
NOTE

Three Potato Centromeres Are Associated
with Distinct Haplotypes with or Without
Megabase-Sized Satellite Repeat Arrays

Linsheng Wang,*,†,‡ Zixian Zeng,* Wenli Zhang,* and Jiming Jiang*,1

*Department of Horticulture, University of Wisconsin, Madison, Wisconsin 53706, †College of Agriculture, Henan University of
Science and Technology, Luoyang, Henan 471003, the People’s Republic of China, and ‡College of Life Science, Henan University,

Kaifeng, Henan 475004, the People’s Republic of China

ABSTRACT We report discoveries of different haplotypes associated with the centromeres of three potato chromosomes, including
haplotypes composed of long arrays of satellite repeats and haplotypes lacking the same repeats. These results are in favor of the
hypothesis that satellite repeat-based centromeres may originate from neocentromeres that lack repeats.

THE centromere is the chromosomal domain that guides
the assembly of the kinetochore wheremicrotubules attach

during cell division. Centromeres are defined by the presence
of a centromere-specific histone H3 variant, cenH3 (CENP-A in
humans) (Henikoff et al. 2001). In many higher eukaryotes,
centromeres are composed of long arrays of a single family of
satellite repeat (Henikoff et al. 2001; Jiang et al. 2003). For
example, human centromeres contain megabase-sized arrays
of the 171-bp alpha satellite repeat (Willard and Waye 1987;
Vafa and Sullivan 1997). Centromeric satellite repeats can
evolve rapidly, which may result in different centromeric re-
peats among closely related species (Lee et al. 2005). Thus,
a new centromeric repeat can sweep through the entire ge-
nome and rapidly replace the old repeat in all centromeres via
poorly understood mechanisms. The cenH3/CENP-A nucle-
osomes in rice and humans are highly phased on the 155/
171-bp monomers of the CentO and alpha satellite repeats, re-
spectively, and show a distinct structure compared to canonical
nucleosomes (Hasson et al. 2013; Zhang et al. 2013b).
Therefore, satellite repeats are intrinsically more suitable
for organizing centromeric nucleosomes than single- and low-
copy DNA sequences.

Centromeres can be activated from noncentromeric regions
by acquiring cenH3/CENP-A, resulting in “neocentromeres”

(duSart et al. 1997). Neocentromere activation is usually
associated with the loss of the original centromere (duSart
et al. 1997), or with inactivation but retention of the original
centromere on the same chromosome (Amor et al. 2004;
Wang et al. 2014). The vast majority of neocentromeres, in-
cluding several plant neocentromeres (Nasuda et al. 2005; Fu
et al. 2013; Wang et al. 2014; Zhang et al. 2013a), do not
contain long arrays of satellite repeats that are typically asso-
ciated with centromeres. The neocentromeric DNA sequences
are generally deficient in genes, but otherwise not distinct
from average genome sequences (Marshall et al. 2008; Wang
et al. 2014). A centromere can also “move” to a different
position along the chromosome during evolution (Ventura
et al. 2001; Han et al. 2009). Such “centromere reposition”
events are likely mediated via neocentromere activation
(Rocchi et al. 2012). Results from extensive neocentromere
activation and centromere repositioning research have led to
a hypothesis of centromere evolution: many existing centro-
meres may have originated as neocentromeres.

Mature centromeres are typically composed of long arrays
of satellite repeats. Thus, an evolutionarily new centromere
likely acquires a long array of satellite repeats during evolution.
Such a repeat-based haplotype will eventually sweep through
populations and replace the original neocentromere that lacks
satellite repeats. According to this hypothesis, if a centromere
is in the transition stage during evolution, we would find
different haplotypes associated with the same centromere in
populations, including the haplotype that contains mainly
single- or low-copy DNA sequences and an additional haplotype
(s) that acquired satellite repeats. However, no case of multiple
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haplotypes associated with the same centromere has been
reported in literature.

Potato (Solanum tuberosum, 2n = 4x = 48) is an autotet-
raploid with a highly heterogeneous genome. The 12 potato
centromeres show drastically different structure and DNA
composition. Five potato centromeres (Cen4, Cen6, Cen10,
Cen11, and Cen12) contain mainly single- and low-copy
sequences. No satellite repeats were identified in these five
centromeres. Thus, the structures of these five centromeres
resemble neocentromeres (Gong et al. 2012). In contrast, six
potato centromeres (Cen1, Cen2, Cen3, Cen5, Cen7, and Cen8)
contain megabase-sized arrays of satellite repeats. The satellite
repeats are specific to individual centromeres and appeared to
completely occupy the cenH3-binding domains of the six
potato centromeres (Gong et al. 2012). The fact that each
potato centromere contains different DNA sequences provides
unique opportunities to study evolution of DNA sequences
associated with individual centromeres.

