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Abstract

Satellite repeats are major sequence constituents of centromeres in many plant and animal species. Within a species, a
single family of satellite sequences typically occupies centromeres of all chromosomes and is absent from other parts of
the genome. Due to their common origin, sequence similarities exist among the centromere-specific satellites in related
species. Here, we report a remarkably different pattern of centromere evolution in the plant tribe Fabeae, which includes
genera Pisum, Lathyrus, Vicia, and Lens. By immunoprecipitation of centromeric chromatin with CENH3 antibodies, we
identified and characterized a large and diverse set of 64 families of centromeric satellites in 14 species. These families
differed in their nucleotide sequence, monomer length (33–2,979 bp), and abundance in individual species. Most families
were species-specific, and most species possessed multiple (2–12) satellites in their centromeres. Some of the repeats that
were shared by several species exhibited promiscuous patterns of centromere association, being located within CENH3
chromatin in some species, but apart from the centromeres in others. Moreover, FISH experiments revealed that the
same family could assume centromeric and noncentromeric positions even within a single species. Taken together, these
findings suggest that Fabeae centromeres are not shaped by the coevolution of a single centromeric satellite with its
interacting CENH3 proteins, as proposed by the centromere drive model. This conclusion is also supported by the
absence of pervasive adaptive evolution of CENH3 sequences retrieved from Fabeae species.
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Introduction
Satellite DNA (satDNA) is a class of eukaryotic repetitive DNA
characterized by its genomic organization into arrays of tan-
demly arranged units called monomers. It is most clearly
distinguished from other tandemly repeated sequences by
its formation of much longer arrays spanning up to mega-
bases in length. Although monomer sizes of tens to a few
hundred base pairs are predominant (Macas et al. 2002),
satellite monomers can range from lengths typical for micro-
satellites (2–10 bp) (Heckmann et al. 2013; Talbert et al. 2018)
to over 5 kb (Gong et al. 2012). Owing to its rapid sequence
turnover, satDNA is the most evolutionarily dynamic com-
ponent of the genome, as demonstrated by the dramatic
variation in its abundance among species and the frequent
emergence of species-specific repeat families (Garrido-Ramos
2017). In higher plants, satellite repeats may occur at subtelo-
meric or interstitial chromosomal regions, but they are pref-
erentially located in, and often confined to, centromeres,
especially in species with small genomes (Garrido-Ramos
2015; Oliveira and Torres 2018). Preferential association of
satDNA with centromeric loci has also been reported for
other lineages of eukaryotes (Plohl et al. 2014; Hartley and
O’Neill 2019). However, the significance of this association for
centromere maintenance and function, as well as the

underlying mechanisms of satDNA accumulation in centro-
meres, remains incompletely understood.

Centromeres are chromosome regions that facilitate faith-
ful chromosome segregation during cell division. This is
achieved by providing an anchor point for assembly of the
kinetochore, a protein complex connecting centromeric
chromatin to the spindle microtubules (Cheeseman 2014).
Consequently, centromeres have a number of features that
distinguish them from other parts of the chromosomes. They
are marked by the presence of the centromere-specific his-
tone variant CENH3 and other proteins of the constitutive
centromere-associated network (Hara and Fukagawa 2017).
In addition, centromeres are regions of suppressed meiotic
recombination and exhibit characteristic profiles of epigenetic
chromatin modifications (Fuchs and Schubert 2012; Zhang,
Dong, et al. 2014). It remains controversial whether and how
these features drive the evolution of underlying centromeric
sequences, especially the satellite repeats. Diverse hypotheses
have been proposed on this issue, ranging from the idea that
satDNA is a passive hitchhiker to the claim that it is a key
determinant of centromere identity.

Perhaps the most influential concept regarding centro-
mere evolution is the centromere drive hypothesis
(Henikoff et al. 2001). Centromere drive is proposed to occur
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in species with asymmetric female meiosis, in which homol-
ogous chromosomes compete for inclusion into the egg cell.
Although the observed interspecific variation in repeat com-
position rules out the existence of a universal sequence de-
terminant of centromere identity, this hypothesis still
presumes that CENH3 or other kinetochore proteins interact
with the centromeric satellites in a sequence-specific manner.
Allelic expansion of the satellite array in one of the homologs
then results in a stronger centromere, which binds more ki-
netochore proteins, thus facilitating its preferential transmis-
sion to the egg. On the other hand, such asymmetry leads to
defects in male meiosis and reduced fertility, which is com-
pensated for by changes in the CENH3 sequence that affect its
DNA-binding preferences, resulting in restoration of meiotic
parity. This evolutionary arms race between selfish centro-
meric DNA and its associated kinetochore proteins is pre-
dicted to result in diversification of centromeric repeats
between species, as well as adaptive evolution of CENH3 or
other kinetochore proteins that directly interact with the
centromeric sequences (Henikoff et al. 2001; Malik 2009).

In line with the predictions of the centromere drive model,
a single centromeric satellite whose sequence has diverged
between related species has been reported in Oryza (Lee et al.
2005), Medicago (Yu et al. 2017), and some Brassicaceae spe-
cies (Lermontova et al. 2014). Adaptive evolution of CENH3
proteins was detected in some of these species (Cooper and
Henikoff 2004; Hirsch et al. 2009) as well as in several other
taxa with asymmetric female meiosis (Zedek and Bure�s 2016).
Direct evidence for centromere drive was obtained in the
plant genus Mimulus (Finseth et al. 2015), the fly
Drosophila melanogaster (Wei et al. 2017), and mouse
(Iwata-Otsubo et al. 2017) in which the molecular mecha-
nisms underlying centromere drive have also been elucidated
(Akera et al. 2017).

On the other hand, considering the widespread occur-
rence of centromeric satellites in plant and animal genomes,
it is surprising that so few examples of centromere drive have
been reported so far. Moreover, some observations are not
consistent with the presumed evolutionary arms race be-
tween CENH3 and its underlying centromeric satellite(s)
(Kawabe et al. 2006; Masonbrink et al. 2014). In addition,
maize lines carrying homologous chromosomes with different
centromere sizes exhibit no significant distortions in their
meiotic segregation (Han et al. 2018), and CENH3 proteins
from the phylogenetically distant species Lepidium oleraceum
and Zea mays exhibit binding patterns on Arabidopsis thali-
ana centromeres that were indistinguishable from native
CENH3 (Maheshwari et al. 2017). This may indicate that
the process is not as common as expected, or that it is active
only during limited periods of centromere evolution.

Although the considerations described earlier are mainly
based on the presumed sequence-specific interactions of ki-
netochore proteins with their underlying sequences, it has
recently become evident that features other than primary
sequence may also be important for the coevolution of
satDNA and centromeres. Specifically, it has been proposed
that the repeated structure itself is advantageous, as homol-
ogous recombination between identical repeat copies

generates DNA loops that are required for efficient centro-
mere function (McFarlane and Humphrey 2010). In addition,
centromere propagation and function seems to depend upon
transcription of its sequences (Duda et al. 2017; Perea-Resa
and Blower 2018); thus, the ability of centromeric satellites to
produce transcripts at optimal levels may determine their fate
in these regions. Finally, in domesticated maize inbred lines,
the sequence composition of centromeres can be shaped by
inbreeding and selection for centromere-linked genes, a pro-
cess that may also act during speciation in natural systems
(Schneider et al. 2016). Therefore, it is likely that the structure
and sequence composition of centromeres in a particular
species reflects an interplay of various structural features
and evolutionary forces, the nature and importance of which
are yet to be determined.

