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INTRODUCTION

Several years ago in an attempt to effect crosses between
parthenogenetic lines of the rotifer Hydatina senta, it was found
that the proportion of fertilized eggs that would hatch varied
greatly in different lines. In one cross, only one egg in several
hundred hatched, although the batch of eggs was kept for weeks; in
another, about one-eighth of the whole lot hatched. Since then
crosses have been made which resulted in a much higher pro-
portion of viable eggs, up to more than 50 per cent of viability.

1 Contribution from the Zodlogical Laboratory of the University of Michigan.
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The same condition was found among inbred eggs. Females
fertilized by, males of their own parthenogenetic line laid eggs
which, in some lines, did not hatch at all, though the eggs were
kept for many weeks, and though some of them were dried,
others frozen—treatment generally supposed to favor the hatch-
ing of such eggs. Of other lots of inbred eggs, 50 to 70 per cent
were viable.

In the autumn of 1911 I obtained particularly favorable mate-
rial with which to test the possible inheritance of this viability
of the fertilized eggs. Two lines were found, one of which pro-
duced highly viable fertilized eggs by inbreeding, the other only
slightly viable. The experiments about to be described show
this viability to be a rather definitely inherited character. ' Its
behavior in inbreeding, in crosses, and in selection have been
tested, and some results of theoretical interest beyond the limits
of this particular problem obtained.

I take pleasure in acknowledging the invaluable assistance of
Miss Frances J. Dunbar in carrying the experiments over criti-
cal periods during my enforced absence.

FACTORS DETERMINING VIABILITY OF EGGS

The following are some of the factors that seem to -me to
govern the proportion of eggs that hatch:

1. A solvent which reduces the thickness of the chitinous shell
of the egg is apparently produced. The effect of this solvent
is perceptible in parthenogenetic eggs shortly before hatching,
when the shell, thinner at some points than at others, yields to
pressure from within, and is raised in visible humps. When the
embryo has emerged, the shell is plainly very much thinner than
the shell of a freshly laid egg from which the egg itself has been
crushed by pressure. In fertilized eggs this solvent does not
usually produce any visible effect, for the young rotifer breaks
out while the shell is still quite thick. It is ordinarily quite
difficult fo distinguish an empty shell from an unhatched fer-
tilized egg, unless the break in the chitin can be seen. Some-
times, however, the embryo does not break from the shell until
the latter is quite thin and transparent. These occasional cases
show that such a solvent exists. Variations in the production
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of this solvent may account for differences in viability in differ-
ent lots of eggs.

2. Muscular power of the embryo probably determines the
hatching in part. Shells that have been made quite thin by
the solvent sometimes remain unbroken, owing to weakness of
the young rotifers.

3. Some of the eggs classed as fertilized may not really be
fertilized, and so incapable of development, or else incapable of
producing an embryo that can escape from the shell. Several
years ago I obtained, by mating a female with an old male, a
family consisting in part of fertilized eggs, in part of male eggs.
This is the only case of the kind ever recorded. The fertilized
eggs were laid first, and one of them hatched, producing a female.
They were followed by a number of smaller eggs, all of which
had shells somewhat thicker than parthenogenetic eggs usually
have, but not so thick as fertilized eggs. Some of these small
eggs hatched, though the embryo remained in the egg stage
longer than the uswal twelve to fourteen hours common to par-
thenogenetic eggs. A number of the small eggs did not hateh,
which is uncommon in parthenogenetic eggs. I believe this fail-
ure to hatch in some, and delay in hatching in others, to be due
to the thicker shells. In some way impregnation of the female
seemed to stimulate the production of thicker shells, even on
the eggs that were not fertilized. May this not be the case
frequently? Small eggs, sometimes not any larger than male
eggs, were not uncommonly found in these experiments; but
théy had thick shells bearing the usual pilose projections, and
were classed as fertilized eggs. If these were unfertilized, any-
thing that caused a variation in the number of them produced
might affect the proportion of eggs that hatched.

4. Environmental conditions no doubt play an important role
in the hatching of the fertilized eggs. There are plain indica-
tions that this is the case, though in what way or to what extent
has been only partially worked out.

Which, if any, of the first three of these factors is responsible
for the variations in the viability of the eggs that were the sub-
ject of these experiments is not known.
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GENERAL ACCOUNT OF THE EXPERIMENTS

The diagram in figure 1, with the following description, will
make clear the nature of the whole series of experiments. The
parthenogenetic lines used were derived originally from rotifers
collected in Grantwood, New Jersey, one in March, the other
in May, 1911. These lines were designated A and B, respec-
tively, in a former paper. Females of line A were inbred with
males of the same line, and from one of the fertilized eggs a new
line was started; this line is designated C. Females of line A
were mated with males of line B, and from one of the fertilized
eggs a second parthenogenetic line was started; this line is desig-
nated D in the diagram.

Lines C and D were each inbred (C X C and D X D), and
reciprocal crosses between them were obtained (C X D and
D X C). In these crosses the female parent is named first. The
inbred eggs were discarded after determining how many of them
would hatch, but from each of the reciprocal crosses a new par-
thenogenetic line was derived. Throughout the diagram, a batch
of eggs and the parthenogenetic line or lines derived from one
or more of them are regarded as a unit, since all individuals
between one fertilization and the next are believed to have the
same genotypic constitution, and are included in one rectangle
of the diagram.

The two reciprocal crosses (C X D and D X C) were each
inbred [(C X D) X (C X D) and (D X C) X (D X ()], and
reciproeal crosses [(C X D) X (D X C)and (D X C) X (C X D)]
also obtained. Three of these were discarded after determin-
ing the viability of the fertilized eggs. The fourth, the inbred
(C X D) X (C X D) was continued as two parthenogenetic lines,
one started from a family of eggs showing low viability, the
other from a family showing high viability of the eggs.

Each of these two lines was inbred, and from the fertilized
eggs two parthenogenetic lines started. The line from the low
viability line was started from an egg in a family that hatched
few of its eggs (L;); that from the high viability line was derived
from an egg in a highly viable family (H,). These two lines
were again inbred. Fertilized eggs were again selected from



INHERITANCE IN HYDATINA 53

families showing low and high viability, respectively, and from
them the lines designated L, and H were reared.

Each of these lines was inbred, and the fertilized eggs desig-
nated L; and H; were secured. L, and H, were also crossed
reciprocally (L, X H; and H, X L,), but no parthenogenetic
lines were reared in these cases; viability was determined and
the eggs discarded.

From this point the low viability and the high viability series
may be followed separately. The line bred from the eggs named
L; was again inbred, the eggs being marked L,, Two families
of these eggs were selected, one for low, the other for relatively
high viability. From each was reared a new line, each of which
was inbred to produce a batch of fertilized eggs (L from L, and
H from L). With these eggs the experiments with the low via-
bility series terminated.

Of the lot of eggs in H;, two families were selected, one show-
ing relatively low, the other high viability; from each a line
was started. These parthenogenetic lines were inbred to pro-
duce the lots of eggs called L, from H, and H, from H. Selec-
tion of families for low and high viability, respectively, was made
in these lots of eggs and a parthenogenetic line bred from each.
These lines were in turn inbred, the fertilized eggs being
designated L, from H, and H, from H. With these eggs the
experiments in the high viability series terminated.

DETAILS OF THE EXPERIMENTS

The following account of the individual experiments is divided
and labeled in accordance with the diagram in figure 1, in con-
nection with which the description may be easily followed.

A. The data for this line were published in part in a former
paper. It comprised 55.2 per cent of male-producers.

B. This line was likewise given in an earlier publication. It
included 16.5 per cent of male-producers.

C. The resting eggs of this lot were obtained by mating females
with males of line 4 on June 28 and 29, 1911. These females
laid on the average 8 eggs apiece. The eggs were dried soon after
laying, and remained in this condition until August 31, 1911,
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TABLE 1

Showing details of the parthenogenetic line C in figure 1. Male-producers are
designated 3 Q, female-producers @ @

GILI;B;BBEAI;?%% l:%gg:é;:’ NUM@BEQR OF) NU"QBEQR OF| GI:;;!\:}];EAI;I(O)E D:n;rgig:“ N‘J’MOI:EQR OoPF| NUMQBEQR OF

1 Oct. 12 35 16 5 Oct. 20 1 11

2 14 23 25 21 30 22

3 17 0 21 6 22 43 8

4 18 33 16 7 27 0 16

8 29 23 14

Total................oooiit. e 188 149

Percentageof Q... ..o 55.7

when water was put on them. On September 9 one female
hatched, from which was bred the parthenogenetic line desig-
nated C in figure 1. The details of this line are given in table 1.

