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Abstrsrt--The free sugar in the mature pollen grains of Camellia japonica is almost all sucrose and the sucrose 
content decreases rapidly during pollen growth. The activity of soluble invertase increases during culturing and a 
high constant activity was found at the later stages of pollen tube growth. By contrast, the level of sucrose 
synthetase activity remains constant during pollen growth and that of wall-bound invertase activity is very low. 
Cycloheximide has little effect on the activity of these enzymes. Exogenous sucrose or glucose was simultane- 
ously incorporated into the pollen grains when they absorbed water and swelled. The free sugar levels in 
growing pollen depend on the nature of the exogenous sugar. The sugar metabolism in the pollen at the stage of 
germination differs from that during tube growth, the latter being particularly influenced by exogenous sugar. 

Wl’RODUCllON 

During pollen germination and tube growth, sugars 
are utilized as respiratory substrates and materials for 
tube wall and starch synthesis [l-3], and the most 
useful sugar for pollen growth is generally sucrose [4]. 
Mature pollen grains from diverse plants contain suc- 
rose as the sugar reserve [5]. In order to elucidate the 
mechanism of pollen growth, therefore, it is important 
to examine the properties and levels of the enzymes 
involved in sucrose metabolism. In a previous paper 
[6], we reported that sucrose synthetase (EC 2.4.1.13) 
and invertase (EC 3.2.1.26) occur widely in mature 
pollen grains, the enzymes varying in optimal pH and 
temperature and in the effect of metal ions on activity. 

Furthermore, it was shown that the mature quies- 
cent pollen grains of Camellia japonica contain suc- 
rose but not starch as reserve carbohydrate, that starch 
granules were also lacking in the grain and tube during 
pollen growth, and that the most effective exogenous 
sugars for in vitro pollen growth are sucrose and glu- 
cose [7]. 

The purpose of this investigation is to clarify roles of 
sucrose and the enzymes involved in sucrose metabol- 
ism in the developing pollen of Camellia japonica. The 
changes in the activities of invertase and sucrose 
synthetase and those in the levels of sucrose, glucose, 
UDP-glucose, G6P and F6P in the pollen cultured on 
various sugars are reported. 

RESUL’IX AND DISCUSSION 

In some cases, pollen grains have been cultured in 
solution [3, 8, 93. In our preliminary experiments of 

pollen-suspension culture, both the germination time 
and the rate of tube growth of camellia pollen were not 
simultaneous and tube growth stopped within a few 
hours. Therefore, in the present study, the acetone- 
treated pollen grains [lo], which had tolerable syn- 
chrony in germination time and did not aggregate, 
were cultured on a sugar-agar-plate (SAP) medium. 
The percentage germination was 90-95% under stan- 
dard conditions (Tablel). The time of germination of 
pollen cultured on a sugar-free medium was delayed 
by adding cycloheximide but the final per cent germi- 
nation was not affected. These results indicate that the 
mature pollen grains of camellia can germinate 
whenever they absorb water but that tube growth is 
inhibited by this drug. 

Soluble and cell wall-bound invertase activities were 
examined in pollen growing on various sugars. As 
shown in Fig. 1, the levels of soluble invertase mar- 
kedly increased in all cases during the stages of germi- 
nation and early tube. growth, and the enhanced ac- 
tivities were maintained till the later stages of tube 
growth. Similar results were obtained with root disks 
of sweet potato [l l] and lentil epicotyl 1121. It has 
been assumed that there is de nouo synthesis of inver- 
tase because of its susceptibility to cycloheximide in- 
hibition [ 11,121. On the other hand, it has been 
suggested that cycloheximide can disrupt cellular 
metabolism in ways other than by inhibiting protein 
synthesis in higher plant systems [13]. In camellia 
pollen, the first increase of invertase activity during 
germination was not inhibited by this drug. However, 
the second increase during the early tube growth 
tended to be inhibited by this drug. It is assumed that 
the increase of invertase activity in the growing pollen 
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Table 1. Effects of various exogenous sugars on pollen germination and tube elongation of Camellia japonica 

Cycloheximide 
Incubation added Ge~ination (%) Tube elongation (mm) 
time (hr) (5 x 10-s M) Sucrose Glucose Sugar-free sucrose Glucose Sugar-free 

