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INTRODUCTION 

I n  a study of the compatibilities of certain Nicotiana species, several 
crosses were reported which produce seeds unable to germinate. (MCCRAY 
1932). Many others are recorded in the literature on this genus. Some of 
these seeds are parthenocarpic; others have embryos not able to develop. 
In still other cases the hybrid germinates but is unable to carry on further. 
All degrees of vigor have been observed from these conditions up to 
heterosis. Several interesting questions might be raised in connection with 
the development of the hybrid embryos displaying such different degrees 
of viability and vigor. Does the hybrid begin its development as soon after 
pollination as does the new individual of pure species? That is to say, does 
fertilization take place as readily in.one case as in the other? Do the cell 
divisions in the embryo and its consequent growth proceed as rapidly in 
the hybrid as in the pure species? If so, when does growth in the non-viable 
embryos stop? If not, what sort of growth rate does the hybrid have as 
compared with its pure parent? These are the questions which the present 
study attempts to answer. 

Strangely, considering all the work which biologists, especially botanists, 
have done on hybridization, the scientific literature sheds very little light 
on these problems. It is nearly an unworked field. So far as I have been 
able to find only two studies have any bearing on the problem in hand, 
those of KOSTOFF (1930) and BRIEGER (1928), both on Nicotiana. 

To be sure KRUMHOLZ (1930) compared the size of embryos of inter- 
specific Oenothera hybrids with that of embryos of the pure species, but 
he measured only the fully matured embryos, and says nothing about their 
growth. Incidentally it might be noted here that he found, in reciprocal 
crosses, the embryo size to be practically determined by the female used in 
the cross. If the female was of a large seeded species, the hybrid embryo 
was large and vice versa. 

KOSTOFF describes several experiments on the formation and develop- 
ment of hybrid embryos. He points out the fact that in some crosses the 
embryo develops for a few (up to 15) days, then stops, followed by the 
death of the ovule; he mentions other cases in which the young hybrid 
persists for a longer period, although not able to mature to the point where 
germination is possible. He also observed that parthenocarpic seeds and 
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96 F. A. McCRAY 

those with small embryos are always smaller than seeds resulting from 
selfing. The sizes of several kinds of interspecific hybrid embryos of 
Nicotiana are recorded. 

On the point of rate of growth this author states only that, with respect 
to certain crosses, “the embryos begin to develop quite normally, but when 
compared with the embryos obtained after selfing, a retardation of the 
growth of the hybrid embryo took place a few days after fertilization. The 
time of the retardation of the embryonic growth depends, of course, on 
the cross combination. This retardation gradually increases with the 
embryonic period of growth.” 

These observations give a very inadequate picture of the comparative 
growth rates. On the other hand, however, this investigator made a partial 
study of causes of failure of the hybrid to grow normally, and of some 
other effects of the hybrid condition. More specifically, he discusses the 
formation of extra amounts of starch outside the nucellus, and some other 
morphological abnormalities in ovules carrying hybrid embryos. 

In  view of the considerable differences in different Nicotiana hybrids it 
was thought advisable, in the present study, to choose crosses representing 
several different degrees of vigor in the hybrid. Accordingly four different 
groups of cross combinations were recognized and two crosses selected to 
test the embryo development in each group. Group I includes hybrids 
which fail in their embryonic development very soon after fertilization; 
group I1 comprises others which also fail to complete embryonic growth 
but develop somewhat farther than those in group I. Group I11 hybrids 
grow to their full embryonic size, give a partial germination, but are weak 
and unable to mature. Those other more successful combinations which 
do mature constitute group IV. 

The crosses to  represent the first two groups were chosen largely on the 
strength of KOSTOFF’S data. They are, for group I, N .  rust icax N .  glauca 
and N .  rust icaXN. longijora; for group 11, N .  rust icaXN. Rusbyi and 
N .  rustica X N .  Palmeri. In each of these crosses the N .  rustica var. brasilia 
was used. 

