, F1, F2 C. farreri x M. nobilis Al, A2, Bl,

B2, Cl, C2 the chromosomes originating from C. farreri were painted in yellow-green using the labeled

genomic DNA probes from C. farreri DI, D2 - the chromosomes originating from P. yessoensis were
ainted in yellow-green using the labeled genomic DNA probes from P. yessoensis. Nucleolus organizer

p ¥ g g g % J g

regions (NORs) in P. yessoensis were marked with arrows in (D1). El, E2 the chromosomes originating

from A. irradians were painted in yellow-green using the labeled genomic DNA probes from A. irradians.

p b4 g g g P
Fl, F2 the chromosomes originating from M. nobilis were painted in yellow-green using the labeled
g g P Y g g
genomic DNA probes from M. nobilis. Scale bars: Sum.

Similarly, the hybridization signals only covered chromosomes of one parent whose
genomic DNA was labeled as probes: the metaphase of C. farreri x P yessoensis — by
genomic DNA from P yessoensis (Fig. 1D1), the metaphase of C. farreri x A. irradians —
by genomic DNA from A. irradians (Fig. 1E1) and the metaphase of C. farreri x M.
nobilis — by genomic DNA from M. nobilis (Fig. 1F1). Interestingly, the GISH-
bandings of different scallops were significantly different. The GISH-bandings of 2
yessoensis (Fig. 1D1, D2) were mainly distributed on centromeric regions of almost
all chromosomes, the nucleolus organizer regions (NORs) where the signals were
particularly strong in the peri-telomeric regions of the short arms of two subtelocentric
chromosomes (arrows in Fig. 1D1), and peri-telomeric region of two subtelocentric
chromosomes. The chromosomes of A. irradians were clearly labeled by the brighter
signals in telomeric and/or peri-telomeric regions of the long arms of all chromosomes,
in the short arms of two subtelocentric or telocentric chromosomes, and in interstitial
regions of one chromosome (Fig. 1E1, E2). On the chromosomes of M. nobilis,
the signals were dispersed along all them and some specific signals were located on
centromeric regions (Fig. 1F1, F2).

Considering that the GISH-bandings were mainly discovered in the telomeric and/
or peri-telomeric regions of some chromosomes in C. farreri, the vertebrate telomeric
sequence (TTAGGG) , as well as satellite DNA Cf303 were used as probes to compare
the signal distribution. Telomeric repeats were hybridized to the ends of all C. farreri
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Figure 2. Metaphase chromosomes and karyotype of C. farreri. FISH mapping with vertebrate telomeric
sequence (TTAGGG), (A, B) and satellite DNA (f303 (C, D). Scale bars: Spum.

chromosomes, the signal intensity was weak and varied among different chromosomes,
and no interstitial hybridization signal was observed (Fig. 2A, B). Satellite DNA (303,
detected by FISH, were located on the centromeric region of a pair of subtelocentric
chromosomes, and the telomeric regions of the long arms of 13—14 pairs of submeta-
centric or subtelocentric chromosomes in C. farreri, as shown in Fig. 2C, D.

Discussion

Constitutive heterochromatin has been defined as a structurally distinct kind of chro-
matin comprising noncoding, largely repetitive DNA, which is permanently not tran-
scribed (John 1988). The constitutive heterochromatic regions were usually detectable
by C-banding (Sumner 1990, Sharma and Raina 2005). All C-bands correspond to
heterochromatin but some heterochromatin was not stained by C-banding methods
(Sumner 1990). In bivalves, the C-banding techniques were carried out in many spe-
cies, such as mussels (Vitturi et al. 2000, Boron et al. 2004), scallops (Insua et al.
1998, Pauls and Affonso 2000, Huang et al. 2007b) and oysters (Leitdo et al. 2001,
Pereira et al. 2011). Moreover, the C-banding patterns obtained in some species were
consist with the chromomycin A3 positive bands or 4’6’-diamidino-2-phenylindole
(DAPI) / propidium iodide (PI) banding patterns, revealing the GC-rich or AT-rich
heterochromatic regions on chromosomes of bivalves (Boron et al. 2004, Huang et al.
2007b, Zhang et al. 2007c, Petrovi¢ et al. 2009). However, C-bandings were not stable
and still couldn’t be obtained successfully in many bivalve species (Xu et al. 2011).
Using GISH, Kuipers et al. (1997) found that GISH-banding patterns coincided
with Giemsa C-banding patterns in the genus Alszroemeria. The consistent results
between GISH-banding patterns and Giemsa C-banding patterns had been attributed to
specific repetitive sequences, such as a tandem repeat from Allium fistulosum (Linnaeus,
1753), which was found to occur in major heterochromatic blocks (Irifune et al. 1995).
FISH results of several highly repetitive sequences showed a significantly correspondence
with the C-banding pattern in comparable studies of S. montanum (Gussone, 1825)
(Cuadrado and Jouve 1995). The researches mentioned above were mainly focused on
plant. However, the GISH-bandings in animals were rarely reported. In the present study,
we observed significant GISH-bandings on the chromosomes of C. farreri, P yessoensis

and A. irradians after GISH. The results suggested the distribution of repetitive DNA
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(heterochromatin regions) were multifarious in scallops. In addition, the GISH-banding
results of P yessoensis and A. irradians corresponded roughly to their C-band-like patterns
revealed by PI staining (Zhang et al. 2007¢). Because there wasn't reported about the
herterochromatic region in chromosomes of C. farreri, we speculated that the GISH-
bandings may reveal heterochromatic regions in C. farreri.

Highly repeated DNA exists within each eukaryotic genome. Satellite DNAs, as
the tandem arrays of repeated units, are chiefly localized at heterochromatic regions
of chromosomes (Brutlag 1980). The vertebrate telomeric repeat has been located at
chromosome ends in some bivalves (Wang and Guo 2004, Huang et al. 2007a, Garcia-
Souto et al. 2016). To verify the constitution of GISH-banding, vertebrate telomeric
sequences (TTAGGG), and satellite DNA Cf303 were selected as probes to locate on
chromosomes of C. farreri by FISH.

Vertebrate-type telomeric sequences (TTAGGG) located at terminal regions
of each chromosome of C. farreri in our study. The signal intensities were weak
and varied among different chromosomes; no interstitial hybridization signal was
observed. This is the first report about the chromosomal distribution of telomeric
sequences in C. farreri. The locations of these sequences were coincident with the
results reported in P yessoensis and A. irradians (Huang et al. 2007a, 2007b). In other
bivalves, mostly terminal signals for these sequences were located in mussels (Myti-
lidae) (Martinez-Expésito et al. 1997, Plohl et al. 2002, Pérez-Garcia et al. 2010a,
2010b, 2011), oysters (Ostreidae) (Guo and Allen 1997, Wang et al. 2001), wedge-
shells (Donax) (Plohl et al. 2002, Petrovi¢ et al. 2009) and trough shells (Mactridae)
(Garcia-Souto et al. 2016, 2017). Indicia of intercalary signals were only reported
in species of genus Mytilus (Martinez-Expésito et al. 1997, Plohl et al. 2002) and
genus Brachidontes (Pérez-Garcia et al. 2010b), probably as a result of the intersper-
sion of telomeric sequences and the subterminal major rDNA. The telomeric signal
intensity varied among different chromosomes in C. farreri, which suggested the
length of telomeric repeat sequences were different among different chromosomes.

Satellite DNAs are highly repetitive DNA sequences that can be located in peri-
centromeric (Plohl et al. 1998), telomeric regions (Petrovi¢ et al. 2009) or intercalary
regions (Garcia-Souto et al. 2017). In bivalves, a highly repetitive satellite sequence
C¢170 was located on the centromeric regions of 7 chromosomes in the Crassostrea gigas
(Thunberg, 1793) (Wang et al. 2001). Our FISH results showed that the satellite DNA
(f303 was located in centromeric region of one or two subtelocentric chromosome
and the telomeric regions of the long arms of most submetacentric or subtelocentric
chromosomes in C. farreri. Satellite DNAs could act as informative cytogenetic mark-
ers for the identification of chromosomal abnormalities, pairs of homologous chromo-
somes and specific regions of chromosomes, such as the « satellites of human (Gusella
etal. 1982, Looijenga et al. 1990), CL1 and CL25 satellite repeats of Raphanus sativus
(Linnaeus, 1753) (He et al. 2015), and the Cgl70 satellites of C. gigas (Clabby et al.
1996). In this study, the satellite DNA Cf303 could be developed as specific probe for

identification of chromosomes in C. farreri.
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In contrast to the location of telomere sequence in scallops, the satellite DNA
(f303 existed only on the chromosomes of C. farreri, but not on the chromosomes of
closely related species 2 yessoensis, A. irradians and M. nobilis, which suggested that the
satellite DNA Cf303 was species-specific. After comparing the signal distribution and
intensity of GISH-banding, vertebrate telomeric sequences and satellite DNA Cf303,
we found the GISH-banding pattern in C. farreri was not consistent with the result of
telomeric repeats. Interestingly, the GISH-bands overlapped the FISH signals obtained
with satellite DNA Cf303. Generally, satellite DNAs are chiefly localized at hetero-
chromatic regions of chromosomes (Brutlag 1980). Our results suggested that satellite
DNA (f303 may represent the dominating component of heterochromatic regions in
the chromosomes of C. farreri, as shown by GISH-banding.

Zhou et al. (2008) believed GISH-banding has displayed rapidly evolving repeti-
tive sequences in the study of repetitive sequences polymorphism in S.cereale. In view
of this, we speculated that the GISH-banding patterns in C. farreri were ascribed to
rapidly evolving repetitive sequences, especially satellite DNA Cf303. In addition, the
GISH-banding patterns of P yessoensis, A. irradians and M. nobilis were completely
different with that of C. farreri, which indicated that the repetitive sequences in the
GISH-banding regions were distinctly species-specific in different scallop species.
These species-specific satellite DNA and GISH-banding patterns would represent a
useful tool in the scallop taxonomy for closely related species studies. Results of this
study would further contribute to a better understanding the characteristics of genom-
ic structure and to assess the evolutionary relationships within Pectinidae.
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Abstract

In this work we performed comparative chromosome painting using probes from Gallus gallus (GGA)
Linnaeus, 1758 and Leucopternis albicollis (LAL) Latham, 1790 in Synallaxis frontalis Pelzeln, 1859
(Passeriformes, Furnariidae), an exclusively Neotropical species, in order to analyze whether the complex
pattern of intrachromosomal rearrangements (paracentric and pericentric inversions) proposed for Oscines
and Suboscines is shared with more basal species. S. frontalis has 82 chromosomes, similar to most Avian
species, with a large number of microchromosomes and a few pairs of macrochromosomes. We found
polymorphisms in pairs 1 and 3, where homologues were submetacentric and acrocentric. Hybridization
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of GGA probes showed syntenies in the majority of ancestral macrochromosomes, except for GGA1 and
GGA2, which hybridized to more than one pair of chromosomes each. LAL probes confirmed the occurrence
of intrachromosomal rearrangements in the chromosomes corresponding to GGAlgq, as previously proposed
for species from the order Passeriformes. In addition, LAL probes suggest that pericentric inversions or
centromere repositioning were responsible for variations in the morphology of the heteromorphic pairs
1 and 3. Altogether, the analysis of our data on chromosome painting and the data published in other
Passeriformes highlights chromosomal changes that have occurred during the evolution of Passeriformes.

Keywords
Avian cytogenetics, chromosome painting, macrochromosome syntenies, chromosome fission, intrachro-
mosomal rearrangements

Introduction

Passeriformes (passerines) are the largest and most diverse order of birds, with
approximately 5,700 species, representing almost 60 % of all living birds (Ericson
et al. 2014). The order is divided into two suborders: Oscines (songbirds), which
comprise 776 genera and approximately 80 % of all species of Passeriformes, and
Suboscines (vocal non-learners), with 284 genera (Selvatti et al. 2015). Among the
Suboscines, the family Furnariidae (ovenbirds and woodcreepers) is outstanding for its
exceptional diversification and ecological adaptation (Chesser et al. 2004, Moyle et al.
2009). Among its three subfamilies, Furnariinae is the richest in number of species
(Irestedt et al. 2002, Remsen et al. 2016).

Among birds, Passeriformes have the highest number of species analyzed by classical
cytogenetics (Santos and Gunski 2006). Most species show diploid numbers (2n) ranging
between 76-80 chromosomes, although there are exceptions, such as Platyrinchus
mystaceus Vieillot, 1818 a Suboscine species belonging to the Platyrinchidae family,
which has 60 chromosomes (Gunski et al. 2000, Santos and Gunski 2006, Correia et al.
2009). Among the Furnariidae, only two species have been described cytogenetically
- Sittasomus griseicapillus Vieillot, 1818 and Lepidocolaptes angustirostris Vieillot, 1818,
both with 2n=82 (Barbosa et al. 2013).

Besides information on diploid number and chromosome morphology, classical cy-
togenetic analyses have detected examples of chromosomal polymorphisms in some spe-
cies of Passeriformes, such as Saltator similis I Orbigny and Lafresnaye, 1837 (dos Santos
et al. 2015) and Zonotrichia albicollis Gmelin, 1789 (Thomas et al. 2008). The polymor-
phism found in the latter species was associated with plumage and behavioral variations
(Thomas et al. 2008), corroborating the fact that chromosomal alterations may have im-
portant effects on genome function, aside from being important phylogenetic markers.

