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Abstract

This work was undertaken to investigate the relationship between water status and sucrose
metabolism of suspension culture of carrot (Daucus carota L.) cells. Embryogenic callus was induced
on carrot hypocotyl in vitre. The cell suspension culture was then produced from this callus.

In suspension culture, water potential and pH of the culture solution were decreased immediately after
culture initiation to - 0.62 MPa and 4.5 respectively, but gradually increased from 2 days after culture
initiation. Sucrose in suspension culture solution was found to be immediately hydrolyzed intc glucose
and fructose after the initiation of culture and disappeared within 2 days from culture initiation. The
disappearance of sucrose from the culture solution within 2 days of culture initiation corresponds with
increases in the activity of cell- wall-bound acid invertase. These results indicate that the decline of
water potential of the culture solution at the early stages of carrot suspension culture was associated with
sucrose metabolism as a result of an increase in acid invertase activity.

1. Introduction

The use of suspension culture in the production of
embryogenic callus leading to somatic embryo-
genesis is a well established technique (George ef
al., 1987; Taji et al., 1997). It has been shown that
the water potential of the medium decreased when
embryogenic callus of carrot was cultured in auxin -
free liquid medium (Nonami et al. 1995). However,
the reason for this decline was not investigated by
Nonami and co-workers (Nonami et al. 1995).

Murashige and Skoog (MS) (Murashige and
Skoog, 1962) medium, which is widely used in
suspension cultures, contains several inorganic
compounds, and small quantities of some organic
compounds, as well as sucrose. We think that the
decline in water potential is solely caused by su-
crose breakdown, because the inorganic compounds
are almost always solubilized in water in the culture
solution. Changes in the amount of other organic
compounds, such as vitamins and growth factors,
may be negligible to water status. Wang and Staba
(1963) working on tissue - cultured spearmint stem
and Dormer and Street (1949) on tissue -cultured

tomato root found sucrose degradation within sev-
eral days after culture initiation. However, their
work differs from the work reported here in that
they neither investigated the influence of sucrose
degradation on the water status of tissue - cultured
solution, nor the trigger for the breakdown of
sucrose. It has been shown that the sucrose sepa-
ration js attributed to sucrose metabolism by acid
invertase (EC 3.2.1.26) (Parr et al. 1976; Stommel
and Simon, 1989). However, the correlation be-
tween acid invertase activity, sucrose metabolism
and the water status of the cell suspension culture in
carrot has not been established.

Since the growth of cells in vitro and some plant
developmental processes are pH dependent (Smith
and Krikorian, 1990), this correlation was also
explored in relation to pH changes in the culture
medium. Changes in media pH have occurred in a
number of plants after subculturing (Williams e al.
1990; Shigeta et al., 1996).

2. Materials and methods

2.1. Plant materials and culture conditions
The seeds of carrot (Daucus carota L. cv. Kuroda
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-gosun; Takii and Company, Kyoto, Japan) were
surface sterilized in a 1% (v v™') sodium hypoch-
lorite solution for 10 min, followed by two rinses in
sterile water. The sceds were sown on sterile gel-
rite-based (2 g /') MS medium containing 30g ™!
sucrose and were incubated in the dark at 25 °C. The
carrot seeds germinated within one week, and 5-8
mm hypocotyl segments were transplanted to MS
medium containing 1 mg !™' 2,4 -dichlorophe-
noxyacetic acid (2,4-D), 2 g I gelrite and 30 g I
sucrose. The pH of the culture medium was set at
5.7 using 1IN NaOH. Within a month, embryogenic
callus had formed on the hypocotyl segments.

For suspension culture, the same culture medium
as indicated above was used without the addition of
gelrite. However in a concurrent experiment sucrose
was replaced by 30g ™! glucose and 30 g I™' fructose.
Each 100 m/ flask contained 30 m/ of the liquid
medium. In order to avoid the effect of autoclaving
on the integrity of culture medium (Wang and
Hsiao, 1995), the medium was filter sterilized using
first a 0.8 xm and then 0.22 nm filter (Millipore
Corp., Bedford, MA, USA).

