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STUDIES ON THE MECHANISMS OF
POLLEN EMBRYOGENESIS

III. Mitotic Responses of the Pollen to Varied Sucrose
Concentrations and the Process of Embryoid

Formation in Tobacco Anther Culture

Shiaji M1soo*, Kenichi YOSHIDA**, and Motokazu MASTUBAYASHI*
(Received for Publication on August 1, 1978)

Abstract

Anthers of tobacco plants (Nicotiana tabacum L. cv. Bright Yellow, 2n=48) were cultured on agar media
containing sucrose in varied concentrations to assess the effects of sucrose on the mitotic behaviors of pollen
grains. Furthermore, a possible process of pollen embryogenesis was discussed on the basis of the data concerning
mitotic behavior of embryogenic pollen grains and their occurrence frequency.

The most favorable sucrose concentration was 1/4 M not only for the induction of multinucleate and multi-
cellular grains but for the formation of embryoids and plantlets. Moreover, sucrose was also effective in giving
rise to the vegetative nuclear divisions in its high concentration.

On the basis of the present results, the process of pollen embryogenesis was proposed as shown in Fig. 5 of
text. Namely, two routes, A and B, are firstly considered in this case. The A route initiates from the G+V
type-grains, followed by repeated divisions of the vegetative nuclei only. When the number of nuclei reached
5-8, further three types become distinguished in the pollen grains. One of them is a type that the visible cell
wall formation with degeneration of generative nuclei has been induced (A-1route), and the others are types
that the pollen grains containing one or two generative nuclei continue to divide their vegetative nuclei till reach-
ing about 15 nuclei without forming visible cell walls (A-2 and A-3 routes). The B route intiates from the
2V type-grains and subsequently leads to repeated divisions of the vegetative nuclei.

Although every one of these 4 routes may be responsible for pollen embryogenesis, it seems probable to consider

that the A route plays a more important role for pollen embryogenesis in tobacco anther culture.

Introduction

In order to produce haploids by means of
anther culture in any crop plants, a thorough
study has to be made on the mechanisms
for changing the developmental pathway of
pollen grains in anthers cultured towards
embryoid formation. For this, as the first
step, it will be necessary to analize in detail
not only the factors affecting embryogenic
mitosis of pollen grains but also the embryoid
and plantlet formation from pollen grains.

In tobacco anther culture, considerably
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many analyses have already been tried by
several workers on the developmental stages
of pollen grains and the components of me-
dium!~4,6,8,9,13,15), The most suitable stage
of pollen grains for inoculation has been
pointed out to be from mid-uninucleate to
early binucleate3.6.8.13,15),  With regard to the
medium components, however, a critical view
is not yet offered up to the present, though
various results have so far been presented on
the induction of green embryoids on saccha-
ride-free medium10.12), the plantlet formation
on agar medium consisting of sucrose onlyD,
and the necessity of sucrose and Fe-EDTA
for plantlet formation®. In previous reports,
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the present authors have found that sucrose
was the most effective of all the constituents
on the induction of embryogenic mitosis in
cultured pollen grains, and the plantlet for-
mation was induced on media with sucrose
in concentrations varying from 1/256 to 1/4
M, but not induced not only on medium con-
taining no sucrose but also on medium con-
taining it in 1/2 M2.4. Moreover, the same
authors have also ascertained that the most
favorable sucrose concentration was 1/8 M
for “anther response”, which denotes the
occurrence frequency of anthers from which
plantlets emerged, and 1/16 M for “expected
productivity”, which denotes the expected
number of plantlets emerging from one
anther?d.

In this report, the sucrose effect is assess-
ed on the mitotic behavior of pollen grains
in tobacco anther culture and also the pro-
cesses are discussed of embryoid and plantlet
formation from embryogenic pollen grains
on the basis of the data concerning their
mitotic behavior and occurrence frequency.

Materials and Methods

Plant material

Seeds of Nicotiana tabacum L. cv. Bright
Yellow (2n=48) were supplied from Akashi
District Office, Japan Tobacco and Salt Public
Co-operation.

Medium preparation

The culture media used were prepared on
the MURASHIGE & SKooG’s formula®, and
grouped into three series by adding sucrose
at the concentrations of 1/4 M, 1/16 M and
1/64 M as shown in Table 1. These media
all were solidified with 0.89; agar and ad-
justed to pH 5.8 with 0.2 N-NaOH. Eight
ml of the media were each poured into 20 x
120 mm test-tubes, and after autoclaving

(120°C/15 min.) these were settled on the
slant at an angle of about 30°.

