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Summary. The amounts of chlorophyll and nitrogen and the numbers of cells 
per unit area change as the green leaves of spinach plants grow and increase in 
size in the light. The changes in the numbers of chloroplasts per cell were measured 
by a new method. A 5-fold increase in the numbers of chloroplasts per cell took 
place in both palisade and mesophyll cells over a growing period of 10 days during 
which time the area of the leaves increased from 1 to 50 em ~. Proplastids were 
not present in the young green leaves but electron-microscope and phase-contrast 
observations showed the presence of grana-containing chloroplasts, many of which 
appeared to be undergoing division by constriction. I t  is suggested that the large 
increase in chloroplast numbers as leaf cells grow and expand in the light is from 
the division of differentiated chloroplasts cvntaining grana. 

Introduction 

The chloroplasts of plants  are generally considered to be semi-auto- 
nomous organelles which increase in number  by  division (GuA~rCK, 1961 ; 
FREY-WYSSLING and MUtt~ETHAL]~/~, 1965; ~ I~K and TILNEY BASS]]TT, 
1967). However,  only limited data  are available on changes in chloroplast 
number  per cell as the leaves of higher plants  mature  and increase in size. 

GI~ANICK (1938) observed tha t  during the growth of tomato  leaves 
from one-third of m ax im um  size to full size the number  of plastids per 
cell increased by  about  30% but  provided no quant i ta t ive  data  to 
support  this impor tan t  claim. FASsE-FI~ANZISr:ET (1955) found tha t  
during the differentiation of Agapanthus umbellatus leaves the numbers  
of plastids per cell increased from about  20 in meristematic cells to 
about  100 to 120 in mature  palisade cells. Using phase-contrast  micro- 
scopy she observed frequent  division by constriction of the amoeboid 
granular  plastids in the leaf cells of this plant,  but  less frequent  division 
of fully differentiated and somatic chloroplasts. Division of the young,  
" a m o e b o i d "  proplastids of the meristematic cells of Epilobium has also 
been observed by  MICHAELIS (1962). I n  this plant,  most  of the plastid 
division took place in the early stages of chloroplast development.  By  
contrast ,  W~DMAN (1967), who has made extensive light-microscope 
observations on living leaf cells of Spinacea oleracea, has reported tha t  
he was unable to find any  evidence of chloroplast divisions occurring 
in the mature  cells of this plant.  
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This  p a p e r  descr ibes  some  of t h e  changes  t h a t  t a k e  p lace  in  t h e  young ,  

g r een  l eaves  of sp inach  p l an t s  as t h e y  g row a n d  increase  in  size in  t h e  

l ight .  I n  t w o  e x p e r i m e n t s  t h e  changes  t h a t  occu r red  in n u m b e r s  of 

ch lo rop las t s  pe r  cell  as  t h e  l eaves  g rew were  m e a s u r e d  b y  a n e w  m e t h o d ,  

a n d  as wel l  t h e  changes  t h a t  t o o k  p lace  in leaf  area,  cell n u m b e r  a n d  

in t h e  i m p o r t a n t  ch lo rop las t  cons t i t uen t s  of ch lo rophy l l  a n d  inso lub le  

n i t rogen .  

Material and Methods 

Plant Material. American Round-Seeded Spinach (Spinacea oleracea L.) plants 
were grown in a growth cabinet under fluorescent lights (12 hours, 3,000 ft-c) 
and under day and night temperatures of 25 ~ and 22 ~ , respectively. Seeds were 
germinated in vermiculite and the plants were transferred to nutrient-culture 
solutions after 10 days. 

Sampling Technique. Leaf discs 0.5 cm in diameter were taken with a cork 
borer to provide leaf subsamples for the measurement of chlorophyll and insoluble 
nitrogen, and for determining numbers of cells and numbers of chloroplasts per cell. 
The discs were taken in rows, one either side of the midrib commencing at the 
leaf tip and extending to the leaf base, avoiding the veins as far as possible. In 
these experiments the leaves were numbered from the base of the plant with 
the oldest leaf being leaf 1. 

Chlorophyll and Nitrogen Estimations. Chlorophyll was determined in 80% 
acetone extracts by the spectrophotometric method of AR~o~ (1949) and insoluble 
nitrogen in the acetone residues by the micro-Kjeldahl method as described by 
BRown and P o s s I ~ G ~  (1957). 