1 - 84zk.5 72* 13 26i 17 + + + 
+ 82zk9 81*7 45*26 + + + 

3 - 91*4 89*5 76k 14 l.O*O.l 0.6*0.1 0.2*0.1 
+ 86zk6 74rt20 68~1~26 0.1*0.1 + + 

6 93*3 9oi3 92~1~5 2.7k0.3 2.1*0.1 1.6kO.5 
+ 90*3 74rt28 73zt25 0.3rtO.2 + f 

14 - 93*4 90*4 94*1 7.61tO.8 5.8iO.4 3.OkO.6 
+ 84*6 90*7 88k4 0.2rtO.l + + 

Pollen grains were cultured on sugar (0.3 M)-agar-plate medium at 25”. + : Tube length was below 0.1 mm long. 

of camellia is not due to de rwvo synthesis but due to 
activation of a latent enzyme. 

The wall-bound invertase has been reported to 
occur in sugar beet roots [14-161, Haemanthus albifios 
pollen 1171, Conuo~~~i~ callus [18, 191 and sweet 

01% ’ 
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Fig. 1. Changes in the activity of invertase in the growing 
pollen of Cam&a japonica. Pollen was incubated on a 
sucrose (0.3 hi) (A), glucose (0.3 M) (B) or sugar-free (Cl 
medium in the presence (0) or absence (Of of 5 X lo-’ M 

cycloheximide at 25”. 

potato roots [ 111. Little activity of wall-bound inver- 
tase was detected in the cell walls of camellia pollen 
(Fig. 1): the optimal pH was 6.1 and its value was the 
same as that of soluble invertase. However, its activity 
was less than l/100 of that of soluble invertase and 
did not change during pollen growth. Data presented 
in Table 3 suggest that exogenous sucrose infiltrated 
into pollen without hydrolytic cleavage by this en- 
zyme, because the sucrose levet in the pollen cultured 
on a sucrose medium increased with increasing dura- 
tion of culture. 

On the other hand, the activity of sucrose synthetase 
and total protein content before culture were 339* 
76 nmol/hr/mg protein and 43*6 mg/10.7~ 10’ pol- 
len grains, respectively. These values did not change 
during the following 14 hr culture period under each 
culture condition and also cycloheximide had little 
effect on the enzyme level and protein content during 
pollen growth. It has been reported that sucrose synth- 
etase is allosteric for the sucrose cleavage reaction [20, 
211 and that the enzyme from potato tuber [22] shows 
optimal activity for sucrose synthesis at alkaline pH 
and for sucrose cleavage at acidic pH. In this experi- 
ment, the activity of sucrose synthetase was measured 
in the direction of sucrose synthesis. Therefore, if the 
activity had been measured in the direction of sucrose 
cleavage, there might be a higher value. Taking into 
consideration these facts together with the levels of 
sucrose, fructose and UDP-glucose in the growing 
pollen (Tables 2 and 3) and the properties of the 
enzyme reported previously [6], sucrose synthetase in 
camellia pollen may in fact take part in the cleavage of 
sucrose. 

Free sugar in the mature quiescent potlen of camel- 
lia was mostly sucrose (Tables 2 and 3), and the 
sucrose level decreased rapidly during germination 
(Table 3). Subsequently, the sucrose level in the pollen 
cultured on a sugar-free or glucose medium decreased 
with the period of tube growth. In the case of culture 
on sucrose, the pollen grains took up exogenous suc- 
rose when they absorbed water and swelled (Table 3). 
Consequently, the sucrose level was twice as high as 
the original sucrose level but it decreased during ger- 
mination, and then increased again during tube growth 
(Table 3). However, when cycloheximide was added to 
the medium, the sucrose level in the growing pollen 
cultured on the sucrose medium increased slightly and 
that on the glucose medium did not change until 3 hr 
of culture. Thus, the sucrose level in the growing 
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Table 2. Levels of various sugar in the growing pollen of Camellia joponica 

Medium 
Incubation 
time (hr) G6P 

Sugar level (nmol/lO.‘l X l@ pollens) 
F6P UDP-glucose Glucose Fructose 

Sugar-free 0 
2 
4 
6 
8 
14 

GIllCOW 2 158+31 50*8 233zt35 
4 219+96 100*50 399* 136 
6 146*85 62+31 387k88 
8 88*8 35zt12 261*55 
14 142+100 50*46 125*16 