In vitro culture

Anthers in buds of 10-15 mm lengths were
used in this study, for pollen grains in these
anthers were recognized as being in the
stages from late uninucleate to pollen mitosis
in preliminary experiment. Excised buds
were sterilized in 709 ethanol for 5 sec. and

in 2 9 sodium hypochlorite solution for 8
min. After rinsing, anthers were carefully
picked out from the buds detaching anther
fillaments and 5 ones per test-tube were in-
oculated on the media. The anthers were
kept in a culture box at 30 + 1°C with 13
hour-illumination of fluorescent light (2,000
Lux) per day.

Observations

For assessing the pollen development in
cultured anthers, 10 anthers per treetment
were collected, 10, 20 and 30 days after in-
oculation. They were fixed in a 3:1 mixture
of ethanol and acetic acid. The fixed an-
thers were hydrolysed for 8 min. in N-HCI
at 60°C and after staining with FEULGEN
reagent for 3 hours they were rinsed for
about 30 min. with running water, and then
squashed in a drop of 45% acetic acid on a
slide glass. These slides were obsereved with
light microscope and the occurrence fre-
quency of pollen grains with such various
mitotic features as shown in Table 1 was
assessed by counting more than 1,500 grains
per anther. In this assessment, only the
pollen grains inside which cell walls were
clearly visible were regarded as multicellular
grains.

The cultured anthers were morphologically
obsereved at 5 days interval for anther color,
loculi bursted and plantlet formation.

Table 1. Effects of sucrose

Days Sucrose

after concentrations -
inoculation M) o 2’(5"» T g\N] ) VGT_!_V
10 1/4 0.20 1.47 82.76
1/16 0.36 1.05 69.75

1/64 1.17 1.22 67.20

20 1/4 0.28 1.04 22.65
1/16 0.20 0.74 9.85

1/64 0.73 0.65 21.56

30 1/4 0.03 0.60 0.84
1/16 0.10 0.19 0.54

1/64 0.53 0.56 13.03
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Results

I. Embryogenic Response of the Pollen to
Sucrose Concentrations

The results of microscopic observations on
the pollen development in the cultured an-
thers are given in Table 1 and Fig. 1. These
results are described in the course of dates
at which observations were made; that is as
follows:

After 10 days of culture

Binucleate grains: At this stage, as seen
from Table 1, binucleate pollen grains con-
taining one generative and one vegetative
nuclei were of most frequent occurrence,
their frequency in 1/4 M sucrose medium
being 82.82;. Such a instance was referred
to as G+V type in this paper. According to
the detailed observations, the G+V type-
grains were divided into two groups by the
shape of generative nucleus. One of them
was composed of the grains containing two
nuclei with such a globular shape as in bi-
nucleate grains in vivo, and the other com-
prised the grains in which generative nuclei
changed into flat shaped ones. Pollen grains
in the latter group tended to occur frequently
in the 1/64 M sucrose medium. In regard to
the grains containing two equal sized vegeta-
tive nuclei, referred to as 2V type, differences
were not found both in their morphological

concentrations on the mitotic behaviors of pollen grains in tobacco anther culture.
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features and in their occurrence frequency
among the 1/4, 1/16 and 1/64 M media.

Multinucleate grains: At this stage, the
multinucleate grains containing more than 5
nuclei were not found at all. Most of the
multinucleate grains were of G+2V type con-
sisting of one generative and two vegetative
nuclei. Such grains were more frequently
observed in the 1/4 and 1/16 M sucrose media
than in the 1/64 M. Grains containing only
generative nuclei (nG type) or ones contain-
ing 2-5 generative and one vegetative nuclei
(nG+YV type) had a tendency to increase
the frequency of their occurrence with de-
creasing sucrose concentration in medium.
On the contrary, the grains containing 3-6
vegetative nuclei only, referred to as nV type,
were more frequently observed in media with
sucrose in higher concentrations, though
their frequency was actually low, showing
0.39, 0.21 and 0.17% in 1/4 M, 1/16 M and
1/64 M media, respectively.

After 20 days of culture

Binucleate grains: The frequency of bi-
nucleate grains, especially of the G+V type,
decreased remarkably from the 10th day
after inoculation onwards. On the 1/4 M
sucrose medium, mitosis of vegetative nuclei
was often observed in the G+V type-grains,
but not in the 2G and 2V types.

