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ABSTRACT

This report summarizes our observations at pachytene on opposite-arms
intercrosses between stocks of interchanges that involve chromosomes 1 and 5
in maize. Pairing does not begin at the centromeres in these intercrosses.
We propose a model which assumes different probability values along each
chromosome arm for the initial or primary site of pairing. Observations on the
frequencies of the different types of configurations at pachytene were used to
estimate probability values which satisfactorily fit the data. There is a
relatively low probability (of the order of .1 to .3) for the initial pairing to
be in a short terminal segment (about .1 of the arm length). Initial pairing in
the one or two short segments adjacent to the tip segment is much higher.
Initial pairing is much lower in segments successively closer to the middles
of the chromosome arms, and then zero or nearly zero in the proximal half of
the arm. This means that the initial pairing may fail occasionally even in a
relatively long interchanged segment and produce a T-shaped (3-armed) con-
figuration. After the initial pairing has occurred, the average probability
that a secondary site of pairing is adjacent to the centromere in a segment .3
to 4 the length of an arm is low (.13, ranging from .02 to .29). We can
predict that in an intercross in which both breakpoints in both parental inter-
changes are far out on the chromosomes, “pairs” will be formed with non-
homologous ends (homologous differential segments paired). In these pairing
could have begun at any point in the interstitial segments, but not likely in
segments close to the centromeres. Multiple secondary sites which vary in
time or in order of pairing will explain the variation in position of the cross-
shaped pachytene configuration in interchange heterozygotes. The observed
configuration in any one cell is the result of a particular combination of pair-
ing events at the various sites. This is a very different concept of pairing from
previous interpretations which described it as a result of zipper-like action, and
the variation in position of the pachytene cross-configuration as the result of
“shifts” in position. Our cytogenetic results and their interpretation are in
close agreement with reports on chromosome ultrastructure and molecular.
events in the early stages of meiosis, 1.e. the attachment of chromosome ends
to the nuclear membrane, the manner in which synaptonemal complexes de-
velop, and the regions of DNA whose replication is delayed until zygonema.
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HE pairing of homologous chromosomes is one of the most significant events
in meiosis. In higher organisms, pairing is probably necessary for efficient
crossing over and also for the orderly disjunction of the chromosomes.

In diploids with normal pairs, pairing could begin at any point, and if it pro-
ceeds by a zipper-like action, the final result is pairing throughout the length
of the chromosome. In heterozygotes for chromosomal aberrations, e.g. inver-
sions, deficiences, duplications, and translocations (including interchanges as
well as other types of transpositions), in which one member of a pair contains
a structural rearrangement, the position and timing of pairing will affect the
type of configuration seen at prophase I of meiosis. Studies of these heterozygotes
should furnish information on pairing not obtainable from normal material. We
assume that the aberration does not change molecular events that lead to homo-
logous pairing.

Intercrosses between stocks of interchanges that involve the same two chromo-
somes are particularly useful for this purpose. For the past seven years, we have
concentrated our cytogenetic studies on such intercrosses and their parents. In
this paper we report information from studies at pachytene that we believe pro-
vides answers to two questions regarding chromosome pairing in maize: (1)
Where does chromosome pairing begin? (2) Once pairing has begun, where is
it next initiated? The model we propose to fit our observations assumes different
probability values along the chromosome arm for the initial pairing (primary
site). We also propose that subsequent pairing is initiated at multiple (sec-
ondary) sites along the chromosome and that the position, or timing. or both may
be variable.

MATERIALS

For this report we used the maize interchanges that involve chromosomes 1 and 5, designated
T1-5. These were selected because both chromosomes are long and have nearly median centro-
meres. Using S and L to designate the short and the long arm, respectively, and taking the length
of chromosome 10, the shortest one, as 100, the relative lengths for chromosome 1 and its arms

S 103 126 L S 85 90 L
are O , a total of 229; and for chromosome 5, O s

a total of 175. Both lacked distinctive cytological markers (knobs) in most of the stocks used.
Although these would have aided in the determination of breakpoints, their absence removed
one factor that might have affected pairing. In segments heterozygous for knobs, asynapsis is
frequent.

