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ABSTRACT

There was a linear relation between an increase in DNA content and size of nuclei, nacleoli and cells
in callus and proembryos (Theobroma cacao L.). In callus the increase of DNA content was accopanied by
proportional increase in nuclear size whereas in proembryos the increase in nuclear size did not match
the increasing amount of DNA. The stimulation of embryogenesis by 10~2 mg/l 2,4-D was associated with
increase in nuclear and nucleolar size and with decrease in cell sizes. Inhibition of embryogenesis by 1.0 mg/1
2,4-D+10Y% coconut water did not change nuclear size, but increased cell size in relation to the control.

The process of embryo formation was accompanied by changes in relationship between nuclear, nu-
cleolar and cell size and the total (DNFB-stained) proteins content. In callus as well as in proembryo the
increase in total protein content in nucleus was not equivalent to the increasing sizes of nuclei which leads
to the decrease in nuclear protein concentration. Similar situation was observed for nucleoli. Differences
were found in the concentration of cytoplasmic proteins between the callus and proembryo cells.

The stimulation of embryogenesis by low concentration of 2,4-D resulted in decrease in concentration
of total proteins in nuclei and nucleoli and the increase in cytoplasm.

Konorowicz, H., JANKCK, 1.: Zmiany rozmiaréw jader, jaderek i komdrek towarzyszqce somatycznej
embriogenezie u Theobroma cacao L. 1. Zaleino$é pomiedzy zawartosciq DNA i calkowitq zawarto$ciq bialek
a rozmiarami jader, jaderek i komdrek

W komérkach kalusa i proembrionéw (Theobroma cacao L.) obserwowano liniows zaleznosé pomiedzy
zwigkszeniem zawartosci DNA a rozmiarami jader, jaderek i komérek. W kalusie zwickszeniu zawartosci
DNA towarzyszylo proporcjonalne zwigkszenie rozmiaréw jader, natomiast w proembrionach zwickszenie
rozmiaréw jader nic dordwnywalo wzrastajacej ilosci DNA. Stymulacja embriogenezy pod wplywem

[ —
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Following abbreviations have been used: 2,4-D = dichlorophenoxyacetic acid; CW = coconut wa-
ter; DNFB = Dinitrofluorobenzene; AU == arbitrary units.
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10~* mg/l 2,4-D byta zwigzana ze zwigkszeniem rozmiarow jader i jaderek oraz obnizeniem rozmiaréw ko-
morek. Hamowanie embriogenezy pod wplywem 1.0 mg/1 2,4-D + 109, CW nie powoduje zmian rozmiaréw
Jjader, ale zwigksza rozmiar komorek w odniesieniu do kontroli.

- Proces powstawiania embrionoéw z kalusa byl zwigzany ze zmianami zaleznosci pomigdzy rozmiarami
jader, jaderek i komorek a catkowita zawartodcia biatek (barwiacych sie DNFB). W kalusie jak w proem-
brionach zwiekszenie catkowitej ilosci bialek jadrowych nie bylo tak znaczne jak zwiekszenie rozmiardéw
jader, czego konsekwencja bylo obniZenie stezenia tych bialek w jadrach. Podobng sytuacje obserwowano
w jaderkach. Stwierdzono takie roznice w stgZeniu bialek cytoplazmatycznych pomiedzy komo6rkami
kalusa i proembrionow.

Stymulacia embriogenezy pod wplywem niskich st¢zen 2,4-D powodowala obnizenie calkowite] ilosci
bialek jadrowych i jaderkowych oraz zwickszenie stezen bialek cytoplazmatycznych.

