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ABSTRACT

Potato (Solanum tuberosum) has the densest genetic linkage map and one of the earliest established
cytogenetic maps among all plant species. However, there has been limited effort to integrate these maps.
Here, we report fluorescence in situ hybridization (FISH) mapping of 30 genetic marker-anchored
bacterial artificial chromosome (BAC) clones on the pachytene chromosome 6 of potato. The FISH
mapping results allowed us to define the genetic positions of the centromere and the pericentromeric
heterochromatin and to relate chromatin structure to the distribution of recombination along the
chromosome. A drastic reduction of recombination was associated with the pericentromeric
heterochromatin that accounts for ~28% of the physical length of the pachytene chromosome. The
pachytene chromosomes 6 of potato and tomato (S. lycopersicum) share a similar morphology. However,
distinct differences of heterochromatin distribution were observed between the two chromosomes. FISH
mapping of several potato BACs on tomato pachytene chromosome 6 revealed an overall colinearity
between the two chromosomes. A chromosome inversion was observed in the euchromatic region of the
short arms. These results show that the potato and tomato genomes contain more chromosomal
rearrangements than those reported previously on the basis of comparative genetic linkage mapping.

OTATO (Solanum tuberosum, 2n = 4x = 48) is the

fourth most important food crop in the world,
surpassed only by rice, wheat, and maize. Genetic
research of potato has been long hampered by the
autotetraploidy and highly heterozygous nature of the
potato genome. This challenge, however, has been
overcome by the advent of modern molecular marker
technology. Several molecular marker-based genetic
linkage maps of diploid potato were developed
(BONIERBALE et al. 1988; GEBHARDT et al. 1989, 1991;
TANKSLEY et al. 1992; Jacoss et al. 1995), including a
10,000-marker ultradense map thatrepresents one of the
densest genetic maps in any eukaryote (VAN Os el al.
2006). Other resources for genomics research have also
been developed, including expressed sequence tags
(ESTs) (RONNING et al. 2003; FLINN et al. 2005), bacterial
artificial chromosome (BAC) libraries (SONG et al. 2000;
ZHANG et al. 2003; CHEN et al. 2004), and BAC end
sequences (ZHU et al. 2008). An international potato
genome sequencing consortium has been established
recently (http:/potatogenome.net) thatwill make potato
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one of few major crop species whose genome will be
sequenced using a BAC-by-BAC-based approach.

Despite the development of several potato genetic
linkage maps, there has been limited effort to integrate
the linkage maps with cytogenetic maps (DONG et al.
2000; SONG et al. 2000). The chromosomal positions of
the molecular makers used in linkage mapping are
largely unknown. Furthermore, it is not known if the
DNA markers are uniformly distributed along the indi-
vidual chromosomes. The international potato genome
sequencing project will be based on a BAC physical map
anchored by the amplified fragment length polymor-
phism (AFLP) markers used in the development of
the ultradense potato linkage map (van Os et al. 2006).
The genomewide saturation of these AFLP markers over
the entire length of the chromosomes will be a key
measure for the success of the sequencing project. The
potato chromosomes have been well known to consist of
cytologically distinct pericentromeric heterochromatin
and distal euchromatin (YEH and PELOQUIN 1965). Thus,
integration of the genetic linkage map with the cytoge-
netic map will reveal the euchromatic or heterochro-
matic locations of the genetic markers.

Fluorescence in situ hybridization (FISH) has become
the most common approach to map DNA markers to
specific chromosomal domains (JiaNG and GILL 1994,
2006). Meiotic pachytene chromosomes are superior to
somatic metaphase chromosomes for FISH mapping
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TABLE 1

Length, arm ratio, percentage of heterochromatin, knob, and centromere position of potato (USW1 and RH)
and tomato chromosome 6

Total chr. Knob Cen
length LA“ SA“ Arm Het. total” Het. LA Het. SA position®  position’
Genotype* n (pm) (pm) (um)  ratio (%) (%) (%) (%) (%)

S. tuberosum 11 472 *+29 3879 *25 93 *09 4.1:1

(RH)

S. tuberosum 16 428 =38 341 £34 88 =*0.7 391

(USW1)

S. lycopersicum 11 455 * 3.9 372 £ 37 87 £ 0.7 4.3:1

(Koralik)

26.8 =26 225 * 31 449 * 29 NA

27.0 = 41 205 *39 53358 49724 19.7*15

27729 21.3*+35 524 *49 536 43 205 *15

19.2 = 2.4

“LA, long arm; SA, short arm.

’ [Total heterochromatin (pum)/total chromosome length (pm)] X 100.
“Knob (centromere) position (%) is (S/T) X 100, where S = distance of knob (centromere) (in micrometers) from the end of
the short arm, and 7" = length of chromosome 6 (in micrometers). NA, the knob was not observed in tomato.

resolution (CHENG et al. 2002). Integration of genetic
linkage maps with pachytene chromosome-based cyto-
genetic maps has been reported in several plant species
(CHENG et al. 2001; IsLaM-FARIDI et al. 2002; HOWELL et al.
2005; KM et al. 2005; KULIKOVA et al. 2001; WALLING et al.
2006; WANG et al. 2006; AMARILLO and Bass 2007; CHANG
et al. 2007; Koo et al. 2008; SZINAY et al. 2008; TANG et al.
2008, accompanying article, this issue). We report FISH
mapping of 30 genetic marker-anchored BACs on the
pachytene chromosome 6 of potato. The FISH mapping
results allowed us to fully integrate the ultradense potato
linkage map with the chromosomal map for chromo-
some 6. The integration of the two maps revealed a
drastic reduction of genetic recombination in the peri-
centromeric region that consists of almost exclusively
cytologically distinct heterochromatin. Comparative cy-
togenetic mapping of potato and tomato chromosome 6
revealed general similarity/colinearity but with some
important differences between these two chromosomes.

