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Abstract

Somatic embryogenesis in carrot (Daucus carota L.) is strongly inhibited by certain factors that
accumulate in the medium of cultures with high embryogenic carrot cell density. We previously
identified p- hydroxybenzyl alcohol as one of these inhibitory factors. In this study, we performed a
detailed analysis of the effects of p-hydroxybenzyl alcohol on scmatic embryogenesis. p - Hydroxy-
benzyl alcohol strongly inhibited the formation of somatic embryos by suppressing cell division. The
inhibitory effect on the development of globular embryos was stronger than that on the development of
heart - shaped and torpedo - shaped embryos. In contrast, p— hydroxybenzyl alcohol had no effect on the
proliferation of both undifferentiated embryogenic cells or non-embryogenic cells. These results
indicate that p - hydroxybenzyl alcohol inhibits the division of cells in a way that is specific to the early
stage of somatic embryogenesis and that plays an important role in the formation of somatic embryos.

Abbreviations

2,4-D, 2,4-dichlorophenoxyacetic acid; DW, dis-
tilled water; HCM, conditioned medium from high-
cell- density culture; PCV, packed cell volume after
centrifugation at 100 xg

1. Introduction

Various environmental and chemical factors in-
fluence the induction and development of carrot
somatic embryos (Halperin, 1967; Ammirato and
Steward, 1971; Kamada and Harada, 1979, 1984;
LoSchiavo ef al., 1986). Auxins are the most impor-
tant of these factors and the effects of the auxin, 2,4
-dichlorophenoxyacetic acid (2,4-D), have been
studied in considerable detail. Embryogenic cells,
which have the ability to generate somatic embryos,
can be obtained by culturing explants on 2,4-D-
containing medium and transferring the resultant
embryogenic cells to 2,4-D - free medium, in which
somatic embryos are subsequently formed (Steward

et al., 1958; Reinert, 1959; Kamada and Harada,

1979).

Cell density also has important effects on carrot
somatic embryogenesis (Fridborg et al., 1979; Sung
and Okimoto, 1981, 1983; Osuga et al, 1993).

When embryogenic cells are cultured in 2,4-D-free
medium at high cell density, the formation of
somatic embryos is strongly inhibited. Such inhibi-
tion is due to certain factors that are released into
the culture medium from the cultured cells (Higashi
et al., 1998). The inhibitory factors appear to sup-
press only the exceptionally rapid division of cells
that is characteristic of the early stages of somatic
embryogenesis (Kobayashi et al, 1999b). Such
inhibitory endogenous factors were different from
the natural and chemically synthesized factors that
have been shown to inhibit the formation of somatic
embryos (LoSciavo et al., 1986; Baldan et al., 1995;
Capitano et al., 1997; Toonen et al., 1997). We
identified one of the inhibitory endogenous factors
as p-hydroxybenzyl alcohol (Kobayashi et al,
unpublished data), but the physiological actions of
p-hydroxybenzyl alcohol remain to be charac-
terized. In this study, we performed a detailed
analysis of the effects of p-hydroxybenzyl alcohol
on carrot cells in culture.

2. Materials and Methods

2.1 Plant material and cell culture
Details of the methods used for the culture of
embryogenic cells and non-embryogenic cells of
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Daucus carota L. cv, US-Harumakigosun have
been described previously (Kamada and Harada,
1979; Satoh er al., 1986). Embryogenic cells ob-
tained from hypocotyls were subcultured at two-
week intervals in liquid Murashige and Skoog’s
(MS) medium (Murashige and Skoog, 1962) that
contained 2,4-D (1mg {~'). For induction of
somatic embryogenesis, small cell clusters (37-63
wm in diameter) were collected by passing of two-
week~-old suspension cultures through two stainless
-steel sieves (pore size, 37 and 63 xm, respective-
ly). The clusters were washed with an excess of
phytohormone-free MS medium and then sus-
pended in phytohormone-free liquid MS medium at
0.2ml PCV I"", Cell density was defined in terms of
the packed cell volume (PCV), measured in ml,
after centrifugation at 100 xg of one liter of culture
(ml PCV ™).

Non-embryogenic cells were obtained by
successive subculturing, at two-week intervals, of
small clusters of cells of less than 1 mm in diameter
for more than six months in liquid MS medium that
contained 2,4-D (1mg !"'). Non-embryogenic
cells aggregated loosely and formed small clusters
of cells. The non-embryogenic cells were main-
tained by subculture at two-week intervals in liquid
MS medium that contained 2,4-D (1 mg ! 1).