N .  nudicaul isXN.  Tabacum and N .  suaseolensXN. Tabacum are of 
group 111. CHRISTOFF (1928) reports both of these crosses as being weak, 
and EAST (1928) and KOSTOFF concur in the observation on the latter. I 
myself tested them also. Of 100 seeds of N .  nudicauZisXN. Tabacum 7 
germinated but died a few days later. Of a later planting of 68 seeds 10 
germinated and again died in the cotyledon stage. N .  suaveolens X N .  
Tabacum gave a strong germination, but 10 plants which were transferred 
to small pots all died at  the same young seedling stage. KOSTOPF tested 
many seedlings with identical results. In both of these crosses I used 
the N .  Tabacum var. purpurea. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/18/2/95/6063484 by guest on 25 M

ay 2023



EMBRYO DEVELOPMENT IN NICOTIANA 97 

EAST and KOSTOFF have each grown to maturity plants of N .  Tabacum 
X N .  glauca. N .  paniculata X N .  glauca is reported by EAST, and by GOOD- 
SPEED and CLAUSEN, as having matured hybrid plants (EAST 1928). 
These two hybrids, which I also found vigorous in my own tests, represent 
group IV. I n  the former of these crosses I used the N .  Tabacum var. 
sanguifiea. 

MATERIALS AND METHODS 

Because of a possible bearing on the results obtained i t  is first to be 
noted that the pollinations for the series of observations to be reported 
here were made over a period of several months, from October to May. It 
might have been preferable to make them within a shorter period so that 
all the embryos would have been subjected to more nearly the same en- 
vironmental conditions, especially temperature and length of days, but 
under the circumstances this was impossible. This point will be discussed 
later. 

The plants used were either obtained from Bussey Institution, HARVARD 
UNIVERSITY, where the work was done, or grown from seed I had saved 
in the course of earlier experiments on the same species already referred 
to. All the plants were kept in a screened greenhouse, the pollinations were 
made by hand, and the usual precautions were taken to prevent acci- 
dental crossing. 

The capsules were fixed in Allen’s modification of Bouin’s fluid, B-15, 
and stained in Haidenhain’s haematoxylin. 

The developing capsules were fixed at  intervals of two days, so the 
embryo lengths were recorded at  7, 9, 11, 13, 15, 17, 19, and 21 days after 
pollination. It was thought that by 21 days after pollination the embryos 
would have practically attained their full size, as the seeds often ripen a t  
about 25 days. This apparently is not quite true as they continued, in 
some instances, to increase in length rather rapidly up to 21 days, indicat- 
ing that there would have been still further growth had the capsules not 
been removed. However the embryos were sufficiently matured by this 
time to show clearly the difference in development between the hybrid 
and its maternal parent, which is the point in which we are especially 
interested. 

Because of the desirability of measuring several embryos of each age, 
the whole capsules were fixed and embedded in paraffin, so that a number 
of ovules were sectioned and mounted on each slide. Considerable diffi- 
culty was encountered in the sectioning from two causes, (1) incomplete- 
ness of infiltration of paraffin into the ovules, especially when nearing 
maturity, and (2) the ease with which the ovules were broken loose from 
the placenta, and the embryos removed from the ovules. Fortunately the 
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98 F. A. McCRAY 

embryos are quite strong and usually remain intact even when they are 
pulled out of place by the knife. 

To obviate this latter difficulty I experimented with cedar oil as a clear- 
ing agent to prevent some of the hardening effects of alcohol and xylol in 
the process of dehydration and clearing. I also tried ZIRKLE’S (1930) butyl 
alcohol procedure. This seemed to give somewhat better results and was 
followed in most of this work. KRUMBHOLZ (1930) soaked his Oenothera 
seeds in water until they were soft and then removed the embryos before 
fixing. But he was dealing with only the matured seeds which simplified 
the problem in this regard. A half and half mixture of hard and soft paraffin 
seemed to facilitate the sectioning somewhat as compared with the soft 
paraffin. 

The embryos were measured with an eyepiece micrometer. This pro- 
cedure is simple enough, except when the embryos are quite sharply 
curved, as are the older ones in some instances. In  these cases the curved 
axes of the embryos were divided into a number of short arcs, each one 
approximating a straight line, and the ocular gradually rotated so the 
scale was brought into contact with these arcs successively throughout the 
length of the embryo. Sometimes in the older embryos there was a differ- 
ence in the measurement depending on which side of the embryo was 
measured. That is to say the cotyledons were not of the same length. In  
these cases the average of the two measurements was recorded. Practically 
all the embryos were measured in such position that the two cotyledons lay 
side by side at about the same level. In  the latter part of the work a few 
measurements were taken from the “side view” of the embryo, one cotyle- 
don lying beneath the other. 

The number of measurements a t  each age varied from 1 to 20, the aver- 
age number being 9 2/3. In  only 8 cases, however, were less than 5 em- 
bryos measured, and in half the cases 10 or more measurements were 
averaged together. Altogether 761 embryos are included in the data. 