INTRODUCTION

DNA content is strongly correlated with cell and nuclear volume in plants and animals
(1). Nuclear size is regarded as a useful parameter which reflect some nuclear changes
during growth and differentiation. The size of the nucleus may change as a result of two
different processes: 1) the normal progression of the cell through interphase, and 2} some
differentiation events. CAVALIER-SMITH [2] suggested, that if developmental processes
were highly sensitive to cell and nucleus sizes, different sizes will be optimal in different tis-
sues. MicHeL and VAN DER PLoeG [8] observed a relationship between nuclear protein
content, nuclear size, and tissue differentiation. The variation in nuclear size that has been
reported in a number of systems could be due to the variation in major constituents such
as DNA, RNA, or proteins.
~ In a previous paper [4] we found that somatic embryogenesis of cacao is assoc1ated
with DNA endoreplication, and the increase of DNA template activity and RNA synthe-
sis. Furthermore changes in total (DNFB-stained) protein content in nucleus, nucleolus,
-and cytoplasm were observed [5]. The aim of this study was to ascertain if there is a rela-
tionship between DNA and total protem content with nuclear, nucleolar, and cell sizes,
during embryo formation from callus. We previously showed [3] that embryogemc—com-
petent callus of cacao may be shifted towards homogeneous callus productlon without
any evidence of embryogenesis with 1.0 mg/1 2,4-D plus.10 % .coconut water or to high
frequency embryogenesis with 10~ mg/l 2,4-D. The use of double staining technique;
a combination of Feulgen for DNA with DNFB for total protem allows for DNA and
total proteins quantification in the same cell [12] -

MATERJAL AND METHODS

Culture media

Methods for maintenance of stock callus culture originating from somatic embryos were the same as
described previously [10]. The basal medium consisted of MurasHIGE and SxooG [9] salts (in mg/1):0.1 thia-
mine-HCl; 0.5 pyridoxine-HCI; §f0 i-inositol; 0.5 nicotinic acid; 2.0 glycine; 1000 casein hydrolysate;
1500 sucrose; 800 bacto-agar (Difco). Basal medium was supplemented with 2,4-D at concentration either

'10-* mg/1 or 1.0 mg/14- 100 mi/l coconut water (CW) Media were sterilized by autoclaving after adjustmg
pH to 5.7.
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Plant material

Zygotic embryos of BC 5 clone spontaneously form callus through cotyledonary tissue when cultured on
a hormone free medium [3]. The friable white-yellow callus was seperated from the cotyledonary tissue
and subcultured on fresh medium. The stock callus was grown in glass jars (7 X 5.5 cm diameter) containing
15 ml basal medium, under low intensity illumination (25—100 umol s~ m~?) from cool white fluorescent
lamp per 19 h daily at 26°C.

Pieces of white-yellow callus 10—15 mm?® were uszd to initiate experiments, After three wecks, two
stages were distinguished under the stereoscopic microscope: white-yellow callus — stage I callus — and
nodular bodies — stage IT callus. Our previous histological data showed [3] that white-yellow callus was
homogeneous and without any evidence of embryogenesis. On the other hand nodular bodies represented
proembryos-early stage of embryogenesis. All experiments were performed on these two developmental
stages.

Staining procedure

DNA and protein contents in nucleus, nucleolus and cytoplasm were estimated cytophotometrically —
with Zeiss (Jena) histophotometer after staining according to Feulgen-DNFB method [7].

Tissue was stained at 65° C for 4 h in a solution of DNFB obtained by dissolving 0.74 g in 52 m! ethanol
followed by the addition of 40 ml water and 8 ml IN sodium bicarbonate. Unbound stain was removed
by rinsing with 50% ethanol and the tissues were stained according to Feulgen procedure (1 h hydrolysis
in 4N HCI at room temperature, Shiff’s reagent prepared from pararosaniline).

Relative amounts of DNA per nucleus were measured at 560 nm, and nuclear, nucleolar, and cyto-
plasmic DNFB-stained proteins at 486 nm. Relative content of DINA was determined as an equivalent
of 2 C in the thelophase nuclei and, as 4 C equivalent in the prophase nuclei. Nuclear, nucleolar, and cell
dimensions were determined stereologically; 100 cells were measured for each experiment series.

RESULTS

Relationship between DNA content and nuclear size

A positive correlation was observed between nuclear DNA content and the sizes of
nuclei in callus cells (Fig. 1:1A) and proembryos (Fig. 1:1B). The doubling in the amount
.of DNA was accompanied by a doubling in a nuclear sizes in callus. However, the increase
in nuclear size in proembryos was not equal to the increasing amount of DNA, which was
especially significant in cells of higher polyploidy level. For example: the average size of
4C DNA nuclei was 230 pm?® and that of 8C nuclei only 325 pm? 2,4-D used with or without
CW did not influence nuclear size in callus in any essential way (Figl: 2A, 3A). However,
the cells of proembryos responded to the presence of 2,4-D by substantial increase in the
size of polyploid nuclei (Fig. 1:2B).