The embryogenic callus grown on the gelrite -
based medium was transferred into the liquid
medium one week prior to experimentation so that
the callus could be acclimatized to the new liquid
environment. The culture was incubated at 25 °C in
the dark on an orbital shaker set at 100 rpm,

The callus from suspension culture was then
filtered through a 300 zm metal mesh. The filtrate
was transferred into fresh liquid medium prior to
measurements. Cell density in each flask was 1 m/
of packed cell volume. Samples of suspension
culture were taken at 0, 1, 2, 3, 5, 10, 15, 20 and 25
days after initiation. The pH of the suspension
culture was measured using a pH meter (HM - 308,
TOA Electronics Ltd., Tokyo, Japan). Packed cell
volume was determined by centrifuging the cells at
150xg.

2.2. Measurements of the liquid medium water
status

Water potentials of the culture solution were
determined using an isopiestic thermocouple psych-
rometer (Model -3, Isopiestic Psychrometry Ltd,,
DE, USA)(Boyer and Knipling, 1965). A thermo-
couple chamber was coated with melted and resoli-
dified petrolatum (Boyer, 1967). Aliquots of the
suspension culture solution were then dispensed
into the sampling chamber.

2.3. Determination of sugar content
The sugar composition in the cell culture solution
was analyzed by high performance liquid chromato-

graghy (HPLC). The culture solution was filtered
through a 045 gm filter (Chromato disc 13A,
Kurabo, Osaka, Japan). A 5 ! sample was injected
into an HPLC (LC-10AD, Shimadzu Co., Kyoto,
Japan) equipped with a refractive index detector
(RID -6A, Shimadzu Co., Kyoto, Japan). Sugars
were separated using a TSKgel Amide80 column
(Tosoh, Tokyo, Japan) maintained at 80 °C with 80
% acetonitrile as the solvent at a flow rate of 1.0 m/
min~'. Glucose, fructose and sucrose were identified
and quantified by comparison with peaks produced
by a known standard sugar solution with a reporting
integrator (C-R7A, Shimadzu Co., Kyoto, Japan).

2.4. Assays of enzymatic activity

For assays of acid invertase activity, plant sam-
ples were homogenized in a medium containing 50
mM 2-[4- (2- Hydroxyethyl)- 1- piperazinyl]ethane-
sulfonic acid (HEPES)-KOH (pH 8.3), 2 mM
Ethylenediaminetetraacetic acid (EDTA), 2 mM
0,0’- Bis(2- aminoethyl) ethyleneglycol N,N,N’,N’-
tetraacetic acid (EGTA), 1 mM MgClL, 1 mM MnCl,
and 2 mM y, - Dithiothreitol (DTT) and centrifuged
at 15,000xg for 5 min at 4 °C.

The supernatant was dialyzed against a 0.02 M
sodium acetate solution (pH4.5) using a cellulose
tubing (Shiraimatsu, Tokyo, Japan) over night at 4
°C, then used for vacuolar acid invertase analysis.

The pellet was re-washed with the homogenizing
medium and centrifuged again. The cell - wall -
bound acid invertase was solubilised from the
washed pellet by shaking for 3 hours at 4 °C with a
homogenizing medium containing 1 M NaCl. The
mixture was centrifuged at 12,000xg for 5 min at 4
‘C. The resultant soluble fraction was used for
assays without desalting.

The culture solution used for suspension was
fractionated with (NH,),SO,. Ammonium sulfate
was added until saturation. The whole was then
centrifuged at 5,000xg for 5 min at 4 °C. The
resultant precipitate was solubilized in 5 ml
homogenizing medium and used for assays without
desalting.