OBSERVATIONS AND RESULTS 

No fusions of egg and sperm were seen in the course of these observa- 
tions, but in one preparation of N .  rust icaXN. glauca at 7 days and in 
another of N .  Tabacum at 7 days, I found fertilized egg cells which had 
undergone only one division, as shown in figure la .  In several instances 
the first measurements recorded were made on single cell embryos. It 
therefore seems quite clear that fertilization usually took place on the 
seventh day,-or on the ninth day in two instances. An exception is seen 
in N .  rustica. The 7 day embryos in this case are spherical, much larger 
than the others, and have about 32 cells. 

Although not particularly pertinent to the results of the study i t  is of 
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EMBRYO DEVELOPMENT IN NICOTIANA 99 

some interest to note the changes in shape of the embryo as it develops. 
There are minor differences in embryo shape in the different species used, 
but in general the process of development is about as follows. Following 

a 
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FIGURE 1.-Embryo development in Nicotiana species, e,  f and g diagrammatic, showing 
shape only. a. Fertilized egg cell in first division, N .  rus t i caXN.  glauca, 7 days after pollination 
( X 3 6 0 ) .  b. Embryo at  end of suspensor, containing two nuclei, but cell not yet divided, N .  
paniculata, 7 days (X810). c. N .  suavedens embryo in 3 cell stage, 7 days ( X 3 6 0 ) .  d. N.  rustica 
var. brasilia in about 32 cell stage, 7 days ( X 4 3 2 ) .  e. N .  rustica var. brasilia, 11 days. g.p., grow- 
ingpoint ( X 4 3 2 ) .  f. N .  paniculata, 13 days ( X 3 3 0 ) .  g. AT. paniculata, 15 days (X110). 

fertilization the new zygote undergoes several divisions, resulting in a 
linear series of cells, as is common in Angiosperms. The distal end of the 
chain is the embryo proper, the others constituting the pro-embryo or 
suspensor, which attaches the embryo to the micropylar end of the ovule 
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100 F. A. McCRAY 

(figure lb) .  The semicircular embryo cell then enters upon its long series 
of cell divisions which eventually may bring it to maturity. The first 
divisions are transverse so the linear series of cells is extended (figure IC). 
As cell divisions ensue in other planes, the embryo gradually assumes a 
spherical shape as in figure Id. Within a few days the distal end of the em- 
bryo has widened out so that the longitudinal section presents a wide 
rounded wedge (figure le). By this time the cells have undergone some dif- 
ferentiation, and the growing point is located, as shown in the figure, in the 
middle portion of the distal end. As the cotyledons begin to appear the 
two sides of the wedge lengthen until the embryo has a distinctly forked 
appearance which it retains to maturity (figures If and g). 

All the average embryo lengths are shown in table 1, in millimeters, 
and the same results are shown graphically in figures 2 to 6. 

TABLE 1 
Growth in length of embryos of Nicotiana species and their hybrids (measured in mm). 

EPECIES OR HYBRID 

DAYS FROM rvstica v m .  ruaticax rueticax rusticax rusticax nudicaulis nudicaulisx 
POLLINATION Brasilia glauca longiflora Rusbui Pulmeri Tabcum VAR. 

I I I1 I1 purpurea 
111 

7 0.0481 
9 0.1569 

11 0.1214 
13 0.2303 
15 0.4435 
17 0.6375 
19 0.8006 
21 0.9020 

0.0209 0.0136 .. 
. .  . .  0.0435 
.. . .  0.0370 

.. 
. .  . .  . .  

. .  . .  . .  

0.0416 
0.0447 
0.0444 
0.0574 

. .  

DAYS FROM 
POLLINATION 

euaoeolens suaoedensX 
T a b a "  VAR. 

pur pur ea 
1x1 

SPECIES OR HYBRID 

Tabacum VAR. Tabacum VAR. 
sanguinea aanguinmx 

glauca 
IY 

7 
9 

11 
13 
15 
17 
19 
21 

0.0296 
0.0390 
0.0807 
0.0574 
0.1194 
0.7655 
0.6769 
0.5765 

0.0281 
0.0470 
0.0539 
0.0662 
0.1117 
0.2888 
0.6383 
0.7625 

0.0182 . .  
0.0291 0.0185 
0.0412 0.0345 
0.0668 0.0395 
0.2216 0.0812 
0.4880 0.2749 
0.4945 0.3246 
0.5183 0.4087 