Relationship between DNA content and nucleolus size

DNA content and nucleolar size were compared in callus and proembryo cells (Fig. 2:
1A, 1B, 2A, 2B). Changes in nucleolar size together with progressive polyploidy were
similar in callus and proembryo cells. In both cases the increase in the size of nucleoli was
{ower than expected on the basis of the doubled amount of DNA. The sizes of the nucleoli
in diploid callus and proembryo cells were similar (Fig 2: 1A, 1B). The 2, 4-D (with or
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Fig. 1. The relationship between DNA content and nucleus size in callus and early stage of embryo. A =

= callus, B = proembryos; 1 = control, 2 = after 10°* mg/1 2,4-D treatment, 3 = after 1.0 mg/1 2,4-D+

4+ CW trcatment. The appropriate regression equations and r? values as follows: A) control: y = 48,66+

+20.11 X (r2 = 0.98); 2,4-D: y=8614+17.99x(r*=091); 24D+CW: y = 109.81+13.41 x (42 =
== 0.92); B) control: y = 93.41+19.20 x(#2 = 0.78), 2,4-D: y = 109.81+23.40 x (r* = 0.93).
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Fig. 2. The relationship between DNA content and nucleolus size in callus and early stage of embryo. A =

= callus, B = proembryos; 1 = control, 2 = after 10—* mg/l 2,2-D treatment, 3 = after 1.0 mg/l

2,4-D+CW treatment. The appropriate regression equations and r* values as follows: A) control: y =

= 24.514+5.09x(r2 = 0.9); 24-D: y = 40.90+0.08x(r2 = 0.91); 24-D+CW: y = 51.711+3.87x(r* =
= 0.96). B) control y = 31.6+5.71 x(r = 0.82); 2,4-D: y = 66.58+3.51 x(r? = 0.94),

without CW) caused an increase in nucleolar size in diploid and polyploid callus cells
(Fig.; 2A, 3A). Similar increase in the sizes of nucleoli after 2, 4-D treatment was observed
also in the cells of proembryos (Fig. 2: 2B).
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Relationship between DNA content and cell size

The increase in siz¢ of endopolyploid cells of callus and proembryos was not equal to
the increase in size of nuclei or nucleoli. Essential differences were detected between the
2C cells of callus and proembryos growing in control media. The 2C cells of proembryos
were 2.5 times the size of 2C cells of callus (Fig. 3: A and B).
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Fig. 3. The relationship between DNA content and cell size in callus and early stage of embryo. A = callus,

B = proembryos; 1 = control, 2 = after 10~ mg/l 2,4-D treatment, 3 = after 1.0 mg/l 2,4-D+CW.

treatment. The appropriate regression equations and r* values as follows: A) control: y = 22.05+ 52.60 x

(r*=0.57); 24-D: y=638.41+87.16x(r*=0.80); 24-D+CW: y = 906.1+68.60x(r? = 0.57).
B) control y = 647.57+8.81 x(r2 = 0.97); 2,4-D: y = 140.74+0.03 x(r2 x 0.73).

2,4-D at 10-2 mg/1 did not cause any changes in the size of callus cells as compared to
the control (Fig. 3: 1A, 2A), though it evidently inhibited the growth of polyploid cells in
proembryos (Fig. 3: 1B, 2B). For example: the average size of 8C DNA cells of proembryos
growing on control media was 2550 pm? and 2100 um? after 2,4-D treatment. Polyploid
cells of homogeneous callus originated under the influence of 1.0 mg/1 2,4-D+CW were
larger than callus cells growing on control media (Fig. 3: 1A, 3A). The average size of 8C
cells growing in the control media was 800 pm? and 1050 pm? on media supplemented
with 1.0 mg/1 2,4-D+CW.

Our data indicate that changes in cell size under the influence of 2,4-D were different
from the changes in nuclear and nucleolar sizes. The sizes of nuclei and nucleoli increased,
especially in proembryo cells whereas cells sizes remained the same or diminished as com-
pared to the control.