Fourteen species of the suborder Oscines have been analyzed by chromosome
painting (Guttenbach et al. 2003, Derjusheva et al. 2004, Itoh and Arnold 2005, Nanda
etal. 2011, Kretschmer et al. 2014, dos Santos et al. 2015, 2017), and only four species
of Suboscines (Kretschmer et al. 2015, Rodrigues et al. In press). Eight of these species
were compared using only whole chromosome probes of Gallus gallus Linnaeus, 1758
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(GGA) (Guttenbach et al. 2003, Derjusheva et al. 2004, Itoh and Arnold 2005, Nanda et
al. 2011). The results have shown mostly the same syntenic groups found in the putative
avian ancestral karyotype (PAK) proposed by Griffin et al. (2007), with the exception of
PAK1 (GGA1), which is split into two chromosome pairs, representing a synapomorphy
shared by all the species of Passeriformes analyzed so far. However, the other ten species
were analyzed with whole chromosome probes from two different species — GGA and
Leucopternis albicollis Latham, 1790 (LAL), an Accipitridae with 2n=66, in which syntenic
groups corresponding to PAK pairs 1, 2, 3 and 5 each correspond to 2-5 different pairs
(de Oliveira et al. 2010, Kretschmer et al. 2014, 2015, dos Santos et al. 2015, 2017,
Rodrigues et al. In press). This approach revealed additional rearrangements in which
chromosome pairs corresponding to PAKIp and PAK1q were reshuffled through a
series of paracentric and pericentric inversions in both Oscines and Suboscines species,
suggesting that these rearrangements had occurred early in the history of Passeriformes,
before their split into two suborders (Kretschmer et al. 2014, 2015, dos Santos et al. 2015,
2017). The occurrence of such intrachromosomal rearrangements has been confirmed by
data from genome sequencing in Passeriformes (Frankl-Vilches et al. 2015).

Species belonging to the genus Synallaxis Vieillot, 1818 (Subfamily Furnariinae)
show higher diversification when compared to other Furnariidae, probably due to the
shift in their nesting habits and an expansion of their habitats to open areas (Irested
etal. 2009), but only a few species of this family have been karyotyped. Hence, the aim
of this study was to analyze the karyotype of Synallaxis frontalis Pelzeln, 1859, a spe-
cies belonging to family Furnariidae, by chromosome painting using GGA and LAL
probes, in order to verify if this complex pattern of intrachromosomal rearrangements
is also present in more basal species for Passeriformes.

Material and methods

Samples and chromosome preparations

The experiments followed protocols approved by the ethics committee (CEUA-Uni-
versidade Federal do Pampa, no. 026/2012, SISBIO 33860-3 and 44173-1). Seven
specimens of Synallaxis frontalis (SFR), four males and three females, were caught in
Sdo Gabriel, Rio Grande do Sul State, Brazil, within the natural area of Universidade
Federal do Pampa. Skin biopsies were used for fibroblast cultures according to Sasa-
ki et al. (1968) and chromosomes were obtained by standard protocols using colcemid
and fixation with Carnoy fixative.

Classical cytogenetics

Diploid number and chromosome morphology were determined by the analysis of at
least 20 metaphases per individual, conventionally stained with Giemsa. C-banding
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(Ledesma et al. 2002) was used to analyze the distribution of blocks of constitutive
heterochromatin. Chromosomes were ordered following size and centromere position,

according to Ladjali-Mohammedi et al. (1999).

Fluorescent iz situ hybridization

Fluorescent in situ hybridization (FISH) experiments were performed with whole
chromosome probes from two different species — Gallus gallus (pairs GGA1-GGA10)
and Leucopternis albicollis (LAL), pairs homologous to GGA 1 (LAL 3, 6, 7, 15 and
18), GGA 2 (LAL 2, 4 and 20), GGA 3 (LAL 9, 13, 17 and 26), GGA 4 (LAL 1 and
16), GGA 5 (LAL 5) and GGA 6 (LAL 3) (de Oliveira et al. 2010). Both sets of probes
were obtained by flow cytometry at the Cambridge Resource Centre for Comparative
Genomics (Cambridge, United Kingdom), and labeled by DOP-PCR, using bioti-
nilated nucleotides. Hybridization, stringency washes and detection were performed
according to de Oliveira et al. (2010). Slides were analyzed using a fluorescence micro-
scope (Zeiss Imager Z2) and images were captured using the software Axiovision 4.8
(Zeiss, Germany).

Results

Classical cytogenetics

We found a karyotype of 2n=82 in Synallaxis frontalis, with 11 pairs of macrochromo-
somes, including the Z and the W chromosomes, and 30 pairs of microchromosomes
(Figure 1A-B). In some individuals, pairs 1 and 3 showed heteromorphism of the
length of their short arms (Figure 1). Hence, pair 1 was represented by a submetacen-
tric and an acrocentric element in one male and one female, while in the other five
individuals both homologues of this pair were acrocentric. Additionally, chromosomes
of pair 3 were heteromorphic (acrocentric and submetacentric) in two males and one
female, while in the other four individuals this pair was acrocentric. In two individu-
als, pairs 1 and 3 were both acrocentric. Pair 2 and 4-7 were acrocentric, while pair 8
was metacentric and the Z chromosome was submetacentric in all individuals. The W
chromosome was metacentric (Fig. 1A-D).

C-banding showed that blocks of constitutive heterochromatin were located in the
centromeric region of the autosomes and Z chromosome, while the W chromosome
was almost completely heterochromatic (Figure 1B, D).

GGA whole chromosome probes showed that most syntenic groups found in the
putative avian ancestral karyotype (PAK) were conserved in SFR, except for GGA 1
and GGA 2, which were fissioned into two pairs each - SFR1/SFR5 and SFR3/SFR7,
respectively (Fig. 2). LAL probes confirmed that both fissions were centric (Fig. 3).
The results also suggested that pericentric inversions or centromere repositioning were
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Figure 1. Metaphases and partial karyotype of female Synallaxis frontalis with heteromorphism in pair
1: Giemsa (A, C), C-banding (B, D). Partial karyotype of male S. frontalis with heteromorphism in
pair 3 (E). Arrows indicate the Z and W chromosomes. Scale bar: 5 pm.
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Figure 2. Representative FISH experiments using Gallus gallus GGA (A=D) probes on metaphase chro-

mosomes of Synallaxis frontalis (SFR). Chromosomes were counterstained with DAPI (blue), and probes
detected with Cy3 (red). Probes used are indicated in the lower left corner of the images. Scale bar: 5 pm.

responsible for the heteromorphism observed in pairs SFR1 and SFR3 (figs 5, 6).
Moreover, the complex pattern of intrachromosomal rearrangements involving para-
centric and pericentric inversions previously described in other Passeriformes in the
chromosome corresponding to GGA1q were also detected by LAL probes. The homol-
ogy map comparing SFR, GGA and LAL chromosomes is shown in Figure 4A.

Discussion

The genome of S. frontalis shows a chromosomal organization typical for Class Aves and
order Passeriformes (Gunski et al. 2000, Santos and Gunski 2006, Kretschmer et al.
2014), with 2n=82. The two species of the family Furnariidae described cytogeneti-
cally so far, Sittasomus griseicapillus and Lepidocolaptes angustirostris, also have the same
diploid number found in S. frontalis, but with variations in the morphologies of some
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Figure 3. Representative FISH experiments using Leucopternis albicollis LAL (A=F) probes on metaphase
chromosomes of Synallaxis frontalis (SFR). Chromosomes were counterstained with DAPI (blue), and probes
detected with Cy3 (red). Probes used are indicated in the lower left corner of the images. Scale bar: 5 pm.

macrochromosomes (Barbosa et al. 2013). The Z chromosome of S. fronzalis is sub-
metacentric, unlike the acrocentric morphology found in S. griseicapillus, and L. angu-
stirostris. The variation in morphology of this chromosome is common, even in species




104 Rafael Kretschmer et al. /| Comparative Cytogenetics 12(1): 97-110 (2018)

B LAL13
LAL26 ==
LAL17 5=
M LAL20 3T
B LAL2 > <
AL ﬁ
W LAL15

B LALS GGA1q GGA3 GGA2 GGA4q GGA1p GGA5 GGA2 GGA6 GGA7 GGA8 GGA9 GGA10 GGA4p

N LAL16

C
M LA

Centric
W20 fission — P
i —| o “
ii == GGA2 SFR3  SFR7
B LA

LAL7
Pericentric 3 :
e I I l I iy
Ancestral SFR1 { ‘I:
Passeriformes
chromosome 1
SFR3 SFR3 SFR3

inversion inversion
SFR3 SFR3

Figure 4. Homology map (13 first autosomal pairs) comparing the syntenic groups of Synallaxis frontalis
to Gallus gallus (bottom) and Leucopternis albicollis (colors) (A). Schematic diagram showing the hypo-
thetical pericentric inversion responsible for the heteromorphism observed in pair 1 from two individuals
of Synallaxis frontalis (SFR1) (B). Hypothetical rearrangements observed in Synallaxis frontalis (SFR) PAK
2 (GGA2) that would have given rise to SFR3 and SFR7 (C-E). First, a centric fission in the ancestral
synteny homologous to GGA2, created two distinct chromosome pairs, homologous to GGA2p (SFR7)
and GGA2q (SFR3) (C). A pericentric inversion in SFR3 changed its morphology to acrocentric (D).
A second pericentric inversion gave rise to the heteromorphic element in pair 3, which corresponds to a
submetacentric chromosome (E).

of the same family, as observed in family Tyrannidae (Gunski et al. 2000, Kretschmer
etal. 2015), probably due to the presence of repetitive sequences in this chromosome
(Nanda et al. 2002). Similarly to these two species, the W chromosome is metacentric.
Concerning heteromorphic pairs 1 and 3, it is interesting to notice that heteromor-
phisms in autosomal chromosomes are not exclusive to S. frontalis, since they have
been reported in species of the Emberizidae family (genera Zonotrichia Swainson, 1832
and Junco Wagler, 1831), as well as in the Z chromosome of Saltator similis (Thraupi-
dae) (Shields 1973, de Lucca 1985, Thomas et al. 2008, dos Santos et al. 2015). Ad-
ditionally, the C-banding pattern in S. fronzalis is similar to most bird species, with
blocks of constitutive heterochromatin in the centromeric region of chromosomes and
in most of the W chromosome (Kretschmer et al. 2014, dos Santos et al. 2015).
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Most of the ancestral macrochromosomes are conserved as whole chromosomes in
S. frontalis, as shown by the hybridizations of G. gallus macrochromosomes. Only the
first two pairs (GGA1 and GGA?2) are not conserved, due to the occurrence of fissions,
and correspond to SFR1 and SFR5, SFR3 and SFR7 pairs, respectively. The fission of
the ancestral chromosome 1 has been found in all species of the order Passeriformes
studied to date (19 species, including S. frontalis) (Guttenbach et al. 2003, Derjusheva
et al. 2004, Itoh and Arnold 2005, Nanda et al. 2011, Kretschmer et al. 2014, 2015,
dos Santos et al. 2015, 2017, Rodrigues et al. In press). Probably this characteristic is
shared by all Passeriformes, since it was found in species of both suborders, Oscines
(14 species) and Suboscines (5 species, including S. fronzalis). The presence of this
characteristic in the genome of S. frontalis is important for the confirmation of this
hypothesis, since only four species of the Suboscines suborder had been studied by
chromosome painting, and now we can verify that this characteristic is shared between
two species in different families, Tyrannidae and Furnariidae (Kretschmer et al. 2015,
Rodrigues et al. In press). In addition, the Furnariidae family is more basal than the
family Tyrannidae (Selvatti et al. 2015).

Unlike the fission of the GGA1 chromosome, the fission of the GGA2 chromo-
some has been described previously in only one species of the order Passeriformes,
Satrapa icterophrys Vieillot, 1818 (Rodrigues et al. In press). This rearrangement is
probably shared with two other species of the Furnariidae family described by Barbosa
etal. (2013), because in these species the two first autosomes pairs are similar in size, a
fact also observed in S. frontalis. Two species of the Formicariidae family (Furnariidae
sister group) also present the first two pairs with similar size, so the fission of the GGA2
chromosome may be a characteristic shared by the species of Parvordem Furnariida
(Ledesma et al. 2002, Selvatti et al. 2015). This similarity was not observed in other
Passeriformes analyzed by chromosome painting until now, suggesting the possibility
of fission of chromosome 2 in other species of Furnariidae and Formicariidae (Gut-
tenbach et al. 2003, Derjusheva et al. 2004, Itoh and Arnold 2005, Nanda et al. 2011,
Kretschmer et al. 2014, 2015, dos Santos et al. 2015, 2017). It is necessary to confirm
this hypothesis by chromosome painting in different families of Parvordem Furnariida.
In addition, as the fission of chromosome GGA2 has been observed in only one Tyran-
nidae species up to this moment, this rearrangement corresponds probably to a con-
vergent character in Satrapa icterophrys and in Furnariidae species.