2 215*115 108*73 307* 18 
4 242zt 12 88+23 451*51 
6 269*31 138*31 355*76 
14 69*12 12*12 143*30 

Fructose 4 58zk12 
6 19*4 

8*8 
58*31 
65+46 
27* 12 
15zk12 

* 

4*4 
12+8 
23+23 

8*8 
* 

- 

12*4 - 2444*378 
* - 3661 f 539 

* 250+ 128 28k22 
299k76 311*117 133rt83 
449* 120 167*111 133*72 
350*92 106*44 106*89 
143*12 111*61 94*72 
12Ok4 - - 

Pollen grains (0.1 9) were incubated and all growing pollen was collected. Sugar content was determined according 
to the enzymatic method [31. 321. 

*Undetectable. 

pollen depends on the kind of sugar supplied exogen- 
ously. During pollen growth, sucrose level decreased 
with duration of culture, whereas invertase activity 
increased. Similar results were obtained with the disks 
of sugar beet roots [23], sweet potato 1241 and carrot 
roots [25]. Sucrose was presumably cleaved by inver- 
tase because of the increase in glucose and fructose, 
and the glucose and fructose formed were utilized as 
an energy source and as material of pollen tube walls. 

The sucrose level in the pollen cultured on a sugar- 
free medium was almost completely consumed within 
6-14 hr, this period corresponding to the time when 
pollen growth stopped. From this result, it may be 
concluded that the pollen growth stopped due to a 
shortage of nutrients. 

The levels of reducing sugars in the pollen cultured 
on sugar media increased during pollen tube growth 
and were affected by cycloheximide. In the case of 

Table 3. Sugar levels in the growing pollen of Camellia japonica 

Medium 
Incubation 
time (hr) 

Sugar level 
(~mol/l0.7 X 10’ pollens) 

sucrose. Reducing sugar 

Sugar-free 0 47.7 f 2.9 0.6zkO.6 
1 8.2+15 (9.1*2.0) 1.7jzO.6 (1.7*0.6) 
3 4.4*0.9 (7.9* 1.5) 3.3k0.6 (l.lkO.6) 
6 2.3 k0.3 (5.3* 1.5) 4.4* 1.1 (1.1*0.0) 
14 1.5zko.o (4.3rtO.6) 3.9*1.1 (1.1*0.0) 

sucrose 0.05 90.9*5.3 2.2ztO.6 
1 70.5 f 1.5 (94.4*7.9) 3.9*0.6 (2.8 k0.6) 
3 71.1 f 13.2 (75.4*8.8) 46.1 f 12.2 (4.4+0.6) 
6 93.6* 10.5 (81.6* 12.6) 80.0* 14.4 (6.7kl.l) 
14 116.7jz9.1 (88.3* 10.8) 88.3k9.4 (37.8 *9.4) 

Glucose 0.05 49.1*1.2 56.7k4.4 
1 41.2kl.5 (52.Ok4.7) 114.4* 12.2 (97.2*5.6) 
3 29.5*1.5 (54.1 k6.4) 136.7jz3.3 (98.9* 14.4) 
6 17.3k2.6 (40.6k6.7) 142.2zt31.7 (129.4*5.6) 
14 7.9ztO.6 (15.8h1.2) 117.8* 16.7 (71.7A6.7) 

Pollen grains (0.1 9) were cultured on sugar (0.3 M) media in the presence (the data are 
shown in parentheses) or absence of 5 x lo-’ M cycloheximide at 25”. 
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culture on a sugar-free medium, however, they were 
very low (Tables 2 and 3). 

The levels of G6P and F6P increased during 
germination and early tube growth, and the G6P level 
was 2-5 times as high as the F6P level throughout 
(Table 2). The levels of G6P and F6P in the pollen 
cultured on sucrose or glucose were higher than those 
in the pollen cultured on fructose or in the absence of 
sugar. These differences between sugar phosphate 
levels may relate to the levels present during pollen 
growth. On the other hand, UDP-glucose could not be 
detected in the quiescent pollen grain (Table 2). The 
UDP-glucose level, however, increased rapidly during 
germination and early pollen tube growth. A change in 
UDP-glucose level during the germination of the pol- 
len cultured on a sugar-free medium was similar to 
that of the pollen cultured on the different sugars. This 
suggests that UDP-glucose is formed from endogenous 
sucrose. Since UDP-glucose is an essential precursor 
of pollen tube wall polysaccharide, the UDP-glucose 
level in the growing pollen may influence tube growth. 
However, GlP, the substrate of UDP-glucose, was not 

detectable in the pollen cultured on these sugars and 
in the pollen at any growth stage, probably due to its 
rapid metabolism. 

