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expressed independently of the other mutant as is evident
from the strains 10-4, 5-5, and 32-1 (which do not
segregate for the other mutant, Table 8) and their ggl or
sl progeny. All col progeny from 1681 x 10-4 and
1635 x 10-4 were tested for female sterility, and samples
of four sl strains from each of 1680 x 5-5 and 1680 x 32-1
were tested.

The female sterile strains 5-8 and 32-6 segregated
for 1+:1 fs as was expected (X2 = 1.0, X2 = 0.2 for the
respective crosses, 1 d.f., Table 8), with no sl progeny
appearing.

Since ggi and ii_segregated as one gene mutant,
their female sterility cannot be attributed to testing
problems or quantitative inheritance. However the ease
with which they were scored among these progeny on the
basis of growth habit supporﬁs the hypothesis that they
were inherited from heterokaryotic parents in the crosses
where they were first detected. Otherwise they would have

been observed in all asci from those crosses.

39. (ii) Strain 110-2 from ascus 110 of OR a x 19-6 ad-4 A

The progeny from crosses involving this strain
segregate 1+:1 £§.(X2 = 0.0, 1 d.£., Table 9). Hence
testing problems and quantitative inheritance can be
ruled out in expléining female sterility in this ascus and

the possibility of a heterokaryotic parent is favoured (see



LEGEND FOR TABLE 8

L Numbers in parenthesis refer to designations of strains crossed to
OR w.t.s from which the preceding strains were derived, e.g.

strain
10-2 was derived from strain 19-2 in the cross ORA x 19-2.

* gignificant at the p = 0.05 level.



TABLE 8

Crosses involving strains from asci segregating for col or sl

Cross col™  |collTotal| 2 x%(1 d.£.) x%(1 4.f.)
germ'n for for 1+:1 £s
+ fs 1+:1 col | among col
1681 x 10-2 (19—2)1' 21 | 10 26 57 95
1635 x 10-2 21 | 15 22| 58 97
42 | 25 481 115 96 3.8 4.3%*
1681 x 10-4 (19-2) 29 29 58 97
27 32| 59 | 98
56 61! 117 97 0.2
s1¥ | sliTotall s x?(1 a.£.)| x%(1 4.f.)
" £s germ'n for for 1+:1 fs
1+:1 sl among s1t
1681 x 5~-1 (6-2) 21 8 21 50 83’ 0.6 5.8%
1680 x 5-5 (6-2) 25 27 52 87 0.1
1680 x 5-8 (6-2) 20 |27 47 94 1.0
1680 x 32-1 (84-6) 25 20 45 75 0.6
1680 x 32-4 (84-6) 17 |11 22 50 83 0.7 1.3
1681 x 32-6 (84-6) 24 121 45 90 0.2
Pooled data from 38 [19 431 100 83 2.0 5 6.3%
1681 x 5-1 and Xhet= 5.8+1.
1680 x 32-4 -6.3 =

.8

0L



71
TABLE 9

Genetic ratios in crosses between selected
female sterile strains and biochemical markers

Cross + | fs {Total 3 Ratio x2
germ'n| tested [(1 4d.f.)
(+:fs)
1681 x 110-2 (19-6)1°| 23| 14| 37 74
1635 x 110-2 14| 25| 39 78
37| 39| 76 76 1:1 0.0
1681 x 45~1  (84-4) 16 | 20| 36 72
1635 x 45-1 f 14| 25/ 39 78
30| 45| 75 75 1:1 3.0
1681 x 45-4 (84-4) | 14| 22| 41 82
1635 x 45-4 10 | 32| 42 84
24| 54| 83 83 1:3 1.5
1:1 14.8%%*
1680 x 45-8  (84-4) 25| 20{ 45 90
1633 x 45-8 20| 19| 39 78
45| 39| 84 84 1:1 0.4
1681 x 2-2 (29-4) 19| 26| 45 90
1635 x 2-2 20 | 27| 47 94
39| 53| 92 92 1:1 2.1
1681 x 44-1 (29-4) 109 | 130| 239 93
1635 x 44-1 102 | 114| 216 84
211 | 244| 755 88 1:1 2.4
1681 x 44-3  (29-4) 18| 21] 39 78
1635 x 44-3 21| 21| 42 84
39 | 47| B1 81 1:1 0.1
1681 x 44-4  (29-4) [131 | 104]| 235 91
1635 x 44-4 113 | 108| 221 86
244 | 212| 756 88 1:1 2.2
1680 x 44-8  (29-4) 118 | 107 225 87
1635 x 44-8 122 | 121 243 94
: 240 | 228| 268 91 1:1 0.3
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Cross + | fs |Total % Ratio X2
germ'n|tested |{1 d.f.)
(+:£s)
1681 x 48-1 (29-4) 28 17 45 90
1635 x 48-1 17 19 36 72
45 36 81 81 1:1 0.5
1681 x 48-4 (29-4) 19 29 48 96
1635 x 48-4 28 21 49 98
47 50 97 97 1:1 0.1
1680 x 48-6 (29-4) 26 16 42 84
1633 x 48-6 22 19 41 82
48 35 83 83 1:1 2.0
1681 x 2351 105 93| 198 95 1:1 0.7
(c.i. of 351)
1680 x 2324 _ 14 15 29 91
(c.i. of OR A)
1633 x 2324 S12 19 1 31 97 .
26 34 60 94 1:1 1.0
1635 x 2326 : 7 | 17 24 75
(c.i. of OR a)
1681 x 2326 14 16 30 94
21 33 54 84‘ 1:1 2.7

Numbers in parenthesis refer to designations of strains
crossed to OR w.t.s from which the preceding strains were
derived, e.g. strain 110-2 was derived from strain 19-6
in the cross ORa x 19-6.

** Significant at the p = 0.01 level
c.i. = conidial isolate.



73
section 27). This supports the suggestion that strain
19-6 ad-4 A is fs' (section 27).

40. (iii) Strains from ascus 45 of OR A x 84-4

Strains 45-1 and 45-8 segregated for 1+:1 fs in
these crosses (X2 = 3.0, X2 = 0.4 respectively, 1 d.f.,
Table 9), whereas 45-4 segregated for 1+:3 fs (X2 = 14.8,

1 d.f., for 1+:1 fs; X2

= 1.5 for 1+:3 fs, d4.£f.; for

1+:3 fs; Table 9). Hence two independently assorting

genes must segregate in the ascus with the individual
mutants occurring in 45-1 and 45-8 and the double mutant
occurring in 45-4. This establishes that one mutant came
from a hetefokaryotic parent, presumably OR A, in the

cross OR A x 84-4 since no other asci with complex patterns
were found in that cross. Hence strain 84-4 seems to

have a single mutation for female sterility.

41. (iv) Strains from asci of OR A X 29-4

All of the stréins 2-2, 44-1, 44-3, 44-4, 44-8,
48-1, 48-4, and 48-6 segregated for 1l+:1 fs (X2 < 3.86 for
each case, 1 d.f., Table 9). Since two mutant sites have
to be postulated in explaining the 1+:3 fs patterns in
asci 44, 48, and one other ascus in OR a x 29-4, it appears
that these mutants are closely linked. This is because
some of the above strains should be double mutants, yet
they segregate for the ratio 1+:1 fs.

Such a combination of mutants was likely to have
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been inherited from OR A in the cross OR A x 19-8 rather
than one being inherited by strain 29-4 in that cross
and an additional one segregating in complex asci from
OR A x 29-4. This is because a second and closely linked
mutant inherited in the latter cross should have been
detected in non-parental ditypes (0+:4 fs) rather than
tetratypes (1+:3 fs). However a pair of closely linked
mutants inherited in the first cross would easily explain
the 1+:3 fs patterns in OR A x 29-4.

| Tt is unlikely that these results can be attributed
to errors in handling the strains. At least two spore
pairs must be represented among the strains 44-1, 44-3,
and 44-4, (all fs a) and 44-8 (fs A) must represent a third,
regardless of dissecting érrors or spore slippage in the
ascus. In addition all strains tested from two asci
(44.énd 48) rather than just one éegregated for 1+:3 fs

making the possibility of errors seem even less likely.