We used all the available T1-5 interchanges. Table 1 lists them, together with their break-
point positions. The following explains the code designations in column 1 which will be used for
ease of reference. The breakpoint in chromosome 1 for the first interchange in Table 1, T1-5
(044-10), was at S.05; that is, the segment between the centromere and the breakpoint in that
chromosome was .05 of the total length of the short arm. Since the breakpoint in chromosome 5
was also in the short arm, this interchange is designated as an SS interchange. They are listed
in groups in Table 1 in this order: SS, LL, SL, and LS; and numbered 1, 2, 3, etc. within each
group in the order of increasing distance of the breakpoint from the centromere in chromosome 1.

This report is on the “opposite arms” type intercrosses, i.e., S$ X LL and SL x LS. Most of
the pachytene observations were made by one person (Stout). Reports on the other types of
intercrosses will be in other papers.

METHODS

We collected microsporocytes from field-grown plants homozygous and heterozygous for the
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parental interchanges and from F, intercrosses between the interchange stocks. We fixed the
material in a mixture of 3 parts 959% ethyl alcohol : 1 part glacial acetic acid. After 7 to 10 days
at room temperature, the material was stored at about 0°F. After 1 to 2 months, we replaced the
fixative with two changes of 709, alcohol and continued storage at the low temperature. Propiono-
carmine and aceto-carmine smear methods were used for all materials examined cytologically.

RESULTS

Determination of breakpoints in the parental interchanges: For 21 of the 24
interchange heterozygotes, measurements of the position of the center of the
cross were obtained in several cross-shaped pachytene configurations. For a few
of the interchanges our information indicated one or both breakpoints were in
the opposite arm from that published by Loncrey (1961). These changes are
marked with * in Table 1. For SL-1, LoncLEY listed the breakpoints as being at
both centromeres. For the others, each breakpoint listed is an average of the
average of our measurements and the values reporied by LoNGLEY. Since the
position of the cross varies, in some cases widely, the breakpoint positions may
be subject to considerable error. This variation might lead to an error in determin-
ing the arms in which the breakpoints had occurred. This is most likely for the

TABLE 1

T1-5 chromosomal interchanges used, together with breakpoint positions

Breakpoints

Our code Ident. symbol Chromosome 1 ~ Chromosome 5
SS-1 1-5 (044-10) S.051 S.83*
SS-2 1-5e S.081 S.16t
SS-3 1-5 (8972) S.56 S5.29*
SS—4 - 1-5 (5525) S.66 S.52
S$S-5 1-51 S.69 S.71
L1 151 1.09 L.20
LL-2 1-5h L.09 L.50
LL-3 1-5¢ L.44 L.34
LL-4 1-5a L.58 L.451
LL-5 1-5 (7267) L.92 L.82*
SL-1 1-5 (8782) S.02 L.o12
SL-2 1-5b S.09 L.05
SL-3 1-5 (7219) S.151 L.331
SL-4 1-5 (6899) S§.37 L1112
SL-5 1-5 (4613) S.78 L.19
SL-6 1-5 (5045) S.94 L.45
LS-1 1-5 (6197) L.02t S.02t
LS-2 1-5 (043-15) L.101 S.421
LS-3 1-5 (6401) L.16 S.19
LS-4 1-5 (070-12) L.34 S.62
LS5 1-5 (7212) L.44 s21
LS-6 1-5 (4597) L5t S.44
LS-7 1-5¢g L.56 S.78
LS-8 1-5 (8041) L.80 S.10t

1 Breakpoint reported in the opposite arm by LoneLEY 1961.
* Breakpoints reported by LoNcLEY 1961.
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three with both breakpoints very close to the centromeres, SL-1, SL-2, and LS-1.
The diakinesis observations on the entire series of intercrosses involving each of
these indicate only that each is SL or LS (Bur~NuAM and StourT, in preparation).
It is also possible that one or more of these might have one or both breakpoints
in the centromere. This would affect the expectations, since the interchanged
chromosomes would have no interstitial segments.