MATERIALS AND METHODS

Plant materials and chromosome preparation: Three po-
tato clones were used in cytological preparations, including a
haploid potato clone USW1 (27 = 2x = 24), which was derived
from potato cultivar Katahdin, and two diploid potato clones,
RHB89-039-16 (RH) and SH83-92-488 (SH), which were the
parental clones used in developing an ultradense genetic
recombination map of potato (vaN Os et al. 2006). For a
comparative analysis between chromosomes 6 of S. tuberosum
and S. lycopersicum, tomato varieties Koralik (cherry tomato)
and Quinte were included in this study. Immature flower buds
were harvested and fixed in 3:1 Carnoy’s solution. The pro-
cedure for meiotic chromosome preparation was essentially
the same as that used for mitotic chromosomes from root tips
(DONG et al. 2000) with the following modification: anthers
were digested in the enzyme mixture (4% cellulase, 2%
pectinase, 0.2% cytohelicase) for 2 hr at 37° (1 hr for tomato).
The digested anthers were macerated on glass slides in 3:1
methanol:acetic acid solution with fine-pointed forceps and
then “flame dried” over an alcohol flame.

Probes and FISH: All BAC clones used for FISH mapping
were obtained from the RHPOTKEY potato BAC library con-

structed from the RH clone RH89-039-16 (http:/ potatogenome.
net/FAQPage@DocumentsPane.html#IntegrationStatus),
using AFLP markers previously mapped to chromosome 6
(vaAN Os et al. 2006; http://potatogenome.net/FAQPage@
DocumentsPane.html#FingerprintingMethod). BAC 39P07,
a clone specific to potato chromosome 6 (DONG et al. 2000)
previously identified from a S. bulbocastanum BAC library (SONG
et al. 2000), was used as a reference in initial FISH experiments
for chromosome identification for both potato and tomato.
BAC RHO051A16 hybridized to the pericentromeric hetero-
chromatic regions of all potato chromosomes and was used to
visualize the heterochromatin/euchromatin boundaries on
potato chromosome 6.

BAC DNA was isolated using the QIAGEN (Valencia, CA)
plasmid midikit and labeled with either biotin-16-UTP or
digoxigenin-11-dUTP (Roche Diagnostic, Indianapolis) by
standard nick translation reaction. The FISH procedure applied
to both mitotic and meiotic chromosomes was essentially the
same as previously described (DoNG et al. 2000). Most BAC
probes required sheared potato genomic DNA in the hybridiza-
tion mixture to reduce the background signals on both potato
and tomato chromosomes. To produce more consistent meas-
urements, high-quality pachytene chromosomes were used for
repeated probing up to four times, using the procedure
described by CHENG et al. (2001). Alternatively, multiprobe
FISH cocktails consisting of up to eight different BAC probes
were applied. Biotin-labeled and digoxigenin-labeled probes
were detected by fluorescein isothiocyanate-conjugated anti-
biotin antibody and rhodamine-conjugated anti-digoxigenin
antibody (Roche Diagnostic), respectively. Chromosomes were
counterstained by 4',6-diamidino-2-phenylindole (DAPI) in
antifade VECTASHIELD solution (Vector Laboratories, Burlin-
game, CA). Images were captured using a SenSys CCD camera
attached to an Olympus BX60 epifluorescence microscope. The
CCD camerawas controlled using IPLab Spectrum v3.1 software
(Signal Analytics, Vienna, VA) on a Macintosh computer. Final
image adjustments were done with Adobe Photoshop software.

Cytological measurements and construction of a FISH-
based physical map of potato chromosome 6: The total
length of midpachytene chromosome 6, the chromosome
arm ratio (r = length of the long arm/length of the short
arm), the percentage of heterochromatin (on the total length
and for each arm), and the position of the interstitial knob
were measured in potato genotypes USWI and RH and in
tomato genotype Koralik. To estimate the chromatin conden-
sation pattern along potato chromosome 6, measurements
were also done at different pachytene stages.
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To allow a direct comparison between genetic and
physical positions of the genetic markers, measurements
of BAC positions along the chromosome were taken accord-
ing to a methodology described by CHENG et al. (2001). The
length of the linkage map of potato chromosome 6 of
clone RH is 57.6 cM (https:/cbsgdbase.wur.nl/UHD/
chromdrawmapframe.php?parent=RH&ch=6). Thus, the
length of pachytene chromosome 6 was divided into 57.6
fractional lengths (FL). The position of each marker-
anchored BAC clone on a pachytene chromosome 6 was
calculated using

FL = 57.6 X (S/T),

50

Euchromatin (um)

20
[}
T T T T T T
8 10 12 14 16 18
Heterochromatin (um)
Ficure 2.—Correlation of condensation between the eu-

chromatin and the heterochromatin of potato chromosome
6. Total length of euchromatin and heterochromatin regions
was compared for 31 pachytene chromosomes 6 from potato
clone USW1.

