52

Original Paper Plant Tissue Culture Letters, 2 (2), 52-58 (1985)

Physiological Differences between Lactose-adapted and
Non-adapted Cells of Japanese Morning-glory

Shigeru HisamMA,*** Tsuneo WATANABE,* Yuji ARAT* and Trevor A. THORPE**

*Institute of Applied Biochemistry, University of Tsukuba, Ibaraki, Japan 305
**Plant Physiology Research Group, Department of Biology, University of Calgary,
Calgary, Alberta, Canada T2N IN4

(Received May 17, 1985)
(Accepted August 10, 1985)

To study the mechanism of lactose adaptation, several trials were carried out using original
non-adapted and lactose-adapted callus cultures of Japanese morning-glory (Pharbitis nil L. var
Violet). Inboth types of cells the activities of lactase, UDPgalppase, UDPGppase and UDPgal
epimerase were present. Non-adapted cells thus appeared to be potentially capable of lactose
metabolism. However, UDPgal epimerase activity in these cells was very low and cell wall
lactase activity was about 30%; of that of the lactose-adapted cells. When lactose-adapted
cells were cultured on lactose medium, the glucose content remained low and galactose high
throughout the culture period. Thus, it appears that these cells preferentially utilized the
glucose moiety over galactose. Contents of G-6-P, G-1-P and Gal-1-P in galactose-grown
original cells increased about 3 times over those in sucrose-grown original cells. UDPG and
UDPgal contents increased about 1.5 times and only marginally, respectively, over those of
sucrose-grown original cells. In comparison, the contents of G-6-P, G-1-P and Gal-1-P in
galactose-grown lactose-adapted cells increased about two times over those of sucrose-grown
original cells and decreased by about 209 of those of galactose-grown original cells. This
suggests that the adapted cells have a greater capacity to metabolize lactose and galactose than
the non-adapted cells. Based on these results, inhibition by lactose and galactose, and adapta-
tion to galactose and lactose are discussed.

~ Although cultured cells generally grow best on sucrose or glucose as carbon/energy sources,
they are capable of growing on a variety of other carbohydrates.l~® Plant cells can become
adapted and grow on D-galactose? and the oligosaccharides melibiose,5:® lactose,?~11)
raffinose®:12:1 and stachyose®:14) that contain D-galactose. In the free state galactose is usually
toxic to cultured tissues,® and normally most plant cells do not come into contact with these
galactose-containing substances.1®
A few years ago, we isolated a lactose-adapted cell line from lactose-sensitive cells of J apanese
morning-glory.1 The adapted cells could utilize lactose as the sole carbon source. The non-
adapted cells grew on sucrose, but could not grow on lactose or galactose, while the adapted
cells grew better on lactose than sucrose, and could also grow on galactose as sole carbon
source. The mechanism of lactose metabolism in lactose-adapted cells has been proposed in

Abbreviations: UDPgal=UDP galactose, UDPG=UDP glucose, UDPgalppase=UDP galactose
pyrophosphorylase, UDPGppase=UDP glucqse pyrophosphorylase.
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the previous paper.l® Our present interest has been to examine further the mechanism of
lactose adaptation and the mechanism of lactose and galactose toxicity.

In this communication, physiological differences between lactose-adapted and non-adapted
cells are examined.

Materials and Methods

Plant material. Lactose-adapted and non-adapted cells of Japanese morning-glory (Pharbitis
nil L. var. Violet) were cultured in a medium containing Murashige-Skoog’s basal salts,
yeast extract (0.3% w/v), agar 0.75% and carbohydrate (3% w/v).1® Cultures of lactose-
adapted and non-adapted cells were grown on lactose and sucrose respectively, except as
indicated in different experiments. The stock cells were subcultured at 2 week intervals.

Extraction of sugars and sugar phosphates. Methods were based on the previously reported
procedure!® and that of Young and Bieleski.1?

Assay of sugars and sugar phosphates. Glucose,!® fructose,1® sucrose?® and lactose?V
were measured spectrophotometrically. G-6-P,22 G-1-P,2® Gal-1-P,2¥ UDPG?» and
UDPgal26) were also measured spectrophotometrically.