For two interchanges (LL-1 and L.S-3) with breakpoints not as close to the
centromers, pachytene observations on “same arms” intercrosses involving them
showed that these breakpoints are placed correctly (WEeINHEIMER, unpub.). For
a third one, SS-2, we have no supplemental information.

Pachytene observations on intercrosses. Does pairing begin at the centromere?:
If homologous segments are paired in the “opposite arms” type intercrosses,
there will be a 2-cross configuration at pachytene as shown in Figure 1A-3 which
is drawn to scale for the lengths of the two chromosomes. Each “cross” corre-
sponds to the cross-shaped configuration that would be observed in the heterozy-
gote for the particular parental interchange. The two regions that connect the
two “crosses” are the differential segments, each of which is comprised of two
interstitial segments (the segments between the centromeres and the break-

A-1: Breakpoints
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Ficure 1.—Diagrams illustrating the T1-5 SL-6 X T1-5 LS-4 intercross. A-1. Breakpoint
positions for the two interchanges. A-2. The new interchanged chromosomes. A-3. Pachytene,
2-cross configuration if homologous parts are paired. B. Chromosome “pairs” formed by homolo-
gous pairing of the segments that include the centromeres. C. Chromosome “pairs” formed if
homologous end segments are paired.
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Ficure 2.—Two-cross configuration at pachytene in a T1-5 SS-5 X T1-5 LL-4 intercross.
A. Photomicrograph. B. Camera Lucida tracing.

points). Figure 2A is a photomicrograph of a 2-cross pachytene configuration
Figure 2B is the camera-lucida tracing.

The occurrence of 2-cross configurations immediately suggests that pairing is
initiated in the two differential and also in each of the four interchanged seg-
ments in the interchange complex.

“Pairs” formed as a result of pairing that proceeded only from the centromeres
or adjacent regions of the four interchanged chromosomes would have non-
homologous end segments. If the interchanged segments differ in length, one
member of the “pair” would be longer than the other as shown in Figure 1B.

“Pairs” formed as the result of pairing that proceeded only from homologous
end segments would have non-homologous middle segments, but homologous end
segments (Figure 1C).

Since chromosomes 1 and 5 differ in length. and in many of the interchanges,
unequal end segments were exchanged, the two members of most of the “pairs”
would differ in length, no matter which way the “pairs” were formed (Figure
1B,C). Using the breakpoints listed in Table 1, we calculated the lengths of the
interchanged chromosomes. This enabled us to predict the relative lengths of the
two members of each “pair.” For “pairs” with homologous ends, the few not
expected to differ in length are indicated by § in column 3 of Table 2, and for
“pairs” with homologous differential (middle) segments by * in column 4. Hence
it was easy in most of the intercrosses to determine the types of “pairs” when-
ever they were found. Poor spreading at pachytene that characterized the sporo-
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TABLE 2

Summary of pachytene observations for opposite arms type intercrosses grouped according 1o the
number of interstitial segments (centromere to breakpoint) in each parent longer
than 309, of the arm length
Included are the numbers of cells with each type of “pair” and the percentages of cells with
an association of four.