FIGURE 1.—Morphology and heterochromatin
distribution on pachytene chromosome 6 of po-
tato and tomato. (a) Idiograms of potato and
tomato pachytene chromosome 6. Heterochro-
matic regions are represented by solid/shaded
thickenings. Shaded thickenings indicate regions
that were less stained by DAPI than the regions
marked by solid thickenings. Hatched thickenings
indicate regions that are separated into multiple
small knobs on early pachytene chromosomes.
(b) A midpachytene chromosome 6 of USWI.
All large arrows point to the centromeres. Arrow-
heads point to the major knob on the long arm of
potato chromosome 6. Several small knobs are vis-
ible between the proximal heterochromatin and
the major knob (arrowhead) on the long arm.
(c) A midpachytene chromosome 6 of RH. (d)
A midpachytene chromosome 6 of tomato. Identi-
fication of this chromosome was confirmed by
FISH mapping of a potato chromosome BAC

v RHO034P18 (data not shown). Two small arrows

point to the ends of the euchromatic domain
within the pericentromeric heterochromatin on
the long arm. Bars, 5 pm.

where S is the distance (in micrometers) between the FISH
hybridization site and the end of the short arm, and 7'is total
length of the chromosome (in micrometers). FL. data were
collected from pachytene chromosomes 6 of average length of
41.1 = 5.2 pm. All measurements were made on digital images
using IPLab software.

RESULTS

Morphology of pachytene chromosome 6 of potato
and tomato: Potato pachytene chromosomes were pre-
pared from a haploid potato clone USW1 (2n=2x=24)
and the diploid clone RH that was chosen for sequenc-
ing by the Potato Genome Sequencing Consortium
(http://potatogenome.net/). The length of potato
chromosome 6 (in USW1) at different pachytene stages
varied from ~23 to ~67 pm (supplemental Table 1).
The morphological features of midpachytene chromo-
somes 6 in both USW1 and RH genotypes are summa-
rized in Table 1 and shown in Figure 1. In general,
the morphology of the midpachytene chromosomes
6 from USWI (Figure 1b) and RH (Figure 1c) is highly
similar. On average, the total length of a midpachytene
chromosome 6 of USW1 was 43 = 4 pm (n=16), with a
long arm of 34 * 3 um and a short arm of 9 = 1 pm.
The subtelomeric chromosome 6 had an arm ratio of
~4:1 (Table 1).

Potato chromosome 6 showed a distinct heterochro-
matin and euchromatin distribution pattern on the basis
of DAPI staining. Heterochromatin accounts for ~28%
of the length of the chromosome. Most of the hetero-
chromatin was confined to the pericentromeric region,
spanning ~21% of the length of the long arm and ~52%
of the length of the short arm (Table 1). Small hetero-
chromatic domains were observed at both ends of the
chromosome (Figure 1, b and c). In addition, an inter-
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TABLE 2

Genetic and physical position of AFLP marker-anchored potato BAC clones

Relative
physical

BAC clone Marker ID Chromosome arm cM FL“ location” n
RH177C17 20,054 Short arm 0.0 0.7 = 0.2 1.2 =04 10
RH160K03 7,679 0.8 4 4
RHO083L.10 20,669 0.0-1.6 1.8 0.3 3.1 £0.5 11
RHO81K17 20,298 0.8-1.6 4 4
RH097MO07 7,688 1.6 “ 4
RH136023 7,689 1.6 4 4
39P07 GP79 ‘ 24 + 0.4 4.2 £ 0.7 7
RHO0841.03 12,631 3.1 3.2 + 0.5 5.6 = 0.9 7
RH034P18 7,717 7.0 47 £ 0.5 8.1+ 0.9 14
RH125D13 7,717 7.0 4 4

Hetero-euchromatin 5.6 £ 0.8 9.8 + 1.4 16

boundary

RHO069B12 7,751 10.7 6.7 = 0.6 11.6 £ 1.0 8
RHO77N17 7,752 11.5 8.1+ 1.0 14.0 = 2.0 5
RHO018]J03 12,623 7.0-12.2 8.7 = 1.0 15.1 = 1.7 6
RH143A24 12,659 11.5-12.2 4 “
RHO75F10 7,786 12.2 108 £ 1.6 188 = 2.9 10
RH022P07 7,786 12.2 “ “

Centromere 11.8 = 0.9 20.5 £ 1.5 16
RHO082H07 12,647 Long arm 11.5-12.2 142 £ 1.8 24.7 = 3.1 3
RH130P10 7,801 12.2 15.2 = 1.0 26.56 = 1.7 10
RHO60M13 20,173 12.2-14.4 180 £ 1.3 31.3 = 2.2 5

