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"T"WO previous studies have provided extensive tetrad data on crossing-over in

the centromere region of linkage group I. LiNnpEGREN and LINDEGREN (1942)
found an excess of multiple exchanges across the centromere. These multiple
exchanges included a proportion of 2-strand pairs in excess of the 0.25 expected
if all four chromatids participated in exchanges at random. Such a deviation
might be attributed in part to centromere misassortment during meiosis, but a
significant excess of 2-strand pairs of exchanges was still found in intervals that
were not subject to this objection because they did not involve using the centro-
mere as a marker. The experiments of Howe (1956) employed not only linked
group-I markers but also another independent gene close to the centromere of
linkage group VI. This enabled him to detect nuclear passing. There appeared
to be an excess of 2-strand double exchanges in Howr’s data when nuclear pass-
ing was not taken into account, but chromatid interference disappeared when the
spurious multiple exchanges caused by nuclear passing were reclassified as non-
exchanges. Similar observations were reported by Staprer (1956b) for regions
in linkage group VI. There was no chiasma interference across the centromere
in STADLER’s experiments, and Howe’s data, though limited on this point, were
in agreement.

In analyzing chromatid interference it has seemed preferable to use close
markers so that undetected multiple exchanges would be kept to a minimum.
StrickLaND (1961) used four markers within an arm of linkage group V that
met this requirement. Double exchanges between the short intervals were very
infrequent, however, because chiasma interference was strongly positive. The
present experiments were designed to take advantage of the absence of chiasma
interference across a centromere. Five genes were used that were spaced from
three to ten units apart in opposite arms of linkage group I, and a sixth gene was
present 23 units away. Three of the intervals were located in each arm, and the
centromere itself was marked with a closely linked gene, thus avoiding depend-
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ence on ordered asci for information regarding crossing-over in regions adjoining
the centromere.

The crosses were carried out and the data were collected by the first author.
All three authors participated in planning the experiments and analyzing the
results. This paper includes the unpublished data of the first author cited by
EmMErson (1962), as well as more recent data.

MATERIALS AND METHODS

The loci selected as markers in these experiments were a: mating type,
ad-5: adenine-5 (Y152M40), arg-3: arginine-3 (30300), hisz-2: histidine-2
(Y152M14), nic-2: nicotinic-2 (43002), cr: crisp (B123) and awr: aurescent
(34508). (For information on these loci, see PErkins 1959.) The ordered tetrad
data of Gires, e SErrEs and Barsour (1957) place hist-2 0.1 map unit right of
the centromere. To facilitate recognition of spore pairs, two other independently
segregating genes were included in the crosses, ylo: yellow (Y30539y) in linkage
group VI and p#: phenylalanine-tyrosine (NS1) (Strickranp 1961) in linkage
group IV. The markers were incorporated into four strains, (1) « ad-5 hist-2 cr,
(2) a ad-5 hist-2 aur; ylo; pt, (3) A arg-3 nic-2 cr, and (4) A arg-3 nic-2 aur;
ylo; pt. Crosses were made between strains (1) and (4) (Cross A). and between
strains (2) and (3) (Cross B).

Crosses were carried out at 25° in plates containing suitably supplemented
agar synthetic crossing medium (WEesTERGAARD and MitcHELL 1947). Ascospores
from individual asci were collected as groups of eight after they had been pro-
jected from the perithecia to an opposing agar surface, as described by STRICKLAND
(1960). Each of the eight ascospores from each individual ascus was germinated
separately on an agar slant containing specifically supplemented minimal me-
dium, which avoids the inhibition of histidine-requiring strains typical of com-
plete medium (Haas, Mrrcuerr, Ames and Mrrcuerr 1952). All germinated
cultures were scored completely for all group I markers except mating type, the
determination of which was limited to those asci having one or more exchanges
between ad-5 and cr.

The following terminology has been used in classifying tetrads: From a cross
Ab X aB, PD = parental ditype (Ab+ Ab—+ aB + aB), T = tetratype, (Ab -+
AB + ab + aB), and NPD = nonparental ditype (AB + AB + ab + ab).