Relationship between DNFB-stained nuclear protein content and
nuclear size

Although there was a linear relation between DNFB-stained protein content and nu-
clear size (Fig. 4) the increase in protein content was not equal to the increase in the nuclear
size. In cells of callus and proembryos the increase in nuclear sizes was larger than expected .
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Fig. 4. The relationship between DNFB-stained nuclear protein content and nucleus size in callus and early
stage of embryo. A = callus, B = proembryos; 1 = control, 2 = after 10-2 mg/l 2,4-D treatment, 3=
= after 1.0 mg/1 2,4-D+CW treatment. The appropriate regression equations and r? values as follows:

A) control: y = 4.73+0.15x(r* = 0.38); 24D: y=3.66+0.12xX0%=0.25); 24D+CW: y=
= 1.31+0.14 X (r* = 0.59). B) control: y = 9.44+0.15 x(r® = 0.46); 2,4-D: y = 3.1+ 0.13 x(r? = 0.5)

TABLE 1

Effect of the conditions stimulating (2,4-D) or inhibiting (2,4-D+CW) embryogenesis on the concentra.
tion (AU/pm?) of DNFB-stained nuclear proteins in callus and proembryos of Theobroma cacao L.

Treatment Stage Size of nuclei (pm®)

I'e ©C;

atmen £ 50 | 100 200 400

control I 0.28 0.22 0.18 0.16
I 0.36 0.24 0.20 0.17

10-* mgl 1 0.20 0.18 0.15 0.13

2,4D i 0.18 0.16 0.14 0.13

1.0 mg/l

2,4-D+ I - 0.12 0.14 0.14

10% CW

on the basis of the increased in content of DNFB-stained protein (Fig. 4: 1A, 1B). In pro-
embryos cultured on basal medium doubling in nucleus size from 100 to 200 pm? was
accompanied by only 1.5 time increase in protein content. It led to the significant decrease
in protein concentration in nuclei of larger sizes (Table 1).

There were no differences in the relation between protein content and nuclear sizes
after treatment with 2,4-D alone or 2,4-D--CW (Fig. 4: 2A, 2B, 3A). Both treatments,
however, slightly decreased nuclear protein content as compared with the same size nuclei
of the control.
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Relationship between DNFB-stained nucleolar protein content and
nucleolus size

The relation between DNFB-stained protein content and nucleolar size is presented
in Fig. 3. In callus and proembryos growing on control media the increase in protein con-
tent was accompanied by the increase in nucleolar size, but the increase in nucleolar size
exceeded that of protein content (Fig. 5: 1A, 1B). As an effect nucleoli of a greater size
were characterized by the relatively low protein concentration. For example: for nucleoli
of 20 pm? protein concentration was determined to be 0.35 AU/pm?, while for 160 um?
only 0.18 AU/pm? (Table 2).
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Fig. 5. The relationship between DNFB-stained nucleolar protein content and nucleolus size in callus and
early stage of embryo. A = callus, B = proembryos; 1 = control, 2 == after 10-* mg/l 2,4-D treatment,
3 == after 1.0 mg/l 2,4-D+CW treatment. The appropriate regression equations and r? values as follows:
A) control: ¥y = 4.33+0.5x(r2 = 0.56); 2,4-D: y = 0.114020x(2 = 0.76); 24-D+CW: y = 1.09+
+0.19 % (r* = 0.59). B)control.y = 3.14+0.16 X (r* = 0.52);24-D:y = 2.94+0.14 X (r* = 0.49).

TABLE 2

Effect of the conditions stimulating (2,4-D) or inhibiting (2,4-D+CW) embryogenesis on the concentra-
tion (AUfum? of DNFB-stained nucleolar proteins in callus and proembryos of Theobroma cacgo L.