0.0234 
0.0446 
0.0360 
0.0592 
0.0576 
0.1010 
0.1126 
0.4572 

0.0234 
0.0207 
0.0333 
0.0567 
0.1070 
0.1551 
0.0843 
0.3152 

paniculata paniculutaX 
glauca 

1V 

0.0210 0.0111 
0.0244 0.0204 
0.0838 0.0616 
0.0903 0.0631 
0.2777 0.0722 
0.3915 0.1389 
0.3930 0.1820 
0.4413 0.2563 

The hybrids of group I, N .  rusticaXN. glauca and N .  rust icaXN. 
Zongijiora, made almost no growth a t  all. Measurements were secured 
only a t  7 days. Then the embryos apparently died and the ovules de- 
generated. The appearance of such a dead ovule is indicated in figure 7 .  
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FIGURE 3.-Growth curves of embryos. N, N .  nudicadis; NXTab . ,  N .  nzrdicaulisXN. 
Tabacum. 
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FIGURE 4.-Growth curves of embryos. Su, N .  suaveolens; SuXTab,  N .  suaveolensXN. 
Tabacum. 
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The hybrids of group I1 persisted somewhat longer, but they also failed 
to make any appreciable growth. N .  rustica X N .  Rusbyi was observed only 
a t  9 and 11 days, and N .  rusticaXN. Palmeri died after the thirteenth 
day (figure 8). 
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7 9 1 1  I 3  id ,7 ,S P I  

FIGURE 5.-Growth curves of embryos. Tab, N .  Tabacum var. sanguinea; TabXGc, N .  
Tabacum var. sanguineaXN. glauca. 

While our chief interest might be in the unsuccessful hybrids of the pre- 
ceding groups, there is less to say of them than of the others. They seemed 
doomed from the start. Whatever the nature of the incompatibility ex- 
hibited they are not able to grow a t  all. 

I- ., I _  -. 
&P 

FIGURE 6.-Growth curves of embryos. Pn, N .  paniculata; PnX Gc, N .  paniculataXN. 
glauca. 

I n  all the other crosses the full number of eight observations was made 
except in N .  TabacumXN. glauca where also the embryo made its first 
appearance a t  9 days. The progress of the hybrids of groups I11 and IV 
can, naturally, best be studied from the growth curves. A general simi- 
larity between the curves will a t  once be apparent, especially if we omit 
for the present those representing N .  suaveolens (figure 4), N .  rtudicaulis 
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EMBRYO DEVELOPMENT IN NICOTIANA 103 

and N .  nudicauEisXN.  Tabacum (figure 3). These three curves will be 
discussed presently. 

DISCUSSION 

PEARL (1925) has brought together data from many sources and shown 
that many growth curves, based on such different forms of life as rats, 
pumpkins, and tadpoles, and even curves representing growth in popula- 
tions of yeast, flies and human beings, assume much the same form. He 
concludes that wherever growth is based on multiplication of cells a simi- 
lar logistic, S-shaped curve, first employed by VERHULST (1838) in de- 
scribing population growth, and since used by ROBERTSON (1923) and 
others, could be used to represent the growth of the organism in question. 

C 

8 
FIGURE 7.-Dead ovule, N .  rustica var. brasiliaXN. glauca, 11 days after pollination (X432).  

FIGURE 8.-Embryo of N .  rustica var. ZwasiZiaX N.  Rusbyi, 11 days, in state of disorganization. 
a. embryo; b. nucellus; c. endosperm. 

Note shrunken appearance and larger number of nuclei than of cells (X432). 

My six curves which are most alike also approximate this logistic, S- 
shaped curve. Especially is this true of the one representing N .  suavedens 
X N .  Tabacum (figure 4). Apparently the same law, as might be expected, 
governs growth in the embryonic state as well as in later life. 

PEARL also brings out the fact that the complete growth curve of an 
individual might cover successive cycles of growth, each of which could 
be represented by such a logistic curve. It seems from the data here pre- 
sented that embryo development constitutes the first of such cycles, 
which would be followed, as illustrated by PEARL’S pumpkin curve for 
example, by other cycles of growth after germination. The curve for N .  
paniculata (figure 6), indeed, suggests the occurrence of two cycles during 
the embryonic stage alone. But since this curve is an exception in that 
regard it is assumed that the hump in this curve a t  11 days which gives it 
that appearance is due to the same kind of variations as those which pro- 
duced a hump a t  9 days in N .  rustica (figure 2). These variations are not 
considered significant. 

