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Abstract. The centromere of chromosomes 1, 6 and 9 are physically mapped by the hypoploids of the six most
proximal B-A translocations. The hypoploids are deficient for a paternal chromosome arm and, as a result, lose the
paternal signal of those RFLP markers located on the missing chromosome arm. Of those markers missing from the
hypoploids, the two most proximal ones on each arm of a chromosome define the physical location of the centromere.
Analysis of 10 RFLP markers on chromosome 1, 8 on chromosome 6 and 12 on chromosome 9, maps the first
centromere to the umc67-umcl77a region, the sixth centromere to the bnl6.29-bnl7.28 region, and the ninth cen-
tromere to the bnl5.10-umc20 region, an interval of about 3.3, 3 and 0.5 map units, respectively. Other interesting
observations are that the A-B chromosome of five of the six B-A transglocations is associated with anomalous signals
not originated from the paternal parent, suggesting probable presence of chromosome rearrangement(s).
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I ntroduction

The centromere isadistinct cytological region—the pri-
mary constriction—on metaphase chromosomes. Its pri-
mary function is to align chromosomes at the metaphase
plate and then to separate them at anaphase during cell
division. It exerts these functions through the attachment
of its kinetochore with microtubules, to promote chromo-
some movement by the kinetochore motor (Hyman and
Mitchison, 1991). Despite its significant biological
function, the centromeric location israrely determined and
has been mapped only in afew species due to lack of a
proper phenotype for genetic analysis. This stumbling
block was circumvented in yeast (Clarke, 1990) and recently
in Arabidopsis (Copenhaver et al., 1999) using tetrad
analysis to define the centromere position at the molecu-
lar level.

In plants, the centromere has been mapped with a telo-
centric or an isochromosome. The telocentric chromosome
is derived from a norma homolog, usually a univaent, by
a misdivision of the centromere; semicolon and one end
of thistelocentric chromosome is the centromere. Aniso-
chromosome is structurally similar to atelocentric. Itisa
metacentric chromosome, carrying two identical chromo-
some arms. Any genetic marker located at or near the ter-
minal position on atelocentric will be either most proximal
or distal to the centromere. After comparing with the ge-
netic map of the normal homolog, the centromeric posi-
tion can be determined to be located between two closely
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linked genetic markers. Centromeres have been mapped
thisway in whest (Sears, 1969), cotton (Endrizzi and Kohel,
1966), rice (Singh et al., 1996) and tomato (Frary et al.,
1996). Telosomes associated with chromosomes 4 and 5
have been isolated in maize (Rhoades, 1933, 1936 and 1940;
Muzumdar et al., 1997) and used to map the centromere of
chromosome 4 (Schneerman et al., 1998).

In addition to telocentric chromosomes, a maize cen-
tromere has been well localized by hypoploids generated
from B-10 translocations. Beckett (1973) induced a trans-
location between the B chromosome and the short arm of
chromosome 10 (10S). He used the translocation to syn-
thesize hypoploids carrying the terminal deficiency of 10S
to map physically the 10th centromere to be proximal to
y9 on 10S. Subsequently, Lin (1974) created 38 transloca-
tions between the B chromosome and the long arm of chro-
mosome 10 (10L) and observed that the hypoploids
derived from two most proximal translocations have a
breakpoint proximal to dul on 10L (Lin, 1974 and 1979).
Thus, the 10th centromere is located in the dul-y9 region
which covers two map units.

This paper utilizes a similar approach to map the cen-
tromere of chromosomes 1, 6, and 9 on RFLP map. The
centromere was mapped to aregion of 3.3, 3, and 0.5 map
units, respectively.

M aterials and M ethods

Plant Material

L 289 and the B-A trand ocation-carrying L 289 stocks are
the same as previously described (Lin and Chou, 1997).
Three translocations (TB-1Sb, TB-1La and TB-6Sa), iso-
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lated by Roman (1947), Roman and Ullstrup (1951), and
three others (TB-6Lc, TB-95d, and TB-9L c), isolated by
Beckett (1978), were used for generation of hypoploids,
which have a structure similar to the four previous B-A
translocations described previously (Lin and Chou, 1997).
They are carried by L289 and have a breakpoint on the B
long arm and the second breakpoint on one of the follow-
ing chromosome arms: the short and the long arm of chro-
mosome 1 (TB-1Sb and TB-1L a, respectively), the short
and the long arm of chromosome 6 (TB-6Saand TB-6Lc,
respectively), and the short and the long arm of chromo-
some 9 (TB-9Sd and TB-9L ¢, respectively). B73, aninbred,
was used in this study as the maternal parent for produc-
tion of hypoploids. W22, also an inbred, carried several
original B-A translocations, which were subsequently
transferred to L289 by continuous backcrosses. It was
used in most analyses to exclude the possibility that the
non-L 289 signals were of W22 by origin.

