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ABSTRACT A highly repeated DNA sequence has been isolated
from the maize genome as a satellite in actinomycin D/CsCI gra-
dients. By using maize stocks differing in their heterochromatin
content we have established that the sequence is a major constit-
uent of one class of heterochromatin, knob heterochromatin,
which can occur at 23 locations in the chromosome complement.
The repeating unit, of 185 base pairs, has been cloned in plasmid
pBR322 and its nucleotide sequence has been determined. The
presence of this DNA sequence in knob heterochromatin and its
absence from centromeric, nucleolar, and B chromosome heter-
ochromatin parallels the cytogenetic differentiation previously
described for these classes of heterochromatin in maize. Because
knob heterochromatin has a distinctive cytological appearance and
is unique in showing neocentric activity at meiosis, its association
with a particular repeated DNA sequence may reflect a functional
role for the sequence in the cell cycle.

Maize has blocks of heterochromatin in a number of different
chromosomal regions. Each centromere is flanked by hetero-
chromatin (centromeric heterochromatin) and there is a large
block of heterochromatin at the nucleolus organizer region
(NOR heterochromatin). The chromosomes may also have het-
erochromatin at 23 other sites (knob heterochromatin). The
number of knobs varies in different races of maize and can be
manipulated in genetic crosses. Heterochromatin is also a major
constituent of the supernumerary B chromosomes found in
some races of maize.

Each class of heterochromatin is distinguishable by its cy-
tological appearance, knob heterochromatin being smooth and
sharply delimited in prophase and prometaphase ofboth mitosis
and meiosis. Knobs occur at a number oflocations in the normal
A chromosomes and there is a small knob in the proximal region
of the long arm of the B chromosome. This knob has the same
cytological appearance as the A chromosome knobs and it differs
from the large diffuse blocks of heterochromatin that occur in
the distal half of the long arm of the B chromosome. All knobs
have a particular Giemsa staining behavior different from other
heterochromatin (1). NOR heterochromatin resembles knobs
in its cytological appearance but is sometimes diffuse and
vesiculated.

The four classes of heterochromatin are also differentiated
by their times of replication in the mitotic cycle (2) and by their
specific genetic effects. For example, B chromosome hetero-
chromatin enhances recombination frequencies and induces
loss of chromosomal segments from knobbed A chromosomes
in the second microspore division (3, 4). Some, and possibly all,
knobs affect the levels of recombination in particular regions
of the chromosome complement. The heterochromatin of the
large knob (K10) on abnormal chromosome 10 has the remark-

able property ofcausing preferential recovery ofknobbed chro-
mosomes from all knobbed/knobless heterozygotes (5). This
departure from normal genetic behavior appears to be a con-
sequence of another known property of K10, the induction of
neocentromeres at knobs in both the first and second meiotic
divisions. The K10 knob also enhances recombination, espe-
cially in structural heterozygotes in which crossing-over fre-
quencies are depressed. Another type of heterochromatin is
involved in the differences in levels ofcrossing-over in male and
female meiocytes observed in several chromosomes; these dif-
ferences tend to occur in proximal regions, which are composed
primarily of centromeric heterochromatin (5).

Although the different kinds of maize heterochromatin are
well characterized in their unique genetic and cytogenetic ef-
fects, nothing is known of the sequence or composition of their
DNA. In this paper we show that the DNA isolated from het-
erochromatic knobs is composed largely of one repeating se-
quence that is restricted to knobs and does not occur in cen-
tromeric heterochromatin, in the distal heterochromatin of the
B chromosome, or in the NOR heterochromatin.

MATERIALS AND METHODS
Maize Stocks. Stocks of maize differing in the numbers of

knobs on the normal A chromosomes and in the numbers of
supernumerary B chromosomes were used in the experiments.
Two Black Mexican stocks were used; both were knobless ex-
cept for two small knobs on chromosomes 6, one on the short
and one on the long arm. One Black Mexican stock had no B
chromosomes and the other contained an average of six B chro-
mosomes. The stock containing the highest number of knobs
was P100, with large knobs on 3L, 6L, 7L, 8L, and 10L and
medium-sized knobs on 1L, 1S, 5L, 6L, and 8L. Small knobs
were present on 6S, 6L, and 9S chromosome arms. Among the
other stocks used was KYS, with large knobs on 5L and 7L and
small knobs on 6S, 6L, and 9S. Two versions ofstock 34704 were
used. They differed in that one had and the other lacked the
large K10 knob on 10L. Both lines were segregating for large
knobs on 2L, 3L, 8L, and a medium-sized knob on 4L. They
had various numbers of B chromosomes. Because large num-
bers of seedlings were used, the K10 and no-K10 versions of
stock 34704 possessed on the average the same frequency of
these knobs and differed only in the K10 knob.