Enzyme extraction and assays. Cells (2 g) were homogenized with 5 ml of 100 mm Tris-HCl
buffer (pH 7.5) containing 10 mm mercaptoethanol in a cold teflon homogenizer. The homo-
genate was centrifuged at 10,000x ¢ for 15min. The extraction was repeated thrice and
supernatants were collected. The solution was dialyzed against 6 / of 10 mm Tris-HCI buffer
(pH 7.5) containing 1 mM mercaptoethanol for 7 hr. After dialysis, the solution was centri-
fuged at 15,000x & for 20 min. The supernatant fraction was used as the cytoplasmic frac-
tion.1® The initial precipitate was washed with cold water by centrifugation and suspended
in 4 ml of cold water. The suspension was used as the cell wall fraction.

The standard reaction mixture for lactase (EC 3.2.1.23) activity contained 2 ymol of lactose,
20 pmol of Mcllvain (citrate-NasHPO4) buffer (pH 4.5), and an appropriate volume of the
enzyme preparation in a total volume of 200 z#l. Reducing sugars were measured spectro-
photometrically.?2? The standard reaction mixture for galactokinase (EC 2.7.1.6) contained
3 pgmol of ATP, 3 gmol of p-galactose, 4 #mol of MgClz, 12 gmol of NaF, 20 gmol of Tris-
HCI buffer (pH 7.5) and an appropriate volume of enzyme preparation in a total volume of
300 g¢l. Galactose-1-phosphate was measured spectrophotometrically.?¥ The standard
reaction mixture of UDPgalppase (EC 2.7.7.10) contained 2 gmol of UTP, 2 ymol of gal-1-P,
4 pmol of MgCls, 12 gmol of NaF, 12 gymol of glycine buffer (pH 9.0) and an appropriate
volume of the enzyme preparation in a total volume of 200 zl. UDPgal was measured spectro-
photometrically.2® The standard reaction mixture for UDPGppase (EC 2.7.7.9) contained
2 pmol of UTP, 2 pmol of G-1-P, 2 ymol of MgClg, 12 z#mol of NaF, 12 gmol of glycine buffer
(pH 8.0) and an appropriate volume of enzyme preparation in a total volume of 200 zl. UDPG
was measured spectrophotometrically.2® The standard reaction mixture for UDPG epimerase
activity contained 2 pmol of UDPgal, 16 gmol of glycine buffer (pH 9.0) and an appropriate
volume of enzyme preparation in a total volume of 200 zl. UDPG was measured spectro-
photometrically.2®) Methods used to detect galactose dehydrogenase (EC 1.1.1.48) and
UDPgal uridyltransferase (EC 2.7.7.12) were based on procedures of Kurtz and Wallenfels,2?
and Zollner and Heuckenkamp??®, respectively. One enzyme unit is defined as the amount
of enzyme which hydrolyzed 1 pmol of substrate or formed 1 zmol of product in 1 min in
100 gl of standard reaction mixture at 35°C.
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Results and Discussion

Occurrence and cellular distribution of some enzymes involved in lactose metabolism

The occurrence and cellular distribution of some enzymes involved in lactose metabolism
were compared in original and lactose-adapted cells of Japanese morning-glory. The results
are given in Table 1. The data for the lactose-adapted cells are similar to those published pre-
viously.1® However, at that time the cell line was 3 years old and the present data were
obtained from a 4 year-old cell line, thus indicating the stability of the line in culture. Only
lactase activity was present in both cell wall and cytoplasmic fractions of original and lactose-
adapted cells. Galactokinase, UDPgalppase, UDPGppase and UDPgal epimerase activities
were detected only in cytoplasmic fractions of both cells. However, the activity of UDPgal
‘epimerase in the non-adapted cells varied from a trace to a very low level. Galactose dehydro-
genase and uridyl transferase activities were not detected in either type of cell. Cytoplasmic
lactase, galactokinase, UDPgalppase and UDPGppase activities in non-adapted cells were
almost equal to those in lactose-adapted cells. However, cell wall lactase and cytoplasmic
UDPgal epimerase activities of the original cells were less than 30 and 189, respectively, of
those in the lactose-adapted line.

A previous report proposed a scheme for lactose metabolism in lactose-adapted cells of
Japanese morning-glory.1® In the scheme, lactose was hydrolyzed prior to its penetration
across the cell membrane by cell wall-bound lactase (8-galactosidase). In the cells, the mono-
saccharides were converted to sucrose. Galactose utilization involved phosphorylation
by galactokinase and transformation into UDPgal and UDPG by UDPgalppase and UDPgal
epimerase, respectively. The UDPgal could also be used in cell wall formation. The con-
version of glucose to sucrose was the same in both the lactose-adapted and the non-adapted
morning-glory cell lines. Glucose utilization involved phosphorylation by hexokinase and
transformation into UDPG by UDPGppase. UDPG was used for sucrose synthesis.2®

The present results suggest that the original cells have a system which is apparently sufficient
to utilize lactose. However, it is suspected that these cells take up lactose at a slower rate that
the lactose-adapted cells, probably due to the low cell wall lactase. In addition, lactose
(galactose) metabolism may be limited by the epimerase reaction. These conclusions however
do not indicate why galactose toxicity leading to necrosis should occur in the majority of the
original cells.1D

Table 1. Occurrence and cellular distribution of some enzymes (m unit-g~1FW)
of lactose metabolism in 10 day-old Japanese morning-glory callus.