Number of cells

with “‘pairs’’
Number of with homologous Percent Percent with
interstitial Opposite arms —————————— Total cells with association
segments >.3 intercross Ends Diff. seg. analyzed “‘pairs”’ of 4
Group 1(0)
0xO0 S§§-2 x LL-1 6§ 0 6 100 0.0
SL-2 x LS-3 10§ 0 10 100 0.0
Total and average % 16 0 16 100 0.0
Group 2 (1)
o0x1 SS-2 x LL-2 71 0 77 92.2 7.8
SL-2 x LS-2 104 0 115 90.4 9.6
SL-2 x LS-5 20 0* 28 714 28.6
SL-4 x LS-3 49 0 50 98.0 2.0
SL-5 x LS-3 16 0 19 84.2 15.8
Total and average % 260 0 289 87.2 12.8
Group 3 (2)
1x1 SL-4 x LS-2 2 0 2 —
SL-4 x LS-5 31 o* 83 383 61.7
SL-4 x LS-8 0 3 —
SL-5 x LS-2 11 0 11 100 0.0
SL-5 x LS-5 5 0 12 4.7 383
SL-5 x LS-8 2 0 6 —
Group 3 (2)
0x2 SS-2 x LL-3 6 0 8 —
SS-2 x LL-4 2 0 3 —
§S-2 X LL-5 0 0 35 0.0 100
SL-6 x LS-3 1 0 28 3.6 96.4
SL-2 x LS-4 4 0 13 30.8 69.2
SL-2 x LS-6 35 o* 77 45.5 54.5
Total and average % 100 0 281 3714 62.9
Group 4 (3)
1x2 S$S-4 x LL-2 5 0 23 21.7 78.3
SS-5 X LL-2 3 0 24 12.5 87.5
SL-3 x LS-7 10§ 0* 16 62.5 375
SL-4 x LS4 6 0 11 54.5 45.5
SL4 x LS-6 3 0* 26 11.5 885
SI—4 x LS-7 18 0 60 30.0 70.0
SL-5 X LS-6 8 0 35 22.9 77.1
SL-6 X LS-2 2 0 2 —_
Total and average % 55 0 197 30.8+ 69.2
Group 5 (4)
2% 2 SS-4 x L1L-3 0 o* 58 0.0 100
S§-4 x LL-4% 0 0* 30 0.0 100
SS—4 x LL-5% 0 1* 83 1.2 98.8
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S§§-5 x LL-3 2 0* 59 3.4 96.6
S§8-5 X LL—4 0 0* 6 —
S8S-5 x LL-5% 0 o> 113 0.0 100
SL-6 x LS-4% 12 0 41 32.7 67.3
SL-6 x LS-6% 3 0 39 7.7 92.3
SI-6 x LS-7% 0 0 24 0.0 100
Total and average % 17 1 453 5.6¢ 94.4
Grand Total 448 1 1236

§ Not heteromorphic if pairs of this type were formed, all others very heteromorphic.
* Not heteromorphic if pairs of this type were formed, all others very heteromorphic.
+ These averages do not include the ones with very few cells.

I Total length of differential segments exceeds that of the interchanged segments.

cytes of many of the intercrosses accounts for the very small number of observa-
tions for several of the intercrosses and the lack of data for others. The different
intercrosses in Table 2 are divided into five groups according to the number of
interstitial segments longer than 30% of the arm. The first column also shows
the number of such segments contributed by each parent, e.g. 0 X 0, 0 X 1, etc.
Columns 3 and 4 which summarize the pachytene observations on the types of
“pairs” furnish the answer to the question, “Does pairing begin at the cen-
tromere?” In all but one of 449 cells in which the four interchanged chromosomes
were present as ‘‘pairs”, the end segments in those “pairs” were paired homolo-
gously.

These numbers may be too high, since SL-2 may be LS as noted earlier. The
intercrosses in Table 2 that involve SL-2 would then be the “same arms” type.
If the intercrosses that involve SL-2 are omitted, there were 275 cells in which
the “pairs” had homologous ends. If SS-2 also is incorrect and is actually LL,
there were 190 cells with “pairs” that had homologous ends. Hence pairing had
not begun at the centromeres or in regions adjacent to them in any of these cells.
The one exceptional cell was in group 5 in an intercross in which the two break-
points in one parental interchange were at .8 or farther out in the chromosomes,
and the two breakpoints in the other parent were at .66 or greater. In that one
cell, pairing between homologues that proceeded from any point within the dif-
ferential segments would have led to the observed exception. We can state un-
equivocally that in all the other cells pairing did not begin at the centromeres.

If not at the centromere, where does pairing begin?: A partial answer to the
question of where pairing begins comes from pachytene observations on the same
intercrosses. Of the nine intercrosses in which the four breakpoints were farther
out than .3 (the 2 X 2 group), only three had cells in which the four interchanged
chromosomes formed “pairs” and again these had homologous ends. In the few
cells with “pairs” (17 in 139), the initial pairing must have begun at some point
in the interchanged terminal segments. If it had begun between homologues at
any point in the interstitial segments (between the breakpoints and the cen-
tromeres), the type of “pair” with homologous differential segments would have
been formed, as it did in the one exception.