Hybridizations with LAL probes was not enough to identify the mechanism re-
sponsible for the heteromorphisms observed in the first and third chromosomes pairs in
some SFR individuals. Both heteromorphisms may have originated either by pericentric
inversions or centromere repositioning. Pericentric and paracentric inversions have been
reported in several species of Passeriformes (Warren et al. 2010, Volker et al. 2010, Skin-
ner and Griffin 2012, Kretschmer et al. 2014, 2015, dos Santos et al 2015, 2017). How-
ever, an alternative explanation is the centromere repositioning that was also reported in
Galliformes species (Kasai et al. 2003, Zlotina et al., 2012). We have assumed that the
mechanism was a pericentric inversion, since several 7z silico and chromosome painting
studies have demonstrated a high frequency of inversions in bird species, especially Pas-
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seriformes (Warren et al. 2010, Volker et al. 2010, Skinner and Griffin 2012, Kretschmer
etal. 2014, 2015). Thus, an extra inversion may had occurred in the region correspond-
ing to LAL6 (GGAlq) (Fig. 4B) in one of the homologous chromosomes in individuals
with heteromorphisms in the first pair, in addition to the three inversions common to all
Passeriformes. Similarly, in individuals with heteromorphisms in the third pair, there was
an inversion in the segment corresponding to LAL20 in one homologue (Fig. 4C-D).

In addition to the #n silico analysis demonstrating several intrachromosomal
rearrangements, chromosome painting studies with L. albicollis probes have also identified
some of these rearrangements, especially in the GGA1q chromosome in Passeriformes
(Kretschmer et al. 2014, 2015, dos Santos et al. 2015, 2017). Here, we have identified
inversions already proposed for the Passeriformes (GGAlp and q) and hypothetical
inversions responsible for the heteromorphisms in the first and third pairs. However, the
rearrangements of the chromosome that corresponds to GGA1q detected by chromosome
painting with LAL probes is more complex than we imagined initially. In 2014, Kretschmer
and colleagues first described three inversions on chromosome two (GGAlq) in two
species of the genus Zisrdus Linnaeus, 1758 (Oscines). In 2015, the same three inversions
were detected in Elaenia spectabilis Pelzeln, 1868 (Suboscines) (Kretschmer et al. 2015).
After the publication of the E. spectabilis observation, dos Santos et al. (2015) and dos
Santos et al. (2017) also detected the reorganization of chromosome 2 (GGAlq) in two
species of the genus Saltator Vieillot, 1816 (Oscines), Taeniopygia guttata Reichenbach,
1862 and in Serinus canaria Linnaeus, 1758, but this rearrangement was slightly different
from that in 7urdus and E. spectabilis. The main difference is that the block corresponding
to LAL 18 is conserved integrally in the four species described by dos Santos (et al. 2015,
2017), whereas in Tirdus and E. spectabilis this region is separated into two blocks. The
most likely explanation would be the occurrence of independent rearrangements in
Oscines and Suboscines, since a block of LAL 18 appears in Saltator, Taeniopygia guttata,
Serinus canaria and Synallaxis while two blocks appear in Ziurdus (Oscines) and Elaenia
(Suboscines). However, we still cannot determine which of these characters was present
in the last common ancestor of Passeriformes. Perhaps it was the pattern observed in
S. frontalis, since it is the most basal species of the order Passeriformes studied to date,
but other species of the Furnariidae family must be analyzed to confirm or reject the
hypothesis of independent rearrangement. However, the current scenario leads us to
assume that the ancestral genome of the Passeriformes had a complex reorganization of
the chromosomes corresponding to GGA1lg, although it is necessary to determine which
of the two situations was the first to occur — the one observed in S. fronzalis, Saltator,
Taeniopygia guttata and Serinus canaria or the one found in Tirdus and Elaenia.

Future studies on this species could use other probes such as BACs clones (Damas
etal. 2017) to test if the heteromorphisms described here were originated by pericen-
tric inversions or centromere repositioning. Besides that, it would be interesting to
carry out similar work to the present study in the sympatric sister species S. spixi, since
Hooper and Price (2017) proposed that chromosomal inversion differences correlate
with range overlap in passerine birds. The conventional analysis with Giemsa in other
individuals of S. frontalis would also be useful in order to verify if these heteromor-
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phisms are fixed in the population sampled and in other populations. In addition, it
would be interesting to analyze the possible effects of these heteromorphisms on the
phenotype of carriers, since in Zonotrichia albicollis it has been proposed that the het-
eromorphisms caused changes in behavior and plumage (Thomas et al. 2008).

Acknowledgements

We are grateful to members of the Research Group Diversidade Genética Animal of
the Universidade Federal do Pampa, SISBIO for the license to sampling of specimens
studied in this paper and for the Pré-Reitoria de Pesquisa (PROPESQ-UNIPAMPA)
for the financial contribution through notices of Support to Research Groups. We are
also grateful to members of the Laboratory of Tissue Culture and Cytogenetics of the
Evandro Chagas Institute (Ananindeua, PA, Brazil) for technical and financial support.
Kretschmer R and de Lima VLC received student fellowships from the Coordenacio
de Aperfeigoamento de Pessoal de Nivel Superior (CAPES).

References

Barbosa MO, da Silva RR, Correia VCS, dos Santos LP, Garnero ADV, Gunski R] (2013) Nu-
cleolar organizer regions in Sittasomus griseicapillus and Lepidocolaptes angustirostris (Aves,
Dendrocolaptidae): Evidence of a chromosome inversion. Genetics and Molecular Biology
36(1): 70-73. hteps://doi.org/10.1590/S1415-47572013000100010

Chesser RT (2004) Molecular systematics of New World suboscine birds. Molecular Phyloge-
netics and Evolution 32(1): 11-24. https://doi.org/10.1016/j.ympev.2003.11.015

Correia VCS, Garnero ADV, dos Santos LP, Rodrigues RR, Barbosa MO, Gunski R] (2009) Alta
similaridade cariotipica na familia Emberizidae (Aves: Passeriformes). Journal of Biosciences
25(2): 99-111.

Damas ], O’Connor R, Farré M, Lenis VPE, Martell H], Mandawala A, Fowler KE, Jospeh S,
Swain M, Griffin DK, Larkin DM (2017) Upgrading short-read animal genome assemblies to
chromosome level using comparative genomics and a universal probe set. Genome Research
27(5): 875-884. https://doi.org/10.1101/gr.213660.116

de Lucca EJ, Rocha GT (1985) Chromosomal polymorphism in Zonotrichia capensis (Passeri-
formes, Aves). Brazilian Journal of Genetics 8: 71-78.

Derjusheva§S, Kurganova A, Haberman F, Gaginskaia E (2004) High chromosome conservation de-
tected by comparative chromosome painting in chicken, pigeon and passerine birds. Chromo-
some Research 12(7): 715-723. https://doi.org/10.1023/B:CHRO.0000045779.50641.00

de Oliveira EHC, Tagliarini MM, Rissino JD, Pieczarka JC, Nagamachi CY, O’Brien PCM,
Ferguson-Smith MA (2010) Reciprocal chromosome painting between white hawk
(Leucopternis albicollis) and chicken reveals extensive fusions and fissions during karyotype
evolution of Accipitridae (Aves, Falconiformes). Chromosome Research 18(3): 349-355.
hteps://doi.org/10.1007/s10577-010-9117-z



108 Rafael Kretschmer et al. /| Comparative Cytogenetics 12(1): 97-110 (2018)

dos Santos MS, Kretschmer R, Silva FAO, Ledesma MA, O’Brien PCM, Ferguson-Smith MA,
Garnero ADV, de Oliveira EHC, Gunski RJ (2015) Intrachromosomal rearrangements in
two representatives of the genus Saltator (Thraupidae, Passeriformes) and the occurrence
of heteromorphic Z chromosomes. Genetica 143(5): 535-543. https://doi.org/10.1007/
§10709-015-9851-4

dos Santos MS, Kretschmer R, Frankl-Vilches C, Bakker A, Gahr M, O’Brien PCM, Fergu-
son-Smith MA, de Oliveira EHC (2017) Comparative Cytogenetics between Two Impor-
tant Songbird, Models: The Zebra Finch and the Canary. PLoS ONE 12(1): ¢0170997.
https://doi.org/10.1371/journal.pone.0170997

Ericson PGP, Klopfstein S, Irestedt M, Nguyen JMT, Nylander JAA (2014) Dating the diver-
sification of the major lineages of Passeriformes (Aves). BMC Evolutionary Biology 14: 8.
https://doi.org/10.1186/1471-2148-14-8

Frankl-Vilches C, Kuhl H, Werber M, Klages S, Kerick M, Bakker A, de Oliveira EHC, Reusch
C, Capuano F, Vowinckel ], Leitner S, Ralser M, Timmermann B, Gahr M (2015) Using
the canary genome to decipher the evolution of hormone-sensitive gene regulation in sea-
sonal singing birds. Genome Biology 16: 19. https://doi.org/10.1186/s13059-014-0578-9

Griffin DK, Robertson LBW, Tempest HG, Skinner BM (2007) The evolution of the avian
genome as revealed by comparative molecular cytogenetic. Cytogenetic and Genome Rese-
arch 117(1-4): 64-77. https://doi.org/10.1159/000103166

Gunski RJ, Cabanne GS, Ledesma MA, Garnero, ADV (2000) Andlisis cariotipico de siete
especies de tirdnidos (Tyrannidae). El Hornero 15(2): 103-109.

Guttenbach M, Nanda I, Feichtinger W, Masabanda JS, Griffin DK, Schmid M (2003) Compara-
tive chromosome painting of chicken autosomal paints 1-9 in nine different bird species. Cy-
togenetic and Genome Research 103(1-2): 173-184. https://doi.org/10.1159/000076309

Hooper DM, Price TD (2017) Chromosomal inversion differences correlate with range over-
lap in passerine birds. Nature Ecology & Evolution 1: 1526-1534. https://doi.org/10.1038/
s41559-017-0284-6

Itoh Y, Arnold AP (2005) Chromosomal polymorphism and comparative painting analysis in the ze-
bra finch. Chromosome Research 13(1): 47-56. https://doi.org/10.1007/s10577-005-6602-x

Irestedt M, Fjeldsa J, Dalén L, Ericson PGP (2009) Convergent evolution, habitat shifts and
variable diversification rates in the ovenbird-woodcreeper family (Furnariidac). BMC Evo-
lutionary Biology 9: 268. https://doi.org/10.1186/1471-2148-9-268.

Irestedt M, Fjeldsa J, Johansson US, Ericson PGP (2002) Systematic relationships and biogeog-
raphy of the tracheophone suboscines (Aves: Passeriformes). Molecular Phylogenetics and
Evolution 23(3): 499-512. https://doi.org/10.1016/51055-7903(02)00034-9

Kasai E Garcia C, Arruga MV, Ferguson-Smith MA (2003) Chromosome homology between
chicken (Gallus gallus domesticus) and the red-legged partridge (Alectoris rufa): evidence
of the occurrence of a neocentromere during evolution. Cytogenetic Genome Research
102(1-4): 326-330. https://doi.org/10.1159/000075770

Kretschmer R, Gunski RJ, Garnero ADV, Furo 1dO, O’Brien PCM, Ferguson-Smith MA,
de Oliveira EHC (2014) Molecular cytogenetic characterization of multiple intrachromo-
somal rearrangements in two representatives of the genus 7irdus (Turdidae, Passeriformes).
PLoS ONE 9: €103338. https://doi.org/10.1371/journal.pone.0103338



High chromosomal reorganization in Synallaxis frontalis 109

Kretschmer R, de Oliveira EHC, dos Santos MS, Furo IDO, O’Brien PCM, Ferguson-Smith
MA, Garnero ADV, Gunski R] (2015) Chromosome mapping of the large elaenia (Elzenia
spectabilis): evidence for a cytogenetic signature for passeriform birds? Biological Journal of
the Linnean Society 115(2): 391-398. https://doi.org/10.1111/bij.12504

Ladjali-Mohammedi K, Bitgood J]J, Tixier-Boichard M, Ponce de Leon FA (1999) Internation-
al System for Standardized Avian Karyotypes (ISSAK): standardized banded karyotypes
of the domestic fowl (Gallus domesticus). Cytogenetics and Cell Genetics 86: 271-276.
hteps://doi.org/10.1159/000015318

Ledesma MA, Garnero ADV, Gunski R] (2002) Anélise do cariétipo de duas espécies da familia
Formicariidae (Aves, Passeriformes). Ararajuba 10(1):15-19.

Moyle RG, Chesser RT, Brumfield RT;, Tello JG, Marchese D], Cracraft ] (2009) Phylogeny and phy-
logenetic classification of the antbirds, ovenbirds, woodcreepers, and allies (Aves: Passeriformes:
Furnariides). Cladistics 25(4):386-405. https://doi.org/10.1111/j.1096-0031.2009.00259.x

Nanda I, Schrama D, Feichtinger W, Haaf T, Schartl M, Schmid M (2002) Distribution of
telomeric (TTAGGG)n sequences in avian chromosomes. Chromosoma 111(4): 215-227.
hteps://doi.org/10.1007/s00412-002-0206-4

Nanda I, Benisch B, Fetting D, Haaf T, Schmid M (2011) Synteny conservation of chicken macro-
chromosomes 1-10 in different Avian lineages revealed by cross-species chromosome painting.
Cytogenetic and Genome Research 132(3): 165-181. https://doi.org/10.1159/000322358

Remsen JV]r, Areta JI, Cadena CD, Jaramillo A, Nores M, Pacheco JF, Pérez-Emdn J, Robbins
MB, Stiles FG, Stotz DE Zimmer KJ (2016) A classification of the bird species of South
America. American Ornithologists’ Union. http://www.museum.lsu.edu/~Remsen/SAC-
CBaseline.html [Accessed June 2016]

Rodrigues BS, Kretschmer R, Gunski R], Garnero ADV, O’Brian PCM, Ferguson-Smith MA,
de Oliveira EHC (In press) Chromosome painting in tyrant flycatchers confirms a set of in-
versions shared by Oscines and Suboscines (Aves, Passeriformes). Cytogenetic and Genome
Research. https://doi.org/10.1159/000486975

Santos L, Gunski R] (2006) Revisio de dados citogenéticos sobre a avifauna brasileira. Revista
Brasileira de Ornitologia 14(1): 35-45.