The questions outlined above could be answered by gath-
ering information on centromeric sequences and kinetochore
proteins from a wide range of species and examining them in
the phylogenetic context. Because it is important to discrim-
inate sequences that are truly associated with centromeric
chromatin from surrounding repeats, it would be necessary to
perform chromatin immunoprecipitation using antibodies
against centromeric proteins coupled with sequencing of re-
trieved DNA (ChIP-seq). To date, however, relatively few such
studies have been conducted in plants, and most have fo-
cused on one (Gong et al. 2012; Zhang, Kobli�zkova, et al. 2014;
Kowar et al. 2016) or a small group of species (Gent et al.
2017).

In our previous work, we analyzed centromeric repeats in
garden pea (Pisum sativum), a species with peculiar centro-
mere organization consisting of multiple separated domains
of CENH3 chromatin arranged along extended primary con-
strictions of metaphase chromosomes (Neumann et al. 2012).
This “meta-polycentric” chromosome organization was later
reported in Lathyrus, but not in genera Vicia and Lens, which
are phylogenetically related members of the same legume
tribe, Fabeae (Neumann et al. 2015). In P. sativum, ChIP-seq
experiments with CENH3 antibody revealed unprecedented
diversity of centromeric satellites consisting of 13 repeats with
different distribution patterns among chromosomes
(Neumann et al. 2012). Relative to Vicia and Lens, Pisum
and Lathyrus species possess an additional copy of the
CENH3 gene, which was speculated to serve as a possible
trigger for the expansion of centromeres and the emergence
of diverse centromeric satellites. However, subsequent study
of Vicia faba, a species with simple centromeres and only one
copy of CENH3, also revealed multiple centromeric satellites,
three of which are present in the same centromere, whereas
the other four are chromosome-specific (�Avila Robledillo
et al. 2018). Therefore, Fabeae is a taxon with unusual distri-
bution patterns and possibly highly dynamic turnover of cen-
tromeric repeats.

Prompted by these results, in this study, we focused on
characterization of centromeric satellites across the whole
Fabeae tribe, investigating 15 species in addition to the two
analyzed previously. In these experiments, we employed a set
of CENH3 antibodies (Neumann et al. 2012, 2015) to perform
ChIP-seq in these species and identified centromeric satellites
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using repetitive sequences characterized by graph-based clus-
tering of genomic reads (Macas et al. 2015) as the reference.
As previously demonstrated (Zhang, Kobli�zkova, et al. 2014;
�Avila Robledillo et al. 2018), this approach provides compre-
hensive information about centromere-associated repeats
without the need for an assembled reference genome and
as such is suitable for nonmodel species. The identified
repeats were further investigated by a combination of fluo-
rescence in situ hybridization (FISH) with immunodetection
of CENH3 proteins to confirm their centromeric localization
and map their distribution among chromosomes. The experi-
ments revealed an extraordinary diversity of centromeric sat-
ellites in Fabeae, their irregular distributions among species,
and unexpected localization patterns of some of these repeats
on the chromosomes. Finally, we analyzed these findings with
respect to the sequence diversity and evolution of CENH3
genes in Fabeae.

Results

ChIP-seq Analysis Reveals Unprecedented Diversity of
Centromeric Satellites in Fabeae
To investigate the repeat composition of Fabeae centromeres,
we sequenced and analyzed DNA fragments retrieved from
centromeric chromatin immunoprecipitated with CENH3
antibody. These experiments were performed with a set of
15 species selected to represent all major evolutionary line-
ages of Fabeae, as described by Schaefer et al. (2012). To verify
the species phylogeny, we calculated a maximum likelihood
(ML) tree based on matK–rbcL sequences for the selected set,
supplemented with seven additional Fabeae species in which
centromeric satellites and/or CENH3 gene sequences have
been characterized previously (Neumann et al. 2012, 2015;
�Avila Robledillo et al. 2018). The resulting tree topology
(fig. 1A) was in general agreement with a previously reported
tree (Schaefer et al. 2012), confirming that Pisum and Lathyrus
are closely related and form a separate lineage, whereas the
other major lineage consists of most Vicia species along with
Lens culinaris; in addition, a separate group of two Vicia spe-
cies (V. ervilia and V. hirsuta) is basal to all Fabeae.

The ChIP-seq experiments were performed using antibod-
ies raised against CENH3 proteins from V. faba, P. sativum,
Lathyrus sativus, and Le. culinaris (supplementary table 1,
Supplementary Material online), previously shown to specif-
ically label centromeric chromatin in a number of Fabeae
species (Neumann et al. 2012, 2015). The immunoprecipi-
tated DNA fragments were sequenced on the Illumina plat-
form along with control DNA samples extracted from
chromatin preparations prior to ChIP (input control).
Centromeric repeats were then identified as sequences
enriched in the ChIP sample relative to the input.
Enrichment of all repeats representing at least 0.01% of the
genome was evaluated by similarity-based mapping of ChIP
and input reads onto the reference repeat sequences previ-
ously generated for individual Fabeae species using the
RepeatExplorer pipeline (Macas et al. 2015). In the two species
for which a reference was not available (L. niger and

L. clymenum), the ChIP and input reads were used directly
for comparative RepeatExplorer analysis (Nov�ak et al. 2013),
and the enrichment was calculated as a ratio of ChIP to input
reads in individual repeat clusters.

Centromeric satellites were identified in 12 out of the 15
investigated species as sequences with ChIP/input ratios be-
tween 3 and 333 (table 1). Such enrichment in the ChIPed
fraction was revealed for up to eight satellites per species,
whereas the majority of investigated repeats exhibited no
enrichment (supplementary fig. 1, Supplementary Material
online). In five species, one to five additional nontandem
sequences, mostly classified as putative LTR-retrotransposons
or unknown repeats, were ChIP-enriched (supplementary ta-
ble 2, Supplementary Material online), whereas in the rest of
the species, all enriched repeats represented satellites. In three
Vicia species, V. narbonensis, V. ervilia, and V. hirsuta, we
identified no ChIP-enriched repeats. Hence, we performed
additional experiments to verify that the antibodies used
for the ChIP recognize centromeric chromatin. In all three
cases, we observed relatively weak but specific immunostain-
ing of primary constrictions of isolated metaphase chromo-
somes (supplementary fig. 2, Supplementary Material online).
These results may reflect a lack of centromere-enriched re-
petitive sequences in these three species; however, we cannot
rule out the possibility that the antibodies failed specifically in
the ChIP reaction because the conditions differed from those
used for chromosome immunostaining.

Including the previously reported centromeric satellites
from P. sativum (Neumann et al. 2012) and V. faba (�Avila
Robledillo et al. 2018), we identified a total of 64 centromeric
satDNA families in Fabeae. In most species, we detected mul-
tiple centromeric satellites, and none of these repeats was
shared across all species. The basic characteristics of centro-
meric satellites are summarized in table 1 and their consensus
monomer sequences are provided in supplementary file 1,
Supplementary Material online. Monomer lengths varied
considerably (33–2,979 bp), as did their nucleotide composi-
tion (50–79% AT). To evaluate sequence similarities that
could point to a common origin of centromeric satellites
from different species, we compared the monomer sequences
using alignment-free similarity measures as defined by D�2
statistics (Reinert et al. 2009). We also performed these anal-
yses on the complete set of 430 putative satellite repeats
predicted previously for the investigated species (Macas
et al. 2015) to detect similarities between centromeric and
noncentromeric satellites. The results revealed that most sat-
ellite repeat families, regardless of their association with cen-
tromeres, were species-specific (supplementary fig. 3A,
Supplementary Material online). A subset of the repeats
exhibited sequence similarities that led to the definition of
13 superfamilies that included centromeric satellites and con-
sisted of the families present in two to five species (fig. 1B).
Although satellites assigned to the same superfamily
exhibited significant similarities, some families had sequence
variations, especially with respect to monomer size (supple-
mentary fig. 3B–D, Supplementary Material online and ta-
ble 1). Moreover, some of the centromeric superfamilies
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included satellites that were ChIP-enriched in only some spe-
cies, but were not centromeric in the rest (supplementary fig.
3B and C, Supplementary Material online and fig. 1B).