RESULTS

Tetrad data from the two crosses are given in full in Table 1. Numbers in the
main body of the table are for completely analyzable, regular tetrads, i.e., those
with either three or four products represented. The data in subsequent tables can
all be derived from those in Table 1. Completely analyzable regular tetrads make
up over 90 percent of all that were isolated. All four products were recovered in
482 (88%) of the 547 completely analyzable multiple exchange tetrads. Tetrads
which could not be used because of poor germination or because of some irregu-
larity are enumerated at the end of Table 1.
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TABLE 1

Unordered tetrads from the two crosses. Exchanges occurred in regions where letters are present
to indicate the strand relations. The strands involved in the proximal exchange are
arbitrarily designated bc. A dash indicates no exchange. The number
of completely analyzable tetrads is given for each cross

a ad5 +  hist-2 + ot +* strand a
a ad5 4+  hist-2 -+ ot +* strand b
A 4+ arg3 +  nic2 + aur strand c
A 4+ arg3 -+ nic-2 +  aur strand d
Strands involved in exchanges in regions Number of tetrads observed
a-ad ad-arg arg-hist  hist-nic nic—cr cr-aur Cross A Cross B Pooled
Not scored — — — — — 423 581 1004
— be — — — — 35 43 78
— — be — — — 28 52 80
— — — bc — — 80 143 223
— — —_ —_— be — 49 57 106
Not scored — — — —_— be 345 562 907
he be — — — —_— 0 2 2
be ac —_— — —_ — 1 1 2
be bd — — — — 0 3 3
be — be — — — 2 1 3
bc — ac — — — 0 4 4
be — bd —— — — 1 0 1
be — — bc —_ — 7 10 17
bc — — ac — — 5 8 13
be — — bd — — 9 9 18
bc — — ad — — 4 4 8
be — — — be — 4 0 4
be — — -— ac —_ 3 4 7
he — — — bd — 4 4 8
be — . — ad — 5 4 9
— be ac — — —_— 1 0 1
— be —_ bc _ — 1 6 7
— bc — ac — — 2 0 2
— be — bd — — 2 1 3
— be — ad — — 2 1 3
— be — —_ be — 2 2 4
— bc —_ — ac — 0 1 1
— be — — bd — 1 3 4
— be — — ad — 1 2 3
— be — — — be 4 4 8
— be — — — ac 5 10 15
—_ be — — — bd 1 17 18
— be — — — ad 9 8 17
— —_ bc be —_— — 3 1 4
— — be bd — — 1 2 3
— — bc ad — — 3 0 3
— — be — be —_ 3 1 4
— — be — " ac — 1 1 2
— -— be — — be 10 12 22
— — bc — — ac 5 14 19
—_ — be — — bd 6 1 7
— — be — — ad 5 10 15
— — — be bd — 1 0 1
— — — be ad — 1 0 1
— — — be — be 8 19 27
— — — be — ac 12 16 28
—_ — — bc — bd 6 23 29
— — — bc — ad 6 13 19



1246 B. N. BOLE-GOWDA, et al.
TABLE 1—Continued
Strands involved in exchanges in regions Number of tetrads observed

a-ad ad-arg arg-hist  hist-nic nic—cr cr—aur Cross A Cross B Pooled
— — — — be be 10 8 18
— _— —_ —_ be ac 5 5 10
— — — — be bd 5 4 9
— — — — be ad 2 4 6