Synthesis of Hypoploids

Procedures for production of hypoploids have been
published (Lin and Chou, 1997), Briefly, hypoploids were
synthesized by pollinating B73 with B-A trand ocation-car-
rying L289. The hypoploid progeny from the cross were
identified by their large kernel size and small plant size for
TB-1Sb and TB-1Laand only small plant size for TB-9Lc.
All six hypoploids exhibited 50% pollen sterility (for
details, see Lin and Chou, 1997). Their identity was fur-
ther substantiated by the absense of the paternal signal
of RFLPs located on the respective deleted chromosome
arm (see Results).

Strategy for RFLP Mapping of Centromere

Hypoploids of the most proximal B-A translocations on
both arms of chromosomes 1, 6, and 9 were used to map
the centromeric position. The mapping strategy is based
on the fact that a centromere is located between the
breakpoints of the two most proximal translocations: one
on the short arm and the other on the long arm of the same
chromosome. The two RFLP markers closest to, but distal
to, the translocation breakpoints on both arms define the
map position of the centromere.

The marker position in relation to translocation
breakpointsis determined by the terminal deficiencies gen-
erated by B-A trandocations. Like the B chromosome, one
of the two B-A translocation chromosomes, termed B-A,
undergoes nondisjunction at the second pollen mitosis.
This process generates two sperm: one with two B-As
(hyperploid) and the other without any B-A (hypoploid).
Upon fertilization with an egg carrying the normal chro-
mosome complement, the latter sperm results in a hypop-
loid embryo deficient for the paternal copy of the
chromosome arm distal to the translocation breskpoint. In
other words, the hypoploid embryo associated with the
terminally deficient chromosome, termed A-B, was em-
ployed to generate DNA for RFLP analysis. For simplifi-
cation of the RFLP analysis, each parent of the hypoploid
progeny isin two different inbred backgrounds: the ma-
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ternal parent is B73 and the paternal parent, L289. The
RFLP analysis is done by Southern hybridization of the
hypoploid DNA probed with each marker whose position
in reference to the breakpoint is determined by presence
(proximal) or absence (distal) of the paternal signal.

RFLP Markers

Sources of maize RFLP markers used in this study are
the same as those previously published (Lin et al., 1997).

Genomic DNA Isolation, Restriction Digestion of
Genomic DNA, Blotting onto Filters, Probe
Preparation, Hybridization and Washing

These protocols have been previously published (Lin
etal., 1997). At least, two hypoploid plants of each trans-
location were used for genomic DNA preparation. The au-
toradiograms were prepared by exposure of the hybridized
membrane either to X-ray film (Kodak) or by scanning the
membrane with Phosphoimager (BAS 1000, FUJIX).

Results

Table 1 gives results of mapping 10 RFLP markers on
chromosome 1 with hypoploids of TB-1Sb and TB-1La.
Four markers (asg45, csu3, umcl67 and umc67) exhibit no
paternal signal on the hypoploid of TB-1Sh , and six oth-
ers (umcl77a, bnl5.59, umc119, umc58, asg62, and bnl
6.32; Figure 1A) give no paternal signal on the hypoploid
of TB-1La. None of the 10 markers have the paternal sig-
nal on the hypoploids of both translocations, indicating
that they are not located in the region delimited by the
breakpoints of the two translocations. The paternal sig-
nal of one marker (UMc67) deserves special attention; itis
absent on the hypoploids of TB-1Sb but present as a very
faint diffused band on the hypoploid of TB-1La (Figure
1B). Thus, the locusis located on the short arm of chro-
mosome 1, and the data place the centromere in the umc67-
umcl77aregion (Figure 3), aninterval of 3.3 map unitsin
Neuffer et al. map (1997).

Table 1. Mapping 10 RFLP markers on chromosome 1 by hy-
poploids of TB-1Sb and TB-1La.