42. (v) Conidial isolates from wild type strains

The female sterile conidial isolétes 2324 (from
OR é), 2326 (fram OR a), and 2351 (from 351 Ab i)‘segregated
for 1+:1 fs (X2 < 3.86 for each strain, 1 d.f., Table 9).
These data are consistent with one gene segregation, although,
as mentioned in (iv) above, a pair of closely linked
mutants likely occur in some nuclei of OR A and hence they

both may occur in strain 2324.
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(c) Complementation tests

43, (i) Strains selected for complementation tests

Female sterile strains with nic-3 and pan-2
mutants (Table 10) were selected from crosses segregating
for single genes or pairs of closely linked mutants. This
was done according to the procedure in section 17 and
the strains are thought to represent all mutants for female
sterility except sl. This mutant was not included in
various tests because its poor growth makes sl strains
difficult to handle. |

44. (ii) Complementation patterns

The strains from which nic-3 fs and pan-2 fs strains
were derived can be placed into at least five complementation
groups (Fig. 3). The groupings are:

(1) 19-2, 2-4, 45-1, 2494

(2) 52-2 and 2351

(3) 2326

(4) 10-4 (col)

(5) 2324, 45-8, 2—2, 44-1, 44-3, 44-4, 44-8, 48-1,

48-4, 48-6

Complementation tests were not carried out between mutants
in 52-2 and 2351 because strains having these mutants and
different biochemical markers were not available. However
in Fig. 3 they are considered separately because different

mutants have been established in these strains on the



TABLE 10

Strains selected for complementation tests

C Strains selected
ross
nic-3 fs A | pan-2 fs A

1681 x 19-2  (126)1° 2496

1635 19-2 2503
1681 10-4 col (19-2) 2486

1635 10-4 col 2490
1680 2~-4 (6-2) 2435

1633 2—-4 2441
1189 52-2 (84-2) 2243

1681 45-1 (84-4) 2446

1635 45-1 2451
1680 45-8 (84-4) 2458

1633 45-8 2462
1681 2—2 (29-4) 2477

1635 2-2 2481
1681 44-1 (29-4) 2398

1635 44-1 2417
1681 44-3 (29-4) 2510

1635 44-3 2514
1681 44-4 (29-4) 2404

1635 44-4 2421
1680 44-8 (29-4) 2409

1633 44-8 2424
1635 48-1 (29-4) 2519
1681 48-4 (29-4) 2521

1635 48-4 2527
1680 48-6 (29-4) 2534

1633 48-6 2536

76



Cross Strains selected
nic-3 fs A [ pan~-2 fs A

1681 x 2351 (c.i. of 351) 2507
1633 x 442 2494
1680 x 2324 (c.i. of ORA) 2467
1633 x 2324 (c.i. of ORA) 2473
1681 x 2326 (c.i. of ORa) 2414
1635 x 2326 (c.i. of ORa) 2430
1.

Strain 19-2 was derived from strain 126 (enclosed
in parenthesis) in a cross to an OR w.t.:O0RA x 126.
This convention is used throughout the table.

c.i. = conidial isolate.
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Figure 3. Complementation patterns of selected female
sterile strains.
For designation of groups, see section 49.
Designations for double mutant strains, i.e.

pan-2 fs and nic-3 fs are followed, in

parentheses, by female sterile strains from
which they were derived.

+

perithecia and spores produced

I
]

no perithecia or spores produced

Numbers accompanying complementation data in
bottom right hand corners of squares indicate
the number of sets of three cultures involving
heterokaryons of the pairs of strains were
tested for female sterility. Asterisks
indicate exceptions to the heterokaryons

that could be scored for female sterility

on the basis of growth habit.
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basis of linkage tests (section 47).

The formation of heterokaryons was established
in a few cultures: 10 of 35 conidial isolates from
(2243 + 2441) and 10 of 37 conidial isolates from
(2243 + 2441) did not have nutritional requirements
(Table 7). For other cultures the relatively rapid
growth on a minimal medium, compared with the poor growth.
of cultures judged not to complement when strains were
being selected for phese tests, was considered to infer
that heterokaryons were formed.

It can be noted that the mutants in strains 2494,
2326, 2351, and 2324, derived from the heterokaryotic |

strains 442 ad-4 A, OR a, 351 Ab a, and OR A, respectively,

are in different complementation groups.

45. (iii) Inheritance patterns revealed from complementation

tests

The female sterile mutant occurring in strain 19-2
of ascus 19 from OR A x 126 (Fig. 2) seems to be that

occurring in the heterokaryotic strain 442 ad-4 A since

the mutants in 19-2 and 2494, a derivative of 442, do not
complement (Fig. 3). Hence strain 126 isolated from

351 x 442 must have inherited this mutant from 442 and
transmitted it to ascus 19 in the above cross (see also
Fig. 2).

The occurrence of this mutant in strains 2-4 and
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45-1, since they do not complement with 19-2 or 2494
(Fig. 3), supports the suggestion that the same mutant
must be present in 19-2 and 19-4 (section 36) because it
must have been transmitted to these strains through 19-4

in the following sequence of crosses:

351 x 442
J
OR A x 126 fs
=9 5
N —3
19-2 OR a x 19-4
A
N4 N R WV
OR a x 6-2 £§ 6-6 fs OR A x 84-4 £§ 84-6 £§
\V“’H/ Ty
2-4 £fs 2-8 fs 45-1 fs 45-4 fs

Strains 2-4 and 45-1 could not otherwise have inherited the
mutant since strain 442 was not used elsewhere in the
pedigree (Fig. 2) than in the original cross.

The presence of the mutant has already been
established in strains 6-2, 6-6, 84-4, and 84-6 (section 36).
It must occur in strains 2-4 and 2-8 from OR a x 6-2 because
strains 2-6 and 2-8 are £§f (Table 3). In addition it
must occur in strain 45-4 as well as 45-1 because strain
45-4 is a double mutant having this and the mutant present
in 45-8 (see section 40, also next paragraph).

The complementation patterns of mutants in strains
45-1 and 45-8 from ascus 45 of OR A x 84-4 support the
suggestion that one parent in the cross is heterokaryotic

(section 40). Furthermore the heterokaryotic parent must
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be OR A because the mutant(s) in strain 45-8 does (do) not
complement with that (or those) in 2324, the conidial
isolated from OR A (Fig. 3).

The strains from asci 2, 44 and 48 of OR A x 29-4
do not complement with 2324, a conidial isolated from OR A
(Fig.’3), supporting the consideration that the mutants
were inherited by strain 29-4 from a heterokaryotic
OR A strain in OR A x 19-8 (sections 36, 41, Fig. 2).
However the complementation tests do not permit a
distinction between the two mutants postulated to segregate
among those strains (section 41). The strains from
ascus 44 do not complement with one another nor do those
from ascus 48 (Fig. 3).‘ Hence not only must the mutants
be closely linked (section 41) but non-complementing as
well.

Although two female sterile mutants must be
postulated to occur in strain 29-4 (section 41), it is
not clear whether both mutanté are present in strain 2324.
Presumably the mutations occurred at different times SO
that some nuclei in OR A must have one mutant and others
must have‘both.

The mutant linked to m.t., present in strain
52-2 (derived from 84-2 in the cross OR A x 84-2,
section 37), and postulated to have come from a

‘heterokaryotic parent in the cross OR a x 19-4 (section 31),
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is not the same as that occurring in strain 2326, a
conidial isolate of OR a (52-2 and 2326 complement,

Fig. 3). This is consistent with the suggestion that
strain 19-4 is heterokaryotic for this mutant (section 31)

as well as being homokaryotic for and expressing another
(see above in this section).

(d) Linkage tests

(i) The assignment of genes to linkage groups using the

alcoy linkage testers
The alcoy linkage testers (Perkins, 1964;
Perkins et al., 1969) have three reciprocal translocations,
one involving linkage groups I and II, a second involving
the linkage groups III and VI, and a third involving
linkage groups IV and V. These strains (997 A and 998 a,

Table 1) also have the markers al-1, ylo-1l, and cot-1, with

al-l occurring at the breakpoint of the first translocation,

ylo-1 occurring close to the second, and cot-1 being close
to the third.

If a mutant on linkage group I or 11 in a strain with
a normal chromosome arrangement is crossed to an alcoy linkage
tester, it will usually show linkage with al-1l. Similarly
if it is on linkage group III or VI it will usually show
linkage with ylo-1, and if it is on linkage group IV or V
it Will usually show linkage with cot-1. If the mutant is on

linkage group VII or is distant from the breakpoint of one
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of the reciprocal translocations, it will not show linkage
with any marker. On the basis of these considerations,
from one cross it is often possible to aésign a mutant
to one of two linkage groups (see Perkins, 1964; Perkins
et al., 1969).

The mutant in 19-2, 45-1, and 2494 (strains from
one complementation group, section 44, Fig. 3) showed
linkage with al-1 (x° > 3.86, 1 d.f., in each case,

Table 11) but not with ylo-1 or cot-1 (X2 < 3.86, 1 d.f.,

in each case, Table 11). Hence this mutant is on linkage
group I or IT.

The mutant in 2351 showed linkage with al-1
(x? = 64.5, 1 d.f., Table 11) but not with ylo-1 (x> = 0.0,
1 d.f., Table 11) or cot-1 (X = 0.0, 1 d.f., Table 11).
Hence it is also on linkage group I or II.