Treatment . sta Nucleoli size (pm?®)

reatmen 8 20 40 80 160

control I 0.35 025 0.21 0.18

I 0.30 0.22 0.20 0.18

10~* mgfi 1 0.20 0.20 0.21 0.20

24D I 0.25 0.21 0.18 0.16

1.0 mg/l 2,4D 1 0.25 0.22 0.20 0.19.
+10% CW
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The stimulation of embryogenesis with 2,4-D was associated with substantial increase
in nucleolar sizes, whereas the protein content increased slightly in the early stage of embry-
ogenesis (Fig. 5: 2B). As an effect of that a decreased protein concentration in nucleoli
was found (Table 2). The relation between the nucleolar protein content and nucleolar
size did not change in response to 1.0 mg/l 2,4-D+CW (Fig. 5: 3A).

Relationship between DNFB-stained cytoplasmic protein content and cell
size

The relation between DNFB-stained protein content and cell size in callus and proem-
bryos is presented in Fig. 6: 1A, 1B. When cytoplasmic protein content was compared
in cells of the same sizes both in callus and in proembryos, there was a marked decrease

protein content AU/

Fig. 6. The relationship between DNFB-stained cytoplasmic protein content and cell size in callus and
early stage of embryo. A = callus, B = proembryos; 1 == control, 2 = after 10~2 mg/l 2,4-D treaiment,
3 = after 1.0 mg/l 2,4-D+ CW treatment. The appropriate regression equations and r* values as follows:
A) control: y = 2.134+0.09xy? = 0.28); 24-D: Y = 37.74+0.05X(r* = 0.11); 24D+ CW- y = 45,57+
+0.04 x(r? = 0.26). B) control: y = 36.22+0.05x(? = 0.22); 2,4-D: y = 42.99+0.04 x (#* = 0.28).

in protein concentration in proembryos (Fig. 6: 1A, 1B) which intensified as cell size in-
creased. For instance, in callus cells of 15000 pm? an average protein concentration was
determined to be 0.107 AU/um? while in proembryo cells of the same sizes 0.075 AU/um?®
(Table 3). In both examined stages the increase in cell size led to the decrease in cytoplasmic
protein concentration and this effect was especially distinct in proembryos (Table 3).
2,4-D increased cytoplasmic protein content less than cell size which resulted in a de-
creased cytoplasmic protein concentration as compared to the control. This effect was
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TABLE 3

Effect of the conditions stimulating (2,4-D) or inhibiting (2,4-D+ CW embryogenesis on the concentra-
tion (AU/um?) of DNFB-stained cytoplasmic proteins in cells of callus and proembryos of Theobroma

eacao L.
Treatiment Gt Cell size (pm®)
age

reatmen 8 500 | 1000 1500 2000
control I 0.12 0.11 0.107 —
10%-mgj/l I 0.12 0.088 0.075 —
2,4-D I 0.12 0.088 0.075 0.071
1.0 mg/l I 0.12 0.082 0.068 0.060
2.4-D i 0.12 0.084 0.068 0.061
+10%, CW

especially evident in proembryos (Fig. 6: 2B, Table 3). It was also observed with 1.0 mg/1
2,4-D--CW (Fig. 6: 3A, Table 3) indicating that the increase in cell size is an auxin effect
and is not associated with the process of embryogenesis.

DISCUSSION

QOur studies indicated a close relation between DNA content and nuclear, nucleolar
and cell sizes. This relation differed in callus and proembryos. In callus the increase in
DNA content was followed by the proportional growth of the sizes of nuclei (Fig. 1: 1A),
whereares in proembryos the growth of nuclei was not equal to the increasing amount of
DNA (Fig. 1: 1B). Essential differences were evident in the sizes of 2C DNA cells. The
sizes of 2C cells of proembryos were 2.5 times larger than those of analogouse callus cells
(Fig. 3: A and B). '

The stimulation of embryogenesis by 10-2 mg/1 2,4-D was accompanied by an increase
in size of proembryo (Fig. I : 2B) and nucleolar sizes of callus as well as proembryos (Fig. 2:
2A, 2B, 3A), wherease, cell size of proembryos decreased as compared to auxin-free (con-
trol) medium (Fig. 3: 1B, 2B). Inhibition of embryogenesis by 1,0 mg/l 2,4-D4CW did
not influence nuclear size in homogenous callus (Fig. 1: 3A), but increased cell size in
relation to the control (Fig. 3: 1A, 3A). These differences in nuclear size with constant
DNA content, associated with callus and proembryos could reflect changes accompanying
the transition from nonorganized growth of callus to embryo production.