Most Species Possess Multiple Centromeric Satellites
That Are Often Species-Specific
The families of centromeric satellites that we identified were
unevenly distributed among Fabeae species. A large fraction
of families (37 of 64; 58%) were species-specific (fig. 1C),
whereas the remaining repeats belonged to satellite super-
families shared by several species (fig. 1B). In the phylogenetic
lineages including Vicia spp. and Le. culinaris, all species but
one (V. sativa) possessed multiple (two to eight) centromeric
satellites, with up to seven species-specific satellites in V.
pisiformis and V. peregrina (fig. 1C). The largest number of

centromeric satellites, 12, occurred in the P. sativum genome;
however, only six of these satellites were shared with its sister
species P. fulvum (fig. 1B and C).

Three of the investigated Lathyrus species, L. sativus,
L. latifolius, and L. niger, possessed single centromeric satellites
that were classified as members of the same superfamily,
FabTR-2. The same centromeric repeat was also identified
in closely related L. vernus; however, this species possessed
two additional, albeit far less abundant centromeric satellites
(table 1). The existence of a single-dominant centromeric
satellite in these three Lathyrus species contrasted with the
situation in the remaining species, L. clymenum, in which
FabTR-2 sequences were also present but were not associated
with centromeric chromatin. Instead, four species-specific
centromeric satellites were identified in this species (fig. 1).

FIG. 1. Overview of centromeric satellite families identified in Fabeae. Species are arranged based on their phylogenetic distances inferred from a
comparison of matK–rbcL sequences using the maximum likelihood algorithm (A). The tree was rooted using five species representing related
legume genera as outgroups. Numbers represent estimated node ages in million years ago (MYA), and correspond to the divergence time scale
below the tree. The branch leading to the species with meta-polycentric chromosomes is marked with (M). Names of Fabeae species in which
satellite repeats were identified using CENH3 ChIP-seq are printed in red, whereas species not analyzed by ChIP but included in the similarity
searches are printed in bold. (B and C) The presence of individual satellite families in analyzed species is indicated by squares. Black squares indicate
families associated with centromeric chromatin, as revealed by their enrichment in the CENH3 ChIP-seq experiments. The centromeric satellites
that simultaneously occur in the genome as additional, noncentromeric loci (revealed by FISH) are marked with gray squares, whereas those
present in the respective species but not enriched in ChIP-seq experiments are marked with empty squares. The question mark in FabTR-6 column
indicates that this repeat is present in Vicia sepium genome but was not investigated by ChIP-seq in this species. (B) The satellite families from
different species displaying sequence similarities are grouped into superfamilies and arranged in columns labeled with the superfamily name. (C)
Numbers of species-specific families are symbolized by squares in each row, ranging from one in Lathyrus vernus to seven in V. pisiformis and
V. peregrina. Numbers within the squares refer to the family names (FabTR-numbers) listed in table 1.
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Table 1. Satellite Repeats Associated with Centromeric Chromatin.

Species Family Superfamily Monomer (bp) AT (%) Genome (%) ChIP Enrichment Previous Code

Lens culinaris FabTR-35-LNS 579 73.7 0.061 52.01
FabTR-36-LNS 1,086 76.5 0.058 40.13
FabTR-37-LNS 967 74.3 0.032 34.55
FabTR-38-LNS 1,315 74.9 0.019 40.19

Vicia pisiformis FabTR-17-VPF 580 71.6 0.0317 5.0
FabTR-18-VPF 2,087 63.5 0.199 20
FabTR-63-VPF 61 60.7 0.158 57.13
FabTR-19-VPF 84 69 0.101 53.78
FabTR-20-VPF 763 64 0.06 79.4
FabTR-1-VPF FabTR-1 72 62.9 0.043 3.0
FabTR-21-VPF 778 74.3 0.039 16
FabTR-22-VPF 1,793 74.3 0.017 6.7

Vicia peregrina FabTR-5-VPR FabTR-5 114 74.1 0.344 60
FabTR-29-VPR 718 73.8 0.29 67.48
FabTR-30-VPR 898 73.8 0.267 91.59
FabTR-32-VPR 1,189 63.6 0.115 333.2
FabTR-33-VPR 30 56.7 0.087 22.35
FabTR-34-VPR 324 76 0.083 55.74
FabTR-61-VPR 569 68.5 0.031 130.8
FabTR-62-VPR 1,244 71.9 0.013 10.58

Vicia faba FabTR-1-VFB FabTR-1 50 64 0.132 103.6 VfSat6
FabTR-5-VFB FabTR-5 44 70.5 0.102 103.2 VfSat7
FabTR-4-VFB FabTR-4 2,033 71.7 0.061 91.3 VfSat8
FabTR-13-VFB 1,762 74.7 0.042 41.2 VfSat10
FabTR-14-VFB 47 68.1 0.036 149.2 VfSat13
FabTR-15-VFB 1,712 65.1 0.038 109.9 VfSat16
FabTR-16-VFB 1,325 73.3 0.008 81.9 VfSat23

Vicia sativa FabTR-6-VSA FabTR-6 624 67.3 0.101 62.3
Vicia villosa FabTR-27-VVL 156 64.7 2.063 9.7

FabTR-3-VVL FabTR-3 602 75.9 0.226 80.9
FabTR-28-VVL 1,792 67.3 0.053 92.9

Vicia tetrasperma FabTR-24-VTS 959 66.9 0.361 59.01
FabTR-4-VTS FabTR-4 1,614 69.8 0.254 69.62
FabTR-25-VTS 33 69.7 0.069 100
FabTR-26-VTS 470 64.5 0.055 72.11
FabTR-5-VTS FabTR-5 44 63.6 0.045 103.21

Pisum sativum FabTR-7-PST FabTR-7 867 77 0.02 51.7 TR1
FabTR-8-PST FabTR-8 244 76.6 0.01 59.3 TR6
FabTR-46-PST 164 72.6 0.124 49.7 TR7
FabTR-9-PST FabTR-9 658 74.5 0.01 76.3 TR10
FabTR-10-PST-A FabTR-10 459 75.4 0.127 65.9–74.9 TR11-TR19
FabTR-10-PST-B FabTR-10 1,975 76.6 0.127 65.9–74.9 TR11-TR19
FabTR-47-PST 105 69.5 0.013 5.4 TR12
FabTR-11-PST FabTR-11 1,637 74.3 0.012 82.5 TR18
FabTR-12-PST FabTR-12 844 78 0.179 50.7 TR20
FabTR-48-PST 613 71.6 0.013 44 TR21
FabTR-49-PST 882 76.2 0.003 102.9 TR22
FabTR-50-PST 1,812 69.9 0.087 10.7 TR23
PisTR-B PisTR-B 50 72 1.26 20.5