Multinucleate grains: At this stage, mul-

Frequency (%) of pollen grains with

3-6N 3-6C

2C nG+V nV G+nV G+nC HC” 7Né 7C< GE HE TE S D

— 0.45 0.39 3.30 — - — — — - — 0.52 10.98
— 0.67 0.21 4.78 — - — - — — — 0.42 22.77
— 1.92 0.17 1.18 — — — — — — — 0.02 27.03
— 0.97 0.93 10.00 - - 0.72 0.01 - — - 1.87 61.51
— 0.39 0.54 3.68 0.01 0.01 0.31 0.11 - — — 0.83 83.37
- 1.74 0.35 2.18 — 0.02 0.15 0.07 — — - 0.02 72.54
0.48 0.15 0.49 1.82 0.37 1.76 0.90 2.06 0.29 0.02 0.01 3.08 87.02
0.30 0.25 0.21 1.34 0.50 1.46 0.36 1.27 0.04 — - 0.85 92.46
0.02 0.04 0.54 2.63 0.01 0.26 0.15 0.26 — — — 0.07 80.89

N: Nucleus; C: Cell; G: Generative nucleus; V: Vegetative nucleus; GE: Globular embryoid ;

HE : Heart-shaped embryoid ;

D : Degenerated pollen grain; n:

TE : Torpedo-shaped embryoid ;
the numbers of nuclei or cells ranging from 2 to 6.

S: Starch-filled pollen grain;
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tinucleate grains occurred exten-

sively and the maximum number of 12f

nuclei in such grains was G+18V,
G+16V and G+13V in 1/4 M, 1/16
M and 1/64 M sucrose media, respec-
tively. The occurrence frequency

of grains containing 3-6 nuclei was
highest in the 1/4 M sucrose medi-
um, showing 11.99;5. From the de-
tailed observations of nuclear com-
ponents, it was found that vigorous
multinucleate grains did almost al-
ways contain one or two generative
nuclei in addition to vegetative
nuclei (Fig. 2-d, e and f). Like
multinucleate grains with only ge-
nerative nuclei, grains containing
only vegetative nuclei were of very
rare occurrence and in this case
there were not encountered the
grains containing only vegetative
nuclei more than 10. In these mul-
tinucleate grains, those containing
generative nuclei, the sizes of which
are 2-4 times larger than those of
normal haploid nuclei, were rarely
observed though their actual fre-
quency of occurrence was not as-
sessed (Fig. 2-c¢).

Multicellular grains: A few mul-
ticellular grains were encountered
at this stage. These grains were
commonly composed of cells with
vegetative nuclei though with such
a few exceptions as shown in Fig.
2-f.

After 80 days of culture

Binucleate and bicellular grains:
Binucleate grains occurred in mark-
edly decreased frequency at this
stage. These grains appeared to degenerate
gradually with the lapse of time. Bicellular
grains were observed firstly after 30 days
of culture, but their occurrence was low in
frequency (Fig. 2-g). These grains also ap-
peared to be degenerating ones.

Multinucleate and multicellular grains:
Multinucleate grains comprising 3-6 nuclei
were in general found in slightly decreased
frequency. Instead of these grains, multi-
cellular grains increased rapidly in the 1/4

Frequency (%) of multinucleate grains

Frequency (%) of multicellular grains

[=]
T

3-6N

(groins of nV type)

4 3-6N

d (groins of nG or nG+V type)

Days after inoculation
10 20

| 7c=

embryoid

a

Frequency of dividing pollen grains as affected by three
sucrose concentrations in tobacco anther culture. (For
the explanation of the mark, see Table 1.)

a: 1/4 M sucrose concentration ;

b: 1/16 M sucrose concentration ;

c: 1/64 M sucrose concentration.

M and 1/16 M sucrose media, their frequen-
cies being 2.13 and 1.969%;, respectively. By
observing carefully, two types of multicellular
grains could be distinguished, namely, one
type comprising grains with vegetative cells
only and the other consisting of grains both
vegetative cells and generative nuclei. Some
of grains belonging to the former type did
burst their exine at the 10 or so celled stage
(Fig. 2-1). Grains of the latter type kept
themselves in globular shape and were fully



Fig. 2.