The pair of closely iinked mutants postulated to
occur among 2324, 45-8, 44-1, 44-4, 44-8 (sections 41, 45;
strains from one complementation group, sections 44, 45,
Fig. 3) showed 1inka§e with al-1 (X2 > 3.86, in each case,
Table 11) but, with the exception of 998 x 44-8, did not

show linkage with ylo-1 or cot-1 (X2 < 3.86, 1 d.£., in

these crosses, Table 11). Hence these mutants seem to be
on linkage group I or II.
Although linkage was found between female sterility

and all mutants in 998 x 44-8, the value of X2 was higher



TABLE 11

Linkage determinations using the alcoy linkage testers

Group Cross al+ ai fs |+ + |+ fs | Total % XE
(a) (b) (c) |(ad) (n) germ'n
19-2 1997 x 19-2 (126) 32 2 12 25 71 71 26.0%%
998 x 45-1 (84-4) 30 17 12 29 88 88 10.2%%*
998 x 2494 (442) 26 15 12 20 73 73 4.9%
88 34 36 TE 232 77 36.5%%
2351 997 x 2351 (c.i. of 351) 44 3 0 29 76 76 64.5%%
2-2 1 998 x 45-8 (84-4) :35 13 8 32 88 88 24,0%%
997 x 2-2 (29-4) 25 11 14 25 75 75 8.3%%*
997 x 44-1 (29-4) 33 7 8 37 85 85 35.6%%
997 x 44-4 (29-4) 38 10 7 23 78 78 24,8%%
998 x 44-8 (29-4) 36 17 7 31 91 91 20 .3*%%
998 x 2324 (c.i. of ORA) 29 8 8 45 90 90 37.4%%
ylo + |ylo fs |+ + |+ s
(a) (b) {c). |.(a)
19-2 |1 997 x 19-2 (126) 7 13 5 12 37 71 0.0
998 x 45-1 (84-4) 5 15 7 14 41 88 0.2
998 x 244 (442) 9 15 3 V5 - 32 73 0.5
21 43 15 31 110 77 0.3
2351 997 x 2351 (c.i. of 351) 0 15 0 14 29 76 0.0

¥8



Group Cross vlio + |ylo fs | + + | + fs | Total % XL
(a) {b) .| (c) | (d) (n) germ'n
2-2 | 998 x 45-8 (84-4) 4 14 41 18 40 88 0.4
997 x 2-2 (29-4) 7 13 g8 11 39 75 0.2
997 x 44-1 (29-4) 3 17 51 20 45 85 0.0
997 x 44-4 (29-4) 2 7 5| 16 30 78 1.2
998 x 44-8 (29-4) 5 7 2| 24 38 91 0.5%*
998 x 2324 (c.i. of ORA) 4 20 4| 25 53 90 0.5
cot + |cot f£s | + + | + fs
(@) (b)) (e) ] ()
19-2 | 998 x 2494 ‘17 15 | 21} 20 73 73 0.0
2-2 | 998 x 45-8 (84-4) 18 17 | 25| 28 88 88 0.2
997 x 2-2 (29-4) 17 16 | 22 20 75 75 0.0
997 x 44-1 (29-4) 19 22, 22| 22 85 85 0.1
997 x 44-4 (29-4) 18 16 | 27| 17 78 78 0.8
998 x 44-8 (29-4) 31 23 12 | 25 91 91 4.8%
998 x 2324 (c.i. of ORA) 20 28 17 | 25 90 90 0.0

For designations of groups,
(a - b ~-c+ 4+
n

2 _
Xp =

* significant at the p = 0.05 level
** gignificant at the p

c.i.

= conidial isolate.
Numbers in parenthesis refer to designations of strains crossed to OR w.t.s

= 0.01 level

see section 49.

from which the preceding strains were derived.

g8
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in the test involving al-1 (X2 = 20.3, 1 d.f., Table 11)

than that for ylo-1 or cot-1l (X2 = 10.5, X2 = 4.8

respectively, 1 d.f., Table 1l1l}. Furthérmore the
significance of the X2 value in the test involving ylo-1
is partly attributable to distorted segregation ratios

in the cross. If a 2 x 2 contingency table is used for
the calculation, X2 = 4.2, 1 d.f., which approaches the

p = 0.05 significance level of 3.86. (A 2 x 2 contingency
table used in testing for linkage to al-1 and cot-1 results
in values of X° = 21.9, 1 d.f., and X2 = 5.5, 1 d.f., for
the respective genes, these values resembling those in

the above calculations). Hence these results do not
seriously détracf from the assignment of the mutant to
linkage group I or II.

Mutants on different linkage groups cannot be
postulated to segregate in tﬁe cross 998 x 44-8 because
the progeny segregate for the ratio 1+:1 fs (44 +,

48 £s, Table 11; X° = 0.3, 1 d.f.).

47. (ii) Some linkage tests from random spore data

The pairs of closely linked mutants postulated to
occur among 2-2, 44-1, 44-3, 44-4, 44-8, 48-2, 48-4, 48-6
and 2324 (sections 41, 44, 45) and found to be on linkage
group I or II from crosses to alcoy strains (section 46),
provide variable results in tests for linkage to m.t. on

linkage group I. Female sterility is linked to m.t. in
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crosses involving strains 2-2, 44-3, 44-4, and 48-6
(X2 > 3.86, 1 d.f. in these crosses, Table 12) whereas
it is not detected in crosses involving 44-1, 44-8, 48-4,
or 2324 (X2 < 3.86, 1 d.f., in these crosses, Table 12).
These data are best explained by suggesting that the genes
are on linkage group I but distant from m.t. so that
linkage cannot always be detected. The variation in the
results is not considered to detract from this suggestion

because linkage values are variable in Neurospora (see

especially Stadler, 1956).

The mutant in 2326 (a conidial isolate from OR a)
is linked to m.t. (X% = 16.7, 1 d.f.) and is 22.2#5.7 m.u.
from it on linkage group I (Table 12).

The mutant in 2351 (a conidial iéolate from 351
Ab a) and found to be on linkage group I or II from a cross’
to an alcoy strain (section 46), shows no linkage to m.t.
Hence it is attractive, tentatively, to place it on linkage
group II. The data provide a distinction between this
mutant and the one foﬁnd in strain 52-2 (they were not
tested for complementation, section 44) because the mutant
in 52-2 is linked to m.t. (see cross OR A x 84-2 from
which 52-2 was derived, section 31).

The mutant in 110-2 is linked to m.t. (X2 = 27.8,

1 d.£f.) and is 19.7%#4.6 m.u. from it on linkage group I

(Table 12). This confirms that the mutant segregating only
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in ascus 110 from OR a X 19-6 ad-4 A was inherited from
a heterokaryotic parent (sections 27, 39). Otherwise,
since ad-4 is in linkage group III, the mutant would
have occurred among half of the g§+'progeny in asci from
that cross. This, then, establishes, beyond any reasonable
doubt, that 19-6 ad-4 A from OR a x 126 is £§+ (sections
27, 39).

The similarity of the map distance for the mutant
in 110-2 and that for the one in strain 2326 suggests that
the same mutant may be present in both strains. This is
likely because 2326 was a conidial isolate from OR a and
110-2 was derived from a cross involving OR a.

The col strain 10-2 (from OR A x 19-2) and the sl
strains 5-1 and 32-4 (from OR a x 6-2 and OR a x 84-6
respectively) segregate for female sterility other than
that attributable to these mﬁtants. The same mutant is
present in these strains (section 45) and has been assigned
to linkage group I or II (section 46; strains 19-2, 45-1,
2494 in crosses to alcoy linkage testers).

In the crosses 1681 x 10-2 and 1635 x 10-2, the
ggl+ progeny deviate significantly from a ratio of 1+:1 fs
(X2 = 4,3, 1 d.f., Table 8), the expected ratio if the two "
mutants assorted independently. Hence col seems to be on

the same linkage group (I or II) as the mutant in the

above strains.



TABLE 12

Tests for linkage between female sterility and mating
type from random spore analysis of selected strains

Group Cross P + A |+ a |fs A |fs a | Total % X 3
types | (a) (b) (c) (a) (n) germ'n | (1 d.f.) | recomb'n
2-2 1681 2=-2 (29-4) a, d 26 23 21 26 96 92
1635 2=-2 a, d 33 le 20 31 100 96
59 39 41 57 96 94 6.7%%* 40.8+3.5
1681 44-1 (29-4) a, d 54 38 48 53 193 93 2.3
1681 44-3 (29-4) a, d 15 3 8 13 39 78
1635 44-3 a, d 13 8 9 11 41 82
a, d 28 11 17 24 80 80 T.2%% 35.0%5.3
1681 44~4 (29-4) a, d 65 43 35 57 200 96 9.7%%* 39.0%£3.4
1680 44-8 (29-4) b, ¢ 41 50 58 47 196 94 2.0
1681 48-1 (29-4) a, d 13 15 6 11 45 90
1635 48-1 a, d 1l - 6 7 12 36 72
a, d 24 21 13 23 81 81 2.1
1681 48-4 (29-4) a, d 10 14 15 48 96
1635 48-4 a, d 15 13 1 14 49 98
a, d 25 22 21 29 97 97 1.2
1680 48-6 (29-4) b, ¢ 13 13 10 6 42 84
1633 48-6 b, ¢ _6 13 17 5 41 82
b, ¢ 19 26 27 11 83 83 6.4%* 36.2+5.2

[oe]
O



Group Cross P |+ A |+ a {fs A |fs a |Total % X% %
types | (a) (b) (c) (d) (n) germ'n | (1 d.f.) | recomb'n
2-2 1680 x 2324 (c.i. of ORA) b, ¢ 5 10 4 9 28 88
1633 x 2324 b, c| 6| 6| 8| 11| 31 97
b, ¢ 11 16 12 20 59 92 1.5
? 1681 x 110-2 (19-6) a, d 19 4 4 10 37 74
1635 x 110-2 a, d | 11 | 3 4 | 21 | 39 78
a, d 30 7 8 31 76 76 27.8%% 19.7£4.06
2326 1681 x 2326 (c.i. of ORa) a, d 4 3 2 15 24 75
1635 x 2326 a, d | 12 | 2 5 | 11 | 30 94
a, d 16 5 7 26 54 84 16.7%% 22.2+5.7
2351 1681 x 2351 (c.i. of 351) a 483 57 105 95
1635 x 2351 a 61l 39 100 95
109 96 205 95 0.8

For group designations, see section 49.

Xi = (parental (P) types - recombi'nants)2
n

* significant at the p = 0.05 level
**% gignificant at the p = 0.01 level

c.i. = conidial isolate.

Numbers in parenthesis refer to designations of stralns crossed to OR w.t.s
from which the preceding strains were derived.