Hetero-euchromatin 21.6 £ 1.8 375 + 3.2 16

boundary

RH139E21 7,753 11.5-12.2 22.1 = 2.3 38.4 = 4.0 12
RHO057H05 7,891 13.7 233 + 1.3 40.5 + 2.2 5
RH160C14 7,905 15.2 252 = 1.1 437 £ 1.9 12
RH188N15 20,129 15.9-16.7 26.3 = 1.1 457 £ 1.9 12
RH094G20 7,933 20.3 30.2 = 0.9 525 + 1.6 4
Knob 30.9 = 24 53.6 + 4.3 16
RH102110 12,834 21.4-23.3 33.2 = 0.8 577+ 14 11
RHO051B02 20,052 24.9 33.8 = 1.0 58.6 = 1.7 4
RH194M18 7,989 34.3-35.0 38.7 + 04 67.2 = 0.8 7
RH103A21 8,016 36.5 40.8 = 1.3 709 + 2.2 8
RHO083C08 8,040 37.3 41.4 = 0.6 71.8 = 1.0 7
RHO087B02 8,060 41.2 445 = 0.9 773 1.6 8
RHO60H14 8,076 42.0 46.3 = 0.6 80.5 = 1.0 7
RH200K19 12,982 53.7 49.8 = 0.6 86.4 = 1.0 6
RH204G08 12,998 56.8-57.6 52.7 + 0.6 91.5 = 1.0 6

“Fraction length (FL) = (S/7) X 57.6, where Sis the distance (micrometers) from the FISH site to the end of the short arm, T'is
the total length of the chromosome (micrometers), and 57.6 is the length (in centimorgans) of the linkage map of chromosome 6.
’Relative physical location = (S/7) X 100, where Sis the distance (in micrometers) from the FISH site to the end of the short
arm of the chromosome, and T'is the total length of the chromosome (in micrometers). All measurements were made on pachy-

tene chromosomes 6 of average length of 41.1 * 5.2 um.

“BAC 39P07 is anchored by marker GP79 that was mapped to 4.4 cM on the potato linkage group 6 by TANKSLEY et al. (1992).
“The location of BAC RH177C17 on the pachytene chromosome was completely overlapped with RH160K03; RHO83L10 over-
lapped with RHO81K17, RH097MO07, and RH136023; RH034P18 overlapped with RH125D13; RH143A24 overlapped with

RHO018J03; and RH022P07 overlapped with RHO75F10.

stitial heterochromatic knob was consistently detected
on the long arms of both USW1 and RH (Figure 1, a—c).
This knob, however, was not observed in potato lines
described by TANG et al. (2008), which shows intraspe-
cificvariation of the heterochromatin distribution in the
potato genome.

While the intensity of DAPI staining of euchromatin
vs. heterochromatin was significantly different, the
transition between the heterochromatic and the eu-
chromatic regions was often not sharp and thus difficult
to locate on some chromosomes, especially the transi-
tion zone on the long arm. Several small interspersed
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heterochromatic and euchromatic domains were ob-
served in the transition zone on the long arm of
chromosome 6 of both USWI1 and RH (Figure 1, b
and c¢), especially on well-extended early pachytene
chromosomes. The DAPI staining intensity associated
with the pericentromeric heterochromatin was not
uniform on early pachytene chromosomes. The proxi-
mal heterochromatin was more brightly stained than
the distal heterochromatin, especially on the short arm
(Figure 1, b and c).

In general, the pachytene chromosome 6 of tomato
cv. Koralik shares a similar total chromosome length,
arm ratio, and heterochromatin distribution pattern to
potato pachytene chromosome 6 but with some distinct
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FIGURE 3.—Determination of the genetic
position of the centromere of potato chromo-
some 6 by FISH mapping of marker-anchored
BAC clones. (a) FISH mapping of BACs
RHO075F10 and RH139E21 on pachytene chro-
mosome 6 of USWI. (b) FISH mapping of
BACs RH077N17 and RH082H07 on pachy-
tene chromosome 6 of USW1. (c) FISH map-
ping of BACs RH075F10 and RH082HO07 on
pachytene chromosome 6 of RH. (d) FISH
mapping of BACs RH075F10 and RH082H07
on pachytene chromosome 6 of SH. The posi-
tions of the centromeres (Cen) are shown by
yellow arrowheads. Bars, 5 pm.

-

& q—RHOS2HO7

differences (Table 1, Figure 1d). The transitions be-
tween the pericentromeric heterochromatin and eu-
chromatin were generally less ambiguous in tomato
than in potato. The pericentromeric heterochromatin
on the long arm of tomato chromosome 6 from both
genotypes Koralik and Quinte was clearly separated by a
euchromatic domain (Figure 1d). On average, ~23% of
the long arm of tomato chromosome 6 is heterochro-
matic, which is similar to potato. However, this estimate
is comprehensive of the euchromatic domain within the
pericentromeric heterochromatin on the long arm. In
addition, the distinct interstitial knob in the long arm of
potato chromosome 6 was not observed on the tomato
chromosome 6 in both varieties analyzed (Figure 1d).