The potato centromeric repeats were isolated from DM 1-3
516 R44 (DM), a homozygous diploid clone (2n = 2x = 24)
(Potato Genome Sequencing Consortium 2011). We were in-
terested in the distribution of these repeats in cultivated potato
genotypes because the autotetraploidy nature allows potato
cultivars to maintain chromosomal variants that could be
lethal to diploid species (Iovene et al. 2013). We conducted
fluorescence in situ hybridization (FISH) for three repeats,
repeat St24 for the centromere of chromosome 1 (Cen1),
repeat St3.58 for Cen2, and repeat St57 for Cen7, in a set
of 17 diverse potato cultivars developed in Europe and
North America (Table 1). Each probe was expected to hybrid-
ize to all four copies of each homologous potato chromosome
if the same centromere haplotype was fixed in populations.
For example, repeat St3.58 is associated with Cen2 in DM. We
expected that the St3.58 probe would hybridize to all four
homologs of chromosome 2 in all cultivars. Surprisingly, the
St3.58 probe hybridized to all four homologs of chromosome
2 in only two of the 17 cultivars examined (Table 1). Only
one or two homologs of chromosome 2 contained the St3.58
repeat in 14 cultivars (Figure 1). One cultivar, White Pearl,
did not contain this repeat (Figure 1D). Absence of the
St3.58 repeat in White Pearl was also confirmed by Southern
blot hybridization (Figure 2A). Based on the size and inten-
sity of the FISH signals, the lengths of the St3.58 repeat array
associated with different Cen2 in different cultivars appeared
to be uniform and similar to those in DM (Gong et al. 2012).
These results showed that the St3.58-containing Cen2 repre-
sents only one haplotype of this centromere in potato.

Repeat St24 is associated with Cen1 in DM (Gong et al.
2012). St24 hybridized to different numbers of chromosome
1 homologs among the 17 cultivars (Table 1). None of the
four Cen1 in Superior contained St24, which was revealed by
FISH (Figure 3D) and confirmed by Southern blot hybridiza-
tion (Figure 2B). In addition, the sizes of the St24 repeat
arrays appeared to vary significantly based on the size and
intensity of the FISH signals associated with different Cen1
(Figure 3). Thus, expansion and/or contraction of the satellite

repeat arrays may have occurred since the emergence of this
repeat. Similar results were obtained with repeat St57 that
was mapped to Cen7 in DM (Gong et al. 2012). St57 hybridized
to only one to three copies of Cen7 among 17 cultivars (Fig-
ure 3 and Table 1). Different sizes and intensities of the FISH
signals were also observed with the St57 repeat associated
with different Cen7 (Figure 3).

Repeat St3.58 was found only in cultivated potato, not in
any wild Solanum species, suggesting that this repeat emerged
after potato diverged from its most closely related wild rel-
ative (Gong et al. 2012). The highly similar size and inten-
sity of the FISH signals associated with Cen2 in different
potato cultivars (Figure 1) support that the St3.58 repeat
array likely emerged very recently and has not undergone
obvious expansion and/or contraction events. Repeat St24
was detected only in Solanum verrucosum, a wild species
that is most closely related to potato and was proposed as
the progenitor of cultivated potato, but was not detected in
any other Solanum species that are more distantly related to
potato (Gong et al. 2012). In addition, the St24 repeat in S.
verrucosum is not associated with Cen1, but with another
centromere (Gong et al. 2012). These results show that
the St3.58 and St24 repeats in potato cultivars originated
in S. tuberosum and were not introgressed from wild species
during breeding. Repeat St57, however, was detected in Cen7
of S. verrucosum. Therefore, we cannot exclude the possibility
that this repeat was introgressed from S. verrucosum during
potato breeding.