06
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In the cross 1681 x 5-1, progeny deviate

(X2 = 5.8, 1 4.f.,

§;}_+
significantly from the ratio 1l+:1 fs
Table 8) but those in 1680 x 32-4 do not (X% = 1.3, 1 d.f.,
Table 8). Data from the crosses, however, are homogeneous

(x> = 0.8, 1 d.f., Table 8) and on the basis of pooled

data, §£+ progeny deviate from the 1+:1 fs ratio (X2 = 6.3,
1 d4d.f., Table 8). Hence gi can also be placed, at least

tentatively, on the same linkage group (I or II) as the
mutant segregating in the above strains and col.

48. (iii) Linkage determinations from tetrads

The strains 19-2, 19-4, 6-2, 84-4, and 84-6
express one mutant for female sterility (section 45) and
sﬁrains 84-2 and 84-8 express another (section 31). Data
from crosses between these strains and the OR w.t.s can
be consolidated in making some final estimates of map
distanceé. Furthermore some complex and incomplete asci
can be used in these calculations. These include (i) complex
asci where further genetic or complementation studiés
revealed the genotypes of spores, and (ii) incomplete asci
where genotypes of missing spores can be extrapolated. The
iatter were used only in cases where genes segregating from
heterokaryotic parents were detected in rare cases if at
all and the extrapolation could be considered reliable.

For final linkage estimates from the cross
OR A x 29-4, the extrapolation of genotypes in incomplete

asci was not made because strain 29-4 is thought to have
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a pair of closely linked mutants (sections 41, 45).

From the consolidated data, the mutant present
in 19-2, 19-4, 6-2, 84-4, and 84-6 maps 35.5 m.u. from
the centromere (95% confidence limits of 32.7-42.0 m.u.,
Table 13).
| The mutant in 84-2 and 84-8 maps 16.0 m.u. from
m.t. (95% confidence limits of 11.3-22.0 m.u., Table 13)
and 26.0 m.u. from the centromere (95% confidence limits
of 20.0-23.5 m.u., Table 13). Furthermore the m.t. locus
maps 12.3 m.u. from the centromere in this cross (95%
confidence limits of 8.0-17.8 m.u.) so that the genes can

be positioned on the left arm of linkage group I as

follows:
fs A/a cent.
——16.0— 12,3 ——
e 26 .0 — >

The closely linked genes postulated in 29-4 map
3.0 m.u. apart (95% confidence limits of 0.5-9.0 m.u.) and
are distant from the centromere (48.0 m.u. with a lower
limit of 34.5 m.u. with 95% confidence).

49. (iv) Some final considerations regarding the linkage

relationships of female sterile mutants

From morphological characteristics and linkage
and complementation tests, the strains expressing single
mutants or pairs of closely linked mutants can be subdivided

into seven distinct groups:



LEGEND FOR TABLE 13

Distances and confidence limits with corrections for multiple crossovers
and interference were determined from graphs provided by Barratt et al. (1954).

PD = parental ditype
NPD = non-parental ditype
TT = tetratype



TABLE 13

Linkage determinations from ascus data

Group Cross Distance Gene-Centromere Data
' tested Ascus pattern Total| Distance (m.u.) with
1st div'n | 2nd div'n 95% confidence limits
19-2| ORA x 19-2 fs 39 75 114
ORa x 19-4 to 38 64 102
ORa x 6-2 centro- 28 _ 27 55
ORA x 84-4 mere 26 29 55
ORa x 84-6 15 39 54
146 234 380 35.5 (32.7-40.0)
52-2: ORA x 84-2 fs 31 24 55
ORa x 84-8 to 29 31 60
cent. 60 55 115 26.0 (20.0-33.5)
ORA x 84-2 A/a 44 11 55
ORa x 84-8 to 44 le 60
cent. 88 27 115 12.3 (8.0-17.8)
2-2 | ORA x 29-4 fs to 12 - 36 48 48.0 (34.5---)
cent.
PD TT NPD Total Distance
(m.u.)
52-2 | ORA x 84-2 fs 40 15 0 55
ORa x 84-38 to 40 20 0 60
A/a 80 35 0 115 j16.0 (11.3-22.0)
2-2 | ORA x 29-4 | fs to fs 48 3 0 51 3.0 (0.5-9.0)
(different
mytants)
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Group Strains

19-2 19-2, 2-4, 45-1, 2494

52-2 ' 52-2

2326 2326

2351 2351

2-2 45-8, 2-2, 44-1, 44-3, 44-4,
44-8, 48-1, 48-4, 48-6, 2394

10-4 (991) 10-4

5-5 (sl) 5-5, 32-1

The groups are desiénated on the basis of strains occurring
in the groups and considered to be representative of them.

The reasoning in establishing these groups is as
follows: From complementation studies, strains in the
first six groups were separable into at least five groups,
but complementation between strains in Groups 52-2 and
2351 was not attempted (sectipn 44). However the mutants
in these two groups were distinguished by linkage studies
(section 47) . Finally the distinct growth of sl strains
suggested Group 5-5.

Two mutants need to be postulated for Group 2-2
(sections 41, 45) but only one 1is thought to occur in each
of the remaining groups.

Linkage considerations for mutants in all groups
are summarized below, making possible the tentative assignment

of all mutants to specific linkage groups:
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Group 19-2: 1linkage to al-1l of alcoy (strains 19-2,

45~1, 2494; section 46), hence on linkage group I
or II; no linkage to m.t. (pooled data for 19-2,
19-4, 6-2, 84-4, 84-6; section 48), hence probably
on linkage group II.

Group 52-2: 16.0 m.u. from m.t. on linkage group I

(strains 84-2, 84-4; section 48).

Group 2326: 22.2 m.u. from m.t. on linkage group I

(strain 2326, section 47).

Group 2351: 1linkage to al-1 of alcoy (strain 2351,

section 46), hence on linkage group I or II; no
linkage to m.t. (strain 2351, section 47), hence
tentatively placed on linkage group II.

Group 2-2: linkage to al-l of alcoy (strains 45-8, 2-2,
44-1, 44-4, 44-8, 2324; section 46); linkage to
m.t. found in some c;osses (strains 2-2, 44-3,
44~4, 48-6; section 47) but not in others (strains
44-1, 44-8, 48-1, 48-4, 2324; section 47), hence
appears to be distant from m.t. on linkage group I.

Group 10-4: apparently linked to the mutant in Group 19-2

(strain 10-2; section 47), hence probably on
linkage.group II.

Group 5-5: apparently linked to the mutant in Group 19-2
(strains 5-1, 32-4; section 47), hence probably on

linkage group II.
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The placement of mutants in Groups 19-2 and 2-2 on
different linkage groups, and hence also affecting that
of Groups 10-4 and 5-5, is supported by the independent
assortment of the mutants in strain 45-4 from OR A x 84-4
which is considered to have the mutants present in strains
45-1 (Group 19-2) and 45-8 (Group 2-2; section 40).

50. (v) Inheritance patterns of mutants in the cross

351 x 442 and the three generations of crosses to

OR w.t.s

Data from the genetic and complementation studies
reveal the inheritance patterns of all mutants in the
cross 351 x 442 and the three generations of crosses to
OR w.t.s (Fig. 2). These patterns are presented in Fig. 4
and explained below. All asci selected from the crosses
for further studies are included.

Group 19-2:

Considerations in section 45 provide the following
pattern of inheritance for the mutant in this group: from
351 x 442 itwas transmitted to 126; from OR A X 126 to
19-2, 19-4; from OR a x 19-4 to 6-2, 6-8, 84-4, 84-6;
from OR a x 6-2 to 2-4, 2-6; from OR A x 84-4 to 45-1, 45-4.
In other crosses, the mutant was transmitted as follows:
from OR A x 19-2 to 10-2, 10-8 (10-6 is fs', Table 3, and
the col strain 10-4 does not segregate for this mutant,
section 38, Table 8); from OR a x 6-2 to 5-1, 5-8 (5-4 is
§§+, Table 3, and the sl strain 5-5 does not segregate for

the mutant, section 38, Table 8); from OR a x 84-6 to 32-4,
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Figure 4.

Pattern of transmission of female sterile
mutants in the cross 351 Ab a x 442 ad-4 A
and subsequent crosses to OR w.t.s.

Numbers in brackets following the designation
fs refer to groups to which the particular
mutants belong.

Small arrows accompanied by mutant
designations indicate the transmission of

a mutant from a heterokaryotic parent in

the cross.
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32-6 (32-8 is £§f, Table 3, and the ~_ln_strain 32-1 does
not segregate for this mutant, section 38, Table 8).

The mutant originally occurred in the heterokaryotic
strain 442 (section 45).

Group 52-2:

The mutant in this group was found in strains
84-2 and 84-8 derived from the cross OR a x 19-4 (section
31), and in OR A x 84-2 it was transmitted to strains
52-2 and 52-6 (52-4 and 52-8 are fs', Table 3). It was
first detected as one of the mutants segregating in the
cross OR a x 19-4 and is thought to occur in a
heterokaryon in strain 19-4 (sections 31, 45). The
mutant probably occurs in all complex asci from OR a x 19-4.

Group 2326:

Strains 110-2 and 110-4 from OR a x 10-6 are thought
to express this mutant occurring in a heterokaryotic
strain OR a. This is based on the similarity of linkage
relationships found in crosses involving strain 110-2
and conidial isolate 2326 from OR a (section 47).