Sasaki M, Tkeuchi T, Makino SA (1968) Feather pulp culture for avian chromosomes with
notes on the chromosomes of the peafowl and the ostrich. Experientia 24(12):1923-1929.

Selvatti AP, Gonzaga LP, Russo CAM (2015) A Paleogene origin for crown passerines and the
diversification of the Oscines in the New World. Molecular Phylogenetics and Evolution
88: 1-15. https://doi.org/10.1016/j.ympev.2015.03.018

Shields GF (1973) Chromosomal polymorphism common to several species of junco (Aves).
Canadian Journal of Genetics and Cytology 15(3): 461-471.

Skinner BM, Griffin DK (2012) Intrachromosomal rearrangements in avian genome evolution:
evidence for regions prone to breakpoints. Heredity 108(1): 37—41. https://doi.org/10.1038/
hdy.2011.99

Thomas JW, Céceres M, Lowman JJ, Morehouse CB, Short ME, Baldwin EL, Maney DL, Mar-
tin CL (2008) The chromosomal polymorphism linked to variation in social behavior in the
white-throated sparrow (Zonotrichia albicollis) is a complex rearrangement and suppressor of
recombination. Genetics 179(3): 1455-1468. https://doi.org/10.1534/genetics.108.088229



110 Rafael Kretschmer et al. /| Comparative Cytogenetics 12(1): 97-110 (2018)

Volker M, Backstrom N, Skinner BM, Langley EJ, Bunzey SK, Ellegren H, Griffin DK (2010)
Copy number variation, chromosome rearrangement, and their association with recombina-
tion during avian evolution. Genome Research 20(4): 503-511. https://doi.org/10.1101/
¢r.103663.109

Zlotina A, Galkina S, Krasikova A, Crooijmans RPMA, Groenen MAM, Gaginskaya E,
Deryusheva S (2012) Centromere positions in chicken and Japanese quail chromosomes:
de novo centromere formation versus pericentric inversions. Chromosome Research
20(8): 1017-1032. https://doi.org/10.1007/s10577-012-9319-7

Warren WC, Clayton DF, Ellegren H, Arnold AP, Hillier LW, Kiinstner A, Searle S, White
S, Vilella AJ et al (2010) The genome of a songbird. Nature 464(7289): 757-762.
https://doi.org/10.1038/nature08819



CompCytogen 12(1): 1 11-140 (2018) COMPARATIVE  *

7#
doi: 10.3897/CompCytogen.v|2il.20334 \N #&N CytOg
Inter

http://compcytogen.pensoft.net

ics,

The genome structure of Arachis hypogaea
(Linnaeus, 1753) and an induced Arachis
allotetraploid revealed by molecular cytogenetics

Eliza E de M. B. do Nascimento'?, Bruna V. dos Santos?, Lara O. C. Marques??,
Patricia M. Guimaraes?, Ana C. M. Brasileiro?, Soraya C. M. Leal-Bertioli*,
David J. Bertioli*, Ana C. G. Araujo?

| University of Brasilia, Institute of Biological Sciences, Campus Darcy Ribeiro, CEP 70.910-900, Brasilia,
DE Brazil 2 Embrapa Genetic Resources and Biotechnology, PgEB W5 Norte Final, CP 02372, CEP 70.770-
917, Brasilia, DE Brazil 3 Catholic University of Brasilia, Campus I, CEP 71966-700, Brasilia, DE Brazil
4 Center for Applied Genetic Technologies, University of Georgia, 111 Riverbend Road, 30602-6810, Athens,
Georgia, USA

Corresponding author: Ana Claudia Guerra Araujo (ana-claudia.guerra@embrapa.br)

Academic editor: N. Golub | Received 15 August 2017 | Accepted 23 January 2018 | Published 14 March 2018

hitp:/lzoobank.orgl02035703-1636-4F8E-A5CF-54DESC526FCC

Citation: do Nascimento EFMB, dos Santos BV, Marques LOC, Guimaraes PM, Brasileiro ACM, Leal-Bertioli SCM,
Bertioli DJ, Araujo ACG (2018) The genome structure of Arachis hypogaea (Linnaeus, 1753) and an induced Arachis
allotetraploid revealed by molecular cytogenetics. Comparative Cytogenetics 12(1): 111-140. https://doi.org/10.3897/
CompCytogen.v12i1.20334

Abstract

Peanut, Arachis hypogaea (Linnaeus, 1753) is an allotetraploid cultivated plant with two subgenomes de-
rived from the hybridization between two diploid wild species, A. duranensis (Krapovickas & W. C. Greg-
ory, 1994) and A. ipaensis (Krapovickas & W. C. Gregory, 1994), followed by spontaneous chromosomal
duplication. To understand genome changes following polyploidy, the chromosomes of A. hypogaea, Ipa-
Durl, an induced allotetraploid (4. ipaensis x A. duranensis)* and the diploid progenitor species were cy-
togenetically compared. The karyotypes of the allotetraploids share the number and general morphology of
chromosomes; DAPI" bands pattern and number of 5§ rDNA loci. However, one 5S rDNA locus presents
a heteromorphic FISH signal in both allotetraploids, relative to corresponding progenitor. Whilst for A.
hypogaea the number of 45S rDNA loci was equivalent to the sum of those present in the diploid species,
in IpaDurl, two loci have not been detected. Overall distribution of repetitive DNA sequences was similar
in both allotetraploids, although A. Aypogaea had additional CMAB* bands and few slight differences in the
LTR-retrotransposons distribution compared to IpaDurl. GISH showed that the chromosomes of both
allotetraploids had preferential hybridization to their corresponding diploid genomes. Nevertheless, at

Copyright E.F.de M. B.do Nascimento et al. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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least one pair of IpaDurl chromosomes had a clear mosaic hybridization pattern indicating recombination
between the subgenomes, clear evidence that the genome of IpaDurl shows some instability comparing to
the genome of A. hypogaea that shows no mosaic of subgenomes, although both allotetraploids derive from
the same progenitor species. For some reasons, the chromosome structure of A. hypogaea is inherently more
stable, or, it has been at least, partially stabilized through genetic changes and selection.

Keywords
Chromosomes, DNA content, FISH, GISH, heterochromatic bands, LT R-retrotransposons, peanut, IDNA

Introduction

The genus Arachis (Linnaeus, 1753) is native to South America, with Arachis as the
largest botanical section. Most species in this section are diploids (2n = 2x = 20), but
there are a few aneuploids and two tetraploids: A. hypogaea (Linnaeus, 1753), the
cultivated peanut (groundnut) and A. monticola (Krapovickas & Rigoni, 1958) (2n =
4x = 40) (Krapovickas and Gregory 1994, Valls and Simpson 2005). A. hypogaea has
its origin estimated between 3,500 and 9,400 years ago (Bonavia 1982, Simpson et al.
2001, Bertioli et al. 2016), from one or few events of hybridization between two wild
diploid species, followed by spontaneous polyploidization (Singh 1986, Kochert et al.
1996, Grabiele et al. 2012).

Whereas the chromosomes of A. hypogaea are of mostly similar size and metacen-
tric, cytogenetic analysis can distinguish two different genome components: the A sub-
genome comprising ten pairs of chromosomes, with the centromeres strongly stained
by DAPI, including the small pair termed ‘A’ (Husted 1936) and the B subgenome,
with another ten pairs of chromosomes that have no, or just weak DAPI* bands (Seijo
etal. 2004, 2007, Robledo and Seijo 2010). Fluorescence in situ hybridization (FISH)
and many different lines of evidence show that the distribution of rDNA loci and het-
erochromatic DNA inww A. hypogaea are almost equivalent to the sum of those of the
progenitor diploid species: A. duranensis (Krapovickas & W. C. Gregory, 1994), which
has A genome chromosome, and A. ipaensis (Krapovickas et W. C. Gregory, 1994),
which has B genome chromosomes (Grabiele et al. 2012, Robledo et al. 2009, Robledo
and Seijo 2010). The only exception to this is that in both diploid species, the 45S
rDNA hybridization signals bear the thread-like constriction of the pair of chromo-
somes SAT that strongly suggests transcriptional activity (Ferndndez and Krapovickas
1994). However, in A. hypogaea, the secondary constrictions observed on the B subge-
nome chromosomes have been silenced (Seijo et al. 2004), a common event in poly-
ploids called nucleolar dominance (Navashin 1934, Preuss and Pikaard 2007).

Dhillon et al. (1980), using renaturation kinetics, estimated that 64 % of the A.
hypogaea genome was composed of repetitive sequences. Genomic in situ hybridiza-
tion (GISH) on chromosomes of A. hypogaea, with labeled whole genomic DNA from
A. duranensis and A. ipaensis hybridized concomitantly showed that whilst the probes
hybridize indistinctly to some genomic regions, the chromosomes of A and B genome
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components (A and B subgenomes) are easily distinguishable (Seijo et al. 2007). Since
the hybridization kinetics favors repetitive DNA sequences, this indicates that whereas
the A. hypogaea A and B subgenomes share common repetitive DNA sequences with
both diploid progenitors, in other aspects, the repetitive sequences are quite distinct
between the subgenomes (Raina and Mukai 1999, Seijo et al. 2007).

Cytogenetic analysis mainly reveals the faster evolving repetitive DNA sequences;
therefore, it tends to emphasize the differences between the subgenomes in allopoly-
ploids. On the other hand, observations using genetic mapping and genes in Arachis
tended to detect the similarities between the subgenomes: high collinearity between A
and B subgenomes has been shown by comparing genetic linkage maps and sequencing
of homeologous regions (Burow et al. 2001, Shirasawa et al. 2013, Bertioli et al. 2013,
Bertioli et al. 2016). In addition, sequencing has shown very high DNA identity be-
tween A and B genes: around 97 % (Ramos et al. 2006, Nielen et al. 2012, Moretzsohn
et al. 2013). The distinct fractions are thought to have evolved independently, follow-
ing the evolutionary divergence of the progenitor species, which is estimated to have
occurred 2—-3 million years ago (Nielen et al. 2010, Bertioli et al. 2013, Moretzsohn et
al. 2013, Samoluk et al. 2015a, Bertioli et al. 2016).

An important step in the understanding the genetics of many crops has been ob-
tained by whole genome sequencing. However, for A. hypogaea, the very high similar-
ity of the subgenomes makes the characterization of its genome, at the whole genome
level, very challenging, although various lines of evidence suggested that the progeni-
tor genomes had undergone relatively few changes since polyploidization (Fivero et
al. 2015, Fonceka et al. 2012, Shirasawa et al. 2012, Bertioli et al. 2016, Chen et
al. 2016). Phenotypic and genetic observations of progeny derived from crosses be-
tween A. hypogaea and the induced allotetraploid [(A. ipaensis K30076 x A. duranensis
V14167)*] (Févero et al. 2006), here called IpaDurl, strongly supported the close
relationship between the diploid genomes and corresponding A. hypogaea subgenomes
(Foncéka et al. 2012, Shirasawa et al. 2012).

The availability of the genome sequences of two representatives of A. hypogaea
diploid progenitor species, A. duranensis V14167 and A. ipaensis K30076, (Bertioli et
al. 2016) made possible to analyze their assembled chromosomal pseudomolecules.
Homeologous chromosomes were given corresponding numbers based on previous
genetic linkage maps, which most unfortunately, do not have correspondence with
cytogenetic chromosome assignments (Bertioli et al. 2016). Comparisons of the dip-
loid genome sequences with those of A. hypogaea confirmed the high sequence identity
between the diploid genomes and their corresponding tetraploid components (Bertioli
etal. 2016, Chen et al. 2016). However, as may have been expected for closely related
highly collinear homeologous chromosomes, some recombination between the subge-
nomes of A. hypogaea was detected. Small terminal chromosome regions have changed
from the expected genome formula of AABB, to AAAA, and others had changed to
BBBB. These events were similar to, but smaller than, the recombination between sub-
genomes previously detected using genetic markers in this same induced allotetraploid
IpaDurl (Leal-Bertioli et al. 2015). There were also, in A. hypogaea, distinct signs of
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migration of B subgenome alleles to A subgenome, especially in collinear homeologs
(Bertioli et al. 2016).