Isolation of Maize DNA. Kernels were surface sterilized and
germinated, and seedlings were grown in the dark for 5 days.
Excised shoots were ground to a fine powder in liquid N2. Suf-
ficient buffer (0.15 M NaCV0. 1 M EDTA, pH 8.0) was added
to form a slurry and sodium dodecyl sulfate was added to 1%.

Abbreviations: NOR, nucleolus organizer region; bp, base pairs; cRNA,
complementary RNA.
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The preparation was heated at 60'C for 10 min and digested with
protease (0.4 mg/ml) for 2 hr at 450C. Debris was pelleted at
2500 X g for 15 min and the supernatant was extracted with an
equal volume of phenol. Two volumes of ethanol was added to
precipitate the DNA. The DNA was redissolved in 0.01 M
Tris.HCl/0.001 M EDTA, pH 8.4.-CsCl was added to a density
of 1.71 g/ml and the solution was centrifuged at 130,000 X g
for 40 hr. The yield was approximately 25-50 jig of DNA per
g of shoots.

Separation of Satellite DNA. Analytical gradients contained
5 ,ug ofmaize DNA complexed with 4 pug ofactinomycin D. The
density was adjusted to 1.64 g/ml with CsCl and the sample was
centrifuged at 130,000 x g for 16 hr. For preparative isolation
of the satellite, conditions were established analytically and
scaled up.

Cloning of Maize Satellite DNA. Purified satellite DNA was
digested with restriction endonuclease Hae III, ligated to
HindIII synthetic linkers, cut with HindIII, and ligated to
HindIII-cut plasmid pBR322 (6). Escherichia coli K-12 strain
RR1 was transformed and colonies containing maize satellite
DNA were selected by colony hybridization using nick-trans-
lated satellite DNA. Cloning experiments were conducted un-
der containment conditions recommended by the Australian
Academy of Science Committee on Recombinant DNA.
DNA Sequence Analysis.EcoRI-cut pBR322 was end-labeled

with [a-32P]dATP by using DNA polymerase I (Klenow frag-
ment). The plasmid was cut with Hha I and its sequence was
determined (7). The sequence of the second strand was deter-
mined by cutting at the HindIII linkers, labeling the 3' end,
and cutting the segment with Sau3A.

In Situ Hybridization. Meiotic and mitotic spreads were pre-
pared as described (2). The total satellite DNA or plasmid DNA
containing satellite sequence inserts was used as template for
the transcription of 3H-labeled complementary RNA (cRNA),
which was hybridized to chromosome spreads as described (8).

RESULTS
Isolation of Knob Satellite DNA. DNA isolated from a range

of maize genotypes, including some with B chromosomes and
several knobs, forms a single peak in CsCl gradients at a density
of 1.698 g/ml. With the inclusion of actinomycin D, a satellite
peak is formed on the heavy side of the main-band DNA (9).
The amount of the satellite DNA is proportional to the amount
of knob heterochromatin present in the genotype (Fig. 1). The
satellite DNA forms a single symmetrical peak in neutral CsCl
with a density of 1.698 g/ml and shows strand separation in
alkaline CsCl with densities of 1.744 and 1.751 g/ml.
The reassociation experiments showed the satellite se-

quences to have a Cot1,2 of 1.0 mol sec liter-1 in 15 mM NaCl/
1.5 mM sodium citrate at 40°C (Cot,/2 is the product of DNA
concentration in mol of nucleotide per liter and incubation time
in sec for 50% renaturation). Under the same conditions, the
1.705 g/ml Drosophila melanogaster satellite has a Cot,,2 of0.1,
and the 1.688 g/ml satellite a Cot,,2 of 2.0. Because the former
consists of 5- and 7-base pair (bp) repeats and the latter ofa 365-
bp repeat, the maize satellite repeat is estimated to have a
length between 50 and 200 bp.