F1GuRre 4.—The genetic positions of the het-
erochromatic domains on potato chromosome
6. (a) BACRHO069B12 is located in the euchro-
matin-heterochromatin boundary on the
short arm. The boundary on the long arm is
not sharp but can be assigned to between
BACRH060M13 and BACRH139E21. (b) Apo-
tato (USWI1) pachytene chromosome 6 was
probed with BACRHO051A16. The FISH signals
(red) cover the entire pericentromeric region
as well as the interstitial knob on the long arm.
(c) Two BAC clones (green), RH069B12 and
RH139E21, were comapped with RH051A16
(red). The most prominent green signals (ar-
rows) were mapped within the euchromatin—
heterochromatin boundaries. (d) FISH mapping
of two BAC clones, RH094G20 (red) and
RH102I10 (green), which span the knob on
the long arm of potato chromosome 6. (e) The
DAPI-stained pachytene chromosome was con-
verted into a black-and-white image to enhance
the contrast of the knob region. The arrow-
heads point to the location of the two BAC
clones. (f) FISH mapping of two BAGCs,
RH094G20 (red) and RH102110 (green) on to-
mato pachytene chromosome 6. (g) The DAPI-
stained pachytene chromosome was converted
into a black-and-white image. The arrowheads
point to the location of the two BAC clones.
No knob is observed between the two arrow-
heads. Bars, 5 pm.

Potato

Tomato
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The condensation pattern of potato pachytene
chromosome 6: Length variation and chromatin con-
densation pattern of pachytene chromosomes are very
important for FISH mapping purposes. Although FISH
mapping data are usually expressed as relative distances,
a differential condensation pattern of euchromatin vs.
heterochromatin of the chromosome could dramati-
cally affect the resulting cytogenetic map. This, in turn,
would mean that the relative distances on the cytoge-
netic map refer only to pachytene chromosomes at a
particular stage. To investigate whether chromatin con-
densation pattern (euchromatin vs. heterochromatin)
was uniform along potato chromosome 6, we measured
the euchromatic and heterochromatic regions of 31
pachytene chromosomes. The total chromosome length
varied from ~23 pm (with total euchromatic region of
15 pm) to ~67 pm (with total euchromatic region of
53 wm), corresponding to a 2.9-fold variation (supple-
mental Table 1). Most chromosomes observed fell into
the 34- to 56-um range, which corresponds to a length
variation of 1.6-fold, and had an average ratio between
total euchromatin and heterochromatin of 2.7. We
plotted the total length of the euchromatic regions
against the total length of the heterochromatic regions
for each chromosome. Correlation between total eu-
chromatin and heterochromatin (micrometers) was
highly significant (r = 0.616, P = 0.0002; Figure 2). In
addition, a highly significant correlation was found
between the length of the short arm and the length of
long arm (r = 0.748, P < 0.0001). These results in-
dicated an overall uniform chromatin condensation pat-
tern along chromosome 6, at least within the length
range reported here.

The genetic position of the centromere of potato
chromosome 6: An ultradense genetic recombination
map of potato with >10,000 AFLP loci was constructed
using two diploid heterozygous potato clones, RH and
SH (vaN Os et al. 2006). The genetic positions of the
centromere of chromosome 6 were tentatively mapped

Ficure 5.—FISH mapping of AFLP marker-
anchored BAC clones on potato pachytene chro-
mosome 6. (a) FISH mapping of three BACs
anchored by markers mapped at 12.2 cM. These
three BACs span the centromere and most of the
heterochromatin on the long arm. (b) FISH map-
ping of four BACs by anchored markers mapped
at between 7 and 12.2 ¢cM. (c) FISH mapping of
eight BACs located in the euchromatic region on
the long arm. Bars, 5 um.

to 12.2 ¢M (bin 17) and to 2.9 cM (bin 5) in the linkage
maps of the RH parent and the SH parent, respectively.
The centromeric positions were predicted on the basis
of the significant density of markers in these regions on
the linkage maps (vaN Os et al. 2006) and, in the case of
the RH parent, it was confirmed by half-tetrad analysis
(PARK et al. 2007).

Cytologically, the centromere of potato chromosome
6 can be unambiguously identified on the basis of its
characteristic light DAPI staining at the pachytene stage
(Figure 1). The lightly stained centromere is flanked by
brightly stained heterochromatin on both sides. FISH
mapping of several BACs anchored by AFLP markers
mapped between 11.5 and 12.2 ¢cM (bin range 16-17,
Table 2) enabled us to integrate this cytological feature
into the genetic map (Figure 3). The centromere was
localized at 11.8 FL,, between BAC RH075F10 located on
the short arm and BAC RH082HO07 on the long arm.
BAC RHO075F10 was anchored by AFLP marker 7786
at 12.2 ¢cM of the RH map (bin 17), whereas BAC
RHO082HO07 was anchored by AFLP marker 12,647 at
11.5-12.2 cM of the RH map (bin range 16-17) and at
1.5-3.6 cM of the SH map (bin range 3-6), respectively.
The physical locations of these two marker-anchored
BAGs relative to the centromere were consistent among
potato genotypes USW1, RH, and SH (Figure 3).