Non-adapted cells Lactose-adapted cells
cytoplasm cell wall cytoplasm cell wall

Lactase 31 3.5 44.2 11.7
Galactose dehydrogenase 0 0 0 0
Galactokinase 60.5 0 80.5 0
UDPgalppase 203 0 236 0
UDPGppase 302 0 269 0
UDPGal epimerase T-13 0 73 0
Uridyl transferase 0 0 0 0

T: trace activity
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Changes in carbohydrate contents during culture

Changes of sugar contents in cells and medium of the original cell culture have been reported
previously.2?® In the present study changes of the sugar content in cells and medium of
lactose-adapted cell culture were examined during the culture period. The results are given
in Table 2. The growth curve of lactose-adapted cells was similar to that of non-adapted
cells. However, generally speaking, changes in sugar contents of cells and medium of lactose-
adapted cells were different from those of the original cells.

At the start of culture, about 1597 of the lactose was hydrolyzed by autoclaving. Repeated
experiments revealed that usually less than 109 of lactose was hydrolyzed by autoclaving.
Less than 109 of the medium sucrose was also hydrolyzed. In culture about 20% of the
lactose was hydrolyzed by day 10 (Table 2), while 809, of the sucrose was hydrolyzed by the
same day.?? Similarly, about 309 of the lactose remained while only 6%, of the sucrose was
left at day 20 in culture.2® Therefore, the medium lactose was apparently hydrolyzed more
slowly than sucrose.

In the medium, the ratio of glucose to galactose was about 1 throughout the culture period,
suggesting that the monosaccharides were derived from lactose. No lactose was present in
the cells at any stage of the culture period. This finding supports the lactose transport mecha-
nism reported previously,'® namely that uptake required prior hydrolysis.

From the medium of the non-adapted cells, preferential uptake of glucose over fructose was
observed,?? while here almost equal uptake of glucose and galactose was observed from the
medium by the lactose-adapted cells (Table 2). Medium sucrose decreased and conversely
reducing sugars increased with culture age of the non-adapted cells.2® On the other hand,
medium lactose decreased slowly, and reducing sugars did not increase at any stage of culture
of the adapted cells (Table.2). Furthermore, early in culture reducing sugars decreased, and
in the cytoplasm, glucose, fructose, galactose and sucrose were present throughout the culture
period, while no lactose could be detected.

The previous report showed that around day 4, active cell division occurred and cell number
increased.2® Cells need energy for this process. In the present experiment, microscopically
clusters of small cells were also observed around day 4, suggesting active cell division. Glucose
content was lower than other free sugars examined throughout the culture period. This may

Table 2. Sugar contents of cytoplasm (gmol-g~1FW) and medium (gmol-g-1) during
culture and growth (g-flask™1) of lactose-adapted Japanese morning-glory callus.

Day in culture

0 4 8 12 16 20

Cytoplasm -

glucose 0.83 0.49 0.83 1.1 1.1 1.0

fructose 1.5 1.0 0.8 1.8 1.8 2.4

galactose 1.7 2.6 3.9 2.5 2.3 2.4

sucrose 20.2 11.6 14.0 22.0 24.2 23.8

lactose 0 0 0 0 0 0
Medium

glucose 14 6 11 13 10.5 10.0

galactose 15.7 7.8 12 11.4 104 11.1

lactose 70.2 69.1 61.0 52.0 32.0 24.5

Total sugar 85.0 76.0 72.5 64.2 42.8 35.2

Growth 1.0 1.0 1.8 31 6.0 8.3
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suggest a more active role for glucose among free sugars in energy supply. The glucose
moiety of lactose was apparently preferentially metabolized to the galactose moiety (Table 2).
Around day 4, the glucose content dropped to its lowest level, while it remained constant at
other culture stages. Fructose and sucrose also decreased at day 4 in the cultures. The
decrease in the content of these three sugars may be due to the energy demand of cell division.
In contrast, at day 4, the galactose content increased. This may suggest that galactose may
have a different role than the other free sugars. The galactose content reached a maximum
at day 8 and dropped at day 12. At around day 12, cell expansion and active cell wall synthesis
are probably occurring. Thus, the decrease may indicate the need for cell wall components.