Group 2-2:

The pair of mutants thought to occur in this group
(sections 41, 45, 49) and inherited from a heterockaryotic
OR A strain in OR A x 19-8 (section 41) were transmitted
to strains 29-2, 29-4, 111-5, and 111-7 from OR A x 19-8
(29-6, 29-8, 111-1, 111-4 are fs', section 36). In the
cross OR A x 29-4, they were transmitted to 2-2, 2-4

(2-4 and 2-8 are fs', Table 3), 44-1, 44-4, 44-8 (44-6 is
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£s*, Table 3), 48-1, 48-4 and 48-6 (48-8 is fs', Table 3).
It is not possible to distinguish the single and double
mutants in the strains‘from asci 44 and 48 (sections 41,
45) .

All female sterile progeny in the cross OR A x 19-8
can be explained by the segregation of this pair of
mutants.

At least one mutant for this group appeared in
strains 45-4 and 45-8 of ascus 45 from OR A x 84-6 (45-8
does not complement with other strains in this group,
section 45, and 45-8 has this and another mutant segregating
in the ascus, sections 40, 45) and presumably was
inherited from the heterokaryotic strain OR A in that
cross.

Group 10-4:

The col mutant appeafed in strains 10-2 and 10-4
derived from OR A x 19-2 (as well as two other asci in
that cross, section 24). It is thought to have come from
a heterokaryotic OR A stréin in that cross (sections 24, 38).
Group 5-5:

The sl mutant appeared in strains 5-1 andYS—S
derived from OR a x 6-2 (as well as in one other ascus in
that cross, section 32) and strains 32-1 and 32-4 from

OR a x 84-6 (and in two other asci in that cross, section 32).
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Phase 7. The characterization of female sterile mutants

51. (a) Growth characteristics

Female sterile mutants in all groups differ from
the wild type in their aerial growth. With the exception
of those in Groups 10-4 (col) and 5-5 (sl) , the differences
are rather subtle but some experience in handling the
mutants permits the classification on this basis with
high accuracy (99-100%, section 58).

The growth characteristics have not been carefully
studied thus far, but pending this the following superficial
comparisons can be made (from growth observed in small
tubes of sucrose medium).

Wild tvpe (OR)

Growth is relatively rapid with the .conidia forming
a band well above the surface of the medium and leaving a
gap of sparse growth between the medium and the band of
conidia. Pigmentation is relatively intense.

Groups 52-2, 2326, 2351, 2-2:

Growth is slower than that of w.t. and is more
continuous in the culture so that there is no conspicuous
gap of sparse growth. The mutants do not become as highly
pigmented as the w.t.

Differences have not been noted thus far between

mutants in these groups.
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Group 19-2:

Growth is similar to that in the above groups in
being slower, more continuous in the culture, and less
highly pigmented that the w.t. However it has a rather
stringy appearance as well.

Group 10-4:

Growth is probably slower than that of the w.t.,
but this is not as conspicuous as the colonial morphology.
The mutant (col) tends to grow in clumps or clusters.
Group 5-5:

Growth of this mutant (sl) is conspicuously retarded
and is restricted to the surface of the medium.

52. (b) Growth of mutants at 34°C

Dr. A. Radford and Dr. D. Newmeyer (personal
communications) suggested testing female sterile mutants
for growth at 34°C in the eveént that they may be temperature
sensitive nutritional mutants. This was found to be a
necessity when progeny from crdsses between some strains
in Groups 19-2 and 2351, and the alcoy linkage testers
could not be scored for cot-l (at 35°, section 16) because
of another temperature sensitive mutant appearing to segregate
in the crosses. It was thought that this temperature
sensitivity may be attributable to the female sterile

mutants.
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Strains selected from all groups except Group 5-5
(sl) and derivatives from them were tested for growth at
34°C. The results are presented in Table 14 and considered
below.

Groups 19-2 and 2351:

Strains 19-2 and 45-1 from Group 19-2 and strain
2351 from Group 2351 did not grow at 34°C, but some
female sterile strains derived from them grew. Hence the
female sterile mutants cannot be temperature sensitive
nutritional mutants.

Groups 52-2, 2326, and 2-2:

All strains tested from these groups grew at 34°C.
Hence they cannot be considered as temperature sensitive
nutritional mutants.

Group 10-4:

The col 'strain 10-4 did not‘grow a£ 34°C and neither
did the 25 strains derived from it. Hence the mutant in
this group seems to be a temperature sensitive growth
mutant as well as é female sterile.

The growth problems at 34°C could not be alleviated
by using a malt peptone medium instead of a glucose or
sucrose medium as may have been possible if col were a
temperature sensitive nutritional mutant. Hence it is not

vet clear why the mutant does not grow at this temperature.
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+ growth at 34°
- no growth at 34°

Tests were done in duplicate on a sucrose medium, with controls at 25°C.
Those strains in column B which did not grow at 34° were also tested on
glucose and malt-peptone medium with results being identical to those made
on a sucrose medium.



TABLE 14

Tests of selected female sterile strains and their -
progeny for growth at 34°

A B C D E F
Nutritionally nic strains pan strains Crosses between Segregation of
Group w.t. strains derived from derived from biochemical mutants growth in
those in B those in B and fs strains crosses
T )
Strain | Growth Strain | Growth | Strain |Growth
19-2 19-2 - 2496 + 7 2503 + 1681 x 19-2 14+, 10-
2-4 + 2435 + 2441 +
45-1 - 2446 - 2451 + 1681 x 45-1 4+, 8-
2494 + 1635 x 45-1 4+, 8-
52-2 52-2 + 2243 +
2326 2326 + 2414 + 2430 +
2351 2351 - 2507 - 1681 x 2351 16+, 8-
10-4 10-4 - 2486 - 2490 - 1681 x 10-4 0+, 11-
: 1635 x 10-4 0+, 12-
2-2 | 2324 + 2467 + 2473 + |
45-8 + 2458 + 2462 +
2-2 + 2477 + 2481 - +
44-1 + 2398 + 2417 +
44-3 not tested| 2510 + 2514 + g
44-4 + 2404 + 2421 + w
44-8 + 2409 + 2424 +
48-1 not tested 2519 +
48-4 not tested| 2521 + 2527 +
48-6 not tested] 2534 + 2536 +
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53. (c¢) The leakiness of mutants

The mutant in Group 19-2 is somewhat leaky. Some
strains produce perithecia and spores, but the perithecia
are generally few in number, small in size, and produce
small numbers of spores, if any. Leakiness is not rare,
although the frequency of occurrence has not been noted,
but even at ité extreme the production of perithecia and
spores is conspicuously below that of §§f strains.

Some instances.of leakiness have been observed
among sl strains (Group 5-5) but at best few small
perithecia and spores have been produced. Although
guantitative data are not available, perithecial and spore
production at their extreme are even more pronouncedly
different from the w.t. than the leakiness of the mutant
in Group 19-2. |

(d) A test for the detection of developmental blocks of

female sterile mutants following fertilization

54, (i) The description of the test

Although careful observations have not yet been made,
it is expected that the female sterile mutants in all groups
have developmental blocks prior to or at fertilization.

This is because, with the exception of the leakiness of
mutants in some groups (section 53), attempted crosses do
not produce pigmented structures resembling developing

perithecia; they do not proceed far enough in the development
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to permit mating type determinations in these tests.
Furthermore, blocks in the development following
fertilization would be expected to be alleviated, at least
in some cases, by the complementation between nuclei of
opposite mating type (see section 5).

A test has been devised which, with appropriate
modifications (section 67), is expected to permit the
detection of developmental blocks following fertilization.
This is in addition to the blocks postulated to occur in
the earlier stages of development, and is proposed in the
event that the genes may have pleiotropic effects. The

mating type locus in Ascobolus stercorarius has been

shown to affect several stages of the sexual development
in that organism (see especially Bistis, 1965), and hence

a gene for development in Neurospora may affect various

stages as well (even if it is not the mating type locus).

This has, in fact, been observed; the round spore mutant

in N. crassa is female sterile as well as affecting spore

delimitation when used as a male parent (Mitchell, 1966).
For any particular mﬁtant, the proposed test

consists of the following crosses using heterokaryons:
(pan-2 (B5) + nic-3 fs) & x pan-2 (B3) &

and (pan-2 (B5) + nic-3 fs) @ x pan-2 (B3) fs o

Both crosses have a pan x pan component, which can only

result in pan progeny (this is with the exception of rare
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wild types produced by recombination between the two
heteroalleles of pan-2, Threlkeld et al., 1969, and
pseudo-wild types produced by nondisjunction of linkage
group VI, Threlkeld and Stoltz, 1970) and a nic X pan

component which can result in + +, + nic-3, pan +, and

pan nic progeny.

The test is based on the detection of the nic x pan
component in each cross, and hence is dependent on finding
+ +, + nic, andAEEE nic progeny. This is facilitated by
the use of the pan-2 mutants in the following way. Spores
having the pan-2 mutant and produced on limiting
concentrations of pantothenic acid are pale, whereas g§g+
spores are dark (Threlkeld, 1965). Hence the observation
of a substantial proportion of dark spores in a cross
indicates the production of + + and + nic progeny from the -
nic x pan component and provides preliminary information
prior to the isolation and testing of the spores.

The recovery of the nic x pan component from the
first cross should establish that the female sterile mutant
can function as a female parent in a heterokaryon and that
the block postulated to occur prior to or at fertilization
has been alleviated. Given that this occurs, the failure
to recover this component from the second cross should
indicate an additional block following.fertilization. This

would be expected only if nuclei of opposite m.t. failed
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to complement, and this would be attributable to the
presence of the same female sterile mutant in each.