In addition to genetic recombination between A. hypogaea subgenomes, oth-
er genomic changes are likely to have occurred following what McClintock (1984)
termed as “genomic shock” of polyploid formation (Adams and Wendel 2005). Such
changes may be caused by transposable element activation and re-organization of re-
petitive DNA sequences. While the overall patterns of GISH and evidences of the
abundance of retrotransposons (Nielen et al. 2010, 2012, Samoluk et al. 2015a) indi-
cate that, there has not been a mass movement of transposons between the genomes,
or large-scale re-organization of repetitive DNA sequences, further investigations using
IpaDurl could disclose modifications that are frequently found in new hybrids (Co-
mai 2000, Kashkush et al. 2003, Shcherban 2013, Kim 2017).

Interestingly, the recent cytogenetic observations of Zhang et al. (2016) showed
that whilst the subgenome B chromosomes of A. hypogaea were very similar compared
to its A. ipaensis counterpart, there were differences between the A subgenome and A.
duranensis chromosomes. The authors suggested the participation of distinct A. du-
ranensis accessions in the origin of A. hypogaea. However, this is not consistent with
DNA marker data, which strongly implies a single origin (Kochert et al. 1991, 1996,
Grabiele et al. 2012, Moretzsohn et al. 2013). Instability in the A subgenome chromo-
somes since polyploidy is an alternative explanation for that.

With the aim of understanding genome changes that have occurred after the poly-
ploidization in A. hypogaea, a detailed comparative cytogenetic study of A. hypogaea, Ip-
aDurland progenitor diploid species is here presented. It was expected that the recently
synthesized allotetraploid would undergo similar changes to those in A. hypogaea in the
first years following polyploidization. Here is shown that IpaDurl shows some altera-
tions also observed in A. hypogaea, such as possible A genome nucleolar dominance, ge-
nome deletions and transposons activity. However, further alterations in IpaDurl, such
as the smaller number of 45S rDNA loci and evident large-scale recombination between
subgenomes in at least one chromosome pair of IpaDurl were here evidenced. Current
data contributes directly to the understanding of immediate effects of allotetraploidiza-
tion in Arachis and to the overall understanding of Arachis genomes.

Material and methods

Plant material

Seeds from the wild diploid species (2n = 20) A. duranensis, accession V14167 and A.
ipaensis, accession K30076; the allotetraploids (2n = 40) A. hypogaea subsp. fastigiata var.
Jastigiata ‘IAC Tatu-ST” (AABB) and the induced allotetraploid IpaDurl (A. ipaensis
K30076 x A. duranensis V14167)* (Favero et al. 2006) (BBAA) were obtained from
the Embrapa Genetic Resources and Biotechnology Active Germplasm Bank (genotypes
summarized in Table 1), and growing plants were maintained in open plan greenhouse.
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Genome sizes

Genome sizes were estimated using the CyFlow Space system (Sysmex Partec GmbH,
Gorlitz, Germany), with leaf cells labeled with propidium iodide, as described by
Galbraith et al. (1983). Leaflets of the third leaf, from three weeks old plants were
removed from five different individuals, for each genotype. Samples were distributed
as three technical replicates, for each genotype. Data was analyzed using built-in
FORMAX 2.7 software, using Solanum lycopersicum (Linnaeus, 1753) and Glycine
max (Linnaeus, 1753) Merril, 1917 genomes as size standards, according to Dolezel

etal. (1992).

Metaphase spreads

Meristem cells from root tips were isolated to obtain metaphase chromosome spreads.
Root tips were collected from at least five different plants, of each genotype, then
fixed in ethanol: glacial acetic acid (3:1v/v) solution for 60 min at 4 °C and finally
digested with 2 % cellulase and 20 % pectinase (Maluszynska and Heslop-Harrison
1993, Schwarzacher and Heslop-Harrison 2000). Each root tip was squashed in a drop
of 60 % acetic acid on a histological slide, under a cover glass. The cover glass was then
removed using liquid N, and the slide, air-dried. Slides containing chromosomes with
high quality were selected using phase contrast mode in the AxiosKop microscope
(Zeiss, Oberkochen, Germany).

DAPI staining

Slides containing metaphase spreads were stained with DAPI (4, 6-diamino-2-phe-
nylindole; 2 pg/ml) to determine the presence of heterochromatic bands (AT-rich
regions). The chromosomes were analyzed using the epifluorescent Zeiss AxioPhot
photomicroscope (Zeiss, Oberkochen, Germany), with the corresponding DAPI
fluorescent filter. Images were captured using the Zeiss AxioCam MRc digital cam-
era (Carl Zeiss Light Microscopy, Géttingen, Germany) and Axiovision Rel. 4.8
software  (https://www.zeiss.com/microscopy/int/products/microscope-software/
axiovision.html). Images were acquired and further analyzed using the Adobe Pho-
toshop CS software, applying only functions, except cropping, that affect the whole
image equally.

CMA , banding

For CMA, banding, the nuclear dye chromomycin A3 (CMA,, Sigma Aldrich) was
used following Schweizer and Ambros (1994). Aged slides (72 h) were treated with
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Table I. DNA content and size, CMAS* bands and distribution of the in situ hybridization signals
(GISH and FISH) on chromosomes of the four Arachis genotypes.

Genotypes A. dur A. ip IpaDurl A. hypogaea
Kayoype | g item | 9me+1om 18m +2sm 18m +2sm
formula
DNA content
2.62 3.34 5.92 5.70
20 (pg)
Size (1C) (Gb 1.28 1.63 2.89 2.79
CV (%) 2.67 4.14 2.36 3.25
CMA + Proximal regions | Proximal region | Proximal region on cyt-A10* PI‘(X(lll’(;l*al reglé);l; on d
Ma, on cyt-A10* on cyt-B10* and cyt-B10 o > yrbITan

another three pairs

GISH (genomic probes)

IpaDurl

On all chromosomes, for
both subgenomes. Few
signals on centromeres of A
subgenome chromosomes
and terminal regions.
Cyt-B10 entirely covered by
signals

On all chromosomes, for
both subgenomes. Seldom
signals on cyt-A9. Few
signals on centromeres of A
subgenome chromosomes
and terminal regions.
Cyt-B10 entirely covered by
signals

A. hypogaea

On all chromosomes, for
both subgenomes. Seldom
signals on cyt-A9. Few
signals on centromeres of A
subgenome chromosomes
and terminal regions.
Cyt-B10 with alternated
pattern

On all chromosomes, of both
subgenomes. Seldom signals
on cyt-A9. Few signals on
centromeres of A subgenome
chromosomes and terminal
regions. Cyt-B10 entirely
covered by signals

A. duranensis
and A. ipaensis

Higher affinity to
chromosomes of each
corresponding subgenome.
Hybridized poorly on
cyt-A9, centromeres of A
chromosomes and terminal
regions of all chromosomes.
Cyt-B10 with mosaic pattern

Higher affinity to
chromosomes of each
corresponding subgenome.
Hybridized poorly on
cyt-A9, centromeres of A
chromosomes and terminal
regions of all chromosomes.
Cyt-B10 with higher affinity
to A. ipaensis probe

Proximal region

Proximal region

Interstitial region on cyt-A3

Interstitial region on cyt-A3

and terminal
regions

centromeric
and terminal
regions

terminal regions

58 and proximal region on and proximal region on
% on cyt-A3 on cyt-B3 cye-B3 oye-B3
E Proximal region
Z Proximal region | on cyt-B3 and . . A Proximal regions on cyt-A2;
=) 458 oncyt-A2and | B10* and on Prox”‘:i (;ig“;‘; ‘})3“1 g”‘ AZi | A10% B3 and B10 and in
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CV: coefhicient of variance; m: metacentric; sm: submetacentric; *: NOR (Nucleolar Organizing Region);
—: not analysed.

CMA, and the slides mounted with glycerol / Mcllvaine buffer, added to MgCl,.
Slides were observed in the Zeiss AxioPhot photomicroscope, with the CMA, cor-
responding fluorescent filter. Capture and treatment of the images were performed as
described above.

GISH

Genomic DNA from all four genotypes was isolated according to the CTAB protocol
(Ferreira and Grattapaglia 1998) in order to obtain the probes for GISH. Four young
leaflets, collected from five different plants, for each genotype were assembled to form
three DNA pools, for each genotype. Purified DNA (1pg) was then labeled with, ei-
ther digoxigenin-11-dUTP (Roche Diagnostics Deutschland GmbH) or Cy3-dUTP
(Roche Diagnostics Deutschland GmbH) by Nick Translation (Roche Diagnostics
Deutschland GmbH). Incorporation of digoxigenin labeled nucleotides and the esti-
mate concentration of the probes were determined by dot blot, followed by immuno-
cytochemical detection. Metaphase spreads were pre-treated with RNase A and pepsin
prior to fixation with 4 % paraformaldehyde and then with the hybridization solution,
as described by Schwarzacher and Heslop-Harrison (2000).

GISH was performed according to Schwarzacher and Heslop-Harrison (2000). To
obtain the A. hypogaca probe, approximately 50 ng/ul/slide of the genomic DNA of A.
hypogaea was used. Similar amount of IpaDurl genomic DNA was used to prepare the
other probe. Hybridizations were carried out for 16 h at 37 °C, followed by 73 % strin-
gent washes.
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For single GISH, metaphase spreads of IpaDurlwere hybridized with the A. Ay-
pogaea probe. After analysis and images acquisition, the A. hypogaea probe and DAPI
stain were removed (Heslop-Harrison et al. 1992), and the same slides were re-hy-
bridized with the IpaDurl probe and DAPI. On the same way, the A. hypogaea chro-
mosomes were hybridized with the IpaDurl probe and then, with its own probe. No
blocking DNA (unlabeled DNA) was used. The hybridization sites were detected using
the antibody anti-digoxigenin conjugated to fluorescein (Fab fragments from sheep;
Roche Diagnostics Deutschland GmbH) or by the direct observation of the Cy3 fluo-
rescence. Chromosomes were counterstained with DAPI after the hybridization detec-
tion step in the case of digoxigenin labeled probe or after stringent washes whenever
the probe was labeled with Cy3. Images were captured using corresponding fluorescent
filters for DAPI, FITC and Cy3 and the analyses conducted as described before.

For double GISH, approximately 50 ng/pl/slide of each diploid labeled DNA
was used concomitantly. Slides were hybridized as above described, with no blocking
DNA. Detection of hybridization sites, DAPI counterstaining, analysis and images
acquisition were conducted as described above.

5S and 45S rDNA chromosome mapping

The ribosomal sequences (rDNA) coding for 5S and 45S (18S-5.85-25S) of Lotus
Jjaponicus (Regel) K. Larsen, 1955 (Pedrosa et al. 2002) and Arabidopsis thaliana (Lin-
naeus, 1753) Heynhold, 1842 (Wanzenbéck et al. 1997), respectively were used to ob-
tain the IDNA probes for FISH. DNA was labeled with either digoxigenin-11-dUTP
or Cy3-dUTP by Nick Translation (Roche Diagnostics Deutschland GmbH).

LTR retrotransposons chromosome mapping

The TR retrotransposon families, RE128-84 (Genbank KF729744.1; KF729735.1;
KC608796.1; KC608788.1), representing the Tyl-copia group; Pipoka (Genbank
KF729742.1 and KC608774.1) from Ty3-gypsy and Athena (Genbank KC608817.1), a
non-autonomous transposon (which lacks the reverse transcriptase coding sequence) were
chosen as the representatives of the most abundant ITR-retrotransposon families, and
amongst the most and least frequent LTR-retrotransposons in A. duranensis and A. ip-
aensis genomes. DNA corresponding to the sequence coding for the reverse transcriptase
enzyme of RE128-84 (Revtrans-RE) and Pipoka (Revtrans-PIP) were used to obtain the
probes for FISH. Since Athena family comprises non-autonomous elements, there is no
DNA sequence coding for the reverse transcriptase enzyme. Therefore, a non-genic, inter-
nal conserved DNA sequence, specific to the Athena family (Conserved-Ath) was used to
obtain Athena probe. DNAs were PCR-amplified and the size of the amplicons confirmed
in 1 % (w/v) agarose gel. DNAs were then purified and sequenced. Each DNA was labeled
with either digoxigenin-11-dUTP or Cy3-dUTP by Nick Translation (Roche Diagnostics
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Deutschland GmbH). Primers, sizes of the amplicons and the sequences are listed in Table 2.
Hybridization conditions, detection of the hybridization sites, DAPI counterstaining, analy-
sis and images acquisition were conducted as described above.

In silico coverage and mapping of the LTR-retrotransposons on the diploid genomes

The conserved DNA sequences specific for each LTR-retrotransposon family (Table 2)
were used as the query to assess the estimate coverage of each LTR-retrotransposon in
A. duranensis and A. ipaensis diploid genomes, using the REPEATMASKER (www.
repeatmasker.org), with default parameters, except with the parameters -nolow and
-norna to not mask low-complexity sequences and rDNA. The estimate coverage in-
cluded all members of each LTR-retrotransposon family, thus including complete se-
quences, reminiscent fragments, nested sequences and solo LTRs. Output files were
processed using a custom Perl script, and regions masked by more than one sequence
in the repeat library were recognized and counted only once.