Additional evidence on where pairing begins comes from an analysis of the



118 C. R. BURNHAM et al.
TABLE 3

Kinds of configurations formed in three intercrosses with T1-5 LL-5

Portion Observed
from parents numbers from LI~5 X

Type of configuration SS ILL-5 §8-2 SS-4 S§8-5
2-cross cross cross 2 0 25

1 cross + T* cross T 10 20 53
T+ T T T 0 0 16

1 cross Cross 1o Cross 23 0 19
35 20 113

* T = A 3-armed configuration.

kinds of associations formed at pachytene by the four interchanged chromosomes
in three intercrosses with LL-5, the interchange that had both breakpoints far
out on the two chromosomes, at 1L.92 and 5L.82. The kinds of configurations
observed, all by the same person, in these three intercrosses are in Table 3.

The diagrams in Figure 3 illustrate the four types of configurations listed in
the first column of Table 3. Only in the 2-cross ones did the four interchanged
segments pair homologously. In these, one “cross” was contributed by each par-
ent. A T-shaped (3-armed) configuration is formed if the “cross” is out of posi-
tion so far distally that the shorter interchanged segment is associated with its
homologue only at the ends or not at all. In the 1-cross plus one T-shaped ones,
probably one or the other of the short LL-5 interchanged segments failed to pair,
forming the T-configuration; the cross being from the other interchange parent.
In the 1-cross configurations, both of the interchanged LL-5 segments failed to
pair, and the “cross” was from the other parent.

For the intercrosses of LL-5 with §S-4 and SS-5, the frequencies of 2-cross and
1-cross configurations were low. Therefore, there must have been a low probabil-

T\ Ty il ! -1 ! T
A\N S AN / I \\ //_ 1
\\ —_—— N\ /// AR S/ |
- NS NS=—=~ i
- |
|
2 Cross 1Cross + T 2T 1Cross =

Il

|
Freurke 3.—The four types of configurations listed in column 1 of Table 3: intercrosses of

T1-5 LL-5 with three T1-5 SS interchange stocks.
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PROBABILITIES OF INITIAL PAIRING
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Fieure 4.—Probabilities of initial pairing in segments equal to .1 the length of either arm
of chromosomes 1 and 5.

ity for pairing to begin in either short terminal segment, and a much higher
probability in the one or two adjacent regions. This leads us to propose the fol-
lowing as a model. Consider the chromosome as a series of segments equal to .1
of the length of a particular arm. Then ask the question “What is the probability
that the initial pairing occurs in each segment?” By trial and error fitting of
various probabilities to the data, we arrived at the probability values shown in
Figure 4 for the distal segments in either arm of either chromosome 1 or 5. Then
for LL-5 (breaks at 1L.92 and 5L.82) the probability of the initial pairing in
1L1is.3,and in 5L1is .8 (i.e. .5+ .3).

The following tabulation from Table 3 shows the observed frequencies of the
different configurations for the LL-5 X SS-5 intercross, and the ones calculated
using these probabilities:

numbers (LL-5 X SS-5)

Initial pairing in LL-5 in calculated ' obs. calc.
both interchanged segments 3% .8 =24 25 27
interchanged seg. of 1 33X (1—.8) = .06
interchanged seg. of 5 (1.3) X .8= .56 ]'62 69 70
interchanged seg. of neither Ix.2=.14 19 16

The fit is surprisingly good.

Also in this same intercross, there were 16 cells with 2-T configurations, one
of which must have been formed by the SS-5 interchange with breakpoints at .69
and .72, i.e. probably failure of the initial pairing sometimes in one, sometimes
in the other interchanged segment. Using the values shown in the above dia-
gram, the probability of initial pairing in either interchanged segment from SS-5
would be .3 4 .5 + .14 = .94, The expected frequency of T-configurations for
S§8-5 would be (1 —.94) 94+ .94 (1 - .94) = .113. The observed frequency
was .14, again a good fit.