Pisum fulvum FabTR-7-PFL FabTR-7 864 77 0.059 42.1 TR1
FabTR-8-PFL FabTR-8 242 77.3 0.033 45.9 TR6
FabTR-9-PFL FabTR-9 659 74.7 0.044 73.5 TR10
FabTR-10-PFL-A FabTR-10 502 76.9 0.236 53.4 TR11-TR19
FabTR-10-PFL-B FabTR-10 2,170 76.7 0.236 53.4 TR11-TR19
FabTR-11-PFL FabTR-11 2,979 74.2 0.009 98.3 TR18
FabTR-12-PFL FabTR-12 864 73.6 0.01 52.8 TR20

Lathyrus clymenum FabTR-42-LACLM 36 61.1 4.119 78.31
FabTR-43-LACLM 30/60/70 60 0.805 60.29–98.18
FabTR-44-LACLM 60 50 0.977 57.21
FabTR-45-LACLM 102 57.4 0.162 76.39

Lathyrus niger FabTR-2-LNGER FabTR-2 49/50/100 75.5 0.069 86.6–98.27
Lathyrus vernus FabTR-2-LAV FabTR-2 49 77.6 0.584 62.1

FabTR-3-LAV FabTR-3 972 77.8 0.022 3.08
FabTR-41-LAV 54 79.2 0.017 8.34

Lathyrus sativus FabTR-2-LAS FabTR-2 49 73.5 1.679 38.53
Lathyrus latifolius FabTR-2-LAL FabTR-2 49 73.5 1.228 46.54
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Next, we used FISH combined with immunodetection of
CENH3 proteins to confirm ChIP-seq results and investigate
the genome distribution of the selected satellite sequences.
Contrasting patterns of centromeric satellite distributions
were revealed, some of which are schematically depicted on
figure 2. When applied to L. sativus, a species containing
FabTR-2 as the single centromeric satellite, these experiments
confirmed the location of this repeat in all domains of cen-
tromeric chromatin distributed along the primary constric-
tions of the chromosomes (fig. 2A and supplementary fig.
4A–D, Supplementary Material online). In L. vernus, the ex-
periment revealed identical patterns of FabTR-2 colocaliza-
tion with CENH3 chromatin (supplementary fig. 4E–H,
Supplementary Material online), whereas the two additional
ChIP-enriched satellites identified for this species were
detected as minor loci overlapping with FabTR-2 signals
(data not shown). In species with large numbers of centro-
meric satellite families, these families were unevenly distrib-
uted between the chromosomes, as shown in P. sativum (this
work and Neumann et al. [2012]) (fig. 2B). The same pattern
was also observed for P. fulvum, as none of its six centromeric
satellites occurred on all chromosomes (data not shown).
Similar types of distribution patterns are also likely shared
by Vicia species with high diversity of centromeric satellites.

For example, all seven centromeric satellites in V. faba were
chromosome-specific (fig. 2C), and FISH localization of two
randomly chosen centromeric satellites in V. peregrina
revealed their presence in centromeres of four (FabTR-30)
and one (FabTR-32) of the seven pairs of chromosomes (sup-
plementary fig. 4I and J, Supplementary Material online).

Association of Some Satellites with Centromeric
Chromatin Differs between Species or Even between
Chromosomes of the Same Species
A striking feature of some satellite superfamilies was their
association with centromeric chromatin in some species,
but no enrichment in CENH3 ChIP-seq experiments in the
others, suggesting that they were absent from centromeres in
these genomes. This pattern was found for five superfamilies:
FabTR-1, 2, 11, 12, and PisTR-B (fig. 1). To obtain better insight
into their genomic distribution, we performed FISH on meta-
phase chromosomes, as shown for FabTR-1 repeats in figure 3.
FabTR-1 was ChIP-enriched in V. pisiformis and V. faba, and
corresponding FISH signals were detected in centromeres of
two chromosome pairs in V. pisiformis (fig. 3A) and in the
centromere of chromosome 1 of V. faba. An additional minor
noncentromeric signal was present within the long arm of

FIG. 2. Schematic representation of the satellite repeat distribution in centromeric regions of (A) Lathyrus sativus (n¼ 7), (B) Pisum sativum
(n¼ 7), and (C) Vicia faba (n¼ 6) chromosomes. Different families of satellite repeats are distinguished by colors according to the legend provided
for each species. In meta-polycentric chromosomes (A and B), the satellite loci associated with CENH3 chromatin are located at the outer
periphery of the primary constrictions, whereas those located within the inner regions of P. sativum constrictions lack CENH3.
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chromosome 6 of V. faba (fig. 3B). In the remaining three
species, V. tetrasperma, L. vernus, and P. sativum, the repeat is
not associated with CENH3 chromatin; in all of them, how-
ever, it was found to be located close to the centromeres. In
V. tetrasperma, FabTR-1 signals almost entirely overlapped
with the primary constrictions on two chromosome pairs,
and an additional repeat locus was revealed within the long
arm of one of these chromosomes (fig. 3C). One FabTR-1
locus close to the centromere of one chromosome pair was
identified in L. vernus (fig. 3D). In P. sativum, the signal was
located directly within the extended primary constriction of
chromosome 2 (fig. 3E). Detailed examination of metaphase
chromosomes employing simultaneous immunodetection of
CENH3 revealed that FabTR-1 is located within the inner part
of the constriction close to the chromosome axis, whereas the
CENH3 chromatin is located on the periphery of the constric-
tion (fig. 3F). These findings confirmed that despite its pres-
ence in the centromeric region, the repeat is not associated

with centromeric chromatin, consistent with the results of
the ChIP-seq experiments.

The existence of additional noncentromeric loci contain-
ing centromeric satellites was confirmed for most superfami-
lies shared by the two Pisum species (fig. 1B). In some cases,
this pattern was combined with the presence of the repeat in
additional species. For example, FabTR-12 was centromeric in
both Pisum species, but noncentromeric in V. faba and
L. vernus. In all four species, the repeat was located on two
pairs of chromosomes, but was fully associated with CENH3
chromatin only in P. fulvum (fig. 4A and B). In P. sativum,
FabTR-12 signals overlapped with CENH3 chromatin only on
chromosome 7 (fig. 4D), whereas the FISH signals on chro-
mosome 1 were located within the inner part of the constric-
tion (fig. 4C), similar to FabTR-1 on chromosome 2 (fig. 3F). In
V. faba, the repeat was located within long arms of two chro-
mosome pairs (fig. 4E), whereas in L. vernus it was adjacent to
primary constrictions (fig. 4F). Yet another interesting

FIG. 3. Localization of FabTR-1 repeats on metaphase chromosomes of five Fabeae species. Repeats were detected using FISH (red signals), showing
signals within centromeres of two chromosome pairs in Vicia pisiformis (A) and one pair in V. faba (B). A minor noncentromeric signal on V. faba
chromosome 6 is marked with an arrow. Two pericentromeric and one interstitial signal were detected in V. tetrasperma (C), whereas Lathyrus
vernus (D) and Pisum sativum (E) exhibited signals adjacent to or within primary constrictions of one pair of chromosomes. Closer examination of
P. sativum chromosomes using a combination of FISH (red) with immunolabeling of CENH3 proteins (green) revealed that FabTR-1 is located
within the inner part of the primary constriction, apart from the CENH3 chromatin located along the constriction periphery (F). Chromosomes
counterstained with DAPI are shown in gray.
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example of such distribution is the major Pisum satellite
PisTR-B (Neumann et al. 2001) which in P. sativum is associ-
ated with centromeric chromatin on chromosomes 3, 4, and
5, whereas most of its loci are distributed in pericentric and
subtelomeric regions (fig. 4G–J). Although of similar genomic
abundance and chromosomal distribution, it is not associated
with centromeres in P. fulvum (figs. 1B and 4K–N).