These conserved DNA sequences from each LTR-retrotransposon family were used
as queries to assess their distribution in the chromosomal pseudomolecules, of both
diploid species, using the PeanutBase BLAT tool (http://www.peanutbase.org). The
match score was set to = 80 %. Data was manually curated to remove sequences with
different size than the expected one (Table 2); misalignments, overlapping of simi-
lar sequences and tandem organized sequences, here considered as a single hit. After
trimming, the number of hits for each LTR-retrotransposon was determined for each
chromosomal pseudomolecule, designated Aradu.A01 or Araip.B01, for example, ac-
cording to nomenclature previously used (Bertioli et al. 2016, http://www.peanutbase.
org). To avoid confusion of cytogenetic and pseudomolecule numbering, which might
not fully correspond, here in this manuscript, the cytogenetic numbering will be pre-
fix with “cyt- xxx” (for example, cyt-Al, for chromosome 1 of the subgenome A and
cyt-B1 for chromosome 1 of the subgenome B), for both allotetraploids and diploids.

Results

Genome sizes

The DNA content estimated by flow cytometry revealed that IpaDurl had a value very
close to the sum of those of A. duranensis and A. ipaensis, however, slightly different
from that of A. hypogaea (Table 1). Therefore, the estimate size of IpaDurl genome is
2.89 Gb. The DNA content of the accession V14167 of A. duranensis was herein deter-
mined for the first time and its value was very close to those previously determined for
other accessions of this species (Temsch and Greilhuber 2001, Samoluk et al. 2015a, b).
On the other hand, the herein estimate value for A. ipaensis (3.34 pg) was slight higher
than previous data (3.19 pg; Samoluk et al. 2015a, b).
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Organization of chromosomes

IpaDurl harbored 40 chromosomes, with similar morphology to those chromosomes
of A. hypogaea and their progenitors, A. ipaensis and A. duranensis, being mostly meta-
centric (36 m + 4 sm), with the two submetacentric pairs of chromosomes designated
as cyt-A10 and cyt-B10, both SAT chromosomes (Table 1; Fig. 1A). IpaDurl A sub-
genome chromosomes, as well as those of A. hypogaea and A. duranensis had evident
DAPI* bands, situated at centromeric regions (Fig. 1A, B, C). DAPI* bands on B
subgenome chromosomes of both allotetraploids, as well as those on the chromosomes
of A. ipaensis were not detected (Fig. 1D). Proximally located CMA_* bands (DNA
regions rich in C-G) on cyt-A10 and cyt-B10 were observed in the four genotypes
analyzed (Fig. 2A, B, C, D). However, A. hypogaea had another three pairs of chro-
mosomes with CMA_* bands (Fig. 2B). The karyotype formulae and CMA,*banding

patterns are compiled in Table 1.

GISH1
GISH with the allotetraploid genomic probes

Genomic in situ hybridization used either A. hypogaea or IpaDurl labeled genomic
DNA as the probe (single GISH). Hybridization with IpaDurl or A. hypogaea probes
indicated a similar and overall affinity of both probes to all chromosomes of IpaDurl,
except for the signals on cyt-A9 (equivalent to Aradu.A08; Bertioli et al. 2016), which
were observed only after hybridization with the IpaDurl probe (Fig. 3A, B), but not
after hybridization with the A. hypogaea probe. Additionally, hybridization on Ipa-
Durl cyt-B10 chromosomes (Fig. 3A, inset) with the IpaDurl probe generated signals
evenly distributed, all along the chromosomes, whilst signals after the hybridization
with A. hypogaea probe had an alternated pattern, with dark and lighter bands (Fig. 3B,
C, insets), indicating different aflinity of this probe to different regions of these chro-
mosomes. On the other hand, the cyt-B10 of A. hypogaea had signals evenly spread
along the chromosomes, independently of the probe used. Furthermore, cyt-A9 of A.
hypogaea showed weak signals, independently of the probe used (Fig. 3D, E, F), whilst
in IpaDurl, the signals were evident.

GISH with the diploid genomic probes

Simultaneous hybridization with A. duranensis and A. ipaensis genomic probes (double
GISH) confirmed that each diploid probe hybridized preferentially with the chromo-
somes of its corresponding subgenome, for both IpaDurl and A. Aypogaea. IpaDurl
showed evident hybridization on all chromosomes, as single or overlapping signals
(one or both probes hybridizing to the same region of the chromosome, respectively),



The genome structure of Arachis hypogaea (Linnaeus, 1753) and an induced Arachis... 121

Figure I. Metaphase chromosome spreads from root tips after DAPI staining (bright white) of A Ipa-

Durl B A. hypogaca C A. duranensis and D A. ipaensis. Chromosomes of the A subgenome (green arrows)
and B subgenome (red arrows). Cyt-A9 (A9). Whenever the secondary constriction on cyt-A10 and cyt-
B10 is extended, forming the thread-like constriction; the short arm and the proximal segment of the long
arm are indicated by an asterisk (*) and the separated satellite is marked by a degree sign (°). Bar = Spm.

except for cyt-A9; centromeres of A subgenome chromosomes and terminal chromo-
somal regions, which hybridized poorly (Fig. 4A, B, C, D).

Strikingly, a distinct intercalated mosaic-banding pattern was also observed on the
pair of chromosomes cyt-B10: bands with higher affinity to A. duranensis genomic probe
(Fig. 4A, inset) and bands with higher affinity to A. ipaensis probe (Fig. 4B, inset). This
pattern on IpaDurl cyt-B10 is similar to that observed after single GISH using the A.
hypogaea probe (intercalated dark and light bands) (Fig. 3B, C). These lighter bands cor-
respond to the subgenome A of IpaDurl, as showed after double GISH, which showed
stronger signals with A. duranensis probe, whilst the dark bands correspond to the B sub-
genome, as indicated after hybridization with A. ipaensis probe. Together, results suggest
that the A subgenome component in the cyt-B10 of IpaDurl might had changed after
polyploidization, or that it is derived from a different accession of A. duranensis. At least
another chromosome pair of IpaDurl chromosomes also appears to show weaker affinity
to the A. duranensis probe in one part, and stronger affinity to A. ipaensis probe, in another.

A. hypogaea chromosomes showed patterns similar to those observed in IpaDurl
after double GISH, except cyt-B10 that showed uniform hybridization signals along
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Figure 2. Chromosomes with CMA," bands (arrows) on their proximal regions. A IpaDurl B A. hypogaca
C A. duranensis D A. ipaensis. Cyt-A10 (A10) and cyt-B10 (B10). Bar = Spm.

the chromosomes (Fig. 4D, E, F). Both allotetraploids had few signals on centromeres
of the A subgenome chromosomes and terminal regions of all chromosomes, after both

(single and double) GISH. These results are compiled in Table 1.

5S and 45S rDNA chromosome mapping
The number of 5S rDNA loci was an additive character for both IpaDurl and A. /y-

pogaea: one locus on the cyt-A3, originating from the corresponding chromosome in
A. duranensis, and another locus on cyt-B3, from the corresponding chromosome in
A. ipaensis (Fig. 5A, B). Observations of cyt-A3 in both IpaDurl and A. hypogaea indi-
cated that the 58 signals extended from the proximal into the interstitial chromosomal
regions (Fig. 5A, B), whereas in the corresponding chromosomes of A. duranensis, the
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Figure 3. Single GISH on IpaDurl (A, B, C) and A. hypogaca (D, E, F) chromosomes, followed by
DAPI counterstaining (blue C, F). Hybridization with the genomic probe of IpaDurl A, E A. hypogaea

probe B, D and C overlapping of DAPI and A. hypogaea probe on IpaDurl chromosomes F overlapping
of DAPI and IpaDurl probe on A. hypogaca. Cyt-A9 (A9), CytB-10 (B10). Insets of cyt-B10 of IpaDurl
(A, B, C) showing alternate dark and light bands. When the secondary constriction on cyt-A10 is ex-
tended, forming the thread-like constriction, the short arm and the proximal segment of the long arm are
indicated by an asterisk (*) and the separated satellite is marked by a degree sign (°). Bar = S5pm.

signals were restricted to the proximal region (Fig. 6A). Further analysis on meiotic
chromosomes is needed to confirm the possible increase of these loci in allotetraploids.
The 5S rDNA signals on cyt-B3 had a similar pattern in both allotetraploids and A.
ipaensis (Fig. 6B).

Considering the FISH with the 45S rDNA probe, there were only three loci in
IpaDurl and five A. hypogaea, thus being an addictive character only for the latter. In
IpaDurl (Fig. 5A), the signals were proximally located on cyt-A2 and cytB-10, while
on cyt-Al0, signal was near the secondary constriction of the SAT region, forming
a thread-like constriction, characteristic of NORs (Nucleolar Organizing Regions),
as observed on the corresponding chromosome of A. duranensis (Fig. 6C). The A.
hypogaea 45S rDNA loci (Fig. 5B) were proximally located on cyt-A2, cyt-B10 and
cyt-B3; terminally positioned on cyt-B7 and, on cyt-A10, they were situated near the
secondary constriction of the SAT region, as observed in the corresponding chromo-
some of the progenitor diploid species, A. duranensis (Figs. 5B; 6C, D). No differences
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Figure 4. Double GISH on IpaDurl (A, B, C) and A. hypogaea (D, E, F) chromosomes, followed by
DAPI counterstaining (blue €, F). Hybridization with the genomic probe of A. duranensis (red A, D)
and A. ipaensis (green B, E). Overlapping of DAPI and both diploid probes on € IpaDurl and on F A.
hypogaea. Cyt-A9 (A9), cyt-B10 (B10). Insets of IpaDurl cyt-B10 (A, B, C), showing a colored mosaic.
When the secondary constriction on cyt-A10 is extended, forming the thread-like constriction, the short
arm and the proximal segment of the long arm are indicated by an asterisk (*) and the separated satellite

is marked by a degree sign (°). Bar = Spm.

were detected in the signals produced by either 5S and 45S rDNA dig-dUTP or Cy3-
dUTP labeled probes. Interestingly to note that the co-localization of 5S and 45S
rDNA loci on cyt-B3 was detected only in A. hypogaea, but not in IpaDurl (Fig. 5A,
B, inset). In contrast, the 45S rDNA loci co-localized with CMA bands on cyt-A10
and cyt-B10, for both allotetraploids, as well as on the corresponding chromosomes,
for both diploid species. FISH results are summarized in Table 1.

LTR-retrotransposon chromosome mapping

RE128-84

In all genotypes, the RE128-84 signals were preferentially dispersed on proximal re-
gions and along the arms of the chromosomes, and seldom detected on centromeric
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Figure 5. A IpaDurl and B A. hypogaea chromosomes hybridized with the 55 rDNA probe (green) and
45S (red), followed by DAPI counterstaining (bright white). Cyt-A2 (A2), cyt-A3 (A3), cyt-B3 (B3),
cyt-B7 (B7) and cyt-B10 (B10). A. hypogaea cyt-B3 with the co-localization of 5S and 45S rDNA signals.
When the secondary constriction on cyt-A10 is extended, forming the thread-like constriction, the short

arm and the proximal segment of the long arm are indicated by an asterisk (*) and the separated satellite
is marked by a degree sign (°). Bar = Spm.

and terminal regions. For both allotetraploids (Fig. 7A, B), the majority of the chro-
mosomes had signals, except on cyt-A9 and cyt-A10 of A. hypogaea and on another
pair of A subgenome chromosomes of IpaDurl. Signals lacked also on two pairs of
chromosomes in A. ipaensis, whilst A. duranensis showed overall more evident signals
than those in the other diploid species (Fig. 7C, D). However, chromosomes of the
subgenome B of both allotetraploids generally had more signals than on A. ipaensis
chromosomes, although no quantitative analysis could be performed.

Pipoka

As for RE128-84, Pipoka signals observed were spread along the chromosomes, ex-
cept on centromeric and terminal regions. The majority of the IpaDurl chromosomes
showed signals (Fig. 7E), while A. hypogaea had only few signals (Fig. 7F). A. duranensis
showed comparable signals than those in A. ipaensis, with signals on all chromosomes
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Figure 6. Mitotic metaphase chromosome hybridized with the 55 rDNA probe (green A, B) and 455
rDNA probe (red C, D), followed by DAPI counterstaining (bright white). A A. duranensis 2n = 2x =
20) showing signals on cyt-A3 (A3) B A. ipaensis (2n = 2x = 20) showing signals on cyt-B3 (B3) C A.
duranensis with signals on cyt-A2 (A2) and cyt-A10 (A10) D A. ipaensis showing signals on cyt-B3, B7 and
B10. When the secondary constriction on chromosome 10 is extended, forming the thread-like constric-
tion, the short arm and the proximal segment of the long arm are indicated by an asterisk (*) and separated
satellite is marked by a degree sign (°). Bar = Spm.

of both diploid species (Fig. 7G, H). This probe did not hybridize to cyt-A9 or cyt-A10
of both allotetraploids and just poorly hybridized on these same chromosomes of A.
duranensis. The hybridization patterns on the chromosomes of IpaDurl suggested be-
ing closer to those detected in both diploid species than those observed for A. hypogaea.