Sequence heterogeneity between individual repeat units was
indicated by increased buoyant density (Ap = 0.006 g/ml), de-
creased melting temperature (tm) (Atm = -6°C), and reduced
hypochromicity of the renatured satellite relative to native
DNA.
The length of the repeating unit was determined to be 185

bp by digestion ofthe satellite DNA with the restriction enzyme
Hae III. Electrophoresis after the Hae III digestion showed that
a major fraction ofthe satellite DNA was cut into 185-bp lengths

a

b

c~~~~~~~~~1

FIG. 1. Buoyant density separation of a satellite DNA in maize
lines containing different quantities of knob heterochromatin. (a)
Black Mexican without B chromosomes (very low knob content), (b)
34704 (medium knob content), (c) P100 (high knob content). Actino-
mycin D was added and the density was adjusted with CsCl to 1.64 g/
ml. The satellite is indicated with an arrow. The peak on the left of the
main band in a contains the ribosomal DNA cistrons; other repeated
DNA fractions are visible as shoulders on the main band of DNA in
b and c.

and in addition there was a minor band of approximately 215
bp and a small proportion of dimer and higher-order fragments
(Fig. 2a). The satellite DNA was not digested by BamHI,
EcoRI, HindIII, Pst I, Sal I, Sma I, Hpa II, Mbo II, and Hha
I. When the Hae III monomer segments are denatured and
reassociated they reform the 185-bp segment and do not pair
out of register to form aggregate molecules, and when long
molecules of satellite DNA are denatured and reassociated, the
renatured molecules are almost all cleaved by Hae III into 185-
bp monomers. These results show that the monomer does not
contain subrepeats and that the pairing frame for reassociation
must be precise.

Cloning of the 185-bp Repeat. The Hae III monomer was
recovered from an acrylamide gel after electrophoresis and
cloned. The cloned inserts contained recognition sites for Taq
I and Sau 3A, restriction enzymes that digested the native sat-
ellite DNA (Fig. 2). DNA sequence analysis of cloned repeats
has directly confirmed the Taq I and Sau3A sites and has shown
that there is no subrepeat within the monomer (Fig. 3). Hy-
bridization and sequencing analyses have established sequence
homology between the monomer, dimer, and 215-bp segments.

Relationship Between Knob Size and Number of 185-bp
Repeat Units. Concordance of the amount of the satellite se-
quence seen in buoyant density analyses (Fig. 1) and the content
ofknob heterochromatin in the genome has been confirmed by
isolation of rapidly renaturing DNA from a number of maize
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Table 1. Renaturation kinetic analysis of satellite sequence
content of maize stocks

COt1121 k, Relative amount of
DNA source mol-sec-liter-' sec'1 satellite sequence

Purified satellite DNA 0.0017 588 1
34704, K10 0.025 40 0.068
34704, no K10 0.055 18 0.031
Black Mexican
+ B chromosomes 0.5 2 0.003

180 bp

FIG. 2 Restriction enzyme digests of the satelli
phoresed in 12% acrylamide gels. (a) From the left, 1l
m digest of the buoyant density satellite DNA, Ta
buoyant density satellite DNA, and Hae III digest of
annealed to Cot,,2 of 0.01 mol sec literi. (b) HindHI
monomer and dimer units together with aHaem dige
density satellite DNA. The cloned inserts are slightl,
satellite bands because of the ligated HinduII linker

lines differing in their knob content. Hae III di
= 0.1 mol-sec-liter-i DNA shows that the 185
major constituent of the rapidly renaturing DN
lines (Fig. 2a). The relative concentration of 1
quence in the different genotypes was estimate
tion kinetic analysis (Table 1). The number of
the large K10 knob was estimated from the differ
constants of full sib lines that differed only in 1
absence of the K10 knob. In the line containing
(34704,K10) 36% of the seedlings were homoz
64% were heterozygous for the knob. This me

GGCCACACAACCCCC

TGTCGAAAATAGCCA

GACCATTTTCAATAA

AAGGCTAACACCTAC

TTTGACCAAGAAATG

C A C C
Sau3A

IG A T CI
A T G T

G C G T

AGAAAT C CAAG

T A T G G C A A G G A

G G G G T G A G G T G
Taq I Sau

C T G GT C GA]f T

G G C C

FIG. 3. A single-strand nucleotide sequence (5'-
satellite monomer in the plasmid pZm4.25. Recogni
I and Sau3A are indicated.