Mechanisms of Pollen Embryogenesis II1

Pollen embryogenesis in tobacco anther culture. (a-i: ca. X 1,000; j: ca. X 300; k: ca. x 80.
a-f: after 20 days of culture; g-k: after 30 days of culture)

The letters G and V indicate the generative and vegetative nuclei, respectively.

a and b : Binucleate grains with G -+ V, vegetative nucleus being under mitosis ;  c¢: Tetranucleate
grain with 2G + 2V. The size of the generative nuclei are 2-4 times larger than that of normal
haploid nuclei. d: Multinucleate grain with G + 5V. Two of the vegetative nuclei are present
in piles; e: Multinucleate grain with G + 15V. One of the vegetative nuclei is under mitosis
(indicated by arrow) ; f: Multicellular grain with G + 9C. Generative nucleus is adhering to
the inside of the intine; g: Bicellular grain with equal sized nuclei; h: Multinucleate grain
with G + 21V; i: Multicellular grain, getting out after bursting the exine; j: Globular em-
bryoid; k: Various embryoids occurring on the medium containing sucrose in 1/4M.
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Fig. 3. Morphological changes of tobacco anthers as
affected by varied sucrose concentrations in
media.

a: 1/4 M sucrose concentration ;
b: 1/16 M sucrose concentration ;
¢: 1/64 M sucrose concentration.

Green-yellowish green anthers.

Light brown or dark green - dark brown anthers.

Anthers bursting open their loculi.

Anthers from which plantlets occurred.

filled with compact cells. Inthese instances,
there were often found generative nuclei
changing their globular shape to flat and
adhering to the inside of the intine, these
nuclei having the same feature as shown in
Fig. 2-f.

Globular, heart- and torpedo-shaped em-
bryoids: As shown in Table 1, embryoids at
the globular stage were found both in the
1/4 M and 1/16 M sucrose media (Fig. 2-j).
Moreover, heart- and torpedo-shaped em-
bryoids were found only in the 1/4 M sucrose
medium (Fig. 2-k). In the 1/64 M sucrose
medium, however, no embryoids could be
observed.

II. Morphological Changes of Anthers and
Formation of Plantlet

In Fig. 1 are shown the morphological
changes of cultured anthers and the process
of plantlet formation from the anthers. An-
thers cultured on media containing sucrose
in low concentration were browned at an
early time of culture, for example in the
case of 1/64 M concentration, 90% of the

Fig. 4. Plantlet formation from tobacco anther cultures
as affected by sucrose concentrations after 70
days of culture.

a: 1/4 M sucrose concentration ;

b: 1/16 M sucrose concentration.

Note the morphological differences between
both.
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anthers changed their color to brown after
15 days of culture. On the other hand, an-
thers cultured on the 1/4 M sucrose medium
didn’t change their color, and 26.6% of the
anthers showed green or yellowish-green
color till 15 days after inoculation. The fre-
quency of anthers bursting open their loculi
was apparently high in the 1/4 M sucrose
concentration (45 ¢%;), and low in the 1/64 M
1.7 9p.

Plantlet formation was found on the media
containing sucrose in 1/4 M and 1/16 M con-
centrations, respectively, with the frequency
of 30.9 and 6.7%, but not in the 1/64 M
sucrose medium. As can be seen in Fig. 4,

plantlets formed on the 1/4 M sucrose me-
dium not only had thick, roundish and green

leaves but also put forth vigorously roots.
On the other hand, the plantlets in the case
of 1/16 M sucrose concentration had thin,
slender and light colored leaves, and formed
poorly roots.

Discussion

I. Effects of Varied Sucrose Concentrations
on the Pollen Embryogenesis

In anther culture, sucrose has generally

been used in concentrations of 2-3¢94. It has

been found in previous work? that the oc-

currence frequency of multinucleate pollen

grains decreases remarkably on medium
containing no sucrose. Moreover, one of the

present author, MASTUBAYASHI and his co-
worker!) have suggested that 2-59%; sucrose
concentrations are effective in giving rise to
the formation of multinucleate pollen grains.
With regard to the effect of sucrose con-
centration on plantlet formation, 2% or 3.4
~-6.8% have been recommended by some
workers for tobacco812), The present au-
thors have also assessed how much concen-
tration of sucrose is effective for plantlet
formation in previous report® and found that
1/8 M (ca. 4.3%) and 1/16 M (ca. 2.1%) con-
centrations were suitable for ‘“anther re-
sponse” and “expected productivity”, re-
spectively. In the present study, the most
favorable sucrose concentration for induction
of multinucleate grains and multicellular
grains was ascertained to be 1/4 M (ca. 8.5

%), a high plantlet formation being found
in this concentration. The reason why a
difference occurred between the previous
and the present results may be attributed to
the difference of mineral composition in the
media used, for MURASHIGE & SKOOG's
formula® was employed here instead of
TANAKA’s formulal®. If so, it is considered

that the concentration ratio of sucrose to
mineral salts may be affect in any way

pollen embryogenesis. That is, in the case of
a high level of mineral salts, a high sucrose
concentration will be needed for pollen em-
bryogenesis, and the converse will also be
true.