CENH3 Genes Evolved Mainly under Purifying
Selection
To determine whether centromeric repeat composition is
correlated with the mode of evolution of CENH3 genes, we
performed a phylogenetic analysis of CENH3 coding sequen-
ces. In our previous study (Neumann et al. 2015), we found
two CENH3 variants in Fabeae that differed significantly,

FIG. 4. Localization of FabTR-12 and PisTR-B repeats on metaphase chromosomes. Repeats were detected using FISH (red) alone or in combination
with immunolabeling of CENH3 (green signals). (A–D) FISH detection of FabTR-12 showing signals overlapping with CENH3 loci on chromosomes
1 and 7 of Pisum fulvum and on chromosome 7 of P. sativum. On the contrary, FabTR-12 signals were located apart from the CENH3 chromatin on
P. sativum chromosome 1 (arrow). In Vicia faba (E) and Lathyrus vernus (F), the repeat was also present on two chromosome pairs, but the signals
were not centromeric and were instead located within the long chromosome arms. (G–N) Distribution of PisTR-B repeats on chromosomes of the
two Pisum species. There are three centromeric PisTR-B loci (arrowheads) that colocalize with CENH3 in P. sativum (G–J); however, this satellite is
not associated with the centromeric chromatin in P. fulvum (K–N).
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particularly in their N-terminal regions. Although the CENH3-
2 variant is shared by all species within the tribe, CENH3-1
occurs as an additional gene only in the Pisum/Lathyrus lin-
eage. To better date the CENH3 duplication event, we iden-
tified CENH3 sequences in four additional species
representing the basal group (V. ervilia, V. hirsuta) or less-
represented parts of the Fabeae phylogenetic tree
(V. pisiformis, V. tetrasperma) and analyzed them in combi-
nation with 32 CENH3-coding sequences identified previ-
ously. The results revealed that all four new sequences
belong to CENH3-2, and that CENH3-1 and CENH3-2 diverged
before radiation of the Fabeae species included in this study
(fig. 5). Because V. ervilia and V. hirsuta represent the clade
that split earliest from all other Fabeae (Schaefer et al. 2012;
fig. 1A), it is likely that the duplication occurred in an ancestor
of all Fabeae. Our analysis further suggested that following the
duplication, the CENH3-1 gene was lost independently at least
three times in: 1) an ancestor of V. hirsuta and V. ervilia, 2) an
ancestor of most other Vicia species and Le. culinaris, and 3) in
V. tetrasperma or its ancestor (fig. 5). To confirm that CENH3-
1 is indeed absent in Vicia species, we sequenced genomic
DNA of V. ervilia and V. tetrasperma at 17� and 26� cover-
age, respectively. CENH3 sequences were either selectively as-
sembled using GRAbB (Brankovics et al. 2016) or identified in
super-reads assembled by MaSuRCA (Zimin et al. 2013). Both
approaches revealed only a single functional CENH3-2 gene in
each species, confirming the absence of CENH3-1. In
V. tetrasperma, we detected fragments of an additional
CENH3 gene with partial similarity to exon 2, intron 2, exon

3, and intron 3. It was not possible to identify the CENH3
variant from these recovered sequences, but it is likely that
they represent remnants of a nonfunctional gene copy (data
not shown).

Protein sequences of CENH3 histones in Fabeae are 119–
123 aa in length, share 70.6–100% similarity, and are invariant
at only 60 sites (supplementary fig. 5A, Supplementary
Material online). To determine whether their divergence
was due to positive selection, we analyzed the sequences
using BUSTED (Murrell et al. 2015) to detect gene-wide pos-
itive selection, FEL (Kosakovsky Pond and Frost 2005) to de-
tect sites under pervasive positive selection, and MEME
(Murrell et al. 2012) to detect sites under episodic positive
selection. BUSTED found no evidence of gene-wide positive
selection of CENH3 genes in Fabeae (table 2). Estimates of x
(x ¼ Ka/Ks) calculated for the CENH3-1 and CENH3-2
branches were, depending on the tree, 0.374 or 0.375 and
0.254 or 0.269, respectively, suggesting that both CENH3 var-
iants evolved mainly under purifying selective pressure (ta-
ble 2). FEL and MEME predicted (P< 0.05) a total of eight and
two sites that may have evolved under positive selection in
CENH3-1 and CENH3-2, respectively, indicating that positive
selection explains very little of the variability observed among
CENH3 protein sequences in Fabeae (supplementary fig. 5A,
Supplementary Material online). We also performed FEL and
MEME analyses focusing specifically on CENH3 sequences
from the four Lathyrus species possessing FabTR-2 as a sin-
gle-dominant centromeric satellite, but differing considerably
in their centromere sizes (fig. 1B and supplementary fig. 4,

FIG. 5. Phylogenetic trees of CENH3 sequences. (A) Phylogenetic tree inferred from the alignment of CENH3-coding sequences using the maximum
likelihood method, excluding the INDEL region near the 50 end (see supplementary fig. 5, Supplementary Material online). Bootstrap values are
shown only for key nodes. Black dots indicate nodes with low bootstrap support (<50). The scale bar shows genetic distance. (B) Tanglegram
showing comparison of the CENH3 tree from the panel (A) with the species tree inferred from matK–rbcL shown in figure 1A. Nodes with low
bootstrap support (<50) were collapsed in both trees. The part of the matK–rbcL tree depicted by dashed lines was manually added to the tree to
show comparison of phylogenies inferred from matK–rbcL and CENH3-1, and to allow the use of the matK–rbcL tree for analysis of positive
selection in CENH3 genes. Red lightning symbols mark three independent losses of CENH3-1 genes. Pisum and Lathyrus species are highlighted by
red rectangles. Orange dots indicate CENH3 duplication events.
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Supplementary Material online). The analyses revealed only
one positively evolving site in CENH3-1 and none in CENH3-2
(table 2). Pairwise comparison of CENH3 sequences from
these species showed one to eight and zero to four amino
acid substitutions in CENH3-1 and CENH3-2, respectively
(supplementary fig. 5B and C, Supplementary Material on-
line). Of these variable sites, one to three and zero to one
appeared to have been predicted (P< 0.05) as positively
evolving in the tests performed on the entire branches of
CENH3-1 and CENH3-2 or single branches immediately fol-
lowing the CENH3 duplication event (table 2 and supplemen-
tary figure 5B and C, Supplementary Material online). These
results indicated that the expansion of centromeres in the
Lathyrus species was accompanied by very few changes in
CENH3 protein sequences and that the positive selection
had almost no impact on CENH3 diversification.

Discussion
In this study, we identified and characterized centromeric
satellites in 14 Fabeae species and investigated their distribu-
tion with respect to the species phylogeny and the evolution
of their CENH3 genes. In terms of the number of included
species and newly described centromeric repeats, this is the
largest study to date to be conducted on a group of related
plants. The methodology employed for the centromeric re-
peat identification has been proven to be efficient and accu-
rate in a number of studies (Gong et al. 2012; Zhang,
Kobli�zkova, et al. 2014; Kowar et al. 2016; Yang et al. 2018).
Compared with an alternative setup in which centromeric
sequences are identified by mapping ChIPed and input reads
to the genome assemblies (Park 2009), our approach is lim-
ited with respect to identification of a single- or low-copy
centromeric sequences. However, this limitation is not rele-
vant for repeat-focused studies, as in this case. Moreover, the
use of repeated sequences identified by clustering analysis of
low-pass Illumina reads as a reference provides several bene-
fits, including unbiased repeat representation and significant
reductions in cost and labor relative to building the reference
assembly.