All cultures were incubated on a gyratory shaker
(70 rpm) at 25 °C in darkness.

2.2 Chemicals

p-Hydroxybenzyl alcohol and its analogs, namely
o- and m-hydroxybenzyl alcohol, p-hydroxy-
benzaldehyde, p-hydroxybenzoic acid and benzyl
alcohol (extra pure grade), were obtained from
Nacalai tesque, Inc. (Kyoto, Japan). Each compound
was dissolved in distilled water (DW) and solutions
were sterilized by filtration through a cellulose
acetate membrane with 0.45- ym pores (DISMIC-
25cs; ADVANTEC, Tokyo).

2.3 Effects of p-hydroxybenzyl alcohol on the for-
mation of somatic embryos

Small clusters (37 to 63 ¢m in diameter) of
embryogenic cells, collected as described above,
were suspended at 0.2 m{ PCV /™! in phytohormone
-free MS medium that contained p-hydroxybenzyl
alcohol or an analog. After culture for two weeks,
the number of somatic embryos at each stage of
development in a 500- xI aliquot of culture was
determined in a counting chamber under a micro-
scope.

2.4 Stage specific effect of p-hydroxybenzyl alcohol
on the formation of somatic embryos

After the embryogenic cells had been cultured for
14 days at an initial cell density of 0.2 m! PCV 1™,
globular, heart - shaped and torpedo-shaped somatic
embryos were collected separately. The embryos at
each stage of development were suspended in
phytohormone - free MS medium that contained p-
hydroxybenzyl alcohol and cultured for 14 days.
Then, somatic embryos and cells were counted as
desctibed below.

To count the total cells in various cultures, all of
cultured cells were collected by centrifugation at
100 xg for five minutes. The pelleted cells were
treated for one day with an excess of maceration
solution, which consisted of 10% (w/v) HNO, and
10% CrOjs. This mixture was then centrifuged at 100
xg and the pellet was washed once with DW. After
centrifugation, the final pellet of cells was sus-
pended in and diluted to an appropriate cell density
with DW so that the cells could be counted in a
hemocytometer {Thoma; Erma, Tokyo).

2.5 Effects of p-hydroxybenzyl alcohol on the
proliferation of embryogenic cells and non-
embryogenic cells

Small clusters of embryogenic cells (37-63 xm
in diameter) and non-embryogenic cells were cul-
tured at an initial cell density of 0.2 m/ PCV /! in
the mediuvm that contained p-hydroxybenzyl
alcohol with or without 2,4-D. Total cells were
counted on the 14th day of culture as described in
the previous section.

In all experiments, cultures were incubated in 50-
m{ flasks that contained 15 m! of test medium. In
each experiment, at least four flasks were used. All
experiments were repeated at least twice and
average values of the results are shown with §D.

3. Results

3.1 Effects of p-hydroxybenzyl alcohol and its
analogs on somatic embryogenesis

The number of somatic embryos formed after two
weeks decreased significantly with increases in the
concentration of p-hydroxybenzyl alcohol in the
medium (Fig. 1). However, somatic embryos at the
heart-shaped and torpedo-shaped stages were gen-
erated even at a relatively high concentration (10°°
M). However, the proportion of somatic embryos at
each developmental stage (globular, heart- and
torpedo - shaped embryos) was not affected by addi-
tion of p-hydroxybenzyl alcohol. The number of
somatic embryos was also reduced when analogs of
p-hydroxybenzyl alcohol were included in the



89

W
o

—_
(8]

7,
A7

N

AN
Y|

]
7
7

%

Number of somatic embryo x 102/ flask

7

A

N
Y

7

o

0
c 16°16%40716%16%0° 16710%16%6% 16716%6%6% 10716%16%0" 1671%10%0" 10716%16™6"
d b | mHydroxy- o-Hydroxybenzyl droxy- droxy- Benzyl
Py rglé%h%rﬂzy ben:-:w alcohol Y al)c(zyoholzy beﬁi}lldehyyde bgnzoic ggid alcoh%l

Concentration (M)
Fig. 1 Effects of p- hydroxybenzyl alcchol and its analogs on somatic embryogenesis. Small

clusters of embryogenic cells were suspended at 0.2 m! PCV I in the phytohormone - free
MS medium that contained p-hydroxybenzyl alcohol or an analog. After 14 days of
culture, somatic embryos at each stage of development were counted. Closed boxes,
globular embryos; stripped boxes, heart-shaped embryos; open boxes, torpedo- shaped
embryos. Results represent mean values with SD (n=4). No somatic embryos developed in
the medium that contained p-, m—hydroxybenzyl alcohol, p-hydroxybenzeic acid or
benzyl alcohol at 10™* M of concentration.

medium. However, the inhibitory effects of the
analogs that we tested were weak compared to those
of p-hydroxybenzyl alcohol. The concentrations of
individual analogs that significantly inhibited the
formation of somatic embryos were 10- to 100-
fold higher than those of p-hydroxybenzyl alcohol
that had similar effects.