Contents of metabolic intermediates of cells grown on different kinds of sugars

The contents of sugar phosphates and nucleotide sugars involved in lactose metabolism were
compared among the cells grown on different sugars. Based on the preceding experiments
(Table 2), cells at the metabolically very active stage (day 4) were selected. The results are
given in Table 3. ’

When non-adapted cells were grown on galactose, the contents of phosphomonosaccharides
such as G-6-P, G-1-P and Gal-1-P, increased about 3 times and the contents of nucleotide
sugars such as UDPG and UDPgal increased about 1.5 times and only a little, respectively,
over those of sucrose grown original cells.2? When the non-adapted cells were grown on
lactose, the content of phosphomonosaccharides increased twice and the content of nucleotide
sugars increased only a little over those of sucrose-grown original cells. As the original cells
had the enzymes needed for lactose metabolism (Table 1), a major part of the metabolic inter-
mediates were presumably derived from medium galactose or lactose.

Galactose appeared to be metabolically inactive even in lactose-adapted cells until day 8
(Table 2). Also, even in lactose-adapted cells, the content of each metabolic intermediate was
lower in lactose-grown cells than in galactose-grown cells (Table 3). These results support the
idea that lactose-adapted cells utilize the glucose moiety of lactose more efficiently than the
galactose moiety (Table 2).

Low epimerase activity in galactose-sensitive original cells of sugar cane resulted in the
accumulation of galactose and UDPgal on the galactose containing medium.¥ In contrast,
appropriate epimerase activity of the galactose-adapted cells of sugar cane prevented the ac-
cumulation of galactose and UDPgal. UDPgal accumulation resulted in necrotic symptoms
and adaptation of sugar cane cells to galactose was due apparently to increased epimerase
activity.

In the present study, it appears that the low epimerase activity of the non-adapted cells did
not cause a marked accumulation of UDPgal, when the cells were cultured on galactose-
containing medium (Table 1, 3). It also appears that the appropriate epimerase activity in

Table 3. Contents (nmol-g~tFW) of metabolic intermediates among the cells of Japanese
morning-glory grown for 4 days on different carbohydrates.

Sugar fed G-6-P G-1-P Gal-1-P UDPG UDPgal
Original strain
sucrose 480 458 515 1,050 1,500
galactose 1,360 1,310 1,638 1,566 1,634
lactose 1,000 1,058 1,152 1,142 1,252
Adapted strain
galactose 1,062 1,062 1,372 1,298 1,354

lactose 924 764 1,130 1,010 1,064
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adapted cells caused only a slight decrease in contents of UDPgal, Gal-1-P and other sugar
phosphates (Tables 1, 3). The mechanisms of inhibition of morning-glory cell growth by
galactose and adaptation to galactose or lactose apparently differ from those of sugar cane.

In mammalian galactosemia, lack of uridyl transferase and galactokinase activities are
thought to be due to marked accumulation of Gal-1-P and galactitol, respectively.3® The
accumulation of Gal-1-P probably results in the typical symptoms. As in the mammalian
galactosemia, Gal-1-P content increased in non-adapted cells of Japanese morning-glory when
the cells were cultured on galactose or lactose (Table 3). However, the level of Gal-1-P in
galactose-grown original cells was similar to those of G-1-P and G-6-P (Table 3). Also, there
was no difference in galactokinase activity between the adapted and non-adapted cells (Table 1).
The mechanisms of galactose- or lactose-adaptation and inhibition in morning-glory cells
therefore apparently differ from those of mammals. The contents of sugar phosphates in
galactose- and lactose-grown adapted cells were lower than those in galactose- and lactose-
grown original cells (Table 3). Thus, the adapted cells apparently metabolize lactose and
galactose more efficiently than the original cells.

Enzymes to metabolize lactose were present in the original cells. However, this capacity
was not realized initially, and only with continuous subculture in the presence of lactose was
a population of cells capable of efficiently growing on lactose obtained.!) Adaptation
produced increased capacity of the lactose metabolizing enzymes, but the increases were less
than those obtained with lactose-adapted sugar cane.¥ Thus, the adaptation of Japanese
morning-glory cells to lactose appears, therefore, to involve functional activation of the lactose-
metabolism enzyme system.

This work was supported by the research project fund of the University of Tsukuba, Japan, to S. H.,
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