The main point for our present study is the comparison between the 
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104 F. A. McCRAY 

hybrids in the different categories, and between each hybrid and its ma- 
ternal parent species. Again a similarity is noted between the different 
pairs of curves-leaving out of account all the curves in figure 2 for obvious 
reasons. The curve for each hybrid approximates that for the mother 
species, but falls somewhat below the latter. The retardation in the growth 
rate of the hybrid becomes more noticeable at  the time when the increase 
in growth rate becomes suddenly much greater, in other words, when the 
curve turns sharply upward. This is at  13 days after pollination in N .  
Tabacum and N .  paniculata and their hybrids, at  15 days in N .  suaveolens 
and N .  suaveolensXN. Tabacum, and probably still later in N .  nudicaulis 
and its hybrid. This retardation becomes greater for a time, causing the 
curves to draw farther apart. Later they approach each other again, in- 
dicating that the hybrid embryo for a short time near the end of its de- 
velopment grows faster than the pure species embryo. There is always, 
however, in the crosses studied, a considerable difference in maximum 
size between the embryos of pure species and those of the corresponding 
hybrids. 

There seems to be no difference between the growth of hybrid embryos 
in groups I11 and IV. There is nothing in the growth of group I11 hybrid 
embryos upon which to predict ultimate failure. 

N .  nudicaulis and its hybrid offspring gave less typical curves, due, in 
the first place, to the fact that the most rapid growth came at  a later time. 
At  2 1  days when the observations were discontinued both kinds of embryos 
seemed to be still growing rapidly. Very likely if measurements had been 
made up to 25 days very much the same type of curve as the others would 
have resulted. 

Besides, in the curve for this hybrid, N .  nudicaul isx  N .  Tabacum, as 
well as in the curve for N .  suaveolens, th&e are notable irregularities. Each 
one crosses and recrosses its mate. The N .  suaveolens embryos, further- 
more, according to the data, reached their maximum length at  17 days and 
then steadily grew smaller-an impossible result, of course. Two possible 
explanations might be offered for these anomalies. Since the period of 
making observations extended over fall, winter, and spring, it might be 
that the embryos which grew during early fall and late spring developed 
faster than those which grew during the shorter, colder days of winter. 
Or it might be that sometimes fertilization was effected more quickly. 
Since age is counted from pollination and not from fertilization this, it 
might be thought, would give some embryos an uneven start. Possibly the 
age of the flower when pollinated could be the cause of uneven time of 
fertilization. 

There is some evidence that the former of these factors has some effect. 
One of the most extreme cases is in N .  nudicadis.  The average of 14 em- 
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EMBRYO DEVELOPMENT I N  NICOTIANA 105 

bryo lengths at 19 days is recorded as 0.1126 mm. The pollinations of 
these capsules were made on December 31. Seven embryos developing in 
capsules pollinated on March 28 attained a t  the same age an average 
length of 0.4380 mm. In the same species the lengths recorded at  9 days 
are slightly greater than those for 11 days, very possibly due to the fact 
that the former group of embryos developed in April, while the latter 
were produced in December. 

On the other hand there are a number of instances where no such effect 
of the season can be detected. For example, the N .  paniculata curve is 
scarcely as regular as those for N .  Tabacum or N .  suaveolens X N .  Tabacum; 
yet the pollinations for the N .  panicuEata were all made within a nine day 
period, about May 1, while those for N .  Tabacum extended from Decem- 
ber 12 to May 14, and those for N .  suaveolensXN. Tabacum from October 
31 to March 19. Altogether it seems unlikely that the season in which the 
embryos are produced is a very important factor in determining the size 
or rate of growth. 

Neither is it  likely that flower age at  the time of pollination has con- 
tributed in any important way to the irregularities noted. In the first 
place, in practically every case the first signs of an embryo were found at  7 
days. If some flowers were older when pollinated they were evidently not 
able on that account to effect fertilization any sooner, and thus to give 
their embryos a handicap in the race. Further, three N .  rustica flowers on 
the same plant but in different stages of development were selfed on the 
same day to test this point. Unfortunately the capsule from the oldest 
flower was lost. Five embryos in the capsule from the youngest flower 
averaged, at  13 days, 0.6482 mm, while three in the capsule from the 
flower a t  the middle stage, as ordinarily pollinated, averaged 0.8614 mm, 
noticeably larger to be sure. Still the difference is probably not significant 
as even greater variations occurred at  times in a single capsule. For ex- 
ample, as an extreme case, the embryo lengths in one capsule ranged from 
51 to 122.5 micrometer divisions. 