Not scored — —_ — — bc, ad 14 20 34
be — be — — 0 1 1
bc be —— bd — —_ 0 1 1
bc be — ad — — 0 1 1
be ad - — bd — 0 1 1
be ad — — ac — 0 1 1
be be — — — ac 0 1 1
be ad — — —_ ac 1 1 2
bc ad — — — bd 0 1 1
be — be — — bd 0 1 1
be — bd —— — ad 0 2 2
be — ad — — ad 0 1 1
be — — bd he — 1 0 1
bc — —_ be — bc 1 0 1
be — —_ be — ac 0 1 1
be — — be — bd 0 2 2
be - — ac — ad 1 1 2
be — —_ ac — be 1 0 1
bc — — bd — bd 2 1 3
be —_ — bd — ad 1 1 2
be — — bd — be 1 0 1
be — — bd — ac 3 0 3
be — — ad — ad 1 1 2
be — — ad — ac 1 0 1
be — — ad —_ bd 0 3 3
be — — ad — bc 0 1 1
be — — — be be 1 0 1
be — — — be ac 2 1 3
be —_ — — be bd 1 0 1
be -— — —_ bd bd 2 2 4
be — — — bd ad 1 2 3
be — — —_ bd be 2 0 2
bc —_ — — bd ac 1 0 1
bc — — — ad bd 1 1 2
— bc, ad — — — indeterminate 1 0 1
— be — bc — ad 0 2 2
— be — bd — ac 1 0 1
— bc —_ ad — ad 1 0 1
— be — ad — ac 0 1 1
— be — ad — bd 1 1 2
— be — ad — be 0 1 1
—_ bc — — be ac 0 1 1
— bc — — be ad 0 1 1
— indeterminate — — — be, ad 1 2 3
— — bc be — ac 0 1 1
— — be be — bd 0 1 1
— —_ be ac — ad 1 0 1
— — be ac — be 1 1 2
— — be ac — bd 0 2 2
— — be bd — ad 0 1 1
— — be ad — bc 1 2 3
— — be —_— be be 1 0 1
— — bc — ac ac 0 1 1
- — be — bd bd 0 2 2
— — he —_— ad ac 0 1 1
— - bc — ac bd 0 1 1
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TABLE 1—Continued

Strands involved in exchanges in regions Number of tetrads observed

a-ad ad-arg arg-hist  hist-nic nic—cr cr—aur Cross A Cross B Pooled
— — indeterminate — — be, ad 4 2 6

— — — be ac ac 1 0 1

— — — be bd ad 1 0 1

— — — be ad ac 1 0 1

— — — indeterminate — be, ad 1 1 2

be be — — ac 1 0 1

be — bd — — indet. NPD 0 1 1

be — — bd — indet. NPD 0 2 2

— be ad —_— ac ad 1 0 1
Total completely analyzable tetrads 1187 1758 2945
Only two products recovered 98 . 182 280
Only one product recovered 2 1 3
Abnormal asci or technical errors 6 30 36
Total Isolated 1293 1971 3264

* Or opposite coupling phase in cross B.

Frequency of exchanges: Exchange frequencies and map distances are given
in Table 2 for the intervals right of ad-5. Mating type is situated left of ad-5, with
a minimum map distance of 7.8 units based on 157 exchanges in the 1000 tetrads
in which it was scored in the present experiments. (All 1000 had undergone one
or more exchanges in other regions.)

Exchanges between cr and aur total 46 percent, based on 0.43 tetratype and
0.02 nonparental ditype segregations. These values are much lower than the 0.70
T and 0.04 NPD frequencies reported for the same markers by Perkins 1962b,
and the 0.75 T and 0.05 NPD reported for the comparably placed markers nic-2
and al-2 by GiLes, pE SErrEs and BarBour 1957. Marked variations in crossing-
over in a given region, in crosses of different parentage, are not uncommon in
Neurospora (see for example StapLer 1956a). In the present study, values for all
intervals in the two crosses A and B are statistically homogeneous, however. Ex-
change frequencies are homogeneous in the incompletely and the completely

TABLE 2

The frequency of exchanges in tetrads, according to regions. Nonparental ditypes are counted
as two exchanges within an interval. Lengths are in conventional map units

Cross A Cross B Pooled
Region No. Freq. Length No. Freq. Length No. Freq. Length
ad-arg 76 0640 32 121 .0688 3.4 197 0669 33
arg-hist 78 0657 3.3 119 0677 3.4 197 0669 33
hist-nic 177 .1491 75 286 1627 8.1 463 1572 7.9
nic—cr 114 .0960 4.8 115 .0654 3.3 229 .0778 3.9
cr-aur 521 4389 219 830 4721 236 1351 4587 229

Total exchanges 966 8138  40.7 1471 8367 41.8 2437 8275 41.4
Total tetrads 1187 1758 2946
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analyzable tetrads for all regions except cr—aur, where crossing-over is somewhat
lower in the 283 tetrads having only one or two surviving members.