As has been already seen, in a higher
sucrose concentration the G+nV, 2G+nV
and nV type-grains occurred more frequently
than in lower sucrose concentrations, but
nG and nG+V type-grains, on the contrary,

occurred more frequently in media of lower
sucrose concentrations. These facts suggest

that sucrose is effective in inducing divisions
of the vegetative nuclei in its high concen-
tration. The vegetative and generative nu-
clei often changed their shapes from globular
to slender or flat, especially in lower con-

centrations of sucrose, and the pollen grains
degenerated from an early day of culture in

such sucrose concentrations. This fact also
suggest that sucrose has an effect in keep-
ing the nuclei vigor.
II. Process of Pollen Embryogenesis

In regard to the embryogenic process of
pollen grains, several routes have been de-
scribed by earlier workerss.7.11.14), and it has
been pointed out that they were common in
the point that the embyogenic pollen grains
are always composed of cells with vegetative
nuclei. SUNDERLAND!4 has reviewed that
Datura and Nicotiana take different routes
to embryogenesis, that is, the former is a
type that the embryoid formation occurs
from the 2V type-grains and the latter is a
type that almost all embryoids develop from
the normally quiescent vegetative cells in
the G+V type-grains and generative nuciei
degenerate at an early time of culture.

On the contrary, NITSCH? has proposed
that 2V type-pollen grains participate in
embryogenesis. RASHID and STREET!D have
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B route

Fig. 5. Diagram illustrating the embryogenic process of pollen grains in tobacco anther culture.

G: Generative nucleus;
V: Vegetative nucleus;

DG: Degeneration of generative nucleus;
DV : Degeneration of vegetative nucleus;

D: Degeneration of pollen grains.

also reported such a route in N. tabacum and
N. sylvestris.

On the basis of the results obtained in this
study, the present authors will propose for
tobacco such processes of pollen embryo-
genesis as illustrated in Fig. 5. First, two
routes, A and B, are set up as has already
been suggested by SUNDERLAND), and the
A route is further differentiated into three
routes, A-1, A-2, and A-3. The A route
initiates from the G+ V type-grains where
successive divisions take place in the vegeta-
tive nuclei. When the number of nuclei re-

ached 5-8, three types of grains emerge.
First of them is a type in which the visible
cell wall formation occurs within the pollen
grains, being attended by the degeneration
of generative nuclei (A-1 route) ; the second
is a type in which one generative nucleus is
held in each of the pollen grains and the
vegetative nuclei only divide repeatedly till
reaching about 15 nuclei, without forming
visible cell walls (A-2 route) ; and the third
is a type in which the pollen grains take the
same course to embryogenesis as the above
second type, differing only in that they



Mechanisms of Pollen Embryogenesis 111 201

possess two generative nuclei in each of them
(A-3 route).

The B route, on the other hand, initiates
from the 2V type-grains and subsequently
leads to repeated divisions of the vegetative
nuclei. These grains have a tendency to
form cell walls in an early stage of nuclear
division such as 2-5 nucleate.

The problem lies in whether embryo-
genesis proceeds through the A or B route.
The present authors tend to interpret the
results obtained here from such a point of
view as described above. At first, it should
be pointed out that the frequency of G+V
type-grains after 10 and 20 days of culture,
as given in Table 1, is remarkably high as
compared with that of 2V and nV type-
grains, especially this being marked in the
1/4 M sucrose concentration where the plant-
let formation was frequent. Moreover, the
frequencies of multinucleate grains, multi-
cellular grains and embryoids were 3.28% in
a total on the 1/4 M sucrose medium after
30 days of culture, whereas the frequency of
2V and nV type-grains was only 1.97% on
the same medium after 20 days of culture.
Compared with the former, the latter is too
low. This fact indicates that the nV type-
grains, even though they develop into multi-
cellular grains and embryoids, cannot cover
all of the embryogenic pollen grains.

The grains which form visible cell walls
at a considerably late stage of nuclear divi-
sions seem to be favorable for embryogenesis,
because such grains have a tendency to form
compact cell groupes whose cell nuclei are
highly stainable with FEULGEN reagent. It
is impossible, however, to set up the only
one route for pollen embryogenesis, because,
as pointed out by earlier workers!l), in this

study also there was not certified the ex-
istance of generative nuclei in highly dividing
grains reaching more than 30 cells. Every
one of the 4 routes, therefore, may be re-
sponsible for pollen embryogenesis. How-
ever, considering the occurrence frequency
of embryogenic pollen grains, it will be pro-
bable to conclude that the A route plays a
more important role for pollen embryogenesis
in anther culture at least so far as the
present material concerns.
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