We can only conclude that the irregularities seen in the data are caused 
by variations due to causes not discovered. There must be other factors 
a t  least equally potent in producing these variations with the two already 
postulated. 

Lest the reader be misled it should be noted that by no means all the 
observations were as erratic as those just cited. If they had been still 
greater irregularities must have appeared in the curves. A typical set of 
measurements, in micrometer divisions, for comparison of variability 
shown, is as follows: 59, 44, 46, 54.5, 58.5, 45.5, 45.5, 58.25, 48.5, 53, 54, 
60, 56. These are the measurements of 13 different N .  nudicauZisXN. 
Tabacum embryos at  21 days. 
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The causes of the failure of the crosses of groups I and I1 to grow a t  all, 
and of the failure of group I11 hybrids to continue growth much beyond 
germination, do not fall within the scope of the present investigation. The 
only explanations offered are those postulated by KOSTOFF, who suggests 
immunological relations between the maternal parent and the hybrid 
embryo which it supports, as one explanation of the incompatibility of 
species. He also observed a large accumulation of starch outside the 
nucellus in the ovules containing hybrids between incompatible species, 
which, he thinks, makes it so difficult for the embryo to get its nourish- 
ment that growth can not be carried on. 

Certainly there is nothing in the results here presented to support the 
idea of immunological relations. On the contrary my observations are 
rather against this view. In the first place several hybrids made no in- 
crease in size at  all. They merely existed for from 1 to 4 days, making in 
some cases a number of cell divisions. There seems to be something in- 
herently wrong with the genotype here which does not permit the cells to 
grow. If one may draw an analogy from serological reactions in animals it 
would seem that if the embryos fail because of immunological relations, 
they should make a normal start, the injurious effects of the reaction with 
the maternal tissues coming only at  a later time. Further, this sort of re- 
action can hardly explain the experience of embryos of the hybrids of 
group I11 which apparently complete their development normally, but 
fail in the seedling stage. 

BRIEGER’S (1928) work, like mine, deals with the time of the failure 
of the hybrid. This writer, however, determines the time in terms of the 
differentiation of plant tissues, rather than physical size and length of life. 
His conclusions are summarized as follows : three critical phases occur 
where the organization of the individual may break down as the result 
of the incompatibility of the two genotypes: (1) formation of the vegeta- 
tive growing point and differentiation of vegetative parts in the embryo; 
(2) differentiation of various floral parts; (3) differentiation of the arche- 
sporium or of the haploids from the archesporium. 

Brief comment only need be made with reference to the second and third 
conclusions, which have less to do with the subject in hand, namely em- 
bryo development; then we may examine somewhat more fully the findings 
summarized under number 1. Finally I shall attempt a somewhat more 
complete analysis of the time of failure of hybrids in Nicotiana than 
these statements give. 

The hybrids which in BRIEGER’S observations failed to develop the floral 
parts were interspecific Nicotiana hybrids of the F, generation and back- 
crosses. He also quotes HERIBERT-NILSSON (1918) as having observed in 
F1 Salix caprea XS. viminalis the substitution of vegetative leaves for 
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inflorescences. But in Nicotiana those F1 hybrids a t  least which have been 
able to complete their vegetative growth also produce flowers of the usual 
type. 

BRIEGER’S third conclusion refers to the inability of many hybrids to 
complete sporogenesis in such a way as to produce functional gametes. 
This is a phenomenon familiar to botanists generally. 

The first part of his summary is correct, I am sure, as regards the fate 
of certain hybrids, but certainly not all. He pictures a small embryo of the 
backcross ( N .  Tabacum X N .  Rusbyi) X N .  Tabacum var. Cuba which is 
evidently stopped in its growth a t  a stage comparable to that a t  which 
my F1 hybrids of group I1 ceased their growth (figure 8). This seems to be, 
indeed, just before or at  the time the growing point, located just between 
the two cotyledons, appears to be differentiated. But my hybrids of group 
I, unlike these, were able to undergo very few cell divisions and died surely 
before any differentiation of cells was initiated. KOSTOFF (1930) made 
similar observations on his cross N .  paniculata XPetunia violacea, in which 
case the embryos stopped in the 4-6 cell stage. In still other cases, as in 
my group 111, the embryo completes a seemingly normal development 
and is still wholly unable to get beyond the seedling stage. 