55. (ii) The application of the test to the mutant in

Group 52-2

This test has been carried out by attempting the

following crosses using the mutant in Group 52-2:

(1604 + 2243 )Y x 1643 &
pan-2(B5) A  nic-3 fs A pan-2(B3) a
and (1604 + 2243 ) x 1881
pan-2(B5) A  nic-3 fs A pan-2(B3) fs a
Strain 1881 was dérived from the cross 1273 pan-2(B3) A x

52-2 fs a.

The formation of a heterokaryon between strains
1604 and 2243 is supported by the finding that 4 of 40
conidial isolates from the culture did not have nutritional
requirements (Table 7).

In two separate attempts of each cross on a
minimal medium dark spores were observed indicating the
production of + + and + nic progeny. Upon isolating and
testing spores, substantial numbers of + +, + nic and
pan nic progeny were found in each case: 56 of 67 and
36 of 45 germinated spores in separate attempts of the
first, and 55 of 70 and 37 of 61 germinated spores in
separate attempts of the second (Table 15). Hence the

nic x pan component was found in each cross.



TABLE 15

Crosses involving synthesized heterokaryons used in testing for |
a developmental block following fertilization in the mutant in Group 52-2

Cross + +| + nic| pan +| pan nic|Total %
germ'n
( 1604 + 2243 ) X 1643 24 25 11 7 67 56
pan-2(B5) A nic-3 f£s A pan-2(B3) a 270 12 9 3 45 38
( 1604 + 2243 ) X 1881 25 15 25 5 70 58
pan-2(B5) A nie-3 fs A pan-2(B3) fs a] 14| 12 24 11 61 51

80T
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With the reservations discussed in section 67,
these data suggest that the gene in Group 52-2 does not
have a role in the sexual development following
fertilization.

56. A summary of characteristics of the female sterile

mutants found

See Table 16 for a summary of characteristics of

the female sterile mutants.

Phase 8. Some considerations about testing procedures for

female sterility

57. (a) The use of different methods for scoring female

sterility in crosses

In the earlier stages of the study (up to the end
of Phase 4), each strain of unknown m.t. was tested for
female sterility using the method in (i) of section 11
where one culture of the strain was inoculated with a
male parent of m.t. A and another with m.t. a. To
facilitate some later tests, the method in (ii) of
section 11 was used where a single culture was inoculated
with a mixture of A and a strains.

To rule out unforeseen problems using the latter
procedure, at least ten asci were selected from each cross
analyzed using asci, and the strains were tested using
both methods. These included all asci with complex

patterns (Fig. 4) and hence mutants from all groups except



TABLE 16

A summary of characteristics of the female sterile mutants found

Group | No. of Strain in Linkage Differ from | Growth at Comments
mutant which group w.t. in 35°C as
sites |mutation(s) growth well as
originally habit at 25°C
occurred
19-2 1 442 or II (II) Yes Yes Somewhat leaky
52-2 1 19-4 I Yes Yes (No developmental block
' following fertilization)
2326 1 ORa I Yes Yes
2351 1 351 or II (II) Yes Yes
2=-2 2 ORA or IT (I) Yes Yes Mutants do not complement
with one another
10-4 1 ORA (I1) Yes No Colonial growth
5-5 1 ORa (1) Yes Conspicuously slow growth;

slightly leaky

Tentative information is enclosed in parentheses; highly probable

information 1is not.

0TT
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Group 2351 (section 50). This served not only as a test
for the second method but the use of the first also served
as a repeat for some tests made only once up to that point.

Only one spore from each idewntical pair was
tested from asci with 2+:2 fs patterns, but all spores
were tested from those with complex patterns. Strains
expressing ad-4 were omitted.

In these tests, the results were invariably the
same using both methods. Hence the use of either seems
equally reliable.

Although each strain was tested only once using
the method in (ii) of section 11, the tests included sister
spores from asci for all mutants tested, and hence the
above conclusion is considered valid.

58. (b) The reliability of classifving female sterility

mutants on the basis of growth characteristics

The reliability with which classification for
female sterility could be made on the basis of growth
characteristics of mutants (described in section 51) was
noted for mutants in all groups except Group 5-5. The
crosses used segregated for single mutants or, in the
case of one or two strains from Group 2-2, for a pair of
closely linked mutants. It is thought that the individual
mutants from that group have been included since strains

from all spore pairs of ascus 44 from OR A x 29-4 were
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used. The ascus has the pattern 1+:3 fs (Table 3) and
one female sterile spore pair should have poth mutants whereas
the other two should héve the different individual mutants.

Strains in all groups were classified with 99-100%
accuracy (Table 17), supporting the confidence of tests
in crosses and demonstrating that for various purposes
this method alone should be sufficiently réliable.

Because of the conspicuous growth habit of the
sl mutant in Group 5-5, it is doubtful that classification
of the mutant on this basis is less reliable.

59. (c) Tests for female sterility on different media and

using different time intervals between inoculation

of the male and female parents

As an added check to ensure that female sterility
could not be attributable to testing problems, strains
from all groups were tested on different culture média and
using different intervals between inoculation of the
female and male parents.

Selected strains were tested in triplicate on
glucose and malt peptone media as well as on sucrose with
the usual one week interval between inoculatibns of the |
female and male parents. In addition the strains were
tested on sucrose medium using a two week interval between
inoculations. All cultures were observed for five weeks

following inoculation of the female parent.



TABLE 17

Accuracy with which different female sterile mutants found can be
classified for female sterility on the basis of growth habit

Unclassifiable

Group Cross Correctly Total LI Random
classified or wrongly accuracy | spore or
strains classified ascus data
strains

19-2 | 1681 x 19-2 190 0 190
1635 x 19-2 199 0 199

389 0 389 100 rs.S

52-2 | ORA x 84-2 217 2 219 99 ascus
2326 | 1681 x 2326 24 0 24
1635 x 2326 30 0 S0

54 0 54 100 S

2351 | 1681 x 2351 198 0 198 100 r.s.
2=-2 | 1681 x 44-1 193 0. 193
1635 x 44-1 168 0 168

361 0 361 100 r.s
1681 x 44-3 39 0 39
1635 x 44-3 42 0 42

81 0 81 100 rY.S.
1681 x 44-4 200 0 200
1635 x 44-4 176 Q9 176

376 0 376 100 r.s.

€TT



Group Cross Correctly Unclassifiable | Total 2 Random
classified or wrongly accuracy spore or
strains classified ' ascus data
strains
2-2 11680 44-8 181 2 183
1633 44-8 196 1 197
377 3 380 99 r.s.
10-4 | 1681 10-4 57 1 58
1635 10-4 _59 Q _59
118 1 119 99 r.s.

PIT
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In ail cases except for Group 5-5, strains of
m.t. A were used and were fertilized with the strain 1-3.
For strains from Group 5-5 (sl), where mating types were
not determined, tests using male parents 18-1 and 1-3
(in separate inocula and in one; see section 1l1l) were
carried out.
For all groups except Group 5-5, the nic-3 and
pan-2 derivatives (Table 10) were used in these tests.
For Group 5-5, four strains were selected from the cross

1680 x 5-5. The strains are listed below:

Group Deviation Strains used
19-2 19-2 2496, 2503
52-2 52-2 2243
2326 2326 2414, 2430
2351 2351 2507

2-2 2-2 2477, 2481

44-1 2398, 2417

44-3 2510, 2514

44-4 2404, 2421

44-8 2409, 2424

10-4 10-4 2486, 2490
5-5 5-5 four strains from

1680 x 5-5

All cultures tested as female sterile regardless of

the culture medium or the interval between inoculations.
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This is in contrast with the OR w.t.s. which have been
successfully used on all media and following these and
other periods of growth prior to inoculation with male
parents.

60. A summary of considerations supporting the validity

of procedures used in testing for female sterility

The validity of testing procedures is supported

by the following considerations:

(a) All genetic variants for female sterility can
be attributed to discrete mutations. Even
leaky mutants do not resemble w.t.s.

(b) Both testing procedures described in section 11
provide the same result.

(c) The mutahts can be scored on the basis of their
superficial growth characteristics in strong
agreement with tésts in attempted crosses.

(d) Vvariation in culturelmedia and the time
interval between iﬁoculation of female and
male parents is possible without altering the

interpretation of results.



DISCUSSION

61. Expected vs. actual results

From Threlkeld's finding of sterile variants from
crosses between strains having different genetic
backgroﬁnds, it was expected that this may be attributable
to incompatibility of a general nature rather than female
sterility e.g. a heterogenic incompatibility as found in

Podospora anserina where crosses between different

geographical races have reduced fertility or are completely
sterile (see Esser, 1965). Also the female sterility
initially found in this study was expected to be
attributable to a genetically complex situation. This was
assuming a homokaryotic condition of the parental strains
(both of which functioned as .female parents) following

the failure of initial attempts to obtain female éterile
conidial isolates from them (see section 35 for Set 1 of
strain 351; also a similar number of conidial isolates

from strain 442 all produced perithecia and spores in one
test for female.sterility, suggesting that they were all
£§f, but this was not reproducible and the conclusion could

not be considered reliable). These factors prompted the

concern for using a St. Lawrence background as a reference

- 117 -



118
(section 21) and tempted the postulation of suppressed
genes at various times during the study.
There is no longer a reason to suggest such
incompatibility factors or suppressed genes among the
crosses described, although there is alsoc no reason to

rule out the possibility of their existence in Neurospora.