Bioinformatic analysis of all highly and moderately re-
peated sequences revealed CENH3 ChIP-enriched centro-
meric repeats in all but three species. Except for a small
number of retrotransposon and unclassified sequences, all
identified centromeric repeats corresponded to families of
satDNA (table 1), showing that this class of repeats is dom-
inant in Fabeae centromeres. In three species, no ChIP-
enriched sequences were identified, suggesting the absence
of abundant repeats in the centromeres of these species. By
contrast, most Fabeae species harbor numerous and abun-
dant centromeric repeats, although the FISH mapping of
seven centromeric satellites identified in V. faba revealed their
absence in the centromere of one chromosome pair (�Avila
Robledillo et al. 2018). For practical reasons, our analysis was
limited to repeats representing at least 0.01% of the genome,
and thus was not exhaustive; hence, an additional analysis
targeting individual species with larger volumes of sequencing
data would be needed to determine whether their

centromeres are truly repeat-free. On the other hand, the
negative result of the ChIP-seq analysis obtained for these
three species should be interpreted with caution, as it could
also have arisen due to the technical issues. This is especially
true in V. ervilia and V. hirsuta, which represent ancient phy-
logenetic lineage of Fabeae and have CENH3 proteins that are
relatively divergent from those used to raise the ChIP anti-
bodies (supplementary table 1, Supplementary Material
online).

The major finding of this study is the large number and
sequence diversity of centromeric satellites within and be-
tween Fabeae species which is unique among eukaryotic
taxa investigated so far. In many organisms, a single satellite
repeat family dominates all centromeres, although it may
partially differentiate into chromosome-specific variants or
higher order repeats. Although these satellites evolve rela-
tively rapidly, similarities are still detectable between sequen-
ces retrieved from related species. Examples of such
centromeric satellite superfamilies include the primate alpha
satellites (McNulty and Sullivan 2018; Hartley and O’Neill
2019), CentO/CentC in Oryza and Zea (Lee et al. 2005;
Bilinski et al. 2015) and cen180 in Arabidopsis and other
Brassicaceae (Lermontova et al. 2014). Sequence diversifica-
tion of such shared centromere-specific superfamilies along
with the adaptive evolution of CENH3 proteins found in
some taxa, led to the formulation of the centromere drive
model (Henikoff et al. 2001; Malik 2009). The model proposes
that specific interactions of CENH3 or other inner kineto-
chore proteins with their underlying centromeric satellites
result in stronger centromeres on homologs with expanded
satellite arrays that are consequently preferentially transmit-
ted to the germ cells during asymmetric female meiosis. This
process is then compensated for by the adaptive evolution of
the interacting protein(s), leading to the evolutionary race of
arms between selfish centromeric DNA and its associated
kinetochore proteins. However, it is unlikely that centromere
drive is at work in Fabeae, as the presence of multiple cen-
tromeric satellites with different sequences precludes any se-
quence-dependent coevolution with CENH3 or other
kinetochore proteins. This is further supported by the ob-
served lack of pervasive adaptive evolution of Fabeae
CENH3 proteins, which was not detected even in the set of
Lathyrus species possessing a single centromeric satellite (ta-
ble 2). Another argument against sequence-dependent depo-
sition of CENH3 to Fabeae centromeres comes from CENH3–
YFP fusion protein expression experiments showing that
CENH3-2 from V. faba is efficiently deposited onto
P. sativum centromeres, and conversely, that CENH3-1 from
P. sativum targets centromeres in V. faba (Neumann et al.
2015). Similar results were reported by Maheshwari et al.
(2017), demonstrating that CENH3 from evolutionary distant
species can replace the native CENH3 in Arabidopsis thaliana.

Another factor to consider when seeking an explanation
for the observed diversity of centromeric satellites is the du-
plication and partial diversification of the two CENH3 gene
copies in Pisum and Lathyrus. Coincidentally, species from
these genera also exhibit a distinctive type of centromere
morphology characterized by extended primary constrictions
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and occurrence of multiple CENH3 loci (supplementary fig. 4,
Supplementary Material online and Neumann et al. 2015).
However, neither the CENH3 duplication nor the centromere
morphology can be directly linked to the diversity of centro-
meric satellites, as this group of species includes both of the
observed extremes: the single centromeric satellite associated
with all CENH3 loci in L. sativus, as well as the most diverse
population of centromeric satellites with uneven distribution
on P. sativum chromosomes (fig. 2).

Satellite DNA is not necessary or sufficient for centromere
establishment and propagation (Piras et al. 2010; Logsdon
et al. 2019). In plants, satellite-free centromeres are present
on five of the 12 chromosomes of potato (Solanum tuber-
osum). The remaining seven potato centromeres contain
mostly chromosome-specific satellites with exceptionally
long monomers originating from recombination of LTR-ret-
rotransposon fragments with other genomic sequences
(Gong et al. 2012). This type of centromeric satellites is also
present in the closely related S. verrucosum; however, the
repeats are mostly species-specific, suggesting their recent
and independent origin (Zhang, Kobli�zkova, et al. 2014).
Based on these findings, along with the presence of partially
homogenized centromeric satellites in switchgrass species
(Yang et al. 2018), it was hypothesized that evolutionarily
young centromeres may be repeat-free and only later accu-
mulate random satellites that are subsequently homogenized
across different chromosomes, resulting in the selection of a
single, structurally favorable repeat to dominate all centro-
meres (Gong et al. 2012; Zhang, Kobli�zkova, et al. 2014; Yang
et al. 2018). Considering our results in light of this hypothesis,
we can see a number of differences suggesting that the diver-
sity of centromeric satellites in Fabeae is not due to their
origin in newly formed or relocated centromeres. First,
some satellite superfamilies occur in species from different
phylogenetic lineages, indicating that their origin dates back
to the diversification of Fabeae (FabTR-1 and FabTR-12, fig. 1).
Moreover, FISH mapping revealed that some centromeric
satellites also occur at additional, noncentromeric loci, sug-
gesting that they might have originated elsewhere in the ge-
nome and subsequently invade the centromeres. In addition,
we have no evidence of frequent neocentromere formation
or chromosome rearrangements in Fabeae, which have rela-
tively stable karyotypes (Badr 2006).

Compared with other plant taxa, most Fabeae species are
exceptional in terms of their high diversity of satellite repeats
in general (Neumann et al. 2012; Macas et al. 2015; �Avila
Robledillo et al. 2018), which might also be reflected in their
large numbers of centromeric repeats. This diversity of satel-
lites contrasts even with the closest relatives of Fabeae, genera
Trifolium, Medicago, and Cicer, whose species possess one or
(rarely) two centromeric satellites (Zatloukalov�a et al. 2011;
Yu et al. 2017; Dluho�sov�a et al. 2018). The molecular or evo-
lutionary processes that made Fabeae so rich in satDNA re-
main to be fully elucidated, but one possible mechanism was
revealed in our recent investigation of L. sativus repeats using
ultralong nanopore reads. Most noncentromeric satellites in
this species originated relatively recently by amplification of
short tandem repeat arrays present in LTR-retrotransposons

(Vondrak et al. 2020). The same mechanism was previously
proposed for the origin of PisTR-A satellite in P. sativum
(Macas et al. 2009); thus, it is likely to contribute to the
emergence of species-specific satellites and their high turn-
over across Fabeae. It is worth noting that the LTR-retrotrans-
posons providing these short array templates belong to the
lineage of Ty3/gypsy Ogre elements (Neumann et al. 2019)
which represent dominant repeats in the Fabeae genomes
(Macas et al. 2015) but are comparably less abundant in the
related legume taxa (Macas et al. 2007; Dluho�sov�a et al. 2018),
potentially resulting in smaller numbers of Ogre-derived sat-
ellite repeats.