The dry weight of growing pollen on sugar media 
changed little during the first 3 hr of culture, and then 
it increased with pollen tube growth; and yet that of 
pollen cultured on a sugar-free medium decreased 
during pollen growth although the pollen tube grew 
(Table 4). Cycloheximide inhibited this increase in dry 
weight. After 6 hr, the tube lengths of pollen cultured 
under various conditions were about equal but the dry 
weight of pollen differed greatly from one to another. 
The dry weight was approximately the total sum of the 
weights of free sugars, protein and pollen walls. Since 
the protein content is nearly constant during pollen 
growth, the changes in dry weight are due to changes 
in free sugar levels and to increases in tube wall 
weights. 

there is rapid starch accumulation, tube initiation or 
tube elongation. The present data show that the levels 
of sugars and invertase activity in the growing pollen 
of camellia change significantly before and after early 
tube growth. It thus appears that sugar metabolism 
alters during pollen growth and that during tube 
growth is particularly influenced by exogenous sugar. 
Endogenous sucrose and then exogenous sucrose or 
glucose are utilized for pollen germination and tube 
growth, because most of the sugar in the mature 
pollen grains is sucrose. The decrease in the sucrose 
level is correlated with increase in the activity of 
soluble invertase. By contrast, the activity of sucrose 
synthetase does not increase, and is much lower than 
that of invertase. Hydrolysis of sucrose is thus catal- 
ysed by invertase. Nevertheless, it is also possible that 
sucrose synthetase may be related to the hydrolysis of 
sucrose and concomitant synthesis of UDP-glucose. 
Glucose and fructose formed from sucrose are con- 
verted to other sugars. Tupy [27] has indicated that 
the stimulatory effect of sucrose on tube growth of 
apple pollen may be attributed to the P-D- 
fructofuranose moiety of sucrose. In camellia pollen, 
however, exogenous fructose is not effective for tube 
growth [7] and also the levels of G6P and F6P in 
pollen growing on a fructose medium are very low 
(Table 2). Besides, the data presented here suggest 
that glucose is utilized predominantly for tube growth, 
although a high glucose level in the growing pollen cell 

is not effective for tube growth (Tables 1 and 3). 

EXPE-AL. 

Maferials and culture condition. Anthers taken from ripe 

flowers of Camellia japonica were dried for 24 hr in an oven 

at 30” and the pollen grains therein were sieved and stored 

over Si gel at -15” until use. The pollen grains were cultured 

on a SAP medium at 25” after washing with Me&O to 

remove lipids adhering to their surface; this treatment has 

little effect on pollen germination and tube growth [lo]. 

Dickinson [8, 261 has found that the respiration rate 
in germinating lily pollen varies according to whether 

Preparation of enzymes. Pollen grains (0.5 g) suspended in 
K-Pi buffer (5 mM, pH 7.0) were disrupted in a French press 

Table 4. Changes in dry weight of the growing pollen of Camellia japonica 

Dry weight 

(mg/l0.7x IO’ pollens) 

Cycloheximide 

Incubation added sucrose Glucose Sugar-free 

time (hr) (5 x 10-s M) medium medium medium 

0.05 
I _ 

+ 

3 _ 

+ 

6 _ 

+ 

14 - 

+ 

95.ozt4.1 

97.5 zt4.0 
93.1*6.9 

98.4+ 11.4 

99.9* 13.6 

137.3zt8.9 

106.6* 12.3 
163.6jz7.6 

lOl.Ozt7.9 

88.0+2.7 

85.4kO.3 
91.4zt 1.8 

79.7+0.2 

89.6* 1.7 

101.4* 13.7 

81.4zt1.7 
142.0rt6.7 

77.7 f 2.8 

91.0+2.0* 

74.4*4.0 
74.3zt5.2 

70.7*4.0 

70.7*0.9 

72.0+2.9 

63.Ok2.2 

63.7+ 1.7 
56.0+2.8 

Pollen grams (0.1 g) were cultured at 25”. After the growing pollen was 

collected and the medium removed through filter paper, it was dried in an oven at 