Cell-Number Measurements. These were made by the technique of B~ow:~ and 
RIe~:LESS (1949) described for root tissue. The numbers of palisade and mesophyll 
cells per disc were counted separately and were added to provide the total cell 
number per disc. The number of epidermal cells per disc was not measured as 
these represent a small proportion of the total cells and contain few chloroplasts. 
Haemocytometer counts were usually made in quintuplicate on suspensions pre- 
pared from a single leaf disc. 

Chloroplast Number per Cell. Leaf discs taken for estimations of both cell 
number and chloroplast number per cell were examined after being fixed in a 
solution of 3.5 % glutaraldehyde in water for 2 hr. The technique for estimating 
chloroplast number per cell involved separating the leaf discs into single-cell 
suspensions by treating them with IN HC1 at 60 ~ for approximately 10 min. 
A relatively dilute suspension of cells was placed on the microscope slide and 
the cover slip was pressed down sufficiently firmly to bring about cell rupture 
and release of the chloroplasts. The number of chloroplasts per cell was counted 
under phase contrast using an eyepiece graticule. Counts were made of the plastid 
numbers in at least 10 palisade or mesophyll cells in suspensions which were each 
derived from a single leaf disc. 

Figs. 2 and 4 below show the appearance of separated single cells prepared 
from young and old leaves, respectively. Fig. 3 shows a ruptured single cell where 
the chloroplasts are all in the same focal plane and can be easily counted. 

Lea/ Area Measurements. Leaves to be measured were photocopied using a 
Xerox-750 copying machine. The leaf images were cut out and weighed and 
actual leaf areas read from a calibration line prepared by weighing known areas 
of Xerox paper. 
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Light Microscope Observations. Leaf strips or leaf discs were fixed in 3.5% 
glutaraldehyde for at least 12 hr, dehydrated in an alcohol series, wax-embedded, 
and sectioned with a rotary microtome. Unstained sections were examined under 
phase contrast. 

Electron Microscope Observations. Leaf strips were fixed for 12 hr in 6.25% 
glutaraldehyde in phosphate buffer. After washing they were treated with 1% 
buffered OsO 4 for 2 hr, dehydrated through an ethanol series and embedded in 
araldite. A lead-citrate stain was applied before viewing the sections in an electron 
microscope (Siemens Elmiskop 1 A). 

Results 

Experiment I. Some of the changes t ha t  take place in  leaves of 
spinach p lants  as they  grow and  develop were measured. I n  this experi- 
m e n t  the changes in  the leaves a t  positions 4 and  5 were followed over 
the period from day  10 to 24. 

The plant material for this experiment was provided by 4 pots, each of 7 plants. 
Harvest 1 was made 10 days after transferring the seedlings to the nutrient cultures 
when 2 plants were taken from each pot to provide 2 replicate samples. At harvest 
the leaf area of the whole plant and of the leaves at positions 4 and 5 were de- 
termined separately. From each leaf at position 4, 5 leaf discs were taken. These 
were divided into 2 groups to provide i0 discs for chlorophyll and nitrogen estima- 
tions, and 10 discs for cell-number and chloroplast-number measurements. At 
harvest 1 the leaves at position 5 were approximately 2 cm long and only the 
10 discs required for cell number and chloroplast number counts could be taken 
from a sample of 4 plants. 

Harvest 2 was made on day 13 and again 2 plants per pot were taken and 
sampled as for harvest 1. By day 13 the leaves at position 5 were large enough 
to provide leaf discs as described above for position 4. On day 14 the nutrient 
solution of all pots was renewed. Harvests 3, 4 and 5 were made on days 16, 20 
and 24, respectively. At these harvests only one plant per pot was taken as the 
increase in size of the leaves was such that it was possible to take 10, 0.5-em dia- 
meter discs from each of the leaves 4 and 5. 

Fig. 1 shows the principal  da ta  obta ined in  this experiment .  Statis- 
tical analysis  showed t h a t  significant increases in  leaf area occurred 
between harvests  for both  leaves 4 and  5. For  both  these leaves there 
were significant increases in  the a m o u n t  of chlorophyll per disc between 
harvests,  except between the 4th and  5th harvests.  There were however 
no significant differences in  the amount s  of insoluble n i t rogen per disc 
between harvests  for either of the leaves. 