3.2 Stage-specific inhibition by p-hydroxybenzyl
alcohol of the formation of somatic embryos and
cell proliferation

When we used globular somatic embryos as
starting material (Fig. 2a), we found that the num-
ber of somatic embryos after two weeks was re-

duced by culture in medium that contained p-

hydroxybenzyl alcohol. The extent of inhibition

depended on the concentration of the reagent. When
we used heart-shaped embryos (Fig. 2b), the num-
ber of somatic embryos that developed after two
weeks was reduced in the presence of p-hydroxy-
benzyl alcohol at 107° M. In contrast, p-hydroxy-
benzyl alcohol had no effect on the number and
development of torpedo-shaped embryos after two
weeks (Fig. 2¢). The effects of p-hydroxybenzyl
alcohol on the proliferation of cells were similar to
those on the formation of somatic embryos when
somatic embryos at each developmental stage were
used (Fig. 2d-f). When globular embryos were

cultured in the medium that contained p-hydroxy-
benzyl alcohol, the proliferation of cells was strong-
ly suppressed. The total number of cells in cultures
of torpedo-shaped embryos was more than that in
cultures of globular and heart-shaped embryos,
because torpedo-shaped embryos grew bigger.
However, p-hydroxybenzyl alcohol did not affect
the increases of total cell number in cultures of heart
and torpedo -shaped embryos.

3.3 Effects of p-hydroxybenzyl alcohol on the
proliferation of embryogenic and non-embryo-
genic cells

Embryogenic cells proliferated and grew into
small callus without any apparent morphological
changes in the presence of 2,4-D. Under these
conditions, p-hydroxybenzyl alcohol had no effect
on the proliferation of embryogenic cells (Fig. 3a).
In contrast, the increase in number of total cells of
somatic embryos and cell clusters during somatic
embryogenesis was strongly suppressed upon addi-
tion of p-hydroxybenzyl alcohol to 2.,4-D-free
medium (Fig. 3b).

The clusters of non-embryogenic cells, which
had lost embryogenic competence, were unifor-
mally small and loosely aggregated. Non-embryo-
genic cells proliferated in the presence and in the
absence of 2,4-D. p- Hydroxybenzyl alcohol had no
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Fig.2 Stage-specific effects of p-hydroxybenzyl
alcohol on somatic embryogenesis, Globular (a,
d), heart-shaped (b, e} and torpedo- shaped (c,
f) embryos were separately suspended in medium
that contained p-hydroxybenzyl alcohol. After
14 days of culture, the numbers of somatic
embryos and cells were determined. a-c: The
number of somatic embryos. Closed boxes,
globular embryos; stripped boxes, heart - shaped
embryos; open boxes, torpedo - shaped embryos.
d-f: The total number of cells indicated by
closed boxes. Results represent mean values with
SD (n=4).

effect on the proliferation of non-embryogenic cells
in the presence and in the absence of 2,4-D (Fig.
3¢, d).

4. Discussion

p-Hydroxybenzyl alcohol was identified pre-
viously as one of the inhibitory factors in condi-
tioned medium that is responsible for the
suppression of somatic embryogenesis in high-cell-
density cultures (Kobayashi et al, unpublished
data). In this study, we examined in detail the
effects of p-hydroxybenzyl alcoho! and its analogs
on somatic embryogenesis. p-Hydroxybenzyl
alcohol inhibited the formation of somatic embryos
more strongly than did the tested analogs (Fig. 1). It
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Fig. 3 Effects of p-hydroxybenzyl alcohol on the
proliferation of embryogenic and non-embryo-
genic cells. Small clusters of embryogenic cells
and of non- embryogenic cells were suspended at
0.2 ml PCV !"”! in medium that contained p-
hydroxybenzy! alcohol with or without 2,4- D.
After 14 days of culture, the total number of cells
was determined. aandb: Embryogenic cells
were cultured in medium with 2,4-D (a) and
without 2.4-D (b). ¢ and d: Non- embryogenic
cells were cultured in medium with 2,4-D (c)
and without 2.4-D (d). I indicates the total
number of cells at the start of culture. Results
represent mean values with SD (n=4 or 6).