Chiasma interference: Coincidence values between exchanges in adjoining
regions are derived in Table 3 (top half). Altogether, 80 such exchanges were
observed between pairs of intervals within the same arm, whereas 149 would be
expected in the absence of interference. If the long interval cr—aur is omitted,
the totals are eight observed against 49 expected.

Coincidence is approximately one for intervals across hist-2 (Table 3, bottom
half), as is expected for exchanges in opposite arms of a chromosome on the basis
of past experience in other organisms and in Neurospora. The observed numbers
of doubles on opposite sides of Aist-2 are somewhat less than would be expected
if exchanges were independent, though not significantly so. This may reflect the
fact that Aist-2 is not exactly at the centromere. The coincidence values for ex-
changes in opposite arms are inclusive, i.e. tetrads are included wherein one or
more additional exchanges occurred in intervening intervals.

Positive chiasma interference within chromosome arms is manifested not only
in low coincidence values, but also in the proportions of tetrads containing various

TABLE 3

Coincidence of exchanges in immediately adjacent regions (top portion) and inclusive
coincidence in regions across hist-2, which is close to the centromere (bottom)

Regions Cross A Cross B Pooled
Immediately adjacent:
ad—arg, arg-hist 2/4.9 0/8.2 2/13.1
C=0.4 C=0 C=0.2
arg-hist, hist-—nic 10/11.6 11/19.4 21/31.0
C=0.9 C=0.6 C=0.7
hist-nic, nic—cr 6/17.0 0/18.7 6/35.7
C=04 C=0 C=02
nic—cr, cr—-aur 38/48.1 34/52.5 72/100.6
C—=0.8 C—=0.6 C=0.7
On opposite sides of hist-2:
ad—-arg, hist-nic 11/11.2 16/19.7 27/30.9
C=—1.0 C=0.8 C=0.9
ad-arg, nic—cr 5/7.2 12/7.9 17/15.1
C=0.7 C=15 C=1.1
ad-arg, cr—aur 27/31.7 51/55.2 78/86.9
C=0.9 C=0.9 C=0.9
arg-hist, hist-nic 10/11.6 11/19.4 21/31.0
C=0.9 C=0.6 C=0.7
arg—hist, nic—cr 6/7.5 7/7.8 13/15.3
C=08 C=0.9 C=0.8
arg—hist, cr—aur 35/32.9 57/54.3 92/87.2
C=1.1 C=1.0 C=1.1
Total across Aist-2: 94./102.1 154/164.3 248,/266.4
C—=0.92 C=0.94 C=0.93

The observed number of tetrads having exchanges in each designated region is compared with the number expected in
the absence of interference. Nonparental ditypes within intervals are treated here as though they were tetratypes.
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numbers of exchanges. These are given in Table 4. Exchanges were not randomly
distributed within chromosome arms, there being an excess of tetrads with one
exchange within an arin, and a deficiency of all other tetrad ranks.