All of the female sterile mutants found in this study can
be attributed to spontaneous mutation in the strains used.
Threlkeld's original observations possibly involved a

few of the same mutants found in this study.

62. Variation in nuclear ratios in heterokaryons

From conidial isolates and some of the crosses to
OR w.t.s., it appears that at least some mutants for
female sterility can occur in heterokaryons in different
nuclear ratios. This includes mutants in Groups 2351,
2-2, and possibly 2326; dataffor others are inconclusive.

The two sets of conidial isolates from strain 351,
in which 0 of 79 (0%) and 50 of 147 (34%) conidial isolates
respectively were female sterile, indicate differences in
nuclear ratios in the two subcultures of the strain
heterokaryotic for the mutation Group 2351. The mutants
in Group 2-2 and occurring in OR A range from being
undetected (e.g. cross OR A x 84-2 which had no complex
asci) to occurring in a large proportion of nuclei (cross

OR A x 19-8 in which 63 of 165 ggf spore pairs among complete
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asci are female sterile, this being 63 of 114 alleles
(55%) inherited from the OR parent). That in Group 2326
ranges from being undetected (e.g. cross OR a x 84-8
which has no complex asci) to occurring among more than
80% of the progeny from the crosses OR A X 6-4 and
OR a x 29-6 (more than 16% of the alleles inherited
from the OR parent; see Table 6).

From data available thus far it is not possible
to attribute these differences to any selective advantage
of the mutant (or wild type) alleles. It is just as likely
that by using small inocula, different subcultures of
strains by chance received varying proportions of the
nuclear types. However, in retrospect, this explains
some difficulties encountered in the interpretation of
results in the three generations of crosses to OR w.t.s.

63. Dependence of peritheciai and spore production on

the female parent

Of the 1800 crosses between strains of various
genetic backgrounds from which the dependence of perithecial

and spore production on the female parent was observed

(section 22), 250 were repeated oncevand another 200 were
repeated twice. (Since the crosses constituted a screening
procedure, there was no reason to repeat all of them.{ of

the different crosses, 450 involved ad-4 strains as female

parents and hence are of questionable reliability (see
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section 19). However even their perithecial and spore
production tended to be of the same order regardless of
the male parents or the ability of the male parents to
function as females in the reciprocal crosses. Repeated
tests provided similar patterns. Hence, until more
quantitative data are available, these generalizations
are considered reasonably reliable and prompt the
following considerations.

Since a strain of either mating type can produce
protoperithecia in the absence of one of the opposite
mating type, only the genome from the female parent seems
to act in protoperithecial production. The above data
suggest, furthermore, that the potential of the
protoperithecia to develop into perithecia is also largely
dependent on that parent.

Presumably the male éarent is restrictive in
perithecial production in the sense that with limiting
numbers of conidia, only a certain number of fusions with
trichogynes'can occur, and this is probably not only
dependent on the absolute numbers of the conidia but on the
ability of a conidium of a particular genotype to participate
in such a fusion. However, with conidia being produced in
abundance, as is usually the case in N. crassa, this may
not be a significant limiting factor. Even if a particular

type of conidium has a low probability of fusing with a
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trichogyne, its large numbers may ensure fertilization
to the greatest extent.

.The dependence of spore production on the female
parent may only be reflective of the expectation that the
number of swores produced is dependent on the number of
perithecia produced. This itself does not seem to conflict
with previous findings (see section 5) that both parental
genomes interact during much of the development within the
perithecium.

These obser&ations, in the context of previous
findings (section 5) suggest the followiﬁg pattern for
the genetic control of the sexual development in N. crassa.
Mating type determines whether or not a cross can occur.
Given that it can, the female parent determines the degree
of protoperithecial formation and is the major factor in
determining perithecial production. This in turn
determines, to a great extent, the potential of spore
production. On the other hand, the genome from the male
alone may influence fertilization, but the usual abundance
of male cells provides little restriction on perithecial
and spore production. Both parental genomes interact in
the development of the ascogenous system in the formation
of asci and up until the time that sporeslare delimited
and their final shape is determined. Following this the

maturation of spores in largely dependent on the genotypes



122
of the individual spores.

64. The genetic complexity of the sexual development

Although spontaneous mutants are expected to occur

in Neurospora strains, and are often detected (see

Lindegren and Lindegfen, 1941), it was surprising to
find that 4 of the 10 strains obtained (8 used in the
screening for genetic variants, section 22, and the
OR w.t.s; others cannot be evaluated) have accumulated
mutants for female sterility. The mutation that seems to
have occurred in the recent single spore isolate 19-4
was particularly unexpected.

Thus far the only studies methodical enough to
reflect the genetic complexity of any phase of the sexual

development in Neurospora are those of Srb and his

associates (see section 5) in which 13 mutants for ascus
development were found despiﬁe the difficulty in screening
for such mutants. Their findings suggest that that phase
of the sexual development is under a relatively elaborate
genetic control.

In this context, the abundance in which mutants
for female sterility were found seems to suggest an
elaborate genetic control for protoperitheéial development
as well (even though thus far the blocks have not been
"observed), and this can possibly be extrapolated to infer

the genetic complexity of the sexual development in general.
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65. Relationship between growth habit and female sterility
The finding that all female sterile mutants differ

from the wild type in their growth habit is probably

indicative of a more general property of mutants affecting

protoperithecial prbduction, and this may even be a

common feature of those affecting the sexual development.

Several previously described female sterile mutants in

Neurospora have been noted to differ from the wild type

in their growth characteristics (Mitchell et al., 1953;
Srb, 1957; Horowitz et al., 1960), and from the subtlety
of some differences observed in this study, there is
reason to suspect that others may have similar effects
but that these have not been noted.

Of other mutants concerning the sexual development,
all of those found by Srb and his associates to affect |
ascus morphology (section 5) also have abnormal growth
characteristics, but this may not be a representative group
since most of them were screened on the basis of growth
characteristics (see especially Srb and BRasl, 1969).
However, mutants concerned with the sexual development in
other ascomycetes, in particular Sordaria (see Esser and
Kuenen, 1967) have also expressed differences in mycelial
growth, and hence support the likelihood that the |
relationship is a common one. This suggests that a promising

line of work leading towards the understanding of underlying
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processes concerned with the sexual development may be
that concerning hyphal morphology (Burnett, 1968).

The relationship between female sterility and
growth habit (hyphal morphology?) suggests that these
mutants may have an altered cell wall composition
(de Terra and Tatum, 1963; Bartnicki-Garcia, 1968),
although this need not be the primary effect of the gene.
Barber et al. (1969) found the mutant pk-2, which affects
ascus morphology and also has a non-wild type growth, to
differ from the wild type in a number of bands in protein
patterns on electropherograms (although the use of highly
isogenic strains was not made), suggesting that various
cellular processes may be affected by that mutant. The
female sterile mutants may have several effects as well.

A possible alteration in cell wall composition
prompts the consideration that at least some of the mutants
may have developmental blocks at the stage of fertilization,
i.e. the fusion of conidia with trichogyﬁes. If this is
the case, then it is also necessary to postulate
differences in the cell wall composition of conidia and
trichogynes. Otherwise the same mutants should also fail
to act as male parents, but this is not the case. If the
male sterile mutants of Vigfusson (1969) have blocks at
fertilization, then they may reflect such structural

differences.
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66. Genetics and complementation of the two mutants in

Group 2-2

The need to postulate two mutant sites in Group 2-2,
originating in the heterokaryotic strain OR A, is not
accompanied by a simple or attractive model fitting the
genetic and complementation data concerning that group.
Until the mutants are more carefully mapped and complementation
between them is attempted over a wide range of nuclear |
ratios in heterokaryons, several possibilities have to
be considered in explaining the two closely linked
non-complementing mutants.

If the distance between the mutant sites is better
represented by the lower limit of 0.5 m.u. at the 95%
confidence level than by the 3.0 m.u. determined on the
basis of data available thus far (section 48), or if the
actual distance falls below this limit, then the mutant
sites can be postulated to occur in the same cistron or
in different cistrons of a gene cluster, possibly similar
to the aromatic (arom) cluster (Giles et al., 1967). If
not, then the results may be tentatively explained on the
basis of a duplicated chromosome segment or on the basis
of mutationé for two completely different genes.

If the mutant sites, say £§l and £§2, are in
different cistrons of one gene cluster, then it can be
postulated that both lie in one unit of transcription,

and at least one, say fs is a nonsense or frame shift

l’
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mutation. If transcription proceeds in the direction

from fs. to fs then the genotypes fs

1 —2' 1 1 2

lack both functional polypeptides and + £§2 lacks the

one for the £§2 cistron. Hence with all three female

sterile types failing to produce the functional polypeptide

+ and fs, fs

for the £§2 cistron, complementation cannot occur among

the different female sterile strains occurring in asci

with patterns of 1+:3 fs (genotypes + +, + £§2' £§l +;

fs £§2) derived from the cross OR A (+ +) x 29-4 (fs, £fs

1

see section 41).