The genetic positions of the euchromatin-hetero-
chromatin boundaries on potato chromosome 6: To
determine the genetic positions of the euchromatin—
heterochromatin boundaries we mapped several BACs,
anchored by AFLP markers between 10.7 and 14.4 cM,
to the pachytene chromosome positions relative to the
brightly DAPI-stained pericentromeric heterochroma-
tin (Table 2, Figure 4). On the basis of the DAPI staining
pattern, the transition between euchromatin and het-
erochromatin on the short arm and the long arm was
estimated at ~10% (5.6 FL) and ~37% (21.6 FL) of the
total chromosome length from the end of the short arm,
respectively. BAC RH069B12 was anchored by AFLP
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FiGure 6.—Integration of genetic linkage map of potato
chromosome 6 with potato pachytene chromosome 6. The
genetic linkage map of potato chromosome 6 is according
to VAN Os et al. (2006).

marker 7751 mapped to 10.7 cM (bin 15), and it was
mapped very close to the euchromatin/heterochroma-
tin junction on the short arm (Figure 4a). The FISH
signal generated by this BAC was located ~12% from
the end of the short arm, at 6.7 FL. (Table 2). On the
long arm, the boundary was located between BAC
RHO60M13 (identified by AFLP marker 20,173 at

12.2-14.4 cM, bin range 17-20) and BAC RH139E21
(identified by marker 7753 at 11.5-12.2 ¢M, bin range
16-17) (Figure 4a). FISH signals derived from
RHO60M13 and RHI139E21 were detected at ~31%
(18.0 FL) and ~38% (22.1 FL) away from the end of
the short arm, respectively.

As mentioned above, the transition between euchro-
matin and heterochromatin was often not sufficiently
sharp for unambiguous localization based on DAPI
staining. We used the FISH signals derived from a highly
repetitive BAC clone RHO51A16 to assist the identifica-
tion of the heterochromatic region. The FISH signals
generated by BAC RHO51A16 covered almost all of the
DAPI-bright regions (supplemental Figure 1). Co-FISH
mapping with BAC RHO051A16 confirmed that the
pericentromeric heterochromatin of chromosome 6
was confined between AFLP marker 7751 on the short
arm and markers 7753,/20,173 on the long arm (Figure
4, b and c). This region corresponds to <2 cM (bins 15—
17) on the genetic map of the RH parent and to ~16 FL
on the cytogenetic map (Table 2).

FISH also allowed the integration in the genetic map
of the heterochromatic knob located on the long arm.
This knob was located at 30.9 FL, between BACs
RH094G20 (anchored by AFLP 7933 marker at 20.3
cM) and RH102I10 (identified by AFLP marker 12,834
at21.4-23.3 cM) in both USW1 and RH (Figure 4, d and
e). These two BACs were mapped to the similar posi-
tions on tomato chromosome 6 (Figure 4, f and g).

Correlation between genetic and physical distances
on potato chromosome 6: To investigate the relation-
ship between genetic and physical distances of the AFLP
markers mapped on potato chromosome 6, the chro-
mosomal positions of 30 AFLP maker-anchored BACs
were mapped on the pachytene chromosome 6 (Table 2,
Figures 5 and 6). The AFLP markers anchoring the
BAGs are spaced at an average of ~3 cM intervals from
0.0 cM (bin 1) to the end of the linkage map of RH
(56.8-57.6 cM, bins 73-74). We mapped a total of 13
BACs on the short arm and 17 on the long arm,
including 9 BAGs in the pericentromeric heterochro-
matin region. In general, the order of individual BACs
along the chromosome was concordant with the order
of the AFLP markers along the linkage map (Table 2).
However, the FISH results allowed us to resolve the
order of the tightly linked markers located in the
pericentromeric region. These markers were mapped
to the same centimorgan/bin (or centimorgan/bin
range) on the linkage map. For example, the markers
used to anchor RHO75F10 and RH130P10 were both
mapped to 12.2 cM on the RH genetic map (Table 2).
Physically, RHO75F10 was located on the short arm at
10.8 FL, and RH130P10 was mapped on the long arm at
15.2 FL. (Figure 5a).

The relationship between the genetic and physical
distances along chromosome 6 is illustrated in Figure 6.
Overall, the average recombination frequency along the
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short arm (12.2 ¢cM/10.8 FL) was similar to that along
the long arm (45.4 cM/43.4 FL). However, recombina-
tion was not evenly distributed along the physical length
of chromosome 6. A significant disproportion between
genetic and physical distances was found in the region of
the chromosome spanning 10.7-12.2 ¢M on the genetic
map and 6.7-22.1 FL on the cytogenetic map, which
largely corresponds to the pericentromeric heterochro-
matin. Within this region, suppression of recombination
was found between the markers anchoring the BACs
RHO75F10, RHO82H07, RH130P10, RHO60M13, and
RHI139E21, which all genetically mapped to 12.2 cM.
Indeed, BACs RHO75F10 and RH139E21 are physically
separated by ~11 FL (Table 2). In addition, suppression
of recombination seemed to be more severe in the
heterochromatic region on the long arm, effecting ~2
FL on the short arm and ~11 FL on the long arm.

Several other regions also show disproportion be-
tween genetic and physical distances. In the euchro-
matic region of the shortarm, BACs RH084L.03 (3.1 cM)
and RH034P18 (7.0 cM) are separated by ~4 cM but by
only 1.5 FL (Figure 6). On the long arm, RH102I10
(21.4-23.3 cM) and RHO051B02 (24.9 cM) are separated
genetically by 1.6-3.5 cM but physically by ~0.5 FL, a
three- to sixfold difference (Figure 6). Similarly,
RHO60H14 (42.0 cM) and RH200K19 (53.7 cM) are
separated by 11.7 c¢M, but physically by 3.5 FL, an
approximately threefold difference (Figures 6 and 7a).
These disparities between the genetic and physical
maps, it should be noted, indicate a genetic map longer
than the physical map, which is the opposite of the trend
in the pericentromeric region.