Positive chiasma interference within intervals would be expected to result in
a deficit of nonparental ditype segregations for immediately adjoining markers.
NPD’s represent 4-strand double exchanges (or higher multiples), and thus pro-
vide a basis for estimating the frequency of double exchanges within intervals.
In the absence of both chiasma and chromatid interference, the frequency of
4-strand doubles (NPD’s) is given by the equation NPD =1/8 T*(1 +3/2T)
(Papazian 1952, as modified by StrickranD 1958), where 7 is the tetratype fre-
quency. Table 5 gives for each interval the observed numbers of tetrads of these
types, and the number of NPD tetrads that would be expected in the absence of
interference. Only 49 NPD’s were observed among the 15,533 interval-tetrads,
whereas 132 would be expected. Most of these were contributed by the long region
cr—aur. If this region is ignored, the NPD numbers become one observed and 22.2

TABLE 4

Distribution of exchanges among tetrads

Left arm (ad-5-hist-2) Right arm (hist-2—aur)
Cross A Cross Cross A Cross B
Rank Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

0 1036 1042.3 1518 1528.3 491 589.4 687 873.0

1 148 1355 240  214.0 584 412.6 914 611.1

2 3 8.8 0 15.0 108 1444 154 2139

3 0 0.4 0 0.7 4 33.7 3 49.9

>3 0 0.0 0 0.0 0 6.8 0 10.1
Total tetrads 1187 1758 . 1187 1758
Total exchanges 154 240 812 1231

Exchanges

per tetrad 0.13 0.14 0.68 0.70

Right and left arms are considered separately. The observed mumber of tetrads having a designated number of ex-
changes in the arm is given for each experiment. The numbers expected in the absence of interference are based on a
Poisson distribution.

TABLE 5

Crossing-over within individual intervals

Observed tetrad nos. NPD nos.

Percent expected with

Interval recombination PD T NPD no interference
a-ad 9.7 651 157 0 4.9
ad-arg 33 2749 195 1 1.8
arg-hist 3.3 2748 197 0 1.8
hist-nic 7.9 2482 463 0 11.2
nic—cr 3.9 2716 229 0 2.5
cr-aur 229 1642 1255 48 109.6
Total (15,533 interval-tetrads) 49 131.8

The observed number of nonparental ditypes is compared with the number of 4-strand double exchanges expected in
each interval in the absence of chiasma and chromatid interference. Crosses pooled.
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TABLE 6

Chromatid interference. The number of tetrads containing 2-, 3-, and 4-strand pairs of
contiguous exchanges is given for each set of intervals, and totals are derived
for various segments of the data

Cross A Cross B Pooled P for devn.
from 1:1
2- 3- e 2 3- 4- 2- 3 4- 2-str for
Region str str str str strostr str str str 2-str + 4-str  2-str:d-str

a-ad, ad-arg 1 1 1 6 4 4 7 5 5 ‘
ad-arg, arg-hist 0o 1 1 0 0 O o 1 1
arg-hist, hist-nic 3 3 4 3 6 2 6 9 6
hist—nic, nic—cr 0 4 2 0 0 O 0 4 2
Total for short : - B - -
adjacent intervals 4 9 8 9 10 6 13 19 14 0.48 .
nic-cr, cr-aur 15 20 3 13 15 6 28 35 9 0.76 0.003
Total for all h
adjacent intervals 19 29 11 22 25 12 41 54 23 0.64 0.03
a-ad, arg-hist 2 1 0 2 7 1 4 8 1
ad-arg, hist-nic 1t 6 4 9 2 5 10 8 9
arg-hist, nic—cr 4 2 0 1t 5 1 5 7 1
hist—nic. cr—aur 13 26 12*%(1) 21 53 21*B3) 34 79 33
Total where one o
region intervenes 20 35 16 33 67 28 53 102 44 0.55
a—ad, hist-n'c 8 24 6 13 22 9 21 46 15
ad-arg, nic—cr 2 1 1 4 6 2 6 7 3
arg-hist., cr-aur 10 11 5*¢9 13 18 10*(® 23 29 15
Total where two
regions intervene 20 36 12 30 46 21 50 82 33 0.60 (0.08)
a—ad, nic—cr 8 13 6 1 12 5 9 25 11
ad-arg. cr-aur 4 7 9*@2) 4 30 8+ 8 37 17
Total where three - -
regions intervene 12 20 15 5 42 13 17 62 28 0.38 (0.1)
Grand total including
all regions 71 120 54 90 180 74 161 300 128 0.56 (0.06)
Total, omitting pairs
in immediately
adiacent intervals 52 91 43 68 155 62 120 246 105 0.53 .
Total within arms 31 53 19 42 79 32 73 132 51 0.59 (0.06)
Total across centromere 40 67 35 48 101 42 88 168 77 0.53 -
Total omitting cr—aur 29 56 25 39 64 29 68 120 54 0.56