130” for 3 hr. 
*Unincubated pollen grains. 
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(1300-1500 kg/cm2) and the growing pollen collected and 

homogenized in a Potter homogenizer. The homogenate was 

centrifuged, the supematant was collected and the cell debris 

was extracted twice by the above procedure. The combined 

supernatant was adjusted to a 100 ml vol. with the same 

buffer and (NH&SO, was added to 50% saturation. The 

ppt. was collected by centrifugation (10 000 R. 30 min) and 

dissolved in 5 ml of the same buffer. The soln was dialyzed 

against the same buffer and use.d as a crude soluble invertase 

preparation. The recovery of invertase activity was 78% that 

of initial supernatant. The cell debris collected was subjected 

to the same extraction procedure until soluble invertase 

activity could not be detected in the supernatant. The ppt. 

obtained was used for the preparation of wall-bound inver- 

tase. Sucrose synthetase was extracted as described for solu- 

ble invertase, except Tris buffer was used instead of K-Pi 

buffer. The recovery of the enzyme was 85%. The crude 

enzyme soln obtained showed invertase activity. However, 

the invertase activity was lowered in the presence of Tris 

buffer and MnCI,, and almost completely inhibited at the 

alkaline pH of the assay for the synthetase activity. There- 

fore, the crude enzyme soln was used in this expt. 

Enzyme assay. Invertase activity was determined by reac- 

tion with 3,5-dinitrosalicylic acid [28]. After the reaction 

mixture containing 10 pmol sucrose, 80 pmol K-Pi buffer 

(pH 6.1) and 0.3 ml enzyme soln in a total vol. of 1 ml was 

incubated at 30”. the reducing sugar formed was measured 

calorimetrically. In the case of wall-bound invertase, 1 ml of 

pollen wall suspension was used as the enzyme in a total vol. 

of 3 ml. After being incubated at 30”. the reaction mixture 

was centrifuged (2500 g, 10 min) and the reducing sugar in 

the supernatant was measured. In the assay of sucrose synth- 

etase activity, the reaction mixture containing 0.5 pmol 
UDP-glucose, 2 pmol fructose, 1 pmol MnCI,, 10 Fmol 

Tris buffer (pH 8.5) and 50 ~1 of an enzyme soln in a total 

vol. of 200 ~1 was incubated at 37”. The reaction was stopped 

by heating at 100” for 5 min and sucrose formed was deter- 

mined by the method of ref. [29]. Protein content was 

measured by the method of ref. [30]. 

Extraction of sugar. Pollen was suspended in 1Oml 80% 

EtOH and immediately heated for 5 min at 100”. After 

cooling, the suspension was homogenized with a Potter 

homogenizer and the homogenate was centrifuged (10 000 g, 

10 min, 20”). The ppt. was repeatedly extracted as described 

above, until the anthrone reaction of the supematant became 

negative. All the supernatants were combined and evapd to 

dryness. The residue was dissolved with Hz0 and the soln 

was used for sugar analysis. 

Measurement of sugar content. Sucrose and fructose were 

determined according to the method of ref. [29]. UDP- 

glucose. G6P. F6P. GlP. glucose and fructose were deter- 

mined according to the enzymatic analysis of Bergmeyer et al. 

[31, 321. In the measurement of UDP-glucose, the reaction 

mixture contained 100 mM glycine-NaOH buffer (pH 8.7). 

0.5 mM NAD, 25 Fg UDP-glucose dehydrogenase and 

0.5 ml of sample in a total vol. of 2 ml. With other sugars, the 

reaction mixture contained 100mM Tris buffer (pH 7.5). 

0.5 mM NADP, 5mM MgCI,, 2.5 mM ATP, 5 pg G6P 
dehydrogenase, 15 pg hexokinase, 10 pg phosphogluco- 

isomerase, 10 pg phosphoglucomutase and 0.5 ml of sample 

soln in a total vol. of 2 ml. The reaction was carried out at 

25” and the increase of NADH or NADPH was determined 

with a double beam spectrophotometer. 
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