RFLP markers® Hypoploids
TB-1Sb TB-1La

asg45 b +
csu3(gfu) - +
umcl67 - +
umce7 - +
umcl77a (+)° _
bnl5.59 + -
umcl19 + -
umc58 + -
asg62 + -
bnl6.32 + -

aRFLP markers are listed according to their map order.
b Presence (+) and absence (-) of the paternal signal.
¢Presence of the non-L289 paternal signal.
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Figure1. A-D, Four representative analyses of mapping RFLP loci by hypoploids of four B-A translocations. The B-A transloca-
tions used are TB-1Sh, TB-1La (A and B), TB-9Sd and TB-9L ¢ (C and D). Probes used are umc177a (A), umc67 (B), umc20 (C)
and bnl5.10 (D). The genomic DNA was digested with either ECORV (A and B) or EcoRI (C and D). M, maternal signal; P, paternal
L289 signal; P", paternal non-L289 signal; p, duplicate paternal L289 signal. A, A non-L289 signal of umcl77a is present on lane 4
(P). Lane 1, B73; lane 2, L289; lane 3, hybrid between B73 and L289; lane 4, hypoploid of TB-1Sb; lane 5, hypoploid of TB-1La;
lane 6, W22. B, The paternal signal (P) of umc67 is absent on the hypoploid of TB-1Sh but present as a faint band on the hypop-
loid of TB-1La. Lane 1, B73; lane 2, L289; lane 3, hybrid between B73 and L289; lane 4, hypoploid of TB-1Sb; lane 5, hypoploid
of TB-1La; lane 6, W22. C, The paternal signal of umc20 is present on the hypoploid of TB-9Sd but absent on the hypoploid of
TB-9Lc. Lane 1, B73; lane 2, L289; lane 3, hybrid between B73 and L289; lane 4, hypoploid of TB-9Sd; lane 5, hypoploid of TB-
9Lc; lane 6, W22. D, The paternal signal of bnl5.10 is absent on the hypoploid of TB-9Sd and TB-9Lc. Lane 1, B73; lane 2, L289;

lane 3, hybrid between B73 and L289; lane 4, hypoploid of TB-95d; lane 5, hypoploid of TB-9Lc; lane 6, W22.

Table 2 showsthe result of RFLP analysis of eight mark-
ers on chromosome 6 with hypoploids of TB-6Sa and TB-
6L c. Four markers (uaz330, umc159, umc85 and bnl6.29)
show no paternal signal on the hypoploids of TB-6Sa, and
two others (bnl7.28 and csu94) do not have the paternal
signal of the hypoploids of TB-6Lc. The last two markers
(uaz102 and csu71) possess the paternal signal on the hy-
poploids of both TB-6Sa and TB-6Lc, indicating their
location, in conjunction with that of the centromere, in the
region between the two breakpoints. This result places the
centromere in the bnl6.29-bnl7.28 region (Figure 3), the
length of which is either 5.1 map units according to the
map of Matz et al. (1995) or 3 map units based on the map
of Neuffer et al. (1997). The data provides no information
on the centromeric position in relation to that of uaz102
or csu7lloci.

Table 3 depicts the results of mapping 12 RFLP markers
with hypoploids of TB-9Sd and TB-9Lc. The paternal signal
of five markers (umc109, umc113a, bnl3.06, umc247, and

umc81l) is absent on the hypoploid DNA of TB-95d, and
that of six others (umc20, bnl5.04, umc114, bnl8.17,
umc95, and csub4b; Figure 1C and 2A) is hot present on
the hypoploid of TB-9Lc. The last marker (bnl5.10) has
no paternal signa on the hypoploid of TB-9Sd or TB-9Lc
(Figures 1D, 2B, 2C and 2D), and none of the markers have
the paternal signal on the hypoploids of both
trandocations, implying all twelve markers are distal to the
breakpoints of the two translocations. Without
consideration of bnl5.10, current data place the centromere
in the umc81-umc20 region, the length of which is about
1.5 map units on the Neuffer et al. map (1997) or 4 map
units on the Matz et al. map (1995). Since bnl5.10 is
located at the proximal end of arearrangement on the 9-B
chromosome of TB-9Lc, it was deleted by multiple
breakages, which occurred during the formation of the
translocation (see Discussion). Accordingly, bnl5.10 is
proximal to umc81, and the centromere is located in the
bnl5.10-umc20 interval (Figure 3), the length of which is
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Table 2. Mapping 8 RFLP markers on chromosome 6 by Table 3. RFLP analysis of 12 markers on chromosome 9 by

hypoploids. hypoploids of TB-9Sd and TB-9Lc.
Hypoploids Hypoploids
RFLP markers* YPop RFLP markers? yPop
TB-6Sa TB-6Lc TB-9d TB-9Lc
uaz330 - + umc109 b +
umcli3a - +
ume159 - * bnl3.06 - (+)°
umc85 - + umc247 _ (+)°
bnl6.29 - (+)° umc81 - (+)°
uaz102 + + bnl5.10 - -
umc20 + -
cu7l + + bnl5.04 (+)° -
bnl7.28 (+)e - umcll4 () —
csu94 + _ bnl8.17 (+)c —

- - - umc95 (+)° -
2RFLP markers are listed according to their map order. csus4b + _
®Presence (+) and absence () of the paternal signal. - - - -
¢ Presence of the non-L 289 paternal signal. RFLP markers are listed according to their map order.