D. Females of line A were mated with males of line B on
June 24 and 25, 1911, and laid on the average 10.9 eggs apiece.
These eggs were dried and remained in this condition until August
30, when they were again covered with water. One female
hatched on September 2 and gave rise to line D of figure 1, the
details of which are shown in table 2.

Viability in crosses and in wnbreeding

C X C. Females of line C were mated with males of the same
line October 22 to 26, 1911. From the 50 matings thus made,
805 fertilized eggs, or 16.1 per female, were obtained. These
eggs were kept under observation until December 20 to deter-
mine what proportion of them would hatch. Table 3 gives
the details of the hatching. It appears that 368 eggs, or 45.7
per cent of the whole lot, were viable. It is also worthy of
note that the number hatching daily gradually increased up to
the fifth or sixth day, and thereafter, with certain fluctuations,
decreased. Furthermore, practically the whole lot of viable eggs
hatched within a period of twelve or thirteen days; though the
eggs were kept much longer. The brief period in which the
hatching occurred is in such contrast with the case next to be
described that I have sought some method of measuring it. As
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TABLE 2

Showing details of parthenogenetic line D in figure 1

::};Bnal; Igi D}El%;;r NUMOI:EQR OoF NUMQBEQR OF :;&iiilgi ]:’%%;;F N UM;E; OF) NUMQBEQB OF
1 Sep. 3 0 5 18 Oct. 1 6 45
2 5 0 22 19 3 30 19
3 7 0 23 20 5 8 41
4 9 0 46 21 7 10 39
5 10 0 26 22 9 22 22
6 12 0 46 23 11 0 50
7 14 4 19 24 13 32 16
8 16 6 23 25 15 20 18
9 17 0 26 26 17 23 22
10 19 0 28 27 19 6 36
11 20 7 45 28 21 18 27
12 22 11 44 29 23 5 44
13 23 7 44 30 25 1 41
14 25 3 44 31 28 16 28
15 26 9 40 32 30 3 40
16 28 2 48 33 Nov.2 19 21
17 29 14 30
Total. oo . 282 1068
Percentageof Q... e 20.8
TABLE 3
Showing number of eggs that hatched, out of 805 in lot C XC, figure 1
paTE HATCHED pATE aTcazn DATE RarcauD
Nov. 1 7 Nov. 7 28 Nov. 13 2
2 19 8 28 14-15 0
3 14 9 65 16 1
4 33 10 15 17-Dec. 3 0
5 83 11 8 4 1
6 63 12 1 5-20 0
Total. ..o 368
Percentage of viable eggs. . ........ ... ... ... . 45.7
Standard deviation: o5 = 2.83 ¢, =1.74
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the curve of hatching is similar to a probability curve, the varia-
bility of the hatching time may be measured by the standard
deviation. This is obtained by the formula ¢ = \, E;’az, in
which p is the number hatching each day, a the deviation from
the mean duration of the egg stage, and n the total number
hatching. The standard deviation in this case, as shown at the
bottom of table 3, is 2.83 (days). A comparatively low standard
deviation indicates that the hatching occurred within a brief
period. A certain correction may be necessary, but this will be
mentioned later.

D X D. Females of line D were mated with males of the same
line October 22 to 31, 1911. From 32 matings thus made, 543
eggs, or 16.9 per female, were secured. These eggs were kept
under observation until December 20, during which time 29,
or 5.3 per cent hatched. There was great variability in the
hatching time of these 29 eggs, that is, the hatching was spread
nearly evenly over four weeks, with scattering ones later, as
shown in table 4, instead of over two weeks as in C X C. This
is shown by the high standard deviation, « = 10.78.

TABLE ¢
Showing number of eggs that hatched, out of 543 in lot D X D, figure 1

paTE mAToHED DATE HATCHED DATE HATCRED

Nov. 4 1 Nov. 16 1 Dee. 1 2

5 1 17-18 0 2 0

6-8 0 19 1 3 1

9 1 20 3 4 1

10 2 21 0 5-8 0

1 0 22 2 9 1

12 1 23 1 10 0

13 3 24-25 0 1 1

14 1 26 1 12-17 0

15 3 27-30 0 18 1

19-20 0

Total. e e 29
Percentage of viable eggs............ ... ... ... ... ., 5.3

Standard deviation: ¢g = 10.78 o, = 3.64
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These inbred eggs are so different from those of C X C, both
in their percentage of viability and in the variability of the
duration of the egg stage, that reciprocal crosses between the
lines producing them (C and D) are of considerable interest.
These crosses are next deseribed.

C X D. Females of line C were mated with males of line D
October 14 to 16 and 20 to 21, 1911. From 55 such matings
were obtained 827 eggs. These were observed daily until Decem-
ber 4, at which time 426, or 51.5 per cent had hatched. More
than half the eggs were observed eight days longer, but none of
them hatched, so the 426 recorded up to December 4 are prob-
ably about the total. Table 5 gives the details of the hatching.
The eggs were obtained in two distinct lots, separated by an
interval of several days, and these lots were observed separately.
In the table, they are combined, and instead of the actual date
the day of hatching, counting from the day the first egg was
laid, is given in the table. From this table it appears that the
variability of the duration of the egg stage is larger than in
C X C, but much smaller than in D X D (¢ = 3.44.).

A parthenogenetic line, started from a female selected at ran-
dom from the third day’s hatch is' recorded in table 6. The
proportion of male-producers in this line was 44.6 per cent.

TABLE §
Showing number of eggs that hatched, out of 827 in lot C X D, figure 1

DAY OF NUMBER DAY OF NUMER DAY OF NUMBER
HATCHING HATCHED HATCHING HATCHED HATCHING HATCHED

7 8 14 31 24 2

8 34 15 16 25-31 0

9 47 16 8 32 1

10 120 17 5 3345 0

11 66 18 12 46 1

12 35 19 5 47-49 0

13 35 20-23 0

Total .ot e 426

Percentage of viableeggs.............. ... ... i 51.5

Standard deviation: og = 3.44 g, = 1.57




INHERITANCE IN HYDATINA

59

D x C. Females of line D were mated with males of line ¢

October 16 to 21, 1911.

From 47 such matings were obtained 660
eggs which were kept under observation until December 8, at
which time 214 eggs, or 32.4 per cent, had hatched. Half the
eggs were kept until December 20, and two more were hatched;
but these two are not included in table 7 as they would not greatly

TABLE 6
Showing details of parthenogenetic line C X D, figure 1
DATE OF NUMBER NUMBER DATE OF NUMBER NUMBER
cmNpRaTioN| FIEST | oF & | cevmmamon | FRT | op o
1 "Nov. 3 23 32 5 Nov. 22 18 29
2 5 16 24 6 24 26 25
3 7 21t 241 7 26 32 17
4 10 o 15t 8 28 91 14!
Total. . oo 145 180
Percentage of @ ........ ... 44 .6
1 Remainder of family not recorded.
TABLE 7

Showing number of eggs that hatched, out of 660 in lot D X C, figure |

DATE HATCRED DATE HATCHED DATE HATCRED

Oct. 26 7 Nov. 7 0 Nov. 19 1
27 31 8 2 20 4

28 21 9 20 21 0

29 9 10 19 22 1

30 9 11 13 23 3

31 1 12 2 24 1

Nov. 1 3 13 9 25-26 0
2 11 14 1 27 1

3 8 15 1 28-Dec. 5 0

4 6 16 3 6 1

5 4 17 0 7 1

6 20 18 1 8 0

Total. ..o e 214
Percentage of viable eggs......... ... ... ... ... .. .. ... .. .... 32.4

Standard deviation: oy = 7.79 o, = 2.15
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affect the result. The standard deviation of the duration of the
egg stage is 7.79, less than in D X D, but considerably greater
than in C X C or C X D. The hatching has been spread over
a considerable time, but not so great a time, relative to the
number hatching, as in D X D.