Athena

In a similar way, chromosomes of all genotypes had Athena dispersed signals that
lacked on centromeric and terminal regions. The abundance of signals in IpaDurl
seemed to be lower than in A. hypogaea (Fig. 71, J), whilst A. duranensis apparently
showed more signals than A. ipaensis (Fig. 7K, L). The signals in IpaDurl were mostly
on the B subgenome chromosomes, whilst in A. hypogaea, the signals were present on
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Figure 7. IpaDurl (A, E, ), A. hypogaea (B,R,)), A. duranensis (C, G, K) and A. ipaensis (D, H, L) chro-
mosomes hybridized with the LTR-retrotransposon probes RE-128-84 (A, B, C, D), Pipoka (E, F, G, H)
and Athena (1, J, K, L), followed by DAPI counterstaining (blue). Cyt-A9 (A9). Chromosomes lacking

signals (arrow). When the secondary constriction on cyt-A10 is extended, forming the thread-like con-

striction, the short arm and the proximal segment of the long arm are indicated by an asterisk (*) and the
separated satellite is marked by a degree sign (°). Bar = Sum.

chromosomes of both subgenomes (Fig. 71, J). Athena signals lacked on cyt-A9 and
cyt-Al0 of IpaDurl, A. hypogaea and A. duranensis (not shown). The hybridization
patterns on IpaDurl chromosomes suggested being closer to the sum of those in the
diploid species, while in A. hypogaea, signals seemed to be more abundant. Results of
the LTR- retrotransposons FISH are compiled in Table 1.

LTR-retrotransposons coverage and mapping on pseudomolecules

The coverage of the LTR-retrotransposons indicated that these elements covered for
RE128-84 family, around 1.20 % and 1.17 % of the A. duranensis and A. ipaensis chro-
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Table 3. In silico coverage of the LTR-retrotransposons on the chromosomal pseudomolecules of A.
duranensis and A. ipaensis (accordingly to www.peanutbase.org).

Frequency of LTR-retrotransposons (%)

Pseudomolecule RE128-84 Pipoka Athena Total/ pseudomolecule
Aradu.A01 (= 107 Mb) 1.14 3.42 0.96 5.51
Aradu.A02 (= 93 Mb) 1.28 2.62 0.52 4.42
Aradu.A03 (= 135 Mb) 1.12 2.76 0.74 4.62
Aradu.A04 (= 123 Mb) 1.35 2.90 0.58 4.83
Aradw.A05 (= 110 Mb) 1.17 2.49 0.59 425
Aradu.A06 (= 112 Mb) 1.10 2.99 0.66 4.75
Aradu.A07 (= 79 Mb) 1.38 2.37 0.64 4.38
Aradu.A08 (= 49 Mb) 1.67 0.85 0.25 2.76
Aradu.A09 (= 120 Mb) 1.08 3.24 0.73 5.06
Aradu.A10 (= 109 Mb) 1.09 3.20 0.75 5.05
Total in A genome (1.25 Gb) 1.20 2.81 0.77 4.68
Araip.B01 (= 137 Mb) 1.07 6.54 1.27 8.89
Araip.B02 (= 108 Mb) 1.30 5.22 1.09 7.61
Araip.B03 (= 135 Mb) 1.21 4.75 0.97 6.93
Araip.B04 (= 133 Mb) 1.26 6.03 1.05 8.34
Araip.B05 (= 149 Mb) 1.09 6.40 1.28 8.77
Araip.B06 (= 137 Mb) 1.03 5.76 1.09 7.89
Araip.B07 (= 126 Mb) 1.09 7.61 1.32 10.01
Araip.B08 (= 129 Mb) 1.35 6.08 1.25 8.67
Araip.B09 (= 147 Mb) 1.20 591 1.25 8.36
Araip.B10 (= 136 Mb) 1.10 6.49 1.25 8.84
Total in B genome (1.56 Gb) 1.17 6.09 1.19 8.44

Mb: megabase. Gb: gigabase.

mosomal pseudomolecules, respectively, for Pipoka, 2.81 % and 6.09 % and for Athena,
0.77 % and 1.19 %. These three families covered about 4.68 % and 8.44 % of A. duran-
ensis and A. ipaensis, mostly due to the large abundance of Pipoka members (Table 3).
The A. duranensis pseudomolecules with the lowest and highest frequencies were respec-
tively, Aradu.A08 and Aradu.A01, while in A. ipaensis, Araip.B03 and Araip.B07.
Accordingly, the number of LTR-retrotransposon hits after the ITR-retrotrans-
posons in silico mapping on the diploid pseudomolecules were higher in A. ipaensis
than in A. duranensis (Fig. 8), with the pseudomolecules with the highest and lowest
number of hits being in accordance with the results of the estimate coverage. RE128-
84 hits were on all pseudomolecules, but more abundant on Aradu.A04 and Araip.
B02. Hits were found along the arms, but not on centromeric regions. Pipoka hits were
more abundant on Aradu.A09 (do not correspond to the cyt-A9) and Araip.B07; less
abundant on Aradu.A07 and Araip.B01, and lacked on Aradu.A08. Hits were mostly
concentrated on centromeric and proximal regions, for both diploids, and lacked on
terminal regions of most of the pseudomolecules, except for Aradu.A09 and on some
A. ipaensis pseudomolecules. Because of the low number of hits generated by Athena,
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Figure 8. In silico mapping of the LTR-retrotransposon families, RE128-84, Pipoka and Athena on the

chromosomal pseudomolecules of A. duranensis (left) and A. ipaensis (right).

no clear distribution pattern could be recognized, although the highest number of hits
was on Aradu.A03 and Araip.B03; the lowest on Aradu.A02, Aradu.A07 and Araip.
B10, whilst no hits were observed on Aradu.A04, Aradu.A05 and Aradu.A08 (Fig. 8).

The distribution of the LTR-retrotransposons, both in silico and in situ showed gen-
eral similar patterns for the RE128-84 and Athena in A. duranensis; Pipoka in A. ipaensis
and Athena, for both diploid genomes. The results shared by these two approaches ena-
bled the inference of putative assignments by numbers for some of the IpaDurl chro-
mosomes, based on the abundance of hits on the numbered pseudomolecules (www.
peanutbase.org). For example, A. duranensis chromosomal pseudomolecule Aradur.A04
had the largest number of RE128-84 hits; therefore, the chromosomes with more abun-
dance of RE128-84 in situ hybridization signals in IpaDurl could be putatively assigned
as cyt-A4. In this same way, the pseudomolecule Araip.B02 was the one with the highest
number of RE128-84 hits in A. ipaensis, thus the pair of chromosomes with more abun-
dance of in situ signals would be called cyt-B2. Additionally, Araip.B07 had more Pipoka
hits; therefore, the putative corresponding chromosome would be the cyt-B7. Aradur.
A05 and Aradur.A08 pseudomolecules had no Athena hits, thus the corresponding chro-
mosomes lacking in situ signals would be cyt-A5 and cyt-A9.

Discussion

Cultivated peanut (A. hypogaea) is an allotetraploid with an AABB type genome, origi-
nated from the diploid progenitor wild species A. duranensis (A genome; female pro-
genitor) and A. ipaensis (B genome; male donor) (Kochert et al. 1991, Seijo et al. 2007,
Moretzsohn et al. 2013). Earlier evidence from cytogenetics, genetic mapping and analy-
sis of progeny derived-from crosses of A. hypogaea with an induced allotetraploid [(4. ip-
aensis K30076 x A. duranensis V14167)*] (Favero et al. 2006) showed that their genomes
had not undergone large-scale rearrangements since polyploidization (Févero et al. 2015,
Ramos et al. 2006, Seijo et al. 2007, Fonceka et al. 2009, Shirasawa et al. 2013).
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However, considering the behavior of other polyploids in general, it seemed that
some changes following polyploidy were extremely likely to have occurred. Accord-
ingly, comparisons at the genome sequence level have shown some recombination be-
tween the subgenomes of A. hypogaea and evidence of the A subgenome erosion by
gene conversion with the B subgenome (Bertioli et al. 2016). Additionally, although
meiotic pairing in A. hypogaea is described as presenting the bivalents, with rare uni-
valents, trivalents, and quadrivalent exceptions (Husted 1936), there is an indication
of limited homeologous pairing between A and B subgenomes, as the recent genetic
studies suggested that cultivated peanut may be better classified as a segmental allo-
tetraploid with predominantly disomic, but partially tetrasomic genetics (Leal-Bertioli
etal. 2015, Bertioli et al. 2016, Clevenger et al. 2017).

In this study, in order to investigate genome structure alterations, cytogenetics was
used to make a detailed comparison of A. hypogaea, an induced allotetraploid IpaDurl
[(A. ipaensis K30076 x A. duranensis V14167)*] and their progenitor species, A. du-
ranensis and A. ipaensis. The use of an induced allotetraploid is advantageous because
this hybrid approximates an early A. hypogaea, and it was expected to undergo similar
changes to those that peanut underwent in the early generations following polyploidy,
although A. duranensis was the male progenitor in IpaDurl and the female in A. Ay-
pogaea. Furthermore, comparisons are more accurate, because the exact diploid pro-
genitors are known, and both have their reference genome sequences available.

Genome sizes

The sum of the estimated genome sizes of the diploid species, herein using the flow
cytometry was very similar to the one estimated for IpaDurl, but somewhat larger
(4 %) than the one estimated for A. hypogaea (Table 1). This difference is small, but
might indicate a different A. duranensis accession(s), as the A subgenome donor to A.
hypogaea (Zhang et al. 2016), and / or that deletions in A. hypogaea subgenome A had
occurred following polyploidy. Either explanation is very plausible, because A. duran-
ensis is known to vary significantly in genome size (Temsch and Greilhuber 2001) and
genome deletions in polyploids are known to be common (Ma and Gustafson 2006,
Bento et al. 2008, Eilam et al. 2008, Petit et al. 2010). Although the estimate value for
the DNA content of A. ipaensis herein determined slightly differed from previous data
(Singh et al. 1996, Samoluk et al. 2015a, b), this new value estimates the genome size
of A. ipaensis as being 22 % larger than that of A. duranensis, very similar to the size
difference between their chromosomal pseudomolecules (29 %, Bertioli et al. 2016).

Organization of chromosomes

Current analysis indicates that A. hypogaea and IpaDurl share many similarities de-
rived from the progenitor diploids, however variations relative to progenitors were also
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cytogenetically revealed during this study. Chromosomes of IpaDurl are morphologi-
cally similar to those of A. hypogaea (Seijo et al. 2004, Robledo et al. 2009, Robledo
and Seijo 2010), including the cultivar Tatu that was here studied. Staining of AT-rich
heterochromatin with DAPI showed that both allotetraploids had additive patterns
(Fig. 1A, B), that is, the sum of the patterns in the progenitor diploid species was equal
to the patterns in the allotetraploids. However, the CG-rich regions revealed by the
CMA, did not have an additive pattern in A. hypogaea, since it that has bands on three
extra pairs of chromosomes than the sum in the progenitor species (Fig. 2B). CMA*
banding in Arachis species was described only for few species, which did not include
species of the section Arachis (Cai et al. 1987, Pierozzi and Baroni 2014, Ortiz et al.
2017). It is difficult to interpret the significance of these differences currently, but the
lack of CMA_*bands could be a possible inaccessibility of the CMA, fluorophore due

to immediate structural changes in chromatin organization.

Genome affinity by GISH

Double GISH using simultaneously both labeled genomic DNAs from the diploid
species as probes and, the single GISH using separately each of the allotetraploid
genomic labeled DNA as probe were used to study the overall aflinities of the ge-
nomes, especially considering the known biases of hybridization kinetics related to
DNA repetitive fractions. Our hybridizations generated patterns generally consistent
with previous observations in A. hypogaea (Ramos et al. 2006, Seijo et al. 2007). Single
GISH indicated that these allotetraploid genomes shared most of its contents, which
correspond to that of the diploid progenitor genomes. Both IpaDurland A. hypogaea
showed scarcity of signals on cyt-A9, the small pair “A” (Fig. 3), indicating its low
repetitive content and possible equivalence to Aradu.A08 (Bertioli et al. 2016). Dou-
ble GISH confirmed the preferential hybridization of each diploid probe to its cor-
responding subgenome, thus allowing chromosomes of the A and B subgenome to be
easily distinguished in IpaDur1 (Fig. 4), as it was previously recognized for the genome
components of A. hypogaea (Raina and Mukai 1999, Seijo et al. 2007). Although the
genome of IpaDurl, A. hypogaea and progenitor species share the majority of the DNA
content, remarkable differences were detected in IpaDurl, such as the striking mosaic
hybridization patterns observed on cyt-B10 (Fig. 4), suggesting that this pair of chro-
mosomes might have undergone multiple recombination events between subgenomes.
Relatively strong residual hybridization in its bands suggests partial, and not complete,
subgenome replacement. At first sight, this different affinity to the genomes along
cyt-B10 of IpaDurl seems consistent with the recombination between Aradu.A04 and
AraipB04 that has been reported in this induced allotetraploid (Leal-Bertioli et al.
2015). However, on closer inspection, it seems likely that this possible genome insta-
bility cytogenetically observed is in a different chromosome (cyt-B10 has a conspicu-
ous constriction indicating the presence of a large 45S rDNA cluster, but Araip.B04
does not have any 45S rDNA sequences). Although A-B subgenomes recombinations
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between distal euchromatic regions of homeologous chromosomes have been shown in
A. hypogaea (Bertioli et al. 20106), it is believed that most likely, they were not detected
here because of their relatively small size and poor hybridization in the repeat-poor
distal portions of the chromosomes.