360 bp Satellite DNA and the DNA preparations from each maize stock
were sonicated to approximately 250 bp. The satellite DNA was nick-
translated and used as a tracer of renaturation of the satellite se-

quences present in the different stocks. The extent of hybrid formation
was assayed on hydroxylapatite. DNA concentrations, experimental
conditions, and k were as described by Singer (10). The tracer DNA

180 bp~ without added driver DNA renatured with a Cot,, of 3.0 x 100
mol sec-liter-'. Cot,,2 values were used with a DNA content of 3.6 x
109 bp (11) to calculate reiteration frequencies of the 185-bp unit.

average there were 0.68 K10 knobs per haploid genome. There
are approximately 3.6 x 109 bp per haploid genome (11) and
in 34704, K10 the satellite is 6% ofthe genome. This means that

te DNA, electro- there are 1.2 x 106 copies ofthe satellite repeat unit in the K10
anes contain Hae and other knobs. In the sib line (34704,no K10) there are only
tq I digest of the 5.3 X 105 repeats, (6.7 X 105)/0.68 repeats must reside in

digests of cloned the K10 knob. As indicated earlier, all other knobs were equally
stsofthebuoyant distributed among the sibs. Thus, each K10 knob contains ap-
y larger than the proximately 106 185-bp repeat units of the satellite.
8. Because the Black Mexican lines have in their haploid com-

plement only two small knobs on the long and short arms of
igestion of C0t1/2 chromosomes 6, it follows that there are approximately 3 X 104

;-bp repeat is a repeat units in each knob. The fact that the Black Mexican line
1A in high-knob containing B chromosomes has the same rate constant as the line
the satellite se- without B chromosomes argues that the proportion of satellite
ed by renatura- DNA in a B chromosome must be equivalent to the proportion
repeat units in in the chromosomes of the A genome.On the basis of meiotic
rence in the rate cytological length it can be estimated that the amount of DNA
the presence or in one B chromosome is approximately 1/20th of the total DNA
g the K10 knob of a knobless A genome, and this means that the number of 185-
.ygous K10 and bp repeat units in one B chromosome is approximately 1.25
ans that on the Chromosome Location of the Satellite Sequence. Because

[3H]cRNA made from a pBR322 template was not homologous
A T T T T to any maize sequence, [3H]cRNA transcribed directly from

chimeric plasmids containing a satellite insert was suitable for
T G A A C in situ hybridization experiments. Equivalent results were ob-

tained with monomer and dimer insert plasmids. Usually a di-
T A C C G mer plasmid (pZm2. 1) was used because of its greater content

of satellite sequence.

G G A T T The maize line KYS has small knobs on the termini of the
short arms of chromosomes 6 and 9 and on the long arm of chro-

G T C T C mosome 6, and much larger knobs on the long arms of chro-
mosomes 5 and 7 (Fig. 4a). Hybridization with pZm2.1 [3H]

A A T G T cRNA to mitotic metaphase and meiotic pachytene chromo-
somes showed that the satellite sequences were localized to

A A C A T these known knobs (Fig. 4 b and c). Grain counts over theseknobs (Table 2) showed a correspondence between satellite se-

T A T G A quence content and knob size (see Fig. 4a), with the exception
3 of the small knob on 6S, distal to the NOR heterochromatin,

A which had a disproportionately low content of the sequence.
z AA T In Black Mexican, the satellite was restricted to the two small

knobs on chromosome 6, the only knobs present in this line.
In lines with high numbers of knobs the correlation between

-+3') of the cloned knobs and sequence was maintained. Of the known knob po-
ition sites for Taq sitions on the genome, we have examined all other than those

on the short arms of chromosomes 1, 2, 3, and 7, the most prox-

a b
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FIG. 5. (a) Meiotic metaphase II cell of a maize stock containing
knobbed chromosomes and homozygous for the K10 knob. Strong pre-
cocious neocentric activity of knobbed arms is evident. Only chromo-
some 9, which was knobless in this plant, shows no evidence of neo-
centric activity. Seven chromosomes were homozygous for a knob in
their long arms and two were hemozygous for knobs in both arms (5).
(b) Autoradiograms of portions of two metaphase II cells of the maize
stock 35279-55 after in situ hybridization with pZm2.1. Grains are
localized on the knobbed extremities of the neocentric chromosome
arms.

In meiotic metaphase and anaphase figures showing neocen-
tric activity the satellite sequences were restricted to the ex-
tremity of the neocentric arms, the locations of knob hetero-
chromatin (Fig. 5).