® Presence (+) and absence (-) of the paternal signal.
¢ Presence of the non-L289 paternal signal.
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Figure 2. A-D, Anomalous paternal signals associated with the 9-B chromosome of TB-9Sd and TB-9Lc. The hypoploid DNA
was digested with EcoRI (A), EcoRV (B), Hindlll (C) or Kpnl (D) and hybridized with bnl5.04 (A) or bnl5.10 (B, C, and D). The
paternal non-L289 signal (P’) isdifferent from the W22 and L289 signal in A; and the paternal signal is missing in hypoploid DNAs
after digested with three different enzymesin B, C, and D. Lane 1, B73; lane 2, L289; lane 3, hybrid between B73 and L289; lane 4,
hypoploid of TB-9Sd; lane 5, hypoploid of TB-9Lc; lane 6, W22; M, maternal signal; P, paternal L289 signal; P, paternal non-
L289signdl.
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Figure 3. A-C, Map position of the centromere of
chromosomes 1, 6, and 9. Only markers used in this study are
included. The map order and distance between markers are based
on the Neuffer et al. map (1997). Markers in parenthesis are
located between two flanking markers of the Neuffer et al. map,
but their exact position can not be determined. A, Map of the
centromere of chromosome 1; B, Map of the centromere of
chromosome 6; C, Map of the centromere of chromosome 9.
Solid box: the centromeric region resolved by the data of this
study; ®Markers of Helenjaris's map (unpublished); "Marker of
Matz et al. (1995).

0.5 map units on the Neuffer et al. (1997) map but about 9
map units on Matz et al. (1995) map. This difference
originates from the different map order between bnl5.10
and umc81, which isreversed in the two maps.

Discussion

The physical position of the centromere of chromo-
somes 1, 6, and 9 was mapped in this study by hypop-
loids generated from the six most proximal B-A
translocations. The RFLP analysis of 10 markers on chro-
mosome 1, 8 on chromosome 6 and 12 on chromosome 9
places the first centromere in the umc67-umcl77a region,
the sixth centromere in the bnl6.29-bnl7.28 region, and
the ninth centromere in the bnl5.10-umc20 region (Figure
3). The centromere was placed within an interval of 3.3 and
3 map units for chromosomes 1 and 6, respectively. It was
mapped to a region of either 0.5 or 9 map units for chro-
mosome 9 in the Neuffer et al. map (1997) and Matz et al.
map (1995), respectively. This difference originates partly
from the different map order between bnl5.10 and umc81.:
bnl5.10 is proximal to umc81 in the former but distal in
the latter. The basis for the difference is not clear. Since
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the Neuffer et al. map (1997) is more widely used, its val-
ues are tentatively assigned to the region in this study.

During the RFLP analysis of hypoploids of five B-A
transl ocations, unexpected results were observed. Since
in this study hypoploids were produced by crossing B73
with pollen of the B-A translocation-carrying L289, they
are expected to give or lack the paternal L289 signal fol-
lowing hybridization with RFLP markers, depending on
whether the markers are proximal or distal, respectively,
to the breakpoint of the relevant B-A translocations. Most
markers show the expected signal pattern on hypoploids,
but some do not.

The unexpected results are associated with the hypop-
loids of fivetrandocations (TB-1Sh, TB-6Sa, TB-6Lc, TB-
9Sd and TB-9L c) that exhibit two different paternal signals:
L.289 or non-L.289. For example, the hypoploid of TB-1Sb,
following hybridization with umcl77a, gave two signals:
B73 and non-L289 (Tables 1, 2 and 3; Figure 1A). The pa-
ternal L289 signal is present on the hypoploid of neither
TB-1Sh nor TB-1La, but a non-L289 signal is present on
the hypoploid of TB-1Sb (P, lane 4, Figure 1A). Of the
ten markers in chromosome 1 analyzed in this study,
umcl77ais the only one showing the paternal non-L289
signal on the hypoploid of TB-1Sh; other markers adja-
cent to the locus exhibit the expected L289 signal. The
non-L289 signal must be paternal by origin, sinceit is ab-
sent in inbred B73, the maternal parent included in the
same analysis.