was demonstrated that the cell division during
somatic embryogenesis was strongly inhibited in
cultures at high cell density (Kobayashi et al.,
1999b) The strong inhibitory effect of p-hydroxy-
benzyl alcohol was also due to suppression of cell
proliferation during somatic embryogenesis (Fig.
3b). The unusually rapid cell division occurs when
small clusters of embryogenic cells develop into
early globular embryos (Bayliss, 1977). This rapid
cell division plays an important role in the initiation
of somatic embryogenesis (Fujumura and
Komamine, 1980). During the culture of globular
somatic embryos, the number of somatic embryos
was increased because of the formation of
secondary somatic embryos (Fig. 2a). Some
secondary somatic embryos were also formed in



cultures of heart- and torpedo-shaped embryos
(Fig. 2h,¢). The secondary somatic embryos
seemed to develop actively from somatic embryos
at earlier stage of development. The inhibitory
effect of p-hydroxybenzyl alcohol on the develop-
ment of globular embryos was stronger than that on
the development of heart-shaped and torpedo-
shaped embryos (Fig. 2). The unusually rapid divi-
sion of cells occurs only during the development of
somatic embryos. p- Hydroxybenzyl alcohol had no
effect on the proliferation of undifferentiated em-
bryogenic cells (Fig. 3a) and of non-embryogenic
cells (Fig. 3c,d). Thus, p-hydroxybenzyl alcohol
inhibited only rapid division of cells of somatic
embryos that is characteristic of the early globular
stage of somatic embryogenesis and did not affect
the proliferation of undifferentiated embryogenic
cells and non-embryogenic cells. This physio-
logical property of p-hydroxybenzyl alcohol is the
same as that of the inhibitory conditioned medium
isolated (Kobayashi ef al, unpublished data).
Therefore, p-hydroxybenzyl alcohol appears to be
the major inhibitory factor that accumulates in the
medium of high-cell-density cultures and inhibits
somatic embryogenesis.

Several phytohormones and chemicals are known
to suppress somatic embryogenesis in carrot cell
cultures. The existence and concentrations of
inhibitors in conditioned medium have not pre-
viously been determined, except in the case of p-
hydroxybenzoic acid. Fridborg et al (1979)
reported that p-hydroxybenzoic acid accumulates
in the medium during carrot somatic embryogenesis
and inhibits the formation of somatic embryos.
However, we found that p-hydroxybenzoic acid
had a much smaller inhibitory effect on somatic
embryogenesis than that of p-hydroxybenzyl
alcohol. In addition, we did not find any p-
hydroxybenzoic acid in our high-cell-density
cultures (Kobayashi et al., unpublished data). Thus,
it appears that p-hydroxybenzoic acid is not essen-
tial for the inhibition of somatic embryogenesis in
high-cell-density cultures. Certain other chemicals
specifically interrupt the transition from heart-
shaped embryos to torpedo-shaped embryos
(LoSchiavo er al., 1986; Baldan er al., 1995; Capi-
tano et al., 1997). In contrast, p-hydroxybenzyl
alcohol markedly reduced the number of somatic
embryos but a few somatic embryos develop into
mature embryos (Fig. 1). Such inhibitory effects of
p-hydroxybenzyl alcohol might have been due to
suppression of quite an early process in somatic
embryogenesis. As a consequence, addition of p-
hydroxybenzyl alcohol reduced the frequency of
formation of somatic embryos and did not affect the
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proportion of somatic embryos at each develop-
mental stage (globular, heart- and torpedo-shaped
embryos).

Some factors that stimulate carrot somatic
embryogenesis are also present in the conditioned
medium. For example, arabinogalactan proteins
(Kreuger and van Horst, 1993; Toonen ef al., 1997)
and phytosulfokine- o (Matsubayashi er al., per-
sonal communication; Kobayashi et al, 1999a).
Thus, somatic embryogenesis in carrot is probably
influenced by a balance between levels of stimu-
latory and inhibitory conditioning factors. However,
the inhibitory effects of p-hydroxybenzyl alcohol
seem to overwhelm the effects of the stimulatory
factors since p-hydroxybenzyl alcohol prevented
development of somatic embryos at the early
globular stage. We are now examining in further
detail the accumulation of the stimulatory and in-
hibitory factors in the conditioned medium of carrot
cultured cells.
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