Some correction in the standard deviation of the duration of
the egg stage seems necessary. If the eggs be collected over a
long period, and all be put into one lot for records of hatch-
ing, it is obvious that the hatching will be spread over a cor-
respondingly longer period, and the standard deviation thereby
increased. Since the four lots of eggs to be compared (C X C,
C XD, DXC and D X D) were not obtained in the same
length of time, the apparent variability of the duration of the
egg stage is not the true variability. To correct this error in
some measure, I have computed the standard deviation of the
laying of the eggs, and deducted it from the standard deviation
of the hatching. Some computation was necessary to determine
when the eggs were laid; but as the number of females mated in
one day, and the number of eggs laid by each, is known, and as
the fertilized eggs of one female are laid over a period of about
five days, a fair approximation of the time of laying may be
had. After this adjustment, the standard deviation was com-
puted, and is given at the bottom of each of the four tables
of hatching (indicated by ¢,; ¢, indicates the standard deviation
of hatching). It is believed that deducting ¢, from o, is a
sufficiently accurate correction within the limits in which it is
used.

If, now, the four lots to be compared are arranged in a series,
as in figure 1, with the inbred eggs (C X C and D X D) at the
ends, and the reciprocal crosses between them, each one near-
est the line that furnished the female parent, some interesting
facts appear. The standard deviations of hatching of the four
lots are 2.83, 3.44, 7.79 and 10.78, respectively; or, if we deduct
from each the standard deviation of laying, they are 1.09, 1.87,
5.64 and 7.14. From left to right, these four lots of eggs form
a series of increasing variability of the duration of the egg stage.
The most important feature is that the reciprocal crosses are
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apparently unequal. While both lie between the extremes of
their parents, each is more like the line that furnished its female
parent.

This inequality of the reciprocal crosses also appears in the
percentage of viable eggs. If the series be again arranged in
the same order as in figure 1, these percentages are 45.7, 51.5,
32.4 and 5.3, respectively. Of the two reciprocal crosses, the
one whose mother came from the high viability line had the
more viable eggs, and conversely. The apparent inequality of
the reciprocals is further tested in the experiments next to be
described.

It should be mentioned here in passing that from one of the
eggs of lot D X C, that hatched on the third day of hatching, a
parthenogenetic line was reared as in table 8. The percentage
of male-producers was 31.2.

(C X D) X (C X D), Females of the parthenogenetic line
C X D were paired with males of the same line November 24
to 30, 1911. From 54 matings thus made, 904 eggs were secured.
These eggs were observed daily until December 20, by which
time 425, or 47.0 per cent, had hatched. Table 9 records the
complete data. The standard deviation of the duration of the
egg stage is found to be 2.30. It does not seem necessary to

TABLE 8
Showing details of parthenogenetic line D X C, figure 1

NUMBER | DATE OF \yuyppp OF[NUMBER OF|| NUMBER DATE OF |G UMBER OF|NUMBER OF
ENERATION| YOUNG e e9 GENERATION | YouNG ae ?e

1 Nov. 4 2 23 5 Nov. 21 1t 211

2 5 12 38 6 23 9 22

3 8 12t 18t 7 25 35 13

9 11 211 8 28 12 22

4 10 It 9t
Total. .o 85 187
Percentage of 0 Q@ ...... ... 31.2

! Remainder of family not recorded.



62 A. FRANKLIN SHULL

compute the standard deviation of laying, since in the four exper-
iments to be compared the number of days on which the eggs
were obtained does not vary so greatly.

To test whether the viability of the eggs could be altered by
selection, two parthenogenetic lines were started from fertilized
eggs of the lot (C X D) X (C X D). Of the 54 females laying
these eggs, twelve were kept isolated and the hatching of their
eggs observed separately. There was considerable variation in
the proportion of the various families that hatched. The least
viable family hatched 4 out of 18 eggs, or 22.2 per cent of the
family. From the first of the 4 that hatched a parthenogenetic
line was reared, as in table 10. The most viable family hatched
11 out of 15, or 73.3 per cent. From the first.of the 11 that
hatched a parthenogenetic line was reared, as in table 11. The

TABLE 9
Showing number of eggs that hatched, out of 904 in lot (C X D) X (C X D), figure 1

DATE HATCRED DaTE HATCHED pATE HaTomED

Dec. 7 4 Dec. 12 107 Dec. 17 0

8 8 13 87 18 12

9 13 14 10 19 0

10 58 15 6 20 4

11 114 16 2

Total. ... 425

Percentage of viable eggs.............. ... .. ... 47.0

Standard deviation: oy = 2.30

TABLE 10

Showing details of parthenogenetic line derived from low viability family in
(C X D) X (C X D), figure 1

NUMBER oF | PATE OF | NumBur | Nomser| oo | pATE oF | NUMBER | NUMBER
GENEBATIOX;\‘ f c:?ri?c ;Fq gr:? GENERATION Y’ggs;ra d'og g‘;
1 Jan. 11 6 35 3 Jan. 15 17 30
2 13 9 28 4 16 31 14
Total. . e e 63 107

Percentage of &9 ... oot 37.0
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effect of this selection on viability is described later under the
headings L; and H;. T merely call attention here to the difference
in the proportion of male-producers, 37.0 per cent in one line,
20.5 per cent in the other.

(D X C) X (D x (). Females of the parthenogenetic line
D x C were mated with males of the same line November 26
to 30, 1911. From 38 such matings were secured 576 eggs. By
December 20, when the hatching must have been nearly com-
plete, 319 of these eggs, or 55.3 per cent had hatched (table 12).
The greater number of these eggs were hatched on a few suc-
cessive days, hence the standard deviation is low (¢ = 1.65).

TABLE 11

Showing details of parthenogenetic line derived from high viability family in
(C X D) X (C X D), figure 1

NUMBER | DATE OF |yyyuppr oFlNumBER ov|| NUMBER DATE OF UMBER OF\NUMBER OF
ENERATION| YoUNG e ee GENERATION | YoUNG a9 ee
1 Jan. 11 0 14 6 Jan, 21 8 30
2 13 0 17 21 6 23
3 15 0 9 7 21 8 11
4 17 6 42 8 23 10 34
5 18 21 29 9 25 8 28
6 20 4 29 25 5 28
Total. .o e 76 204
Percentage of @@ ... 20.5
TABLE 12

Showing number of eggs that haiched, out of 576 in (D X C) X (D XOC), figure 1

DATE

NUMBER
HATCHED

DATE '

NUMBER
HATCHED

DATE

NUMBER
HATCHED

Dec. 7 | 1 Dee. 12 57 Dee. 17 1
8 3 13 100 18 1
9 5 14 11 19 1
10 52 15 10 20 1
11 72 16 4
Total. ..o 319
Percentage of viableeggs................. ... ... ... ... . 55.3

Standard deviation: og = 1.65




64 A, FRANKLIN SHULL

Attention may now be called to the fact that although the
eggs of D X C showed lower viability and greater variability in
the duration of the egg stage than did those of C X D, yet when
the parthenogenetic lines from each were inbred, the eggs in
lot (D X C) X (D X C) were a little more viable and a little
less variable in their hatching time than were those of (C' X D)
X (C X D). The differences are small, however, as compared
with the differences between D X C and C X D, and are prob-
ably insignificant. The inequality of the reciprocal crosses dis-
appears when the parthenogenetic lines derived from them are
compared. Further evidence that the reciprocal crosses C X D
and D X C are not after all unequal is found in the reciprocal
crosses between the reciprocal crosses, now to be described.

(C X D) X (D X C). Females from the parthenogenetic line
C" X D were paired with males from line D X C November 9
and 10, 1911. From 20 matings thus produced, 278 eggs were
obtained. Up to December 20, 174 of these eggs, or 62.5 per
cent, had hatched (table 13). The duration of the egg stage
is not greatly variable, hence the standard deviation is low
(¢ = 2.42).

(D X C) X (C X D). Females of the line D X C were mated
with males of the line C X D November 7 to 10, 1911. From
23 such matings were secured 357 eggs. Up to December 20,

TABLE 13
Showing number of eggs that hatched, oul of 278 in (C X D) X (D X C), figure 1

Date FaTcRED pare HATCHED pATE HATGRED

Nov. 19 5 Nov. 25 10 Dec. 1-5 0

20 9 26 2 6 1

21 20 27 1 7-14 0

22 59 28 0 15 1

23 44 29 1 16-20 0

24 19 20 2

40 7 PP 174

Percentage of viableeggs................ ... 62.5

Standard deviation: og = 2.42




INHERITANCE IN HYDATINA 65

244 of these eggs, or 68.3 per cent, had hatched (table 14). The
variability in hatching time is not great, hence the standard
deviation is low (¢ = 2.19).