In addition to TB-1Sb, the non-L289 signal was also ob-
served in the hypoploids of TB-6Sa, TB-6Lc, TB-95d, and
TB-9Lc. Similar to the hypoploid of TB-1Sb, the hypop-
loid of TB-6Sa and TB-6Lc has a single marker (bnl6.29
and bnl7.28, respectively) displaying the paternal non-
L289 signal (Table 2). In case of the hypoploid of TB-9d,
four markers (bnl5.04, umc114, bnl8.17, and umc95) on
9L, show the paternal non-L289 signal (Table 2). For the
hypoploid of TB-9L c, three markers (bnl3.06, umc247, and
umc81) behave similarly (Table 2). The size of the pater-
nal non-L289 signalsis variable: five are larger than the
L 289 signal, and five others are smaller; but none of them
are the same size as those of W22 (data not shown.)

The non-L289 signals may originate from two sources,
both of which are associated with the paternal parent. It
may arise from the original carrier of the B-A transloca-
tions and has been retained in the present stocks by link-
agedrag (Zeven et a., 1983). Of the six B-A trangocations
used in this study, TB-1Sb, TB-1La, and TB-6Sawere iso-
lated by Roman and Ullstrup (1951); TB-6Lc, TB-9Sd and
TB-9Lc by Beckett (1978 and 1991). The original carrier of
the first three translocations has not been recorded in the
literature; hence, its genetic constitution can not be
determined. The remaining three translocations were de-
rived either directly from L289 or indirectly from W22
inbred. To look into the possibility of linkage drag, W22
DNA was included in most RFLP analyses, and it pro-
duced a signal distinctively different from the non-L289
(lanes 4 and 6, Figure 2A), ruling out W22 as the original
source of the non-L289 signal.
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The alternative explanation for appearance of the pa-
ternal non-L289 signalsis presence of additional chromo-
some rearrangement(s)—most likely an inversion— on the
A-B chromosome of the five B-A translocations. Thisis
consistent with the fact that markers giving the paternal
non-L 289 signals are linked together: Four markers of this
nature on 9L, spanning a region of about 19 map units,
are closely linked; and three others on 9S, covering about
15 map units, are likewise linked. The affected regions are
not interrupted by markers that show the L289 signal. If
this supposition is valid, the proposed rearrangement(s)
would be cytologically visible in the pachytene chromo-
somes of heterozygous translocations.

This explanation is consistent with the existence of
markers lacking the paternal signal (L289 or non-L289) on
the hypoploids of two B-A translocations associated with
the two arms of the same chromosome. For example, the
affected region on the 9-B chromosome is closely associ-
ated with bnl5.10, which is deficient of the paternal sig-
nal on the hypoploid of TB-9Sd and TB-9Lc (Table 3;
Figure 1D). Since the former carries the deficiency of 9S
and the latter the deficiency of 9L, the paternal signal is
expected to be absent on at least one of the two
hypoploids. The fact that it is absent on both hypoploids
suggests the possibility of a complex rearrangement that
leads to the formation of a chromosome deletion covering
the bnl5.10 locus or a shifting of the signal to the same
gel region asthe maternal signal. The latter possibility was
disproved by digestion of the hypoploid DNA with three
additional polymorphic enzymes (EcoRV, Hindlll and
Kpnl), al of which failed to produce any paternal signal—
L.289 or non-L.289 (Figure 2B, 2C and 2D). In addition, since
the locus is linked to the three other markers on 9S that
give the paternal non-L289 signal—no marker giving the
L 289 signal is located between them—these four markers
may be involved in the same rearrangement; bnl5.10 was
deleted by an additional breakage before ligation.

The occurrence of additional rearrangement(s) is not
unique to maize B-A translocations synthesized by X-
irradiation. It also occursin a maize stock carrying the r-
X1 deletion on the long arm of chromosome 10, which
induces chromosome breakages during megagametogen-
esis (Lin, 1987). The stock produced an aberrant chromo-
some 2 carrying two terminal deficiencies, one on each arm,
in addition to multiple chromosome rearrangements (Lin
et a., 1997). Similar observations have been reported in
wheat, where chromosome breakage isinvoked by an alien
chromosome of Aegilops cylindrica. Chromosome break-
ages were observed in a portion of progeny lacking the
alien chromosome (Endo, 1988). The order of some RFLP
loci on the resulting deficient chromosome is not consis-
tent with that of the normal homologs (Hohmann et al.,
1994). In addition, multiple rearrangements were found
associated with several terminally deficient chromosomes
(Hohmann et a., 1995). It is evident that chromosome
breakage, induced either by X-irradiation or by other ge-
netic means, is frequently associated with multiple events.
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