For the assay of acid invertase activity, a solution
containing 0.5 M sodium acetate (pH 4.5), 3 %
(w v'!) sucrose and the soluble fraction, was incu-
bated at 37 °C for 15 min, heated at 85 °C for 2 min
and then neutralized by addition of 1 M KOH, The
assay solution treated as above, but without incu-
bation, was used as a control. The concentration of
glucose was then determined with an F-kit (Boeh-
ringer- Mannheim GmbH, Mannheim, Germany).



3. Results

3.1. Water status and pH of culture solution

When cells from embryogenic callus were trans-
ferred to the liquid medium containing 2,4 - D, the
water potential of the medium decreased immedi-
ately and reached -0.62 MPa by day 2 (Fig. 1A).
The water potential then began to increase and
stabilized at approximately -0.13 MPa by 20 days
after commencement of the experiments. The cul-
ture solution containing no cells did not alter in the
25 days duration of the experiment (Fig. 1A).

The pH of the medium decreased to 4.5 by day 2
after culture initiation and then began to increase
gradually throughout the experimental period (Fig.
1B). The pH of the solution at 15 days after culture
initiation was 5.6 which was almost the same as
initial medium pH. The pH of culture solution
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Fig. 1. Changes in water potential (A), pH (B) and
packed cell volume (C) in cell suspension
culture of carrot. In A and B, open circles (O )
indicate culture solution without carrot cells and
closed circles ( @ ) culture solution containing
carrot cells. BEach point is the mean of at least 3
determinations. Vertical bars indicate standard
deviation. Bars smaller than symbols were
hidden within.
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containing no cells did not alter throughout the
experimental period (Fig. 1B).

The packed cell volume remained unchanged
until approximately day 5, after which time it in-
creased gradually (Fig. 1C).

3.2. Sugar content in culture solution

Sucrose concentration reached almost zero within
2 days from culture initiation (Fig. 2). This corre-
sponded to an increase in the concentration of
glucose (67 mM) and fructose (89 mM). Thereafter,
the concentrations of glucose and fructose declined
and reached almost zero by the 20th day after
culture initiation (Fig. 2).

3.3. Changes of invertase activity

The activity of cell -wall ~bound invertase in-
creased rapidly within 24 hours after culture initi-
ation (Fig. 3) and peaked to 5.5 umol - gFW™!
hour? by day 2. The acid invertase activity then
declined to 2.9 umol - gFW™' hour ! by day 3 and
remained unchanged throughout the remainder of
the experimental period (Fig. 3).

When carrot cells cultured in MS solution con-
taining 30 g I"' glucose and 30 g I"! fructose instead
of sucrose, the cell -wall -bound acid invertase
activity reached 3.0 ¢z mol gFW 'hour™ (5.5 z mol
gEW™" hour™ for sucrose treatment) at 2 days after
initiation (Table 1).

No acid invertase activitiy was detected in the
soluble fraction of callus and culture solution in our
experiments (data not shown).

Using an auxin-free medium instead of a 2,4-D
rich medium similar results for water potential, pH,
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Fig. 2. Changes in sugar contents { @ glucose, O
fructose, and A sucrose) in cell suspension
culture of carrot. Each point is the mean of at
least 3 determinations. Vertical bars indicate
standard deviation. Bars smaller than symbols
were hidden within.
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Fig. 3. Changes in cell wall-bound invertase activity
in cell suspension culture of carrot. Each point is
the mean of at least 3 determinations. Vertical
bars indicate standard deviation. Bars smaller
than symbols were hidden within.

packed cell volume, sugar changes and activity of
acid invertase were obtained (data not shown).