The reciprocal crosses described in the last two paragraphs
are approximately equal both in percentage of viability, and in
variability of hatching time, though their parents C X D and
D x C, were widely different in both characters. This supports
similar evidence from the inbreeding of C X D and the inbreed-
ing of D X C. The reciprocal crosses C X D and D X C were,

TABLE 14
Showing number of eggs that hatched, out of 357 in (D X C) X (C X D), figure 1

Nov. 18 3 Nov. 23 53 Nov. 28 2
19 14 24 30 29 0

20 16 25 26 30 1

21 19 26 17 Dee. 1-6 0

22 59 27 3 7 1

8-20 0

7 244
Percentage of viable eggs........... ... . i 68.3

Standard deviation: g = 2.19

after all, nearly equal. The inequality existed only in the egg
stage. When these eggs grew up, so to speak, to produce par-
thenogenetic lines, these lines were essentially equal in the via-
bility and variability of the fertilized eggs which they produced.

Effect of selection for low viability in a hybrid line

L,. Females of the parthenogenetic line derived from a low
viability parent in (C X D) X (C X D) were paired with males
of the same line January 16 to 18, 1912. From 40 such matings,
515 eggs were obtained. These were kept under observation
until February 22, at which time 149 eggs, or 28.9 per cent, had
hateched (table 15). Standard deviation of hatching time has
not been computed for any of the selection experiments, as it
was obvious that no marked difference would be found.

rHE JOURNAL OF EXPERIMEMTAL ZOOLOGY, VOL. 1§, No. 1
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Of the 40 females laying these eggs, 12 were kept isolated and
the hatching of their eggs recorded separately. The least viable
of these twelve families of eggs was one that hatched only 1 out
of 21 (viability 4.7 per cent). From the one that hatched, a
parthenogenetic line was reared (table 16) to produce a further
generation of eggs. This line included 39.3 per cent of male-
producers.

L,. Females of the parthenogenetic line L, were paired with
males of the same line February 14 to 24, 1912. From 60 mat-
ings thus made were obtained 770 eggs. By March 17, when
observations ceased, 272 eggs, or 35.3 per cent, had hatched
(table 17).

From the 60 females that laid these eggs, one was selected
that laid 18 eggs, of which but one hatched (viability 5.5 per

cent). From this one was bred a parthenogenetic line (table
TABLE 15
Showing number of eggs that haiched, out of 6§15 in lot L, figure 1
Jan. 26 5 Jan, 31 23 Feb. 8 11
27 14 Feb. 1 6 9 12
28 2 2 0 10 1
29 10 3 1 11-22 0
30 64 47 0
T R 149
Percentage of viable eggs .......... ... ... i 28.9
TABLE 16
Showing details of parthenogenetic line L, figure 1
NUMBER DATE OF NUMBER O} NUMBER OF NUMBER DATE OF NUMBER OF[NUMBER OF
czwpmATIoN| Youwe | O° 29 || aenemamion | vouwa | O e
1 Feb. 8 10 31 4 Feb. 15 24 19
2 10 24 22 5 17 10 39
3 12 24 19
Total. .o e 92 142
Percentage of 0'Q ...oevii i e 39.3
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18) to be used for further selection for least viable eggs. This
line included 40.7 per cent of male-producers.

L;s. Females of the parthenogenetic line L, were paired with
males of the same line April 3 to 8, 1912. From 42 such mat-
ings, 487 eggs were obtained. To and including April 30, there
had hatched 191 eggs, or 39.2 per cent (table 19).

From the 191 eggs that hatched, one was selected at random,
without reference to the viability of the family to which it be-
longed. From this egg a parthenogenetic line was reared (table
20) which included 36.1 per cent of male-producers.

TABLE 17
Showing number of eggs that hatched, out of 770 in lot L.. fiaure 1
DATE EatcuED vate HaTeHED DaTE BATGRED
Feb.24 | 20 Mar. 1 26 Mar. 7 2
25 30 2 31 8-10 0
26 16 3 9 11 2
27 29 4 8 12 0
28 52 5 12 13 5
29 29 6 0 14 1
15-17 0
Total. .o e e 272
Percentage of viableeggs........ ... ... .. .. il 35.3
TABLE 18
Showing details of parthenogenetic line in L,, figure 1
NUMBER DATE OF ‘ NUMBER NUMBER NUMBER DATE OF NUMEER NUMBER
OF FIRST OF OF OF FIRST OF OF
GENERATION| YOUNG "] ?Q GENERATION YOUNG a9 Q9
1 Mar. 28 13 43 10 Apr. 15 26 22
2 30 2 42 11 17 12 37
3 Apr. 2 14 31 12 19 26 19
4 4 15 28 13 21 21 28
5 6 21 19 14 23 24 19
6 8 36 13 15 24 22 12
7 10 15 28 16 26 16 16
8 11 14 27 17 28 2 22
9 13 21 31
Total.. oo 300 437
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TABLE 19
Showing number of eggs that hatched, out of 487 in lot Ls, figure 1
T3 B I S S I
Apr. 13 1 Apr. 18 32 Apr. 22 3
14 22 19 10 23-24 0
15 33 20 6 25 1
16 53 21 1 26-30 0
17 29
Total. .o e e 191
Percentage of viableeggs................. . ... ... .. i e 39.2
TABLE 20
Showing details of parthenogenelic line Li, in figure !
NUMBER DATE OF NUMBER NUMBER NUMBER DATE OF NUMBER NUMBER
OoF FIRST OF OF OF FIRST OF OF
GENERATION| YOUNG g9 9 GENERATION YOUNG a9 9
1 May 12 5 22 4 May 18 11 27
2 14 6 7 5 21 19 19
3 16 15 24
Total. .o e 56 99
Percentage of @' Q... 36.1
TABLE 21
Showing number of eggs that hatched, out of 728 in lot H,, figure 1
paTE HATCRED pATE RATCHED patE HATCRED
Jan. 30 2 Feb. 7 42 Feb. 15 0
31 7 8 32 16 3
Feb. 1 28 9 79 17 1
2 19 10 38 18-21 0
3 2 11 29 22 1
4 11 12 57 23-25 0
5 4 13 11 26 1
6 12 14 2 Feb. 27-Mar. 1 0
!
otal. . oo et 381
Percentage of viable eggs. . ............ ... .. ... iiiiiiis 52.3
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Effect of selection for high wability in a hybrid line

Let us now turn to the high viability series, beginning with
the parthenogenetic line in (C X D) X (C X D), whose parent
hatched 11 out of 15 eggs (viability 73.3 per cent).

H,. Females of the parthenogenetic line bred from a highly
viable family in (C X D) X (C X D) were paired with males of
the same line January 20 to 28, 1912. From 53 such matings,
728 fertilized eggs were obtained. By March 1, 381 of these,
or 52.3 per cent, had hatched (table 21). Of the low viability
lot of eggs, L, there hatched at the same time but 28.9 per cent.

One of the above 53 females laid 16 eggs, of which 12, or 75
per cent, hatched. From the first of her twelve daughters the
parthenogenetic line designated H, was reared. It included but
18.9 per cent of male-producers (table 22).

H,. Females of the parthenogenetic line H, were paired with
males of the same line, February 17 to March 8, 1912. From
43 such females were obtained 583 eggs, of which 288, or 49.3
per cent, hatched before April 10 (table 23). The low viability
lot of eggs, L,, corresponding to the high viability lot H,, hatched
but 35.3 per cent. It should be noted that these two lots of
eggs were not on the whole hatching simultaneously. Whereas
the bulk of the eggs in L, hatched at the end of February, the
lot H, reached its maximum about March 20. This was unavoid-
able owing to the fact that the scarcity of male-producers in

TABLE 22
Showing details of parthenogenetic line H,, in figure 1
NUMBER DATE OF NUMBER NUMBER NUMBER DATE OF NUMBER NUMBER
OF FIRBT oF OF OF FIRST OF OF
GENERATION| YOUNG a9 e GENERATION YOUNG e Q9
1 Feb. 18 7 44 4 Feb. 27 16 36
2 21 3 37 5 29 10 34
3 24 3 36 6 Mar. 3 20 25
25 3 26 7 5 i 201
26 4 24 8 7 o 161
Total.... ... o R 72 307
Percentage of ' Q... 18.9

1 Remainder of family not recorded.
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the high viability parthenogenetic line prevented the fertiliza-

tion of a sufficient number of eggs.