Comparative FISH mapping on tomato pachytene
chromosome 6: Comparative linkage mapping based on
a common set of markers revealed five chromosomal
inversions differentiating the potato and tomato ge-
nomes, but otherwise demonstrated an overall genetic
colinearity between the two species (TANKSLEY et al.

Tomato

FiGURE 7.—Comparative FISH mapping of
potato and tomato pachytene chromosome 6.
(a) FISH mapping of RHO60H14 (42.0 cM)
and RH200K19 (53.7 cM) on potato pachytene
chromosome 6. The region spanned by these
two BACs shows an increased recombination
rate. (b) BACs RHO60H14 and RH200K19 were
located at similar positions on tomato pachy-
tene chromosome 6. (c) FISH mapping of BACs
39P07 (green) and RH034P18 (red) on potato
pachytene chromosome 6. (d) FISH mapping
of BACs 39P07 (green) and RHO034P18 (red)
on tomato pachytene chromosome 6. These
two BACs showed a reverse order as compared
with that on potato chromosome 6. Bars, 5 um.

1992). To compare potato and tomato chromosome 6
from a cytological standpoint, a set of the potato BACs
used in this study was FISH mapped on tomato pachy-
tene chromosome (Table 3 and Figures 7 and 8). BAC
39P07, a clone specific to potato chromosome 6 (DoNG
et al. 2000), was also included for chromosome identi-
fication, as this clone was identified by RFLP marker
GP79 previously mapped on linkage group 6 of both
tomato and potato (TANKSLEY et al. 1992).

Cytologically, the centromere and the boundaries of
the pericentromeric heterochromatin were estimated to
be at similar physical positions in the two species. The
potato BAC clones on the long arm were mapped to
similar positions on the pachytene chromosome 6 of to-
mato (Table 3, Figures 7,aand b, and 8). However, on the
short arm the relative order between BAC RH177C17
(0.0 cM) and RH034P18 (7.0 cM) was inverted on to-
mato compared to potato (Figures 7, ¢ and d, and 8).
The chromosomal region spanned by these two clones
almost includes the entire euchromatic portion of the
short arm in both species (Figure 8; supplemental Fig-
ure 2). In potato, RH177C17 (0.0 cM) was detected very
close to the telomere of the short arm. RH034P18 (7.0
cM) was located near the proximal heterochromatin
(Figure 8). In tomato, however, RH177C17 was detected
at the euchromatin/heterochromatin boundary, whereas
RHO034P18 was close to the telomere (Figure 8). These
results suggest that a potato/tomato inversion likely
spans the entire euchromatic portion of the short arms
of the chromosome 6. A similar pachytene chromosome-
based FISH mapping using tomato BACs revealed the
same potato/tomato inversion (TANG et al. 2008).

DISCUSSION

Severe repression of genetic recombination in the
pericentromeric heterochromatin: Suppression of re-
combination in the pericentromeric regions is a com-
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TABLE 3

Comparative FISH mapping of potato BAC clones in potato and tomato

Relative physical location (%)*

BAC clone Chromosome arm/region Potato USW1 n Tomato cv. Koralik n
RH160K03, RH177C17 Short arm 12 0.4 10 10.1 = 0.7 6
RHO81K17, RH136023 3.1+ 05 11 8.6 = 0.8 6
39P07 42 0.7 7 6.9 = 1.1 5
RHO0841.03 56 * 0.9 7 57+ 08 6
RH034P18, RH125D13 8.1 %09 14 40+ 05 10
Hetero-euchromatin 9.8+ 14 16 10.3 = 1.6 11
boundary
Centromere 205 = 1.5 16 19.2 = 2.4 11
Hetero-euchromatin 375 *+ 12 16 374 *+ 3.6 11
boundary
RH094G20 Long arm 525 + 1.6 4 452 = 2.7 6
Knob 53.6 * 4.3 16 v v
RH102110 57.7 * 1.4 11 51.2 £ 42 6
RH194M18 67.2 = 0.8 7 NA NA
RH103A21 709 £ 2.2 8 NA NA
RHO60H14 80.5 + 1.0 7 774 = 2.1 5
RH200K19 86.4 * 1.0 6 84.7 = 2.7 7
RH204G20 91.5 = 1.0 6 92.0 = 2.8 3

NA, measurement data not available. However, the relative order of these BACs in tomato was the same as in potato.
“Relative physical location is determined as specified in Table 1. BAC clones are listed following the order in potato. All meas-
urements for tomato were made on pachytene chromosomes 6 of average length of 45.2 = 5.1 um.