Taken together, the results presented in this work, along
with the recent data from other species, suggest that the
patterns of association and eventual coevolution of satellite
repeats with plant centromeres may be far more complex
than previously envisioned. It is possible that the mechanisms
leading to the centromere drive act only episodically, or in
specific cases in which only a single repeat with properties
favorable for supporting centromeric chromatin is available.
However, should multiple such satellites occur in a genome,
they might be co-opted simultaneously or alternatively dur-
ing centromere evolution, and this seems to have occurred in
Fabeae. Several features are thought to be important for
“centromere competence” of satellite repeats, including the
presence of dyad symmetries (Kasinathan and Henikoff 2018)
or WW dinucleotide periodicities in their sequences (Zhang
et al. 2013; Yang et al. 2018), as well as a proper level of
transcription (Duda et al. 2017; Perea-Resa and Blower
2018). The sequence data acquired in this study will be in-
strumental in future research of these properties, as it
includes diverse satellite sequences and allows for their com-
parative analysis in species with different modes of association
between individual satellite families and centromeric
chromatin.

Materials and Methods

Plant Material
Seeds of most Vicia species were obtained from the seed bank
of the Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), Gatersleben, Germany. Their accessions in
the seed bank are as follows: V. hirsuta (L.) S.F.Gray, VIC728;
V. ervilia (L.) Willd., ERV52; V. pisiformis L., VIC36; V. peregrina
L., VIC765; V. villosa, VIC876; and V. tetrasperma (L.) Schreb.,
VIC726. Commercial varieties of V. pannonica “D�et�enick�a
panonsk�a,” V. faba “Merkur,” and P. sativum “Terno” were
obtained from Osiva Bor�sov, Czech Republic; V. sativa
“Ebena” from the Agricultural Research Institute Krom�e�r�ı�z,
Czech Republic; and Le. culinaris “Eston” from the Nohel gar-
den, Dob�r�ı�s, Czech Republic. Vicia narbonensis (ICARDA 14)
was provided by A. M. Torres (IFAPA Cordoba, Spain).
Lathyrus sativus, L. latifolius, and L. niger were purchased
from Fratelli Ingegnoli S.p.A., Milano, Italy (Cat. No.: 455),
SEMO Smr�zice, Czech Republic (accession number 1-0040-
68867-01), and Arboretum Paseka Mak�cu Pik�cu, Paseka,
Czech Republic, respectively. Lathyrus vernus was collected
from a wild population at Vidov, Czech Republic (GPS
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48�55017.40100N, 14�29044.15800E). Pisum fulvum accession
(ICARDA IG64207) was provided by Petr Sm�ykal, Palack�y
University, Olomouc, Czech Republic.

Genomic DNA Isolation and Phylogenetic Analysis of
Fabeae Species
Genomic DNA was extracted from leaf tissues according to
Dellaporta et al. (1983). Sequences of the chloroplast loci
(matK and rbcL) used for phylogenetic reconstructions
were obtained by PCR amplification of the corresponding
DNA fragments from total genomic DNA preparations using
the primers MatK-L-F (50-ATG AAG GAM TAT HMA GTA
TAT TTA G-30) and Matk-L-R (50-TCA TTC ATC ATG GAC
CAG ATC-30), and rbcL-L_F2 (50-ATG TCA CCA CAA ACA
GAA ACT AAA-30) and rbcL-L_R2 (50-TTA CAA AGT ATC
CAT TGC TGG G-30). Alternatively, the matK and rbcL
sequences were assembled from previously published NGS
data sets (Macas et al. 2015) or retrieved from GenBank, as
specified in supplementary table 3, Supplementary Material
online. Nucleotide sequences were aligned using Muscle
(Edgar 2004). ML phylogenies were estimated using PhyML
3.0 (Guindon et al. 2010) with automatic model selection by
SMS (Lefort et al. 2017). Starting trees for ML analysis were
calculated using neighbor-joining (NJ) algorithm imple-
mented in SeaView (Gouy et al. 2010). The branch support
was evaluated using bootstrap analysis (�10,000 replicates).
Divergence times were estimated using RelTime method
implemented in MEGA X (Mello 2018), taking into account
that the most recent common ancestor of P. sativum and
V. sativa existed 12.9–22.8 Ma (Lavin et al. 2005). Phylogenetic
trees were edited using ITOL (Letunic and Bork 2019).
Alignment of the concatenated sequences of matK and
rbcL used to infer the species tree (fig. 1A) is provided in
supplementary file 2, Supplementary Material online.

Identification of Centromeric Repeats Using
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed on nuclei
isolated from fresh leaves as described (Neumann et al.
2012) using custom-made antibodies raised against peptides
designed according to the previously identified Fabeae
CENH3 protein sequences (Neumann et al. 2012, 2015). A
single antibody was always used for ChIP experiments, and it
was selected based on 1) the similarity between peptide an-
tigen and the CENH3 sequence in particular species and 2) its
performance in in situ immunodetection experiments.
Information about the antibodies and their use in individual
species is provided in the supplementary table 1,
Supplementary Material online and references cited therein.
Rabbit polyclonal antibody to CENH3-2 of L. sativus (ID: P60)
was produced in the course of this study by Genscript
(Piscataway, NJ) using “complete affinity-purified peptide
polyclonal package” (Cat. No.: SC1031). ChIPed DNA and
input DNA control were sequenced on the Illumina platform
in a single-end, 101 nt read mode. The resultant reads were
trimmed to 100 nt by removing the first base and quality
filtered to exceed the cutoff quality score of 10 over at least
95 nucleotides. Quality-filtered reads were mapped to

reference contigs assembled from clusters of genome shotgun
sequencing reads representing repetitive sequences of the
corresponding species produced and characterized in our
previous work (Macas et al. 2015). Similarity-based mapping
of reads to repeat contigs was performed using BlastN
(Altschul et al. 1997) with the parameters “-m 8 -b 1 -e 1e-
20 -W 9 -r 2 -q -3 -G 5 -E 2 -F F,” and was followed by output
parsing to ensure that each read was mapped to a maximum
of one repeat cluster with the highest similarity score. The
proportion of ChIP and input reads mapped to individual
clusters was evaluated to identify repeats with a ChIP/input
ratio �3, which were considered to represent repeats
enriched in the ChIP sample. In the two species for which
reference contigs were not available (L. niger and
L. clymenum), the ChIP and input reads were used directly
for comparative RepeatExplorer analysis (Nov�ak et al. 2013)
and enrichment was calculated as a ratio of ChIP to input
reads in individual repeat clusters.

Sequence Analysis of Satellite Repeats
Putative satellite repeats were identified in the course of our
previous study (Macas et al. 2015) via graph-based clustering
of genomic shotgun reads using the RepeatExplorer pipeline
(Nov�ak et al. 2013). Reconstruction of monomer sequences of
selected satellites was performed using TAREAN (Nov�ak et al.
2017). Similarities between satellite sequences were evaluated
using alignment-free sequence comparison using D�2distance
(Reinert et al. 2009) as implemented in d2-tools (https://code.
google.com/archive/p/d2-tools/; last accessed September 23,
2019). Dissimilarity measurement matrices were calculated
using shotgun reads from individual satellite clusters for k-
mer lengths k from three to nine nucleotides under the zero-
to third-order Markov model M. The resultant distance ma-
trix was calculated as arithmetical average of all 27 dissimilar-
ity matrices. The similarity threshold used for visualization

was defined as:
P9

k¼3

P4
M¼0

D�2
27 < 0:33. This threshold was

selected based on the empirical exploration of multiple sat-
ellite sequences using dotplot comparisons (Sonnhammer
and Durbin 1995).