There were significant and  large increases in  the n u m b e r  of chloro- 
plasts per cell as the leaves grew. These changes occurred between all 
harvests  except between the 4th and  5th. The same pa t t e rn  of change 
occurred in  both mesophyll  and  palisade cells and  was similar for 
leaves 4 and  5. There was a concomi tan t  decrease in  the total  n u m b e r  
of cells (palisade plus mesophyll) per disc between day 10 and  day  24 
for both  leaves 4 and  5. 
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Fig. 1. Changes with time in leaf area and in amounts of chlorophyll, insoluble 
nitrogen and in number of cells per disc and in numbers of chloroplasts per palisade 
and mesophyll cell of leaves 4 and 5 of spinach plants. Vertical bars indicate least 

significant difference values (P ~ 0.05) 

Experiment  I I .  I n  this exper iment  the number  of palisade cells per 
disc and  the n u m b e r  of chloroplasts per palisade cell in 21-day-old, 
fu l l -nut r ien t  spinach plants  were measured. The leaf area and  the 
chlorophyll and  ni t rogen contents  of leaf discs taken  from leaves a t  
posit ions 1 to 9 were measured. These data  are given in  the table. 

Table. Changes in lea/area and in chlorophyll, nitrogen and palisade cells per disc and 
in chloroplast number per palisade cell with lea/position in 21-day-old spinach planta 

Leaf Leaf Chlorophyll Insoluble Number of Number of 
position area per disc N per disc palisade cells chloroplasts 

(cm 2) (~g) (tzg) per disc per palisade 
( x 103) cell 

1 and 2 14.7 4.75 19.2 31.2 540 
3 and 4 62.2 5.60 23.8 39.6 380 
5 and 6 48.8 5.78 25.3 35.3 320 
7 and 8 20.2 4.37 25.4 134.0 65 
9 2.4 - -  - -  183.0 40 

Statist ical  analysis showed tha t  with the except ion of the comparisons 
between leaves 1 and  2, and  7 and  8, and  leaves 3 and  4 and  5 and  6, 
the leaf areas were significantly different one from the other. There were 
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Figs. 2--6  

Fig. 2. Single palisade cell from leaf 10 of ~ 21-day-old spinach plant separated 
by treatment with hot 1 N HC1 ( • 640) 

Fig. 3. Pool of chloroplasts derived from a single mesophyll cell separated by 
treatment with hot 1 N HC1 and subsequently ruptured by pressure on the cover 

slip ( • 250) 
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no significant differences between leaf positions in the amount  of chloro- 
phyll  and of insoluble nitrogen per disc. The numbers  of palisade cells 
per disc at  leaf positions 7, 8 and 9 were significantly greater than  
those at  the lower leaf positions. The numbers  of chloroplasts per palisade 
cell in the leaves at  positions 1 to 6 were significantly greater than  
those in leaves at  positions 7 to 9. 

Figs. 2 and 4 show the appearance of palisade cells in discs taken 
from leaves 9 and 1, respectively. I t  should be noted tha t  the cells in 
Figs. 2 and 4 are shown at  the same magnification ( • 640). I t  can be 
seen tha t  the chloroplasts in cells of both the large leaf 1 and the small 
leaf 9 are similar in size. 

Fig. 5 shows the appearance of chloroplasts in a mesophyll  cell. 
Some of the chloroplasts have an appearance similar to yeast  cells 
dividing by  constriction. 

Electron Microscopy. Leaf tissue from leaves at  positions 1 to 10 
were taken for electron microscopy from a 19-day old plant.  The plant  
at  this t ime had 10 green, par t ly-expanded leaves ranging in size f rom 
leaf 10, which was approximately  1 cm long, to leaf 4 which was about  
l0  cm long. 

The general appearance and features of the cells of leaves 1 to 8 
were similar to those described before for this plant  (MuRAKAMI, 1963; 
~PosSINGtIAM et al., 1964). The plastids of these leaves had a well-defined 
limiting membrane  and a well-developed lamellar system, and contained, 
in most  cases, starch grains. The appearance of the immature  cells of 
leaves 9 and 10 were generally similar to the young leaf cells of tobacco 
described by  C~ONS~AW and ESAU (1968). Many cells had differentiated 
grana-containing chloroplasts which appeared to be dividing by  con- 
striction (Fig. 6). These were similar in appearance to those described 
by  LANCE (1958) for Chrysanthemum segetum, and by  FI~V~Y-WYssLI~G 
and M/)ItLETItALER (1965) for Solarium nigrum. 