4, Discussion

To our knowledge this is the first report showing
the relationship between water status and sucrose
metabolism in cell suspension cultures obtained
from embryogenic callus in carrot. Substantial
differences in the water potential of cells and the
medium were obtained during the course of experi-
ments reported here. The water potential of liquid
medium almost equilibrates with that of the sus-
pending callus (Nonami ez al. 1995). lkeda er al
(1999a, b) obsecrved that the water potential of agar-
based culture media were almost the same as those
of soybean and carnation calli tissue grown on those
media. Thus, in this experiment, the changes of
water potential in liquid medium indicate changes
of water potential in the suspended cells. The in-
crease in packed cell volume observed after day 5
from culture initiation (Fig. 1C) may be due to cell
division and cell expansion, which ultimately ac-
companies uptake and metabolize nutrient and

Table 1.
suspension culture of carrot.

water from the solution. This in turn increases the
water potential of the liquid medium (Fig. 1A).

The drop in pH to 4.5 at the initial stages of
culture in our system is similar to that reported in
Ptilotus shoot on agar - based medium (Williams er
al. 1990). This pH has been shown to be the most
favorable pH for acid invertase activity (Ricardo
and ap Rees, 1970), and agrees with our results.

Water potential of the medium containing carrot
cells reached -0.1 MPa by day 25, indicating that
the culture solution contained a small amount of
solutes by this stage. The increase in water potential
must be a function of cell number and volume
which increases solute uptake from the solution.
Since a major factor in the pH change is the balance
between NO3  and NH4" supply and uptake (Dou-
gall, 1980), an increase in pH after 5 days of culture
initiation may also be the result of differential NO;~
and NH,* uptake. The fluctuation in pH after day 15
was due to the low buffering capacity of a solution
with low solute. The increase in water potential of
medium supports this idea.

The cell -wall -bound acid invertase activity
peaked by day 2 after initiation and then decreased
(Fig. 3). This coincides with the breakdown of
sucrose to glucose and fructose, which also peaked
by day 2 (Fig. 2). The decline in acid invertase
activity may be the result of a feed back regulation
by sucrose level. Why acid invertase activity in-
creases in culture medium by day 2 and subse-
quently declines is not clear. The sucrose in
embryogenic callus medium was exhausted within 7
days when these calli, were separated into cells and
when the resultant cells were transferred to fresh
medium containing sucrose (see Materials and
methods). We, thus, believe in sach an environment
the cell-wall-bound acid invertase activity was re-
initiated and remained high until all sucrose was
consumed. The initiation of cell-wall-bound inver-
tase activity by sucrose was also reported in
Chenopodium rubrum (Roitsch et al., 1995) and
sugar beet (Masuda er al,, 1988) cell suspension
culture. Furthermore, when carrot cells cultured in
MS solution containing 30 g /! glucose and 30 g I

Changes in cell - wall - bound invertase activity ( #£mol » gFW™" hour™") in cell

Days after initiation

30g/™' Sucrose

Treatment

30g!™" Glucose and 30g!™' Fructose

0 1.27+ 030
2 550+ 0.71

1.27 £ 0.30
302+ 045

Each determination repeated at least 3 times (means = SD).



fructose instead of sucrose, the cell -wall -bound
acid invertase activity did not increase to the same
extent as that of sucrose treatment (Table 1). This
result supports that the initiation of cell - wall -
bound acid invertase activity requires sucrose and
thus occurs only on medium containing sucrose.
Straus (1962) showed that the cell -wall -bound
invertase activity was higher than that of cyto-
plasmic enzyme in cultured tissue. Our results also
show that once sucrose is taken up by the shaking
culture the cell-wall-bound acid invertase activity
is initiated and breaks sucrose down to glucose and
fructose, thus, decreasing the water potential of the
solution (Figs. 1A, 2 and 3).

Our work, therefore, shows that changes in water
potential of culture solution in carrot are influenced
by sucrose breakdown to glucose and fructose, due
to cell- wall-bound acid invertase activity.

References

Boyer, 1.S., 1967. Leaf water potentials measured with a
pressure chamber. Plant Physiol., 42: 133-137.

Boyer, J.S., Knipling, E.B., 1965. Isopiestic technique for
measuring leaf water potentials with a thermocouple
psychrometer. Proc. Natl. Acad. Sci. USA., 54: 1044 -
1051.