5S and 45S rDNA chromosome mapping

Hybridizations with ribosomal DNAs (rDNAs) probes were carried out since they
generate strong signals, the positions of ribosomal loci are important landmarks for
cytogenetic chromosome identification and it is known that their concerted evolution
drives changes following polyploidy (Grabiele et al. 2012). The number of 5§ rDNA
loci herein determined for IpaDurl showed to be additive, as it was here confirmed for
A. hypogaea cultivar Tatu (Fig. 5), in accordance to previous reports including other
A. hypogaea cultivars (Seijo et al. 2004, Robledo et al. 2009, Robledo and Seijo 2010).
However, the heteromorphic signal on cyt-A3, for both allotetraploids, relative to the
corresponding chromosome in the diploid A. duranensis, could indicate possible ge-
nome instability in the allopolyploids. Similar heteromorphic signal was also observed
for other A. hypogaea accessions by Seijo et al. (2004). Sequence similarity searches on
A. ipaensis chromosomal pseudomolecules identified a single location of 55 rDNA,
on Araip.B06, thus allowing its correspondence to cyt-B3. Nonetheless, similarity
searches of the sequences of A. duranensis detected multiple rDNA locations (data not
shown), making ascertained further cytogenetic - pseudomolecule correspondences,
still a challenge.

Generally, 455 rDNA loci inherited from both parents often remain structurally
(not necessarily functionally) intact in first generation hybrids, and ancient allopoly-
ploids usually display uniparental inheritance and / or structural rearrangements of pa-
rental 45S rDNA (Volkov et al. 2017). Our analysis indicated that the sum of the 45S
rDNA loci in the diploid species is equivalent to the number detected in A. hypogaea
cultivar Tatu (Fig. 5B), in accordance to previous reports for other cultivars (Seijo et
al. 2004, Robledo et al. 2009, Robledo and Seijo 2010). Nonetheless, and notably, the
number of 458 rDNA loci in IpaDurl differed from the sum of the progenitor diploid
species, since signals on cyt-B3 and cyt-B7 were not detected (Fig. 5A), thus constitut-
ing another hint of genome instability. Nucleolar dominance was the same in both
allotetraploids: NORs were present on cyt-B10 of A. ipaensis (Seijo et al. 2004), but
might not be active on cyt-B10 of A. hypogaea (only on cytA-10; Seijo et al. 2004) or
IpaDurl. Such alterations could be consequences of different mechanisms of heritance
of these sequences, yet to be clarified in further studies.

Chromosome cyt-A10 of IpaDurl (Fig. 5A) is the only pair comprising a poten-
tial active NOR (Nucleolus Organizer Region) in this genotype, since the thread-like
constricted with 45S rDNA hybridization signals, typical of NORs are consistently
present. In a similar way, our analysis of cyt-A10 in A. hypogaea (Fig. 5B), A. duranensis
(Fig. 6C) and cyt-B10 in A. ipaensis (Fig. 6D) indicated similar patterns of 45S rDNA
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signals, which are in accordance with the previous reports for these diploid species
and A. hypogaea (Seijo et al. 2004, Robledo et al. 2009, Robledo and Seijo 2010).
On the other hand, cyt-B10 for both allotetraploids did not show a distended rDNA
458 signal, suggesting that this locus might have been silenced, and hence suggesting
a nucleolar dominance of cyt-A10. The possible cyt-BIONOR silencing in this newly
synthetized allotetraploid indicates that this possible nucleolar dominance could be
a rapid event after polyploidization, besides being independent of the maternal or
paternal role played by A. duranensis during allotetraploidization. NORs / -IDNA 45S
loci losses, such as those described for the allopolyploids hybrids Zragopogon mirus
(G.B. Ownbey, 1950) and 7. miscellus (G.B. Ownbey, 1950) (Soltis et al. 2004); A.
thaliana and the natural A. suecica (Pontes et al. 2004) and the induced 77iticum (Lin-
naeus, 1753) /Aegilops (Linnaeus, 1753) (Guo and Han 2014) are usually attributed
to rapid chromosomal rearrangements after polyploidization, although longer periods
are usually necessary for a selective elimination of one parental NORs / 45S rDNA.
Moreover, if there are some DNA regions in the chromosomes with gaps or constric-
tions that have tendency to break/gap, among possible consequences, there are changes
in number, position and activity of 45S rDNA sites (reviewed by Rocha et al. 2017).

LRT-retrotransposons coverage and mapping

Differences in the repetitive content created, for example, by the activation of trans-
posons, following polyploidy could explain why the variation of the intensity of sig-
nals on A. hypogaea chromosomes hybridized to its own genomic probe and IpaDurl
probe. In this regard, distribution of three retroelements from different classes was
further inspected, both in situ and in silico: the Tyl-copia transposon RE128-84, the
Ty3-gypsy transposon Pipoka, and the non-autonomous Athena (Fig. 8 and Table 3).
FISH using the selected LTR-retroelements probes produced dispersed signals, cor-
responding to larger or smaller clusters of the members of these retroelement families.
Generally, although there are some indications of changes, signals in the allotetraploids
were additive, mostly considering the RE128-84 (Fig. 7A, B, C, D). This indicates
that there has not been large-scale activation of these retrotransposon families after
allopolyploidization. Nevertheless, in silico analysis of the coverage of these LTR-ret-
roelements on the diploid pseudomolecules did not show a complete association with
their in situ distribution.

Opverall, in this study, whilst there are some indications that genome changes have
occurred after polyploidy in A. hypogaea, they are quite small: possible nucleolar domi-
nance and genome deletions, and indications of transposon activity. Whilst recombina-
tion between subgenomes has been clearly shown by the sequence analysis in A. hypogaea
(Bertioli et al. 2016), evidences of similar genome rearrangements could not be detected
in this species using the cytogenetic tools applied in this study. This could be due to the
limited power of detection of genomic hybridization (GISH) in the euchromatic chro-
mosomal regions. In contrast, IpaDurl has clearly undergone further alterations that
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could be evidenced cytogenetically: lack of two 458 sites on B subgenome chromosomes,
large-scale multiple recombination between subgenomes, in at least one chromosome
pair, the cyt-B10. Yet, this pair of chromosome is probably different to the pair in which
A-B rearrangements were genetically detected (Leal-Bertioli et al. 2015).

It seems that IpaDurl has a more unstable genome, and had larger recombination
between subgenomes than A. hypogaea. IpaDurl might be undergoing, at least in part,
a route of ‘autotetraploidization” and genetic degradation, process that has been termed
the “Polyploid Ratchet” (Gaeta and Pires 2010). Since A and B subgenomes of IpaDurl
and A. hypogaea are mostly similar, it may have been expected that they would have
similar propensities to recombination between subgenomes and stability, when incor-
porated in an allotetraploid form. However, this does not seem to be the case, perhaps
because a distinct A. duranensis accession was the A subgenome donor, inheritance has
been stabilized to some degree though genetic changes and selection (Jenczewski and
Alix 2004, Gaeta and Pires 2010) or due to the reversed male/female roles played by
the diploid species. The exact extent and the basis of genetics present in A. hypogaea,
the cultivated peanut, are questions still unanswered and will be pursued with further
investigation.
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With very deep sympathies and very great regret we announce that our best friend,
the dearest colleague and excellent researcher Professor Iya Kiknadze passed away in
Novosibirsk on December 17, 2017. She was a scientist who made a great and very
valuable contribution in the field of cytology — structure and function of the eukaryotic
chromosome, cytogenetics and karyotype evolution of family Chironomidae.

Iya Kiknadze was the founder of a very important field in the Cell Biology in Russia
— studies of the functional and structural organization of the salivary gland polytene
chromosomes in Diptera, especially in the Chironomidae. In many of her studies she
followed gene activity during ontogenesis (Kiknadze 1975, Kiknadze et al. 1989). One
of the most important and impressive studies was dedicated to gene activity of the key
structures of the polytene chromosomes: Balbiani Ring (BR) and Nucleolus Organizer
Region (NOR). Her study on the transcriptional activity of these structures represents
a great contribution to the genome research on the Chironomidae. Even more, the
study on the functional activity of these structures during larval development of the
model Chironomid species Chironomus riparius Mg. (Kiknadze 1978) provides valuable
information about the processes of the environmental mutagenesis. The chromosome map
of this species developed by Iya Kiknadze and her collaborators (Kiknadze et al. 1991)
is successfully used in the field of genotoxicology for monitoring the environment and
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for assessing the potential environmental
impact (Michailova et al. 2012). Her own
study on the chromosome alterations of
Chironomids from Republic of Sakha
(Yakutia) showed the sensitivity of
their genomes to different stress agents
in the environment. Her beneficial
monograph  “Functional  organization
of the chromosomes” (Kiknadze 1972)
presented very well the gene activity
and functional organization of the
salivary gland chromosomes of the
Chironomidae. Dealing with chironomid
polytene chromosomes, Iya Kiknadze
was the first who has proved that the
evolutionarily conserved structure, NOR,
is a transcriptionally active region of the
interphase chromosomes. Most significant
and marvelous studies of Iya Kiknadze on
the functional organization of the genomes
were done and published in collaboration
with well-known specialists as Drs B.
Daneholdt, M. Lezzi, J. Edstrom, and U. Grossbach. Together with other scientists,
Drs T. Hankeln, E. Schmidt, and her collaborators Drs M. Filippova and K. Aimanova,
Professor Iya Kiknadze discovered significant differences in the amount of centromeric
heterochromatin between sibling species of the Chironomus plumosus group. By in situ
hybridization they studied the localization and genomic organization of a Sau3AIl
restriction site (Sau elements) in 24 Chironomus Mg, species (Hankeln et al. 1994).

As discussed above, the presence of giant polytene chromosomes in chironomid
larvae makes them prospective subjects for genetic, cytogenetic, biochemical and mo-
lecular studies. However, to realize the full potential of these subjects precise species
identification is necessary. In many cases, a conventional morphological method does
not help to identify the species in the larva stage, as the larvae have no distinct dif-
ferences in external morphology in some genera, e.g. genus Chironomus which is in
fact rich in sibling species. In all those cases for solving different taxonomic problems
of these insects, together with external morphology the markers of the salivary gland
chromosomes are being applied. Iya Kiknadze was the author or a co-author of many
original chromosome maps of different Chironomid species (Kiknadze et al. 1991,
1996) where banding patterns of polytene chromosomes have been combined with de-
tailed morphological analyses of larvae. These maps allow the scientists to solve many
problems in taxonomy, cytogenetics, and chromosomal polymorphism of natural pop-
ulations of the species, to trace the path of species divergence. Based on the chromo-

Professor Iya Kiknadze (1930-2017).
Photo credit: AG Istomina.
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some maps, the rearrangements in the polytene chromosomes and different biomark-
ers are applied to analyze precisely the genome response to various stress agents in the
environment. Of especial interest is her book “Karyotypes of Palearctic and Holarctic
species of the genus Chironomus” (Kiknadze et al. 2016), where Iya Kiknadze, together
with her closest colleagues Drs A. Istomina, V. Golygina and L. Gunderina, presented
the cytogenetic characteristics of 63 species of genus Chironomus, collected from dif-
ferent geographical areas, including Russia (European part, Ural, West and East Si-
beria, Altai, Tuva, the Far East), Kazakhstan, West Europe (Germany, Belgium, the
Netherlands), Bulgaria, USA, Canada, China, and Japan. The pictures of the polytene
chromosomes of all studied species are brilliant and allow very easy and correct species
identification as well as analyzing chromosomal polymorphisms, the chromosomal re-
arrangements involved in the species divergence. Here it is important to underline that
phylogenetic analysis of these data allowed her to reconstruct the cytogenetic history
of many Chironomid species (Kiknadze et al. 2008). The authors evaluated the role
of chromosome aberrations in population divergence and speciation. They found that
in each continent there are endemic species-specific sequences together with common
sequences for different species and cytocomplexes.

Iya Kiknadze had a very fruitful collaboration not only with colleagues from dif-
ferent parts of Russia (besides some mentioned above, these are Drs S. Belyanina,
N. Petrova etc.) but also with specialists from all over the world: Australia — Dr ].
Martin, USA — Dr M. Butler, Europe — Germany — Dr W. Wiilker, Bulgaria — Dr P
Michailova, Netherlands — Dr H. Vallenduuk etc. As a result, they described together
many new chironomid species, presented a number of unique chromosome maps and
suggested the main paths of karyotype evolution in the Chironomidae.

Iya Kiknadze was the teacher and supervisor of many entomologists, cytogeneti-
cists, geneticists, karyosystematicists in Russia, especially in Novosibirsk. Her scientific
ideas are followed by many scientists in Europe, Asia and America. As a famous sci-
entist and specialist in different fields of Genetics she has been invited in the editorial
boards of many journals as Tsitologiya, Ontogenesis, Eurasian Entomological Journal
and Comparative Cytogenetics.

Prof. Iya Kiknadze was not only a remarkable scientist but she had a real talent for
organization of different Symposia and Conferences. She initiated the first International
Symposium on Organization and Expression of Tissue Specific Genes in Novosibirsk
in 1982 and it became a regular every second year workshop on Chironomid Balbiani
Ring, organized in different countries. An important dimension of her career was the
participation in many international Symposia, workshops in the field of structure and
function of the genome as well as in the field of Karyosystematics and Evolution of the
Chironomidae. Always her presentations were followed with a great interest.

With the death of Professor Iya Kiknadze we lost a great specialist in genetics,
cytogenetics and karyosystematics of the Chironomidae. We will miss our best friend
and a great person. We will always remember Iya Kiknadze for her work, commitment
and energy. She will always live in our hearts and memories.
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