The fluctuation of the via-

bility, which will be apparent later, may be due to the fact that

the two lots did not hatch simultaneously.

Of the 43 females that laid the eggs in lot H,, one laid 13 eggs,
of which 10, or 76.9 per cent, hatched. From the first of her

TABLE 23
Showing number of fertilized eggs that haiched, out of 583 in lot H,, figure 1
paTS HATCHED DaTE HATCHED paTE HAToRED
Feb. 28 3 Mar. 13 12 Mar. 25 9
29 5 14 4 26 2
Mar. 1 3 15 3 27 3
2 1 16 5 28 1
3 0 17 6 29 0
4 1 18 7 30 2
5 1 19 21 31 0
6-8 0 20 34 Apr. 1 2
9 2 21 38 2-3 0
10 0 22 13 4 1
11 1 23 39 5-10 0
12 0 24 69
Total. ... e 288
Percentage of viableeggs............. ... ... i 49.3
TABLE 24
Showing details of parthenogenetic line Hs, in figure 1
NUMBER DATE OF NUMBER NUMBER NUMBER DATE OF NUMBER NUMBER
OF FIRST OF OF or FIRST OF OF
GENERATION| YOUNG e e GENERATION YOUNG e o]
1 Mar. 22 3 19 6 Apr. 3 12 32
2 25 19 26 7 5 7 39
3 28 11 25 8 7 15 34
29 0 43 9 9 7 33
4 30 7 48 10 1 0 9
5 Apr. 1 4 27 11 13 5 19
Total. .o e 90 354
Percentage of 6 @ .vcvenrnit i 20.2
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ten daughters was bred the parthenogenetic line H, (table 24).
It included 20.2 per cent of male-producers.

H,. Females of the parthenogenetic line H, were paired with
males of the same line March 29 to April 7, 1912. From 42
such females, 640 eggs were obtained, of which 407, or 63.5 per
cent, hatched before April 30 (table 25). The low viability lot
L; hatched, at about the same time, only 39.2 per cent.

TABLE 25

Showing number of fertilized eggs that haiched, out of 640 in lot Hs, figure 1
DatE BATCHED DaTE ATCHED pATE BATCRED

Apr. 8 2 Apr. 14 86 Apr. 20 6

9 17 15 53 21 2

10 34 16 35 22 3

11 33 17 39 23 1

12 24 18 20 24-30 0

13 47 19 5

Total. . e 407

Percentage of viableeggs............. ... 63.5

From the 42 females that laid the eggs in lot H; two were
selected for further breeding. One laid 16 eggs, of which but
7, or 43.7 per cent, hatched; the other laid 21 eggs, of which
17, or 80.9 per cent, hatched. From the first daughter of each
was bred a parthenogenetic line, as given in table 26. The pur-
pose was to test the effect of selection within the high viability
series, the results of which are described later. The first of these
lines included 10.0 per cent, the second 11.1 per cent of
male-producers.

The percentage viability of the eggs in lots L, L. and L,
were 28.9, 35.3, and 39.2, respectively; in lots H,, H., and H,,
it was 52.3, 49.3, and 63.5, respectively. The high viability lots
were consistently more viable than the lots selected for low via-
bility. With the exception of the second lots, the difference
between the two lots is nearly constant; and this exception is
probably due to the fact that L, and H, were not hatched at the
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same time, and hence not under the same conditions. Selection
affected viability, but this effect was all in the first selection,
and further selection did not increase the difference in viability.

Effect of crossing on viability in two lines made different by
selection

Whether selection produced a permanent difference, or whether
the difference was maintained only by continuous selection, was
determined by the remaining experiments. First among these
were reciprocal crosses between the parthenogenetic lines in L,
and H 2.

L, X H,. Females of the parthenogenetic line L, (see fig. 1)
were mated with males of the line H, April 11 to 19, 1912. From
36 such females were obtained 427 eggs, of which 245, or 57.3
per cent, hatched before May 6, as in table 27.

TABLE 26

Showing details of two parthenogenetic lines in Hs, figure 1, one derived from a
Samily in which only 43.7 per cent of the fertilized eggs hatched, the other from a
SJamily in which 80.9 per cent of the eggs haiched.

Low VIABILITY Hien viaBILITY
NUMBER DATE OF | NUMBER | NUMBER NUMBER DATE OF | NUMBER | NUMBER
oF FIRST OF OF oF FIRST oF oF
GENERATION| YOUNG ‘ aQ 99 GENERATION YOUNG g QQ
1 May 2 0 28 1 May 2 2 17
2 4 0 50 2 4 1 53
3 6 0 42 3 6 0 25
4 7 1 33 4 7 9 34
5 9 3 36 5 9 7 18
6 11 4 39 6 11 3 18
12 15 50 7 13 3 25
7 12 8 15 8 15 0 27
8 15 1 31 9 17 13 26
9 17 7 28 10 19 1 35
10 19 6 39 11 21 0 33
11 21 1 22
Total............. 46 413 Total.............. 39 311
Percentage of 9.... 10.0 Percentage of 9 .... 1.1
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H, X L,. Féemales of the parthenogenetic line H, were mated
with males of the line L, April 7 to 15, 1912. From 30 such
females, 294 eggs were obtained. Of these, 203, or 69.0 per
cent, hatched before May 6 (table 28).

These reciprocal crosses bear precisely the same relation to
each other and to their parents as do the reciprocal crosses C X D
and D X C. The reciprocals are unequal, that one having the
higher viability whose mother belonged to the high viability
line. In both cases, the cross whose mother came from the high
viability line (C X D and H, X L,;) possessed greater viability
than either parent line.

TABLE 27
Showing number of fertilized eggs that hatched, out of 4287 in lot Ly X Hj, in figure 1
DATE HATCHED paTE HATORED DATE HAToRED
Apr. 18 9 Apr. 23 10 Apr. 29-30 0
19 56 24 5 May 1 1
20 80 25-27 0 2 1
21 48 28 1 3-6 0
22 34
Total. .. e 245
Percentage of viable eggs............ ... ... .. i, 57.3
TABLE 28

Showing number of fertilized eggs that hatched, out of 294 in lot Hy X L, in figure 1

DATE RATCHED DATE HATCHED paTE HATcRED
Apr. 16 1 Apr. 22 35 Apr. 27 4
17 0 23 11 28 3
18 1 24 4 29-30 0
19 10 25 10 May 1 3
20 57 26 3 2-6 0
21 61
Y A A 203
Percentage of viable eggs......... ... .. ... ... .. i, 69.0
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Effect of selection for high and low wviability in the low wviability
series (repeatedly inbred)

L,. Females from the parthenogenetic line Lj;, whose parent
was selected at random without reference to viability, were mated
with males of the same line May 19 to 23, 1912. From 38 such
females were obtained 241 eggs, of which 53, or 21.9 per cent,
hatched before June 7 (table 29).

Twelve of the above 38 females were kept isolated and the
hatching of their eggs recorded separately. In the least viable
family, 1 egg in 12, or 8.3 per cent, hatched; in the most viable,
4 out of 11, or 36.3 per cent, hatched. From the first daughter
in each family a parthenogenetic line was reared (table 30). The
low viability line included 37.5 per cent of male-producers, the
high viability line 13.6 per cent.

L from L. Females of the parthenogenetic line in L, bred from
a low viability family were mated with males of the same line
June 11 to 13, 1912. From 26 such females 223 eggs were ob-
tained, of which 74, or 33.1 per cent, hatched prior to July 14
(table 31).

H from L. Females of the high viability line (selected for
high viability from low viability eggs) in L, were mated with
males of the same line June 15 and 16, 1912. From 12 such
females 74 eggs were obtained, of which 24, or 32.4 per cent,
hatched prior to July 14 (table 32).