KOSTOFF’S analysis of the situation is more complete than BRIEGER’S. 
He puts the results of Nicotiana species crosses into five classes. 

1. Crosses in which the pollen tubes do not reach the ova$ 
2. Crosses in which the pollen tubes reach the ovary, penetrate the 

3 .  Crosses in which fertilization occurs, but in which the embryos die in 

4. Crosses in which the seeds germinate, but the plants die in the 

5. Crosses from which mature hybrids are obtained. 
As he points out the lines of demarcation are not sharp and there is some 

overlapping between these categories. It is a helpful device, nevertheless, 
and from the evidence already presented and the experience of other in- 
vestigators, three or four other classes could be recognized. KOSTOFF’S 
group 2 fails to distinguish between my hybrids of groups I and 11,-hy- 
brids which make only one or two divisions in the embryo, and those which 
live and produce a considerable number of cells over a period of about 
one fourth of the usual period of embryonic development. KOSTOFP him- 
self observed some embryos of this type which developed farther than 
mine, in some cases to 100 cells, in N .  Tabacum x N .  Langsdorfli. There 
are other cases in which the embryo apparently completes its growth but 
is unable in most cases to germinate. His classification also omits mention 

micropyle, and induce parthenocarpy. 

a very early stage. 

seedling stage. 
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of the dwarf plants. Doctor E. M. EAST informs me that these form a quite 
conspicuous group among his Fragaria hybrids, and similar dwarfs have 
appeared in other genera. These dwarfs, which stop at  several rather defi- 
nite stages of vegetative growth, are still able to bloom. And, lastly, the 
fact that some vigorous hybrids are fertile while others are sterile justifies 
making two groups out of KOSTOFF’S number 5. 

A more complete classification would be: 
1. Crosses which produce no stimulation of the ovary with the result 

that the flower falls. Many such cases were noted in my experience in 
testing compatibilities of 23 species, as well as in the work of others. 
KOSTOFF found in his study of crosses of this kind that the pollen tube 
never entered the ovary, and that it must enter to effect the results given 
in any of the following groups. 

2. Crosses in which the ovary is stimulated but without production of a 
hybrid embryo. 

a. Stimulation stops with inducing some cell divisions and growth in 
the nucellus (KOSTOFF). 

b. Parthenocarpic seeds are produced. 
c. Parthenogenetic (maternal) seeds are produced, either haploid or 

diploid. 
3 .  Crosses in which true hybrids are produced, which die at  about the 

four cell staie, as in my group I and the Nicotiana X Petunia crosses. 
4. Crosses in which the true hybrid makes, say, one fourth or more of 

its normal number of cell divisions, although possibly without any ap- 
preciable growth in size, as in my group 11. 

5 .  Crosses which result in completely formed hybrid embryos unable in 
most cases to germinate. Many crosses resulting in non-viable seeds have 
been reported (51 in my own tests) but in most of such cases the embryo 
development was not studied. In some instances, however, 1 to 3 percent 
of the seed has germinated, indicating that embryo growth was practically 
completed. 

6. Crosses like my group I11 which make a fair to good germination 
but always die in the seedling stage. Doctor EAST has unpublished ob- 
servations which show that in some of these there is an accumulation of 
starch in the cells of the growing point, which the plant is, for some reason, 
unable to utilize. 

7 .  Crosses resulting in dwarf plants which remain small but in a sense 
mature and flower. 

8. Crosses which produce vigorous, healthy, sterile plants. My N .  
paniculata X N .  glauca is a case in point. 

9. Crosses which produce fertile, or partially fertile, hybrids. 
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SUMMARY AND CONCLUSIONS 

1. Eight crosses were made, two in each of four different categories 
based on the success of the hybrid. The resulting hybrid embryos were 
sectioned and measured at  two-day intervals from 7 to 21 days, and 
growth curves drawn from the data. 

2. Fertilization was found to take place usually on the seventh day. 
There were three exceptions. In N .  rustica it was earlier as the 7 day 
embryos had about 32 cells. In N .  TabacumXN. glauca and N .  rustica 
X N .  Rusbyi no embryos were found until nine days after pollination. 