Alternatively, similarities between centromeric satellites
and all other repetitive sequences were detected using
BlastN search with default parameters. Contigs assembled
from clusters representing repetitive sequences of the corre-
sponding species produced and characterized in our previous
work (Macas et al. 2015) were searched against the database
of TAREAN-reconstructed satellite centromeric sequences.
The top percentile of similarity hits was manually explored
using dotplot.

FISH and Immunolabeling
Mitotic chromosomes used for cytogenetic experiments were
prepared from root apical meristems synchronized as de-
scribed previously (Neumann et al. 2015) to increase the pro-
portion of simultaneously dividing cells. The synchronized
meristems were processed using different protocols depend-
ing on their intended use. For FISH experiments, they were
fixed in a 3:1 v/v solution of methanol:glacial acetic acid for
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2 days at 4 �C, washed in ice-cold water, and digested in a
solution of 4% cellulase (Onozuka R10, Serva Electrophoresis,
Heidelberg, Germany), 2% pectinase, and 0.4% pectolyase Y23
(both MP Biomedicals, Santa Ana, CA) in 0.01 M citrate buffer
(pH 4.5) for 90 min at 37 �C. One to three digested meristems
were transferred to a drop of freshly made 3:1 fixation solu-
tion on a glass slide and further macerated using a forceps.
The slide was then placed over an alcohol flame to induce
chromosome spreading as described by Dong et al. (2000).
Following air-drying, the slides were stored at �20 �C. FISH
was performed using either oligonucleotide probes that were
50-labeled with biotin or Rhodamine Red-X during their syn-
thesis (Integrated DNA Technologies, Leuven, Belgium), or
using cloned fragments of satellite sequences labeled with
biotin using nick-translation (Kato et al. 2006). Nucleotide
sequences of the probes are provided in supplementary file
3, Supplementary Material online. FISH was performed as
described (Macas et al. 2007) with hybridization and washing
temperatures adjusted to account for AT/GC content and
hybridization stringency allowing for 10–20% mismatches.

Immunolabeling of CENH3 proteins was performed with
chromosomes isolated from the meristems fixed using 4%
formaldehyde for 25 min at 23 �C Following fixation, suspen-
sions of purified metaphase chromosomes were prepared as
described (Neumann et al. 2002). Alternatively, the meristems
were digested in a solution of 2% cellulase and 2% pectinase in
phosphate-buffered saline (PBS) for 80–120 min at 28 �C,
transferred to a glass slide, and squashed under the coverslip.
Immunodetection was performed as follows, slides with chro-
mosome suspensions and squash preparations were treated
identically, and all incubations were performed at room tem-
perature unless stated otherwise. Slides were washed in PBS
for 5 min, PBS-T1 buffer (1� PBS, 0.5% Triton, pH 7.4) for
25 min, and twice in PBS for 5 min and once in PBS-T2 buffer
(1� PBS, 0.1% Tween 20, pH 7.4) for 30 min. The slides were
then incubated with the primary CENH3 antibody diluted
1:1,000 in PBS-T2 at 4 �C overnight, and then washed twice
in PBS for 5 min and once in PBS-T2 for 5 min. The primary
antibodies were detected with anti-rabbit-Rhodamine Red-X-
AffiniPure (1:500, Jackson ImmunoResearch, Suffolk, UK; cat-
alog number 111-295-144) or anti-chicken-DyLight488 (1:500,
Jackson ImmunoResearch; catalog number 103-485-155) di-
luted in PBS-T2 buffer for 1 h. After two washes in PBS for
5 min and one wash in PBS-T2 for 5 min, the slides were
mounted for observation or processed further if combined
detection of DNA sequences by FISH was needed. In such
cases, the slides were immediately postfixed in 4% formalde-
hyde in PBS for 10 min at RT and dehydrated in a series of 70%
and 96% ethanol at RT for 5 min each. Chromosomes were
denatured by incubation in 1� PCR buffer (Promega,
Madison, WI) supplemented with 4 mM MgCl2 for 2 min at
94 �C and used for FISH as described earlier. The slides were
counterstained with 40,6-diamidino-2-phenylindole (DAPI),
mounted in Vectashield mounting medium (Vector
Laboratories, Burlingame, CA), and examined using a Zeiss
AxioImager.Z2 microscope with an AxioCam 506 mono

camera. Images were captured and processed using the
ZEN pro 2012 software (Carl Zeiss GmbH).

Identification and Analysis of CENH3 Genes
Partial CENH3-coding sequences of V. ervilia, V. hirsuta, V.
pisiformis, and V. tetrasperma were identified in Illumina se-
quence data by BlastN using a query containing all CENH3
sequences identified in Fabeae species previously (Neumann
et al. 2012, 2015). Primers designed based on these sequences
were then used for RT-PCR and RACE amplification of frag-
ments of CENH3 transcripts, as described by Neumann et al.
(2015). Finally, fragments surrounding the 50 and 30 end of the
coding sequences were used to design primers for amplifica-
tion of full-length CENH3-coding sequences. Sequences of
these primers and details of the amplification conditions
are provided in supplementary table 4, Supplementary
Material online.

Entire CENH3 genes in V. ervilia and V. tetrasperma were
selectively assembled using GRABb (Brankovics et al. 2016)
using as input Illumina paired-end reads (2� 151 nt) and a
bait file containing all CENH3-coding sequences available in
Fabeae. The CENH3 sequences were also identified in super-
reads assembled from the Illumina paired-end reads by
MaSuRCA (Zimin et al. 2013). Illumina sequence data used
for assembly were custom-produced at Admera Health, LLC
(South Plainfield, NJ), and deposited into the SRA database
under accessions ERR3523145 and ERR3523144, respectively.
Exon/intron structure of the genes and their translation prod-
ucts were predicted using est2genome (Rice et al. 2000) and
GeneWise (Birney et al. 2004).

CENH3 sequences were aligned using Muscle (Edgar 2004).
Pairwise similarities between CENH3 sequences were inferred
from the proportions of variable sites (p-distances) calculated
from CENH3 alignment in MEGA (Kumar et al. 2018).
Phylogenetic analyses were performed using NJ and ML algo-
rithms implemented in SeaView (Gouy et al. 2010) and
PhyML 3.0 (Guindon et al. 2010), respectively. Bootstrap val-
ues were calculated from at least 1,000 replications.
Phylogenetic trees were drawn and edited using the FigTree
program (http://tree.bio.ed.ac.uk/software/figtree/; last
accessed May 15, 2017). Tests for positive selection were car-
ried out using the BUSTED (Murrell et al. 2015), FEL
(Kosakovsky Pond and Frost 2005), and MEME (Murrell
et al. 2012) tools implemented in the software package
HyPhy (Kosakovsky Pond et al. 2005).

Availability of Sequence Data
Illumina reads from the ChIPed and control input samples are
available in the European Nucleotide Archive (https://www.
ebi.ac.uk/ena) under run accession numbers ERR3063140–
ERR3063141, ERR3063378–ERR3063383, ERR3063416–
ERR3063425, and ERR3063493–ERR3063500. The runs are as-
sociated with the study “Repeat characterization in Fabeae
genomes” (PRJEB5241) which also includes the corresponding
genomic NGS data. Newly identified CENH3 gene sequences
are available from GenBank (https://www.ncbi.nlm.nih.gov/
genbank/) under accession numbers MK415838–MK415841.
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Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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