1 27

A duplication of the right tip of linkage group I
can be suggested in explaining the results. The
likelihood that the mutant sites are on the right arm of
that linkage group is inferred from the variability of
linkage to the mating type locus on the left arm of the
linkage group (suggesting a loose linkage, section 47)
but a highly significant linkage to al-l in crosses to
the alcoy linkage testers (section 46, Table 1l1l) which
marks the breakpoint of the translocation of the right
arm of the lihkage group (Pefkins et al., 1969). 1In
addition Newmeyer and Taylor (1967) have suggested that
a duplication for the right tip may normally exist in
wild type strains since part of it is dispensable.

In explaining the genetic and complementation

data on this basis, a duplication for the right tip of
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linkage group I in a tandem arrangement seems necessary.
This sequence and one possible series of events leading
to the occurrence of asci with patterns of 1+:3 fs from
the cross OR A x 29-4 are diagrammed in Fig. 5.

If both chromatids having the w.t. allele occurred
in different meiotic products, patterns of 1+:3 fs could
not occur. Hence the production of these patterns requires
either the loss of one w.t. allele or the transmission
of both to one meiotic product. Fig. 5 shows how a loss
of one wild type allele-could occur. The OR A component
of the cross is postulated to be heterozygous for the
female sterile mutant. (This is only necessary for the
formation of zygotes in the production of these patterns.
Other zygotes may involve other types of components from
the heterokaryotic OR parent.) Strain 29—4, on the other
hand, must only have the mutant form of the allele.

The transmission of both wild type alleles to
one meiotic product could result from the pairing between
the regions JK and J'K' from the different chromatids of
the OR parent in Fig. 5a followed by a crossover distal
to fs of JK and + of J'K' (not illustrated). This would
result in genotypes of the chfomatids from the OR parent
being fs and + fs fs, whereas‘those from strain 29-4 would
'botH be fs fs, and the resulting ascus pattern would be

1+:3 fs.
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Fig.

5.

Chromosome sequences in strains OR A and 29-4
and possible events leading to the production

of asci with patterns of 1+:3 fs from the cross
between these strains.

(a) linkage group sequences of strainsOR A and
29-4, (b) pairing of the duplicated regions of
one chromatid and crossing over involving one
strand of the chromatid, (c¢) chromosome sequence
following crossing over; note an acentric ring,
(d) ascus pattern resulting from the preceding

events.
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The possibility of a duplication of this type is
unattractive for the following reascpns: Mitotic crossing

over in Neurospora appears to be a relatively common

phenomenon (see especially Threlkeld and Stoltz, 1970).
If this is the case, the above type of duplication would
likely be eliminated in somatic nuclei by the pairing

of duplicated segments followed by crossovers similar to
that shown in Fig. 5. (Note that the chromosome from
strain 29-4 did not have to participate in crossing over
to result in the léss of the segment.)

As an alternative explanation, mutants for two
distinct genes which do not complement can be postulated.
Mutants for disfinctly different genes (unlinked) which
do not complement in heterokaryons have been found in

Aspergillus (Apirion, 1966). The failure to complement

may mean that the different genes are responsible for the
production of different polypeptides of a protein, and

that in a heterokaryon the protein is not produced in
sufficient quantities to alleviate the defect. This

seems unattractive, however, because even though perithecial
and spore production varied somewhat in the complementation
tests, no deliberate attempt was made to control nuclear
ratios in the heterokaryons, yet only one set of three
tests, for the heterokaryon (2414 + 2424) and one of three

cultures, for the heterokaryon (2477 + 2430), failed to
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produce perithecia and spores (see Fig. 3). This is in
contrast with a failure of perithecia and spores to
form in any heterokaryon involving any pair of strains
in Group 2-2 despite the fact that some sets of three
tests were repeated (see Fig. 3). Perhaps a more favourable
explanation is one similar to that suggested by Apirion
(1966) in explaining why the different mutants in

Aspexrgillus fail to complement in heterokaryons but

complement in diploids: the products of both genes may be
assembled into one entity in the nucleus prior to its
release into the cytoplasm. In this way only defective
forms could be produced by both nuclear types and hence
complementation could not occur.

67. The detection of developmental blocks following

fertilization

A recovery of the nic x pan component in the
first but not in the second test described in section 54,
and applied in section 55 to the mutant in Group 52-2,
would have suggested a developmental block following
fertilization as well as before. However the recovery
of the component from both crosses poses another question:
does a block following fertilization exist but is
alleviated in some way?

In a cross involving an uncommon self-sterile

"bisexual" strain, i.e. one which can participate in



crosses to both mating types but cannot produce
perithecia and spores by itself, Lindegren (1936) found
that a cross attempted between this (£ A/f a) and another
strain (F A) resulted not only in zygotes of the type

F A x £ a but also those of the type £ A x £ a. He
suggested that a hormone was produced by the strain F A
permitting the cross £ A x £ a to occcur. Whether or not
a hormone was produced (sex hormones have not been

irrefutably demonstrated to exist in Neurospora; see

Raper, 1960; Turian, 1966), this data suggests that a gene
product of some sort was produced, possibly by the cross
F A x f a, permitting the other cross to occur. This
possibility is supported by data from crosses between
mutants for the sexual development in the homothallic

Sordaria macrospora. When crosses between sterile strains

were attempted, occasional selfings were found in addition
to the crosses, i.e. séme perithecia produced spdres of
only one parental type or the other as the homokaryotic
wild type strains normally do. Gene products permitting
selfing of otherwise self-sterile strains could not be
detected in culture filtrates, suggesting that an
intracellular transport had occurred.

In the event that such transport occurs between
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developing perithecia in the above test, it may be necessary

to modify it by using individual conidia as male parents
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to fertilize the heterokaryotic females so that only one
perithecium can develop in éach culture. Stronger evidence
reflecting that a developmental block following fertilization
does not occur would require the finding of the nic x pan
component of the second cross in such a périthecium in
the absence of a pan x pan component.

By using both the modified and unmodified tests,
and by determining whether the nic x pan component can
occur alone in a perithecium or if it has to be accompanied
by the pan x pan one, some inferences about the extent
to which gene products are transported may be possible.

Regardless of restrictions found from future
- experience in applying this test, the possibility of
making allelic crosses for at least some female sterile
mutants has been demonstrated and can be used as a tool
in handling these strains.

68. The potential for studying the sexual development

in Neurospora

The genetic complexity of the sexual development

in Neurospora inferred from this and other studies offers

attractive possibilities for a genetic approach to studying
this system. It suggests a potential for precise
experimental control of the different steps once a full
spectrum of muténts is available and once sophisticated

enough experimental procedures are devised for manipulating
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the mutants to provide information about the underlying
processes.

Despite these features, N. crassa in its present
form is not an ideal organism for this order since no simple
screening procedures for isolating such a spectrum of
mutants has been proposed. Even the best conceivable
methods using the organism may have limitations since
some of the stages are controlled by genomes from both
parents and hence only dominant mutants may be easily
detected.

The use of Sordaria macrospora has proven most

- effective for the isolation of developmental mutants in
that organism (see Esser and Kuenen, 1967). This is
because the species‘is homothallic and any homokaryotic
culture which does not produce and eject mature spores

is observed as a mutant. However the use of that species
has its limitations. The homothallic condition, for
instance, causes difficulties‘in controlling crosses.

For these purposes the development of a homothallic

Neurospora strain with essentially an N. crassa genome
seems particularly attractive. Such a strain would permit
the easy detection of mutants and also certain types of
studies where a homothallic condition is necessary or
convenient. Furthermore, once the mutants are foﬁnd they
could be transferred inté a heterothallic strain for other

studies.



With the availability of at least five different
homothallic species of Neurospora (Gochenaur and Backus,
1962; Nelson et al., 1964; Mahoney et al., 1969;

Frederick et al., 1969), it may be possible, through a
series of interspecific crosses, to develop such a strain.
Any information deduced using such a system could be
evaluated in the large perspective of knowledge available

on N. crassa.
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69.

(a)

(b)

(c)

(d)

SUMMARY
From gualitative observations, perithecial and spore
production in N. crassa seem to depend largely on
the female parent used in a cross. It is interpreted
that perithecial production is highly dependent on
the genome from the female parent, whereas the
apparent dependence on this parent of spore production
may only reflect that the number of perithecia
produced restricts the number of spores produced.
Eight spohtaneously occurring mutants for female
sterility were found. Two.of them are closely linked
and thus far have not complemented with one another
despite being able to complement with other mutants.
Alternative explanations are that the mutant sites
may occur in one cistron, two different cistrons
in a gene cluster, or in entirely distinct genes.
The apparent abundance of mutants for female sterility
suggests that protoperithecial development is under

an elaborate genetic control, and this is likely a

- characteristic of the sexual development in general

in Neurospora and in other ascomycetes.

All female sterile mutants differ from the wild type
in their superficial aerial growth characteristics.

= 135 =



136

This may reflect a common property of mutants
concerning the sexual development in general, and
suggests that a promising line of investigation
leading to the understanding of processes involved
in the sexual development may be the study of processes
concerned with corresponding changes in hyphal
morphology.

(e) A test for detecting blocks in the sexual development
following fertilization has been proposed. This is
in the event that the mutants for female sterility,
believed to affect protoperithecial development, also
affect later stages of the development. With
appropriate modifications the test may be useful in
inferring transport of géne products within and
between deveioping perithecia. For at least some
mutants, the procedure should be useful as a tool
in making allelic crosses involving some mutants for
female sterility.

(f) The genetic complexity of the sexual development in

Neurospora inferred from this and other studies

suggests that a genetic approach may be particularly
useful in studying this system despite some of the

disadvantages in using Neurospora as a representative

ascomycete,
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