3. The complete development of the Nicotiana embryo from the fer- 
tilized egg is described and illustrated. This development is similar to that 
found in other dicotyledonous Angiosperms. 
4. Two hybrids, N .  rusticaXN. glauca and N .  rusticaXN. longi$ora, of 

group I, completed only one or two cell divisions and did not grow a t  all. 
They lived only a day or two. 

5 .  N .  rusticax N .  Rusbyi and N .  rusticax N .  Palmeri, representing 
group 11, experienced a number of cell divisions so that 16 to 32 cell stages 
appeared but failed to make any appreciable growth. 

6. With certain irregularities, which are discussed but for which no 
explanation is found, the curves of all the other crosses are similar and 
resemble the familiar logistic, S-shaped curve which has been used to 
depict the growth of many forms of life. 

7. The embryos of group I11 hybrids, which give a partial germination 
but die soon after, attain their full size as well as those of group IV. 

8. No real difference was noted between the growth of embryos of 
hybrids of group 111, N .  nudicaulisx N .  Tabacum and N .  suaveolensXiV. 
Tabacum, and that of embryos of hybrids of group IV. In  each case the 
hybrid embryo curve simulated that of the maternal parent but always 
fell somewhat below it, even in the most successful crosses, N .  Tabacum 
X N .  glauca and N .  paniculata X N .  glauca. 

9. Contrary to the findings of BRIEGER who lists only one stage in em- 
bryonic development where the hybrid fails, namely, a t  the time of differ- 
entiation of the growing point, I have three groups of hybrids which fail 
a t  different stages during embryonic growth or only shortly beyond it. 

10. The cause of the failure of hybrids between incompatible species, 
that is, the nature of the incompatibility, is not studied, but i t  is pointed 
out that the observations made lend no support to the hypothesis that it 
is due to immunological reactions between mother plant and hybrid em- 
bryo. The failure of some of the hybrids to make any growth a t  all sug- 
gests rather some inherent physiological inability, dependent upon the 
unfavorable hybrid genotype. 
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11. All interspecies crosses are classified in 9 categories, based on the 
results obtained, ranging from no stimulation in the ovary-complete 
f a i l u r e t o  the production of fertile or partially fertile hybrids. 

ACKNOWLEDGMENT 

The writer takes pleasure in acknowledging his indebtedness to Doctor 
E. M. EAST for plants and other equipment provided, and especially for 
his help in planning this study and his invaluable guidance and advice 
throughout the progress of it. 

LITERATURE CITED 

BRIEGER, F., 1928 Histologisch-morphologische Untersuchungen an sterilen Artbastarden. Z. 

CHRISTOFF, M., 1928 Cytological studies in the genus Nicotiana. Genetics 13: 233-277. 
EAST, E. M., 1928 The genetics of the genus Nicotiana. Bibliogr. genet. 4: 243-308. 
HERIBERT-NILSSON, N., 1918 Experimentelle Studien iiber Variabilitat, Spaltung, Artbildung 

und Evolution in der Gattung S a l k  Festschr. Univ. Lund. Univ. Arskr. N.F. Avdh. 14, 
Nr. 28, 145 ff. Cited after BRIEGER. 

KOSTOFF, D., 1930 Ontogeny, genetics, and cytology of Nicotiana hybrids. Genetica 12: 33-140. 
KRUMBHOLZ, G., 1930 uber Verschiedenheiten in der Embryongrosse einiger Oenotheren und 

ihrer reziproken Bastarde. Z. indukt. Abstamm.-u. VererbLehre 56: 389-392. 
MCCRAY, F. A., 1932 Compatibility of certain Nicotiana species. Genetics 17: 621436. 
PEARL, RAYMOND, 1925 The biology of population growth. 249 pp. New York: Alfred A. Knopf, 

Inc. 
ROBERTSON, T. B., 1923 The chemical basis of growth and senescence. 366 pp. Philadelphia: 

J. B. Lippincott Company. 
VERHULST, P. F., 1838 Notice sur la loi que la population suit dans son accroissement. Corr. math. 

et  phys. publ. par A. Quetelet. T.X. (also numbered T I1 of the third series) pp. 113-121. 
Cited after PEARL. 

ZIRKLE, C., 1930 The use of N-butyl alcohol in dehydrating woody tissues for paraffin embed- 
ding. Science 71: 103-104. 

Wiss. Biol. Abt. E. Planta 6 :  315-362. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/18/2/95/6063484 by guest on 25 M

ay 2023