The intercross of LL-5 with SS-2 (the latter with breakpoints close to the
centromeres) shows the low frequency of 2-cross configurations, but there was a
high frequency of mno association in either interchanged segment from LL-5
(Table 3, column 4). To fit these results, a low probability for initial pairing
in each of the two distal segments, .1 for the terminal segment and .2 for the
adjacent one, gives values that approach those observed.
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One possible explanation for this big difference between intercrosses involving
the same L.L-5 interchange is that the presence of the SS-2 “cross” in the short
arms near the centromeres influenced the pairing behavior for the LL-5 “cross”.
This is important, if true, but more data are needed to check this possibility.

The data consistently show a low probability (of the order of .1 to .3) for the
initial or primary site of pairing to be in the short terminal chromosome seg-
ments in the short and the long arms of the interchanged chromosomes.

What happens following the initial pairing?: The frequencies of associations
of four at pachytene shown in the last column of Table 2, furnish information
on what happens following the initial pairing. In group 1, data were obtained on
only two intercrosses. For all the other groups, there was a wide range of varia-
tion in the frequencies of associations of four. The small numbers observed in
several intercrosses may account for this in part. For several of those in group 5,
the numbers are larger because of an intensive search for cells with “pairs” at
pachytene.

In group 1, many more cells were scanned than the number recorded without
finding any evidence of an association-of-four. Hence, if the breakpoints are
correct, no secondary site of pairing had occurred in these short segments (.2 or
shorter) proximal to the centromeres.

For the five intercrosses in group 2 with only one of the four interstitial seg-
ments longer than 309 of the arm, the breakpoint position in this arm, the
length of the corresponding interstitial segment, and the frequencies of associa-
tions of four are shown in Table 4. Breaks in both the long and short arms of
chromosomes 1 and 5 are represented in those intercrosses. Only in the cells with
an association of four was there a secondary site of pairing between the cen-
tromere and the breakpoint listed. For the two which differed greatly in length
of the interstitial segment in 1S (both intercrossed with L.S-3) there was a much
higher frequency of associations of four for the one with the longer segment
(15.8 vs. 2.0%) as expected. The other three intercrosses involved different
arms of chromosomes 1 and 5, but for L.S-2 and LS-5 (both crossed with SL-2),
the higher frequency again was for the longer interstitial segment.

In group 3, one of the two low values was for a cross with LL-5 in which both
breakpoints were far out in both chromosomes, the other was with SL-6 with one
breakpoint even farther out. In group 5, one of the intercrosses with SL-6 had a

TABLE 4

Frequencies of associations of four in intercrosses with only one interstitial segment longer than .3
of an arm, including breakpoint position in that arm, and length of that interstitial segment

Relative length of Percent

Parent Breakpoint interstitial segment associations of 4
LL-2 5L.5 45.0 7.8
L.S-2 58.42 35.7 9.6
1.5-5 11..44. 55.4 ) 28.6
SL-4 18.37 38.1 2.0

SL-5 18.78 80.3 15.8
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Ficure 5.—Scatter diagram showing the relationship between frequencies of associations of
four at pachytene and total lengths of the differential segments in each intercross. Lengths are
relative to 100, the length assigned to chromosome 10.

much lower frequency of associations of four than the other eight. It is tempting
to suggest that the variation may be in part dependent on the particular chromo-
some, as well as the length of the interstitial segment. Scatter diagrams show a
general relationship between lengths of the interstitial segments and the fre-
quencies of associations of four. Figure 5 shows this frequency plotted against
the total length of the differential segments in each intercross. As this length in-
creases, the frequencies of associations of four also increase.

This same trend is shown by the average values for the frequencies of associa-
tions of four and “pairs” in groups 1 to 5 (Table 2). This is shown graphically
in Figure 6. As the number of interstitial segments longer than 309 of the arm
increased from zero in group 1 to four in group 5, the average number of cells
with an association of four increased, and the frequency of “pairs” decreased.
Stated in terms of pairing, the chance of at least one secondary site of pairing
being in an interstitial segment, resulting in an association of four, increased as
the number of longer interstitial segments increased. The probability of one being
in a short segment (at positions ranging from 0 to .3) adjacent to the centromere
was low.