There are many examples of the existance of the relation between DNA content and
a nuclear size {1, 2}. CAVALIER-SMITH [2] suggested that DNA acted as a nucleoskeleton
determining nuclear size and that larger cells required larger nuclei and more DNA.

A correlation between the size of cell, the size of nucleus and nuclear DNA content
were observed in the cells of Pisum arvense cotyledons [11]. The progressive growth of the
cells was followed by the increase in nuclear size, but this increase did not keep pace with
the increasing sizes of cells.

In vascular tissue of Pisum sativum [8] although DNA endoreplication was observed
this did not account for increase in nuclear size. There were many Gl nuclei much larger
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than some G2 nuclei, and many G2 nuclei much larger than those of 4—8C DNA. These
variations in size may be due to an increased hydration of nuclear material or to an in-
crease in some non-DNA nuclear component eg proteins [8].

QOur previous studies have demonstrated [4] that increasing concentration of 24-D
lengthened the cell cycle in cacao callus. The question is whether the observed increase
in nuclear size caused by 2,4-D is solely due to the lengthening of the cell cycle. Indeed,
the lengthening of the cell ¢ycle from 10 hours for the control to 14 hours by 10-2 mg/1
2,4-D was accompanied by an increase in nuclear size although DNA content was constant.
However, further lenghening of cell cycle to 18 hours with higher concentration of 2,4-D-}
+CW did not increase nuclear sizes in comparison with control. These facts suggest that
the changes in nuclear size were not solely due to the lenthening of cell ¢ycle but may be
related to the changes connected with the process of embryo formation from callus.

The increase in the size of nuclei with the simultaneous diminishing of the cell size
during the stimulation of embryogenesis caused remarkable changes in nucleoplasmic
ratio. This ratio may be important in processes leading to the transition from nonorga-
nised growth of callus to embryogenesis.

Qur results indicate that embryo formation from callus in cacao involved changes
in the relation between the sizes of nuclei, nucleoli, and cells with total protein content
(DNFB-stained). A comparison of protein content and sizes of nuclei, nucleoli and cells
permits an analysis of protein concentration.

The increase in total protein content was not equivalent to the increasing size of nuclei,
which led to the decrease in nuclear protein concentration (Fig. 4). Because this effect
was observed in callus as well as in proembryos it suggested that the process of embryo
formation from callus did not involve any essential changes in concentrations of DNFB-
stained nuclear proteins. Similar situation was observed for nucleoli. No differences were
found between the increase in total protein content and the sizes of nucleoli in callus and
proembryos (Fig. 5). In both cases the increase in nucleolar size exceeded that of protein
content (Fig. 5: 1A, 1B). However significant differences appeared in the concentration
of cytoplasmic proteins between cells of callus and proembryos. During embryos forma-
tion there was a marked decrease in the concentration of total proteins (Fig. 6: 1A, 1B).

The stimulation of embryogenesis with 10-? mg/l 2,4-D slightly decreased nuclear
concentration of total proteins (Fog. 4: 2A, 2B). The process embryogenesis intensifica-
tion was accompanied by the increase in nucleolar size although total protein content
remained constant (Fig. 5: 2B). This resulted in a decrease in concentration of proteins
in nucleolus. During embryo formation from callus — in presence of 2,4-D- the increase
in cytoplasmic protein content exceeded that of cell size, which accounted for an increase
in concentration of cytoplasmic proteins (Fig. 6: 2B).

Our data suggest that DNA as well as proteins are responsible for the increase in nu-
clear size. However, the fact that the protein content may increase although DNA content
remains constant, indicates that the proteins play a distinct role in this process.

During the process of embryos formation from callus, changes in the relation between
sizes of nuclei, nucleoli and cell and total protein content have been found. These kind
of changes were observed neither during the cell ¢ycle nor during the growth of nonem-
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bryogenic callus mass. This fact strongly suggests that changes in relative protein content
in nuclei, nucleoli, and cytoplasm are associated with the process of embryogenesis.

In our next paper [6] studies on changes in basic proteins content in relation to nucleus,
nucleolus, and cell sizes will be presented.
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