TABLE 29

Showing number of fertilized eggs that hatched, out of 241 in lot La, figure 1

DaTE HATORED DaTE HATCRED paTE HATCRED
May 27 5 May 31 3 June 4 0
28 14 June 1 9 5 0
29 10 2 4 6 0
30 6 3 2 7 0
Total..........coooo feeenaiii i 53
Percentage of viableeggs....................... ...l 21.9
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TABLE 30

75

Showing details of two parthenogenetic lines in L., figure 1, one line being reared
from a family in which few eggs hatched, the other from a family in which rela-
tively many eggs hatched

Low VIABILITY HigH VIABILITY
NuuszE oF DYAF;%’;:: Ng;gor NUH:EQB orf| xoupre or ‘;%‘%;’: NUM;ES'?B or[NUMBER OF
1 June 3 5 31 1 June 3 0 v
2 4 0 6 2 4 0 6
4 0 4 6 0 16
3 6 12 28 3 7 2 33
6 0 8 4 10 3 24
4 10 18 15 5 12 1 30
5 12 18 10 6 13 9 19
6 14 15 11 7 15 4 24
8 17 7 19
9 20 0 7
21 7 24
Total............. 68 113 Total............... 33 209
Percentage of 7¢.... 37.5 Percentage of ¢ . ... 13.6
TABLE 31

Showing number of eggs that hatched, out of 223 in lot (L from L), figure 1

DaTE RATORED pate HATCRED paTE RATCRED
June 20 1 June 25 9 June 29 2

21 11 26 4 30 1
22 15 27 0 July 1 2
23 18 28 1 2-14 0
24 10

Total. . e 74

Percentage of viableeggs.................oviiiiii i 33.1
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Since L from L, and H from L show almost precisely the same
viability, selection for high and low viability within the low
viability lot was entirely ineffective.

Effect of selection for high and low viability in the high viability
sertes (repeatedly tnbred)

L, from H. Females of the parthenogenetic line bred from a
low viability family in Hs; were mated with males of the same
line May 13 to 23, 1912. From 18 such females were obtained
161 eggs, of which 94, or 58.3 per cent, hatched prior to June 5
(table 33).

One of these 18 females laid nine eggs, of which only one
hatched (11.1 per cent of viable eggs). From that one a parthe-
nogenetic line was reared, as in table 34, including 16.1 per cent
of male-producers.

TABLE 32
Showing number of fertilized eggs that hatched, out of 74 in lot (H from L), figure 1
S S S b
June2s | 2 June 27 3 June 30 1
25 8 28 2 July 1 4
26 2 29 2 2-14 0
Total. et e 24
Percentage of viable eggs................. ... ... e, 32.4
TABLE 33

Showing number of eggs that hatched, out of 161 in lot (L, from H), figure !

DATE HARCRED paTE HATCRED paTE RATCHED
May 22 | 1 May 27 30 June 1 3
23 7 28 14 2 1
24 13 29 2 3 0
25 7 30 5 4 0
26 10 31 1 5 0
B s 7 94




H, from H. Females of the parthenogenetic line bred from a
high viability family in H; were mated with males of the same
line May 11 to 20, 1912. From 23 such {emales were obtained
259 eggs, of which 125, or 48.2 per cent, hatched prior to June

19 (table 35).

Comparison of L, from H with H, from H shows that a single
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selection for low viability within the high viability series was
entirely ineffective.

TABLE 34
Showing details of parthenogenetic line in (L, from H), figure 1
NUMBER DATE OF NUMBER NUMBER NUMBER DATE OF NUMBER NUMBER
OF FIRST OF OF OF FIRST OF OF
GENERATION ~ YOUNG e ?9 GENERATION YOUNG e Qe
1 May 30 1 26 7 June 11 1 26
2 31 4 18 8 13 6 26
3 June 3 9 30 9 15 6 14
4 4 8 36 10 16 0 30
5 7 5 34 11 18 10 18
6 9 1 36 18 9 18
Total.......oo 60 312
Percentage of 7@ ......... 16.1
TABLE 35
Showing number of fertilized eggs that hatched, out of 2569 in lot (H, from H),
figure 1
May 20 2 May 28 21 June 5 1
21 0 29 2 6 1
22 9 30 3 7-9 0
23 5 31 15 10 1
24 15 June 1 3 11 0
25 6 2-3 0 12 4
26 23 4 1 13-19 0
2 13
Total. ... 125




78 A. FRANKLIN SHULL

One of the 23 families in lot H, from H laid 14 eggs, of which
11, or 78.5 per cent, hatched. From the first of her 11 daughters
a parthenogenetic line was reared, as in table 36, including 35.8
per cent of male-producers.

L, from H. Females of the parthenogenetic line L; from H
were mated with males of the same line June 9 to 17, 1912.
From eight such females were obtained 65 eggs, of which 36,
or 55.3 per cent, hatched prior to July 1 (table 37).

H, from H. Females of the parthenogenetic line H, from H
were mated with males of the same line June 8 to 13, 1912.
From 23 such females were obtained 164 eggs, of which 92, or
56.0 per cent, hatched prior to July 14 (table 38).

Comparison of L, from H with H. from H indicates that a
second selection for high and low viability within the high
viability series had no effect.

TABLE 36
Showing details of parthenogenetic line in (H, from H), figure 1
NUMBER DATE OF NUMBER NUMBER NUMBER DATE OF NUMBER NUMBER
OoF FIRST OF OF OF FIRST OF OF
GENERATION| YOUNG S’ e GENERATION YOUNG e Q9
1 May 29 0 13 5 June 7 11 16
2 31 0 9 6 9 0 3
3 June 3 1 4 11 0 2
4 4 14 28 7 11 27 20
Total. .ot e e 53 95
Percentage of & Q... ... e 35.8
TABLE 37
Showing number of fertilized eggs that hatched, out of 65 in lot (L, from H), figure 1
DATE HATCHED pATE HATCHED DATE HATORED
June 18 4 June 21 5 June 24 1
19 11 22 4 25 1
20 7 23 3 June 26-July 1 0
Total. .o e e 36
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TABLE 38
Showing number of fertilized eggs that hatched, out of 164 in lot (H: from H),
figure 1
June 17 1 June 23 7 June 28 3
18 26 24 5 29 2
19 12 25 6 30 2
20 8 26 2 July 1 6
21 4 27 2 2-14 0
22 6
Total. ... e e e 92
Percentage of viableeggs........... ... ... ... ...l 56.0

RESULTS OF THE EXPERIMENTS

The results of the experiments may be stated under three
heads: (1) The effect of crossing on the viability of eggs and on
the variability of the duration of the egg stage; (2) effect of
selection on viability of eggs in a hybrid line and in relatively
‘pure’ lines; and (3) inheritance of the sex-ratio. Figure 2 will
‘aid in presenting these results.

1. The effect of crossing. Viability of eggs. This was tested
twice in the experiments: once in reciprocal crosses between lines
C and D, which were found, already distinctly different in via-
bility, in previous experiments, and again in reciprocals between
L, and H,, which had been made to differ in viability by means
of selection. In both cases the average viability of the two lots
of F, fertilized eggs (for instance, C X D and D X C) was con-
siderably greater than the average viability of the inbred eggs
of the two lines crossed. In both casses, the two reciprocal
crosses were unequal, that one being most viable which had
the high viability mother, and conversely. These results indi-
cate that L, and H,, made different by selection, differed from
one another in precisely the same way as did C and D, which
were found different in previous experiments.

The inequality of the reciprocal crosses lasted, however, only
through the egg stage. For when parthenogenetic lines were
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c . D
M=55 7 M=20.8

CxC CxD DxC -
V=457 v= ’5;1.5 V=;2.4 V=Dg?3
o= 1.09 o= 187" o= 564 q=714
M=44.6 M= 31.2 -
% QWN
(CxD) x (CxD) (CxD) x (DxC) (O I
VB(ow) 2222 Wlow) = 370" i o S A
=22. low) = 37. o= 2.4 =

VP(hight=73.3  Mlhigh)=20.5 i g= 21 o= 18

Q\FN

Vs 25.9 v

= 4.7

M =393 M

9\/3 Q

v =383 ¥

=35, vV =49,
VP= §.§ VP= ;:8
M =407 M =20.2
% d g - N
L L, xH M, xL, H
vzl vas?3 v=69.0 v =63.5 Mlow = 10.0
VP(low) = 43.7 Mlhigh)= 111
M =361 VP(high)= 80.9
[

v =218 M{low) =37.5 \'7 %3
VP(low) = 8.3 Mlhigh=13.8 VPz 111
VP(high) = 36.3 M = 16.1

QM ¢ AR

Lfrom L H from L L, from H
vVa3d.i Vn32.4 V=553

Fig. 2 Diagram showing results of all experiments described in text (see
also fig. 1). M = percentage of male-producers in parthenogenetic line. V
= percentage of viable fertilized eggs. VP = percentage viability in famijly
of fertilized eggs from which parthenogenetic line was derived. ¢ = standard
deviation of duration of egg stage.

reared from the fertilized eggs-'in C X D and D X C, and these
lines were in turn inbred and reciprocally crossed, the following
result appeared: the two lots of inbred eggs were approximately
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equal in viability, and the two reciprocal crosses were approxi-
mately equal.