Discussion 
The data  assembled in the first experiment of this series describe 

some of the changes tha t  occur in spinach leaves as they  grow and 

Fig. 4. Single palisade cell from leaf 1 of a 21-day-old spinach plant separated 
by treatment with hot 1 N HC1 ( • 640) 

Fig. 5. Section of a mesophyll cell in leaf 10 of a 21-day-old spinach plant. Tissue 
fixed in glutaraldehyde, wax-embedded, viewed under phase contrast. Chloroplast 

marked with an arrow appears to be dividing by constriction ( • 3,000) 

Fig. 6. Similar section to Fig. 5 viewed with the electron microscope, • 9,000. 
Chloroplast with central constriction. CW cell wall, ER endoplasmie retieulum, 

St starch, V vacuole 
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develop in the light. By far the most striking change was the large 
increase tha t  occurred in the numbers of chloroplasts per cell. This 
took place in both mesophyll and palisade tissue and in the leaves at  
both positions 4 and 5. The increase in plastid number were approxi- 
mately 5-fold over ~ l0 day period. 

An essentially similar pat tern  of change occurred in the second 
experiment in which successive leaves of a 21-day-old plant were sampled. 
The differences that  exist between leaves at  differing stem positions 
may  be considered as a t ime sequence modified by positional and com- 
petitive effects. We believe tha t  the differences between the leaves at  
positions 7 to 9 and those a t  lower positions may  be generally regarded 
as due to differences in leaf age. Figs. 2 and 4 illustrate tha t  the pre- 
dominant change as leaf cells grow is an increase in the number  of 
chloroplasts. The changes tha t  occur in chloroplast size are small. 

This pat tern  of change contrasts sharply with those described by 
GYLDENttOLlVl (1968) for the regreening of dark-grown bean leaves. 
During regreening in this material there were large increases in the 
fresh and dry weight of the leaves and in chlorophyll and I%NA content. 
During 45 hr of regreening, GYLDENHOLM found that  there was no 
increase in cell number per leaf and in chloroplast number per cell, 
and also no increase in DNA per leaf and per plastid. In  our experiments 
we found tha t  there was an increase in the amounts of chlorophyll and 
nitrogen per unit of leaf tissue as the ]eaves grew and tha t  this was 
associated with an increase in the number  of chloroplasts per cell. 

I t  should be noted tha t  the smallest and youngest leaves sampled 
in the present series of experiments were green, as all the plants were 
grown in the light. Further, the American Round-Seeded spinach has 
a relatively open rosette habit  of growth so tha t  even the leaves smaller 
than those tha t  were sampled here were green ~nd contained differen- 
t iated chloroplasts. We consider it of importance that  in our electron- 
microscope studies we found no evidence of proplastids or etioplasts 
in even the youngest leaves that  were examined. No proplastid- or 
etioplast-division figures similar to those tha t  have been described for 
maize and barley could be found (V~SK et al., 1965; SPR~Y, 1968). Also, 
vesicles of the type described by I~r and Fa~Y-WYssLING 
(1959) as proplastid initials were not a conspicuous feature in the young 
leaves we examined, but it is well known tha t  objects of this size are 
difficult to locate in ultra-thin sections. 

We consider tha t  proplastids are not the source of the large number 
of chloroplasts tha t  are formed as green ]eaves grow and develop. This 
conclusion is supported by the relatively high frequency with which 
we found chloroplasts of a shape suggestive of division by constriction. 
Every  electron-microscope section of immature 1-em-long ]eaves con- 
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t a ined  a t  least  one chloroplas t -divis ion figure. As well, under  phase  
con t ras t  chloroplasts  wi th  an appearance  essent ia l ly  the  same as d iv id ing  
yeas t  ceils were found in a large p ropor t ion  of the  cells of i m m a t u r e  
leaves.  I n  the  ease of the  green alga Nitella this  mechanism of chloro- 
p las t  fo rmat ion  has been e legant ly  demons t r a t ed  b y  use of c inemato-  
g r aphy  ( G ~ ] ~ ,  1954). Unfor tuna te ly ,  because of the i r  size i t  is no t  
possible to view living cells of young spinach leaves cut  f ree-hand,  as 
has  been done with  the  large, ma tu re  cells of this  p l an t  (PossING~AM 
et al., 1964; WrLDMA~, 1968). W e  suggest  t h a t  const r ic t ion division of 
d i f ferent ia ted  chloroplasts  is the  mechanism b y  which the  bulk  of the  
chloroplasts  are  formed in l ight-grown higher  plants .  

The authors are indebted to Mr. K. CELLIEB, CSIt~O Division of Mathematical 
Statistics, Glen Osmond, S.A. for statistical analysis of the quantitative data. 
They are also indebted to Mr. A. SOEFFKY for assistance with the electron micro- 
scope observations. 
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