Pairing at secondary sites probably occurs immediately following the initial
pairing. These may be at multiple sites which are variable in position. If at fixed
positions, they may vary in timing or in order of initiation.
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Freure 6.—Frequencies of “pairs” and associations of four at pachytene in relation to the
number of interstitial segments longer than 0.3 of an arm.

DISCUSSION

Most of the studies of chromosome pairing have relied on counts of positions
and frequencies of chiasmata at diplotene or later stages. The argument is that
pairing must have occurred in those regions in which chiasmata appeared (see
reviews by Joun and Lewis 1965; Svep 1966; DarrLineToN 1965).

Observations at diakinesis and metaphase I on intercrosses between inter-
change stocks are useful in the identification of the chromosomes involved
(BurnuaM 1962 pages 90-91 for maize and barley; Lamm and MIRAVALLE
1959 for Pisum); and for the identification of chromosomal ends (CLELAND
1950, and Emerson and SturteEvanT 1931 for Oenothera; and BLakesLEe 1929
for DaTURA).

Observations at diakinesis and metaphase I in intercrosses between inter-
change stocks involving the same two chromosomes are also useful in identifying
the arms in which the breakpoints are located (Kasma and Burnmam 1965). As
KasHa has pointed out, these methods are successful because they are dependent
on a continuing association between homologous terminal interchanged segments
from pachytene on into diakinesis and metaphase I. If pairing began at the
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centromeres, intercrosses could be used for identification only when there were
secondary pairing sites on both sides of the breakpoints.

Our studies show that the information at diakinesis is only part of the story.
Probably nothing will substitute for observations at pachytene for a more com-
plete understanding of pairing behavior.

Several studies of pairing at pachytene have been reported by Macurre (1962,
1968). In a study of a sectorial chimera in maize, she reported (1962) that “com-
plementary isochromosomes [for chromosome 6] which shared homologies
only for the centromere region and one or two adjacent chromomeres were rarely
found associated at pachytene.” She questioned the role of the centromere in the
initiation of synapsis. The two arms of each monocentric chromosome paired;
and when there was a chiasma, there was normal repulsion in the regions on
either side of the chiasma which was probably not initiated by the single cen-
tromere. She therefore questioned the role of the centromere in this repulsion.
Mogrris (1955) reported similar observations in maize on 18 plants with pseudo-
isochromosomes, each the result of an interchange involving opposite arms of a
pair of homologues. Moens (1969), in a study of chromosome pairing in Locusta,
concluded that the centromeres did not seem to initiate pairing.

In studies of “opposite-arms” type intercrosses at pachytene in maize, TaBaTA
(1963) also reported that the “pairs” formed had homologous ends, and con-
cluded that pairing began at the ends of the chromosomes. However, in none of
his studies did the total length of the differential segments exceed the total lengths
of the interchanged segments. In other words, the four breakpoints were not
far out in the arms of the chromosomes. For six of the intercrosses in Table 2
(all in group 5 and indicated by 1 in column 2) the total length of the differential
segments was greater than that of the interchanged segments.

At the outset, we presumed that as the differential segments became longer,
there would be an increasing number of “pairs” in which pairing had begun in
the interstitial segments which comprise these differential segments. This was
not found in any of the intercrosses that could be made with the available inter-
changes. As the differential segments became longer, the frequency of associa-
tions of four increased, that is, there was pairing between homologues on both
sides of the breakpoints.