Variability of the duration of the egg stage. The effect of cross-
ing on the variability of the duration of the egg stage was tested
in two successive generations, beginning with a cross between
lines C and D. The standard deviation of the hatching time
for inbred eggs of these two lines were widely different (1.09
and 7.14 respectively). The standard deviations of the two
reciprocal crosses were intermediate between those of the inbred
eggs, but were very unequal (1.87 and 5.64); each cross was
nearer its female parent, in point of variability of hatching time.

This inequality existed only in the egg stage, however, for
when the two reciprocal crosses (C X D and D X C) were in
turn inbred and reciprocally crossed, the variability of hatching
time did not materially differ in the four lots of eggs (standard
deviation being 2.30, 2.42, 2.19 and 1.65, respectively).

2. The effect of selection on wviability of eggs. In hybrid lines.
In the lot of eggs designated (C X D) X (C X D), which were
only once inbred from an F, (and hence hybrid) parthenogenetic
line, selection was made for families of high and low viability,
respectively. From the selected eggs, parthenogenetic lines were
reared, and among their inbred eggs, selection for families of
high and low viability was again made. Three successive selec-
tions resulted in an average difference of about 21 per cent in
the viability of the eggs; but practically all this difference was
produced by the first selection, and was not thereafter appreciably
increased.

Selection tn relatively ‘pure’ lines. Three successive inbreed-
ings, as described above, must have changed many heterozygous
characters to the homozygous condition, if random segregation
and recombination occur; hence the parthenogenetic lines L; and
H; must have been relatively ‘pure,’ that is, homozygous. Was
the difference in viability between L; and H; fertilized eggs a
permanent product of selection, or had it been maintained only
by continued selection?

Random selection from L, without reference to the viability
of the parents, resulted in a lowered viability in L,. This may
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have been due to external conditions; at any rate, wability did
not increase when selection for low wviability was discontinued.
Selection was then made for high and low viability in this “‘ran-
dom” lot of eggs, but the results, as shown in L from L and
H from L, figure 2, show that selection was wholly ineffective.
The low viability eggs were permanently of low viability, not
kept low by continued selection; selection within the low via-
bility series was of no avail.

In like manner, selection for high and low viability among
the high viability families of H; (cf. L, from H, and H, from H;
also, L, from H, and H, from H) did not alter the viability in the
direction of selection. The high viability eggs were inherently of
high viability, not maintained so by selection.

3. Inheritance of the sex-ratio. In every case here recorded
in which two lines were crossed (for example, lines 4 and B
to produce D, also reciprocal crosses between C and D), the
cross was tntermediate between the parent lines in the proportion
of male-producers. In the one case of reciprocal crosses recorded,
the reciprocals were unequal; each was nearer the line that furnished
the female parent. Unfortunately, only one of these reciprocals
was tested further, so it is not known whether this inequality
of the reciprocal crosses disappeared, as was the case with via-
bility, in the subsequent parthenogenetic lines.

When a parthenogenetic line was inbred, the parthenogenetic
line derived from its fertilized eggs usually yielded about the
same proportion of male-producers as did the parent line. That
this was not necessarily the case, however, was shown when
two lines were reared from the same lot of inbred eggs. Thus,
in (C X D) X (C X D), the line bred from a low viability family
of eggs included 37 per cent of male-producers, while the line
from a high viability parent yielded only 20.5 per cent. This
was not due to the conceivable fact that one line was bred only
during a period of many male-producers, the other only during
a period of few male-producers; for when these two lines were
inbred, and their descendants inbred several times in succession,
the 37 per cent series maintained, with one exception, a propor-
tion of male-producers about 35 per cent (L, to L), while the
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20 per cent series, with one exception, yielded less than 21 per
cent (H, to L, from H and H, from H). Thus, in (C X D) X
(C X D), selection for viability of fertilized eggs was accompanied
by a differentiation with respect to the proportion of male-pro-
ducers such that the least viable eggs yielded the parthenogenetic
line with the most male-producers. Precisely the same result
appeared in L, where selection for low viability produced a
parthenogenetic line with 37.5 per cent of male-producers, while
the high viability eggs gave rise to a line with only 13.6 per cent
of male producers.

One can not safely generalize, however, and say that a high
percentage of male-producers is associated with low viability of
fertilized eggs; for in H; a similar selection for viability of eggs
was made, without, as figure 2 shows, any appreciable effect on
the percentage of male-producers in the descendent partheno-
genetic lines.

INTERPRETATION OF RESULTS

Viability of fertilized eggs appears to be dependent on segre-
gating factors or genes. Otherwise, two eggs from the same
source could not give rise to parthenogenetic lines whose ferti~
lized eggs differ markedly in viability. Selection for viability
was effective in a hybrid (heterozygous) lot of eggs because of
this segregation.

Since a single selection produced the maximum effect on via-
bility, since this effect was not augmented by subsequent selec-
tion, it appears probable that but few genes are concerned with
viability. The eggs of the first selected families must have been
practically homozygous, or subsequent selection would have aug-
nmiented the effect. Had the genes affecting viability been num-
erous, the chance of selecting a completely homozygous egg the
first time would have been quite small. I hesitate to suggest that
a single pair of genes is involved; but it is quite possible that
only one of the elements of viability discussed in a previous
section has been studied here, and that the irregularities noted
are but the effect of external conditions.
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That inbreeding coupled with selection had produced practi-
cally homozygous eggs is further indicated by the negative results
of selection in L, and H, Selection for high and low viability
within each of these lots of eggs was without effect, as would
be expected if the parthenogenetic lines producing the eggs were
homozygous with respect to viability.

The greater viability in eggs produced by crossing two lines,
as compared with the inbred eggs produced by the same lines,
may be the result of increased vigor due to heterozygosis. I
have already shown (Shull ’12 b) that inbreeding results in de-
crease of vigor in Hydatina, and Whitney (’12), following a single
experiment of mine, has proven that crossing increases vigor.
It seems probable that the fact that the reciprocal crosses between
C and D and between L. and H, show an average viability
plainly in excess of the average viability of the inbred eggs of
the same lines, is merely another example of the increase of
vigor due to heterozygosis. Which of the several possible ele-
ments contributing to viability is affected by heterozygosis can
not be determined. )

The inequality of the reciprocal crosses with respect to via-
bility of eggs is discussed in a separate section.

Variability in the duration of the fertilized egg stage is not so
certainly explainable because the experiments in which marked
differences in this variability appeared were few. All of the
results of the experiments here described accord fairly well with
the assumption that this variability is dependent on a single
pair of genes, and that low variability of hatching time is domi-
nant over high variability. Because of the small number of
tests obtained, this interpretation may well be incorrect.

The inequality of the reciprocal crosses C X D and D X C,
together with the equality of the inbred and of the crossed eggs
obtained from them, is discussed in another section, in connec-
tion with the inequality of reciprocal crosses with respect to
viability of eggs.

The sex-ratio, or its equivalent, the percentage of male-produc-
ing females, behaves as if dependent on a number of genes; but
it is difficult to formulate a general statement. In the experi-
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ments described in this paper, the only two parthenogenetic lines
(C X D and D X C) that were derived from crosses between
other lines, were intermediate between their parents in respect
to the sex-ratio. This is what would be expected if the sex-
ratio were dependent on a number of genes. But in a previous
paper (Shull '11) I described a case in which a cross gave a
much higher proportion of male-producers than either of its par-
ent lines. There is a bare possibility that the two lines crossed
in this earlier experiment were old; that their percentage of
male-producers had been reduced by long continued partheno-
genesis, as I have shown (Shull '12 a) to ‘be a not infrequent
occurrence; and that when these lines were young their sex-ratios
were so high as to have made the F; which was later obtained by
crossing, and which was itself a young line, actually intermediate
between them. This possibility was discussed in the earlier
paper, but the view taken that it was probably not the correct
explanation. If my earlier supposition was well grounded, there
is still no simple explanation for the inheritance of the propor-
tion of male-producers.