* Plus the indicated number of pairs of indeterminate type, owing to a 4-strand double within one of the intervals.

expected. These observations are consistent with positive chiasma interference
within intervals. Negative chromatid interference would provide a possible alter-
native explanation, but there is no independent evidence to support it. It therefore
seems probable that very few multiple exchanges have gone undetected within
the short intervals in these crosses. The marked deficiency in 4-strand double
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exchanges in these crosses agrees with extensive other data from Neurospora and
a variety of other organisms (see PERKINS 1962a).

Chromatid interference: Pairs of contiguous exchanges are enumerated accord-
ing to type in Table 6, for comparison with the 1:2:1 ratio expected for
2-strand: 3-strand: 4-strand types if nonsister chromatids are involved at random
in successive exchanges. (Two exchanges are termed contiguous if another ex-
change does not intervene. Exchanges need not be located in adjoining regions
to be called contiguous.) A total of 589 such pairs were recovered in which the
strand relations could be ascertained. (An additional 15 pairs were indeterminate
as to type because they also involved multiple crossing-over within a single inter-
val.) 2-strand and 4-strand pairs taken together are nearly equal in number to
the 3-strand pairs. However, 2-strand pairs of exchanges are somewhat in excess
over 4-strand pairs among the totals in a ratio of 56:44. The excess does not attain
statistical significance in the totals (P = 0.06), but among pairs of individual
intervals a striking deviation in the same direction occurs in the case of the right-
arm intervals nic-cr and cr-aur, with 28 2-strand and nine 4-strand types
(P < 0.01). The two types of 3-strand pairs were nearly equal: 143 involved
strands bc + ac or bd + ad, and 157 involved bc + bd or ac + ad.

A similar excess of 2-strand over 4-strand pairs is also apparent in the totals
reported from this laboratory for Neurospora by Maring (1959, 29:24:19),
StricKLAND (1961, 42:64:29) and Perkins (1962b, 161:300:128). When pooled
with the present data, the totals are 423:759:329 for 2-, 3-, and 4-strand types.
The excess of 2's over 4’s is highly significant (P < 0.001). An analysis of the
data of PerriNs (1962b) indicates that the excess is not due to such causes as
misscoring or gene conversion of a marker. In the present study, and in those of
Marine and PERKINS, excess 2-strand pairs are contributed by intervals that are
rather long or far apart, at least as much as by short regions that are close together.

SUMMARY

2945 completely analyzable tetrads from seven-point crosses have been scored
for markers whose map relations in linkage group I are: @ 10 ad-5 3 arg-3 3 hist-2
8 nic-2 4 cr 23 qur. Chiasma interference is positive within arms. Coincidence
values for exchanges in adjoining regions are less than one, and the proportion
of tetrads having single exchanges in individual arms is in excess over the ex-
pected proportion. There is no or little interference between exchanges across the
centromere, which is located near Aist-2. 4-strand double exchanges within indi-
vidual intervals were significantly less frequent than expected in the absence of
chiasma or chromatid interference. This observation is consistent with strongly
positive chiasma interference, and precludes negative interference unless clus-
tered multiples occur in such a way as not to involve all four chromatids. 589
contiguous pairs of exchanges were examined for deviations from the 1:2:1 ratio
expected for 2-, 3- and 4-strand types in the absence of chromatid interference.
2- and 4-strand pairs taken together were nearly equal to 3-strand pairs, but 2-
strand were somewhat In excess over 4-strand pairs (161:128, P ==0.06). In the
two right-most intervals, the ratio was 28 2-strand:nine 4-strand (P < 0.01).
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