*The knob is not present in tomato.

mon genetic phenomenon in all eukaryotes. However,
the sizes of the recombination-suppressed pericentro-
meric domains vary significantly in different plant
species. In rice, these domains, which encompass the
functional centromeres, contain only 1.5-5.5 megabases
of DNA, which on average account for ~10% of the rice
chromosomes (YAN et al. 2005, 2006; H. H. YaAN and
J. J1ANG, unpublished data). However, in several grass
species with large genomes, such as barley, recombina-
tion is almost completely suppressed in the proximal
halves of the chromosome arms (KUNZEL et al. 2000).
Suppression of recombination in the pericentromeric
regions in tomato was indicated by both classical and
molecular marker-based genetic and cytogenetic map-
ping (KHUsH and Rick 1968; TANKSLEY et al. 1992; Koo
et al. 2008; SziNAY et al. 2008). The recombination-
suppressed domains in tomato appeared to be corre-
lated with the pericentromeric heterochromatin on the
basis of mapping of recombination nodules (RNs) on
synaptonemal complexes (SCs) (SHERMAN and STACK
1995). RNs were rarely observed in the pericentromeric
regions in all tomato chromosomes.

Suppression of recombination in the pericentromeric
domains of individual potato chromosomes was clearly
illustrated by a single region with significant marker
clustering on the majority of the linkage groups of the
ultradense genetic linkage map (VAN Os et al. 2006).
However, the marker clustering data do not reveal the
physical span of the recombination-suppressed regions.
Potato BACs anchored by AFLP markers mapped at

10.7-12.2 cM were localized to the heterochromatin—
euchromatin transition regions on both arms (Figure
6). Thus, the integration of genetic and physical maps
revealed that the entire pericentromeric domain of
potato chromosome 6 is severely suppressed in recom-
bination. Cytologically distinct heterochromatin was
observed in the pericentromeric regions of all potato
chromosomes (YEH and PELOQUIN 1965) (supplemental
Figure 1). Thus, recombination suppression is likely to
be associated with the pericentromeric heterochroma-
tin in other potato chromosomes. Itis also interesting to
note that the recombination in the euchromatin is
enhanced relative to heterochromatin, but the recom-
bination rate in the euchromatic region varies widely.
The chromosomal domain at FL 46.3-49.8 shows a
significantly higher recombination rate than the rest
of the chromosome (Figure 6).

Potato—tomato synteny: Potato and tomato have di-
verged for ~12 million years (DEsa and DrROUIN 1996).
The pachytene chromosomes from these two species
share highly similar morphology (BArTON 1950; YEH
and PeLoQuIN 1965). The genetic colinearity between
potato and tomato chromosomes was well demonstrated
by comparative genetic linkage mapping, using a com-
mon set of molecular markers (BONIERBALE et al. 1988;
TANKSLEY et al. 1992). Five chromosomal inversions of
marker order were found to be associated with potato/
tomato chromosomes 5, 9, 10, 11, and 12. These in-
versions appear to be paracentric and involve the entire
chromosome arms (TANKSLEY et al. 1992). FISH map-
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F1GURE 8.—The comparative chromosomal positions of 12
potato BACs on potato and tomato pachytene chromosome 6.
The exact chromosomal positions of BACs RH194M18 and
RHI103A21 in tomato were not determined, but relative order
of these two clones in tomato is the same as that in potato.

ping of potato BACs on tomato chromosome 6 revealed
a similar inversion involving part of the short arm (Fig-
ures 7 and 8). Although the order of two DNA markers
(GP164 and GP79) suggested an inversion associated
with tomato chromosome 6 (VAN WORDRAGEN el al.
1994), this inversion was not revealed by the previous
comparative linkage mapping possibly due to the
relatively few markers mapped on the short arms of
potato/tomato chromosome 6 (GEBHARDT el al. 1991;
TANKSLEY et al. 1992). Since the short arms of potato
and tomato chromosome 6 share a similar heterochro-
matin distribution pattern, the proximal breakpoint of
this inversion is likely located within the euchromatin.
The chromosomal position of BACs RH177C17 and
RHO034P18 in potato and tomato demonstrates that this
inversion possibly involves the entire euchromatic por-

tion of the short arms, which has also been revealed by
TANG et al. (2008) using a different set of tomato and
potato BAC clones. Our results also suggest that the five
other inversions associated with potato and tomato
chromosomes (TANKSLEY ef al. 1992) may also span only
the euchromatic portions of the respective arms, rather
than the complete arms.

The discovery of the inversion associated with chromo-
some 6 suggests that the potato and tomato genomes may
contain significantly more structural rearrangements
than those revealed by the previous comparative linkage
mapping. Rearrangements located in the pericentro-
meric heterochromatin are difficult to assess by linkage
mapping due to the cosegregation of the markers in the
mapping population. It is interesting to note that the
pericentromeric heterochromatin in the long arm of
tomato chromosome 6 is separated by a euchromatic
domain (Figure 1d) that is not observed in the corre-
sponding region in potato. An inversion in the tomato
chromosome, with one breakpoint in the euchromatin
and one breakpoint in the heterochromatin, can result
in the difference between the potato and the tomato
chromosome 6. Such an inversion involving the pericen-
tromeric heterochromatin and euchromatin was demon-
strated in Avabidopsis thaliana (FrRansz et al. 2000).
Complete sequencing of potato and tomato chromosome
6 will reveal the mechanism that caused the difference in
heterochromatin distribution in these two chromosomes.
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