The assumption of numerous genes for the sex-ratio would
harmonize with the fact that inbreeding usually does not change
the sex-ratio in the resulting parthenogenetic line. Repeated
inbreeding showed little alteration in the sex-ratio. Since but
one or two eggs were selected from each lot to breed partheno-
genetic lines, the chances were many to one that these would
be similar to their parent line. The few exceptions, such as the
low percentage of male-producers in the high viability line in
L, (13.6), and the high percentage in H, from H (35.8), may be
regarded as due to selecting the extremes for parents, or, which
seems to me more probable, to the fact that the lines were reared
only a few generations during a period of few male-producers
in the former line, and through a period of many male-producers
in the latter line.
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NUCLEUS AND CYTOPLASM IN HEREDITY

Unequal reciprocal hybrids are not uncommon both in animals
and in plants. Some of them are due to sex-limited inheritance,
and have received an explanation that is at least plausible, involv-
ing the accessory chromosome. In Oenothera the reciprocals
may resemble the mother most in some crosses, and resemble
the father? most in other crosses; or may be more like the father
in some characters, more like the mother in others; these cases
must have a special explanation. In some cases, as echinoderms
(Baltzer '10), the inequality seems to be due to the elimination
of chromosomes in one of the reciprocals. But there remain a
number of cases which apparently belong to none of these cate-
gories. A few of these have been collected and discussed by
Jones (’12), who himself reports unequal reciprocals in Digitalis.
Pearl ("10) obtained a case in fowls very similar to that which
I here report in Hydatina; the ‘hatching quality’ of the eggs
was unequal in the two reciprocals.? He suggested that the
greater infertility of the one reciprocal might be due to unfa-
vorable action of the secretions of the oviduct on the sperm in
that particular cross, but obviously unfavorable action by the
egg itself would bring about the same result. Toyama (’12)
has obtained unequal reciprocals in the silkworm.

All cases in which the reciprocals are nearer the female par-
ent, unless having some other obvious explanation, might be used
as evidence that the cytoplasm is a partial bearer of the heredi-
tary qualities, and some of the cases found have been so inter-
preted. Certain echinoderm crosses, not necessarily reciprocals,
in which the zygote possessed purely maternal larval characters,
have received the same explanation. Unfortunately, in some of
the most striking cases, the hybrids could not be bred further,
owing to infertility, or to the fact that they never reached matur-
ity. Hydatina is particularly valuable in this regard, because

2 Since this paper went to press Professor Goldschmidt has explained certain
patrocline QOenothera hybrids as due to the degeneration of the maternal
chromosomes in the fertilized ovum.

3 Dr. Pearl states that the inequality of the reciprocal hybrids was diminished
in the next generation.
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the reciprocals were quite easily reared. The results obtained
from Hydatina are stated in a preceding section of this paper.
When the unequal reciprocals were inbred, and reciprocally
crossed, it was found that all traces of the supposed influence
of the cytoplasm of the egg had disappeared. The inequality
lasted only during the egg stage, and ceased when the eggs gave
rise to parthenogenetic lines that could be compared.

In this case it seems necessary to regard the cytoplasm as’
part of the environment of the zygote. When new cytoplasm
had been manufactured under the influence of the combined
nuclei of the two lines, this eytoplasm was approximately equal
in the two reciprocal lines.

SUMMARY

The fertilized eggs of Hydatina senta, unlike the partheno-
genetic eggs, do not all hatch. The proportion hatching in var-
ious lots of eggs has varied from zero to seventy per cent. The
capacity for hatching I have called the ‘viability’ of the eggs.
Some of the factors apparently governing the viability of the
eggs are discussed in an early part of this paper.

The viability of eggs produced by inbreeding males and females
of the same parthenogenetic line is characteristic of the line
producing them. One line produced eggs, none of which hatched;
another line produced eggs of which 5 per cent were viable;
another showed 40 per cent of viability, and so on.

The viability of the eggs is inherited. When a line whose
inbred eggs possessed a viability of 5 per cent was reciprocally
crossed with another line with 45 per cent of viable eggs, the
reciprocal hybrid lots of eggs were unequal n viability. Each recip-
rocal was more nearly like the inbred eggs of the maternal line.
This result was obtained in two distinet pairs of reciprocal crosses.

The age of fertilized eggs at hatching varies greatly. One
egg I have observed hatched in four days after laying; two weeks
is a more common age; while many eggs doubtless never hatch.
The degree of uniformity of the duration of the egg stage is a
characteristic of the line producing the eggs. The inbred eggs
of one line practically finished hatching (45 per cent were viable)
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within a period of two weeks; in another line, the hatching was
spread nearly uniformly over a period of four weeks or more.
This variability of the duration of the egg stage may be measured
by the standard deviation. In the first of the two lines just
mentioned, the standard deviation of the hatching time was low;
in the second, the standard deviation was high.

The variability of the duration of the egg stage is inherited.
When a line whose inbred eggs showed great variability (high
standard deviation) of the hatching time was reciprocally crossed
with a line showing small variability (low standard deviation)
of the hatching time, the reciprocal hybrid lots of eggs were inter-
mediate between the parents in vartability, but were unequal, Each
lot was more nearly like the inbred eggs of its maternal line.

The same pair of reciprocal hybrids were unequal both in
viability and in variability of hatching time. This inequality
was not permanent, however; that is, it lasted only during the
egg stage. For when a parthenogenetic line was derived from
each lot of eggs, and these two ‘reciprocal’ lines were inbred and
reciprocally crossed, the inequality observed in the former lots of
eggs did not appear in the eggs of the reciprocal lines. In the
latter lots of eggs, the inbred lots were approximately equal, and
the reciprocal hybrids were approximately equal.

The inequality of the reciprocal hybrids in the egg stage can
not be interpreted as due to the influence of the cytoplasm in
‘heredity. The cytoplasm must rather be regarded as part of
the environment.

In the inheritance of viability of the eggs of Hydatina, segre-
gation occurs in the production of the gametes. For this reason,
selection for high and low viability within a hybrid (heterozygous)
lot of eggs was plainly effective. But the whole effect was
obtained by the first selection, this effect not being increased
by subsequent selections. I conclude from the rapidity with
which the maximum effect of selection was reached, that the
number of segregating units concerned with viability of eggs is
small.

After several successive inbreedings from a line that was plainly
heterozygous with respect to viability, selection for high and
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low viability was wholly ineffective. From this I judge that
inbreeding (and selection?) had produced a line homozygous
with respect to viability.

The sex ratio (proportion of male-producing females) is inher-
ited. In two series of parthenogenetic lines, each line of which
was produced by inbreeding from the preceding line, the sex
ratio remained nearly constant. In one series the ratio was about
35 per cent of male-producers, in the other series about 20 per
cent. The effect of crossing on the sex ratio is not clear, as the
labor of rearing several parthenogenetic lines prohibits the ac-
quiring of sufficient data. The experiments described in this
paper are in fair accord with the assumption that numerous fac-
tors, or genes, unite in producing the sex ratio. A possible
method of harmonizing this assumption with contradictory
results previously published is discussed above.

BIBLIOGRAPHY

Bavr1zer, F. 1910 Uber die Beziehungen zwischen dem Chromatin und der
Entwickelung und Vererbungsrichtung bei Echinodermenbastarden.
Arch. f. Zellforsch., Bd. 5, pp. 497-621.

JonEs, W. N. 1912 Species hybrids of Digitalis. Journ. Genet., vol. 2, no. 2,
June, pp. 71-78.

Peary, R. 1910 Poultry notes. Maine Agl. Exp. Sta., Bull. 179, May.

SuuLr, A. F. 1911 Studies in the life cycle of Hydatina senta. II. The réle
of temperature, of the chemical composition of the medium, and of
internal factors upon the ratio of parthenogenetic to sexual forms.
Jour. Exp. Zool., vol. 10, no. 2, February, pp. 117-166.
1912 a III. Internal factors influencing the proportion' of male-pro-
ducers. Ibid., vol. 12, no. 2, February, pp. 283-317.
1912b The influence of inbreeding on vigor in Hydatina senta. Biol.
Bull,, vol. 24, no. 1, December, pp. 1-13.

Tovama, K. 1912 On certain characteristics of the silkworm which are appar-
ently non-Mendelian. Biol. Centralb., vol. 32, no. 10, October 20,
pp. 593-607.

WartNEy, D. D. 1912 Reinvigoration produced by cross fertilization in Hyda-
tina senta. Jour. Exp. Zoél., vol. 12, no. 3, April, pp. 337-362.