*900

A -~~~~~~~~-

6 7 8 9 10 c

FIG. 4. (a) Pachytene cell of KYS showing knobs on 5L, 6L, 7L, and
95. (Left) Micrograph,.(Right) labeled drawing; n.o., nucleolus organ-
izer. (b) (Left) Autoradiogram of in situ- hybridization of a cloned sat-
ellite dimer plasmid (pZm2.1) to a pachytene cell of KYS. (Right) La-
beled drawing of the same cell. (c) Karyotype showing in situ
hybridization of pZm2.1 to a mitotic metaphase of KYS.

imal knob of 6L, and the 9L knob. Each of the A chromosome
knobs we examined contained the satellite and all but K6S
showed a correlation between knob size and satellite sequence
content. The large K1O knob on abnormal chromosome 10 con-
tained a large amount of satellite, and in pachytene cells where
the knob was physically extended the sequence was distributed
along its full length.
No sequences were detected in'the large block ofNOR het-

erochromatin or in any ofthe centromeric heterochromatin seg-
ments. The only portion ofthe B chromosome heterochromatin
containing the sequence was the small proximal knob on the
long arm.

Table 2. Grain counts over knob heterochromatin in KYS
autoradiograms

Chromosome location of knobs No. No.
Exp. 5L 6S 6L 7L 9S cells grains
1 714 25 239 536 214 25 1728

(0.42) (0.01) (0.14) (0.31) (0.12)
2 320 3 97 245 102 19 767

(0.42) (-) (0.13) (0.32) (0.13)

The figures in the body of the table represent raw grain counts and
the figures in parentheses give the proportion of grains over each knob.

DISCUSSION
In situ hybridization has shown that the 185-bp repeated DNA
sequence, which can beisolated as a satellite in actinomycin D/
CsCl gradients, is located in knob heterochromatin and not in
any other class of maize heterochromatin. Quantitation by
buoyant density and renaturation analyses has indicated that the
sequence is a major component of the knobs on the A chro-
mosomes. There is a-correlation between knob size and the fre-
quency of reiteration of the 185-bp unit. The large KI0 knob
contains approximately 106 copies of the segment, with small
knobs such as those occurring on the long arm of chromosome
6 having approximately 3-5 x 10' units of the repeating se-
quence. The proximal knob on the B chromosome has only
about a quarter of the number of repeat units relative to the
number occurring in a comparable knob in the A chromosome
complement, making it unlikely that the 185-bp DNA is the
major component of the B chromosome knob. The same con-
clusion can be drawn for the small knob on 6S.

In. situ hybridization analyses have- shown that the sequence
is not present in centromeric heterochromatin, in NOR het-
erochromatin, or in the large distal blocks of heterochromatin
of the B chromosome. The 18S and 26S ribosomal DNAs are
largely contained within the NOR block of heterochromatin
(12), and it is probable that other highly repeated sequences are
localized in. centromeric heterochromatin.

There is a strict correlation between neocentromere forma-
tion, preferential segregation, and the presence of a knob on
a chromosome arm. For example, neocentromeres do not arise
on the long arm ofchromosome 3 unless-the 3L knob is present.
Ifthe 3L knob is present, neocentromeres form in the presence
of K10. This is still the case when the position of the knob is
changed relative to the true centromere, as in paracentric in-
version 3b (13). The correlation between the presence of the
185-bp sequence and neocentromere formation induced by K10
is emphasized by the correlation between knob size and the
amount of the 185-bp DNA, and by the fact that the degree of
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preferential segregation becomes lower as the K10 knob size
is decreased (14). Heterochromatin lacking the 185-bp se-
quence does not form neocentromeres in the presence of.K10.

These observations show that the neocentfic response is a
consequence of knob heterochromatin per se and presumably
is dependent upon its DNA composition. .M. M. Rhoades and
E. Dempsey (unpublished) have recently established a corollary
to this point by showing that, in the paracentric inversion 3c,
the shift of centromeric heterochromatin to a distal position in
the long arm of chromosome 3 does not result in this translo.
cated centromeric heterochromatin acquiring the ability to form
neocentromeres.
The K10 knob is unique in that it is capable of inducing the

neocentric response in all other knobs irrespective oftheir chro-
mosome location. None of the other knobs or combinations of
them.in the.genome can replace K10 in eliciting neocentric ac-
tivity. The K1O knob has the 185-bp repeat as its major com-
ponent, but it must contain one or more additional sequences
that are responsible for neocentromere induction. This second
sequence may be repeated several times in the KlO knob and
it may be interspersed with -the long tandem arrays of the 185-
bp unit.

Knob heterochromatin is different from all other classes of
heterochromatin in the genome in its cytological appearance,
its time of DNA replication, and its DNA sequence composi-
tion. Because the 185-bp sequence is the major component of

knob DNA, it may be responsible for the distinctive cytology
and for the neocentric properties ofknob heterochromatin, but
neither of these possibilities has been established directly.
We thank Dr. John Shine for the initial ligations of HindIII linkers.
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