There are two possibilities for the DNA compositions of the
Cen1, Cen2, and Cen7 haplotypes that lack the St24, St3.58,
and St57 repeats, respectively. These haplotypes may consist
of single- and low-copy sequences or contain different satel-
lite repeats. Megabase-sized satellite repeat arrays located in

Table 1 Summary of FISH results of three centromeric repeats in
tetraploid potato genotypes

Cultivar Origin
St24
(Cen1)

St3.58
(Cen2)

St57
(Cen7)

Atlantic United States 2a 1 1S, 2W
Atzimba Mexico 1 4 1S, 2W
Freedom Russet United States 3 2 1
Hindenburg Germany 1 2 2S, 1W
Juanita Mexico 2S, 1Wb 1 1
Kalkaska United States 3 2 1
Katahdin United States 3 2 1S, 2W
Kennebec United States 1S, 1W 2 1
Kerr’s Pink United Kingdom 2 1 2S, 1W
MegaChip United States 3 2 1S, 1W
Norkotah United States 2 2 1S, 2W
Ranger Russet United States 2 4 1S, 1W
Roslin Eburu United Kingdom 1 2 3
Russet Burbank United States 4 2 1S, 2W
Snowden United States 1S, 1W 2 1S, 1W
Superior United States 0 2 1
White Pearl United States 1 0 1
a The numbers indicate the number of homologs of the chromosome that
hybridized to the centromeric repeat.

b S, Strong signals; W, Weak signals. Numbers that are not followed by S or W refer
to the numbers of strong or weak signals.
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a single genomic location are rare in the literature. Thus, it
would be unlikely that two different satellite repeat arrays
have invaded the same centromeres and both have been
maintained in the natural populations. We predict that the
Cen1, Cen2, and Cen7 haplotypes that lack the St24, St3.58,
and St57 repeats, respectively, may resemble the five DM
centromeres (Cen4, Cen6, Cen10, Cen11, Cen12) that contain
exclusively single- and low-copy sequences.

In summary, we demonstrate that potato Cen1, Cen2, and
Cen7 have been invaded by megabase-sized satellite repeat
arrays (Gong et al. 2012). However, the satellite repeat-based

haplotypes of these three centromeres have not swept potato
populations, but have coexisted with their ancestral haplo-
types. These results are in favor of the hypothesis that that
repeat-based centromeres might originate from repeat-lack
neocentromeres and that the repeat-lack and repeat-based

Figure 1 FISH mapping of the Cen2-specific satellite repeat St3.58 in
four potato cultivars. Potato chromosome 2 is identified by the 45S rDNA
probe (red signals), which is located on the short arm of chromosome 2.
(A) FISH signal from St3.58 (arrow) was detected on a single Cen2 in
Atlantic. (A9) The FISH signal from St3.58 was digitally separated from
A. (B) FISH signals from St3.58 (arrows) were detected on two of the four
copies of Cen2 in Katahdin. (B9) The FISH signals from St3.58 were dig-
itally separated from B. (C) FISH signals from St3.58 (arrows) were
detected on all four copies of Cen2 in Atzimba. (C9) The FISH signals from
St3.58 were digitally separated from C. (D) St3.58 did not hybridize to any
of the four copies of Cen2 in White Pearl. The two arrowheads point to
fused 45S rDNA signals from two chromosomes. (D9) The FISH signals
from St3.58 were digitally separated from D. Plasmid 1331 was used to
detect the St. 3.58 repeat. Bars, 5 mm.

Figure 2 Southern blot hybridization analysis of the centromeric satellite
repeats in different potato cultivars. (A) Southern blot hybridization anal-
ysis of the Cen2-specific satellite repeat St3.58 in four potato cultivars.
The numbers in the parentheses indicate the copy number of chromo-
some 2 carrying St3.58 in each cultivar. Left: genomic DNAs from the four
cultivars were digested by BamHI and separated by a 0.8% agarose gel.
Right: blotted DNAs were hybridized to St3.58 (plasmid probe 1331). No
hybridization was found to DNA of White Pearl. (B) Southern blot hybrid-
ization analysis of the Cen1-specific satellite repeat St24 in four potato
cultivars. The numbers in parentheses indicate the copy number of chro-
mosome 2 carrying St24 in each cultivar. Left: genomic DNAs from the
four cultivars were digested by HindIII and separated by a 0.8% agarose
gel. Right: blotted DNAs were hybridized to St24 (plasmid probe 1336).
No hybridization was found to DNA of Superior. Southern blot hybridiza-
tion followed published protocol (Stupar et al. 2002).
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haplotypes of the same centromeres can coexist in natural
populations until the repeat-based haplotypes eventually
sweep through populations.
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