Pairing in the secondary sites probably follows immediately the initial pair-
ing, and may be simultaneous at multiple sites which are variable in position. Or
the timing or order of pairing at these sites is variable. Our data show that the
probability of one of these being in short segments adjacent to the centromeres is
low. It may be possible eventually to set up a model including probabilities for
the secondary sites of pairing which can be superimposed on the one for initial
pairing proposed earlier in this paper. The one exceptional cell with “pairs”
having non-homologous ends was in an intercross in which only two of the four
breakpoints were far out (at the .8 and .9 positions). In this same intercross,
there were many one-cross configurations in which there was no initial pairing
in either of the short interchanged segments. This leads us to the prediction that
if the two breakpoints in both parental interchanges were far out, this excep-
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tional type of “pair” would be much more frequent. There is no T1-5 SS inter-
change with breakpoints at .8 or .9 available for the intercross with T1-5 LL-5
to make the test. However, the occurrence of such “pairs” in that intercross
would not mean that pairing had begun at the centromeres, but might have be-
gun at any point in the interstitial segments. Note that we have avoided the
use of such terms as “zipper action” and “shift” in position of the cross-shaped
pachytene configuration. We prefer the concept that the observed configuration
in any one cell is the result of a particular combination of pairing events at the
various sites.

There is evidence in several species that chromosome ends (telomeres?) are
attached to the nuclear membrane during the prophase stages of meiosis (SvED
1966, WeTTsTEIN and SoTero 1967; Wooram, Forp and Mitren 1966, and
Moens 1969). The observations of Moens (1969), based on electron micro-
graphs of Locusta spermatocytes, also showed that chromosome pairing was
initiated in a distal segment and then proceeded toward the nuclear membrane.
Assuming this is true of maize also, if the telomeres of a particular chromosome
are attached in a certain general area, but not always adjacent to each other,
the initial pairing might well be at a short but variable distance from the tip, as
observed in our experiments reported here.

Inthe “pairs” with homologous ends formed in the T1-5 opposite-arms inter-
crosses, the remaining portions which are the differential segments are non-
homologous. These should furnish information on the synaptonemal complex if
preparations suitable for study could be made.

Tine (1969) has shown in haploids in maize that the synaptonemal complex
does form between non-homologously paired segments.

The experiments of HorTa, PARcEMAN and SterN (1968) and Stern and
Hotra (1969a,b), using explants of sporogenous tissue, have furnished informa-
tion on the biochemical and cytologically observable events during meiosis, par-
ticularly on the timing of DNA replication and protein synthesis in relation to
chromosome pairing and chiasma formation. Horta ef al. (1968), state that their
results “offer convincing evidence that synthesis of certain nuclear proteins is
essential to the synthesis of DNA and that the combination of these syntheses
that occur during zygonema and pachynema is essential to chromosome pairing
and chiasma formation.” The critical feature of the diagrams used by SterN
and Horra (1969b, p. 536) to represent their findings is that, located along the
entire length of the chromosome, there are relatively short segments of the DNA
filament which do not replicate until zygonema. They speculate that these are
the primary sites of pairing between homologs.

The short segments mentioned above may be the initial and secondary sites of
pairing indicated by our studies.

After the initial pairing event, pairing may begin at several secondary sites.
Variations in timing or in the order of pairing initiation at these sites could ac-
count for the observed variation in position of the cross-shaped configuration in
interchange heterozygotes. Results obtained in this laboratory by WEINHEIMER

(unpublished) suggest that the position of the pairing sites is not completely at
random.
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Hovrrpay (1968) suggested there might be specific short base sequences, ir-
regularly distributed along the chromosome, which might play a role in pairing.

The model proposed by King (1970) assumes the presence along the chromo-
some of “synaptomeres” which play a role in pairing and in formation of the
synaptonemal complex.

Our model for initial pairing undoubtedly needs refinements, but it is one that
can be tested. It is likely that the probabilities are related to physical length at
pachytene or earlier stages, rather than to lengths expressed as tenths of an arm
length. The particular chromosomes involved in the interchange and the relative
lengths of the interchanged segments may modify the probabilities. We need
more data on the same intercrosses with T1-5 LL-5, also on single T1-5 hetero-
zygotes for LL—5 and those with one breakpoint at .8 or .9, and heterozygotes for
interchanges with breakpoints at similar positions in other chromosomes. The
latter would enable us to compare the pairing characteristics of different chromo-
somes. Statistical methods of estimating probabilities can be used when more
extensive data are available. Stocks of the T1-5 interchanges with and without
subterminal knobs would be useful in determining the effect of knobs on pairing.
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