Dormer, K.J., Street, H.E., 1949, The carbohydrate nutrition
of tomato roots. Ann. Bot. 13: 199- 217.

Dougall, K.D., 1980. Nutrition and metabolism. In: Staba,
E.l. (Ed.): Plant Tissue Culture as a Source of Biochem-
icals., 21-58. CRC Press, Florida, USA.

George, E.F., Puttock, D.J.M., George, HJ., 1987. Plant
Culture Media: Vol. I. Formulations and Uses. Exeget-
ics Ltd., England.

Ikeda, T., Nonami, H., Fukuyama, F., Hashimoto, Y., 1999a.
Hydraulic contribution in cell elongation of tissue -
cultured plants: Growth retardation induced by osmotic
and temperature stresses and addition of 2,4 - dichloro-
phenoxyacetic acid and benzylaminopurine. Plant Cell
Environ., 22: 899-912.

Ikeda, T., Nonami, H., Fukuyama, F., Hashimoto, Y., 1999h.
Water potential associated with cell elongation and cell
division of tissue —cultured carnation plants. Plant
Biotechnol., 16: 115-121 (Erratum, 16:251).

Masuda, H., Takahashi, T., Sugawara, S., 1988. Acid and

378

alkaline invertases in suspension cultures of sugar beet
cells. Plant Physiol., 86: 312-317.

Murashige, T., Skoog, F., 1962. A revised medium for rapid
growth and biocassays with tobacco tissue culture.
Physiol. Plant., 15: 473-479.

Nonami, H., Tkeda, T., Maejima, A., Fukuyama, F., Hashi-
moto, Y., 1995. Components of water potential related
to tissue differentiation and cell expansion in tissue
culture. Acta Hortic., 393: 77— 84.

Parr, D.R., Edelman, J., Hawker, J.S., 1976. Growth and
sucrose metabolism of carrot callus strains with normal
and low acid invertase activity. Physiol. Plant., 37:
223-228.

Ricardo, C.P.P., ap Rees, T., 1970. Invertase activity during
the development of carrot roots. Phytochemistry 9:
239-247.

Roitsch, T., Bittner, M., Godt, D.E., 1995. Induction of
apoplastic invertase of Chenopodium rubrum by |-
glucose and a glucose analog and tissue - specific ex-
pression suggest a role in sink - source regulation. Plant
Physiol., 108: 285-294.

Shigeta, J., Sato, K., Mii, M., 1996. Effects of initial cell
density, pH and dissolved oxygen on bioreactor produc-
tion of carrot somatic embryos. Plant Sci., 115: 109 -
114.

Smith, D.L., Krikorian, A.D., 1990. Somatic embryogenesis
of carrot in hormone - free medium: explant pH control
over morphogenesis. Am. J. Bot., 77: 1634~ 1647.

Stommel, J.R., Simon, P.W., 1989. Influence of 2-deoxy -
D - glucose upon growth and invertase activity of carrot
(Daucus carota 1..) cell suspension cultures. Plant Cell
Tissue Organ Cult., 16: 89-102.

Straus, J., 1962. Invertase in cell walls of plant tissue
cultures. Plant Physiol., 37: 342- 348.

Taji, A.M., Dodd, W.A., Wiltiams, R.R., 1997, Plant Tissue
Culture Practice: 3rd Edition. University of New En-
gland Printery., Australia.

Wang. C.J., Staba, J., 1963. Peppermint and spearmint tissue
culture II; Dual - carboy culture of spearmint tissues. J.
Phar,. Sci., 52: 1058-1062.

Wang, X.-J., Hsiao, K.C., 1995. Sugar degradation during
autoclaving: Effects of duration and soluticn volume on
breakdown of glucose. Physiol. Plant., 94: 415-418.

Williams, R.R., Taji, A., Winney, K.A., 1990. The effect of
Ptilotus plant tissue on pH of in vitro media. Plant Cell
Tissue Organ Cult., 22: 153~ 158.



