
Planta (1993)191:180-190 P l a n m  

~ Springer-Verlag 1993 

Subcellular volumes and metabolite concentrations in barley leaves 
Heike Winter l, David G. Robinson 2, Hans Walter HeldP 

Institut ffir Biochemie der Pflanze, Universit~t G6ttingen, Untere Karspiile 2, D-37073 G6ttingen, Germany 
2 Pflanzenphysiologisches Institut, Universitfit G6ttingen, Untere Karspfile 2, D-37073 G6ttingen, Germany 

Received: 6 February 1993 / Accepted: 15 March 1993 

Abstract. Metabolite concentrations in subcellular com- 
partments  from mature barley (Hordeum vulgare L. cv. 
Apex) leaves after 9 h of illumination and 5 h of darkness 
were determined by nonaqueous fractionation and by the 
stereological evaluation of cellular and subcellular vol- 
umes from light and electron micrographs. Twenty one- 
day-old pr imary leaves of barley with a total leaf volume 
of 902 gL per mg chlorophyll were found to be composed 
of 27% epidermis, 42% mesophyll cells, 6% veins, 4.5% 
apoplast  and 23% gas space. While in epidermal cells 
99% of the volume was occupied by the vacuole, meso- 
phyll cells with an average volume of 31.3 pL consisted of 
23 pL (73%) vacuole, 4.6 pL (19%) chloroplasts, 2.06 pL 
(6,7%) cytosol (including smaller organelles and vesicles), 
0.34 pL (1%) mitochondria and 107 fL (0.34%) nucleus. 
The differences between leaves harvested after 9 h of illu- 
mination and after 5 h of darkness were in the size of the 
stromal compar tment  and the starch grains therein. Sub- 
cellular metabolite concentrations were calculated from 
the compartmental  volumes and metabolite contents of 
the compar tments  as determined by nonaqueous frac- 
tionation. The amino-acid concentrations in s t roma and 
eytosol were rather similar after 9 h of illumination and 5 
h of darkness. In contrast, the vacuolar amino-acid con- 
centrations were about  one order of magnitude lower 
than the s t roma and cytosol values, and there was a slight 
increase in concentration after 5 h of darkness. 
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Introduction 

Compar tmenta t ion  of metabolic pathways is fundamen- 
tal for the regulation and control of metabolism. In mes- 
ophyll cells of higher plants the major  compar tments  are 

Abbreviation: Chl = chlorophyll 

Correspondence to: H.W. Heldt; FAX: 49(551)39 57 49 

the s t roma of chloroplasts, the cytosol, the mitochondrial  
matrix, and the vacuole. These are separated by mem- 
branes which function as osmotic barriers and are the 
sites of highly selective t ransport  systems, thus enabling 
the metabolism in these compar tments  to be coordinat- 
ed. 

It is possible to determine subcellular metabolite con- 
tents of leaves in vivo by nonaqueous fractionation (Ger- 
hardt and Heldt 1984), but the lack of reliable data on 
leaf subcellular volumes has prevented calculation of 
their concentrations. 

In the present report we have determined cellular and 
subcellular volumes of mature barley leaves by stereolog- 
ical analysis. This is an established method for the evalu- 
ation of subcellular volumes from light and electron mi- 
crographs of fixed and thin-sectioned material (see Steer 
1981). Together with the known subcellular metabolite 
contents, we are now able to present values for the sub- 
cellular metabolite concentrations of intact barley leaves. 
Since all of the metabolites which were measured showed 
diurnal rhythms in terms of total leaf content (Winter et 
al. 1992), we compared their subcellular concentrations 
after 9 h of illumination (i.e. during the steady state of 
photosynthesis) and after 5 h of darkness. 

Materials and methods 

Plant material. Barley (Hordeum vulgare L. cv. Apex, Kleinwan- 
zlebener Saatzucht, Einbeck, FRG) was grown hydroponically in 
5-L vessels containing fire-clay particles in a glasshouse (15 h light 
of 400-600 ~tmol photons.m 2. s 1, 22oc; 9 h darkness, 17~ The 
nutrient medium contained 4 mM Ca(NO~)2, 4 mM MgC12, 6 mM 
KNO3, 2 mM MgSO4, 1 mM KH2PO4 and Na2-Fe-EDTA, and 
trace elements according to Randall and Bouma (1973). Only the 
middle parts of fully expanded primary leaves of 21-d-old plants, 
harvested after 5 h of darkness or after 9 h of illumination within the 
same day, were used for nonaqueous fractionation. Leaf material 
for electron microscopy was harvested after 9 h of illumination and 
at the end of the dark period, and fixed immediately. 

Light microscopy of Jresh material. Segments from the middle of the 
leaves were put in paraffin (low melting at 40~ and immediately 
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transferred to ice water until the paraffin hardened. Thin sections 
(200 gm thick) were prepared by hand and immersed in a drop of 
water for light microscopy (Axiovert 35; Zeiss, Oberkochen, FRG). 

Electron microscopy. About 600 segments of approx. 1 2 mm 2 were 
excised with a razor blade from leaves of 12 barley plants and 
vacuum-infiltrated with a solution of 5% glutaraldehyde, 5 mM 
CaCI2 and 50 mM sodium-cacodylate buffer, pH 7.0. After 3 h at 
4~ the slices were washed four times for 15 min each in cold 50 
mM cacodylate buffer, pH 7.0, and then transferred to a solution of 
2% (w/v) osmium tetroxide, 0.8% (w/v) Kz[Fe(CN)3]2 and 50 mM 
cacodylate buffer, pH 7.0, for a further 3 h at 4~ After washing the 
material twice for 15 min in 50 mM cacodylate buffer, pH 7.0, and 
twice in water at room temperature, the segments were incubated 
for 10-12 h in an aqueous solution of 5% uranyl acetate and again 
washed in water. The segments were dehydrated in a graded ace- 
tone series before block-staining with a saturated solution of lead 
acetate in ethanol/acetone (1:1, v/v) for 2 h (Kushida 1966). After 
another washing step with 100% acetone the segments were finally 
embedded in a Spurr's low-viscosity resin (Spurr 1969). Sections, 50 
nm thick, were observed in Philips (Eindhoven, The Netherlands) 
EM 400 or CM 10 electron microscopes. 

Calculation of the cell volume from fresh material and estimation of 
the shrinkage caused by dehydration and embedding. Fixation of leaf 
material may lead to a shrinkage of the cells and their compart- 
ments. In order to estimate this shrinkage the total cell volume of 
barley leaves was determined from hand sections (thickness 0.243.5 
mm) of fixed and fresh material. The equatorial areas of 500 intact 
cells were determined in each case with the help of a computer 
programme using a graphics tablet. Shrinkage of cells was estimated 
from the radius of these areas, treating the cells as spheres. The 
average mesophyll cell volume of fresh material was calculated as 
the mean of the volumes calculated from the measured areas. 

Stereological methods Jbr the determination of subcellular volumes. 
Electron micrographs of thin sections from fixed material were eval- 
uated by the point-counting method (Steer 1981). A coherent dou- 
ble-lattice test system with a lattice ratio of q2=25 per 1 cm 2 was 
used (Fig. 1). For optimal evaluation of the cytosolic and mitochon- 
drial compartments only one cell per photograph was taken at a 
magnification between 2000 and 14000, (n = 215) depending on the 
size of the cell in section. The same method was used to evaluate the 
cross-sectional areas of stroma, thylakoids, starch grains and plas- 
toglobuli within chloroplasts (n = 25, magnifications between 20000 
and 35000). The vacuolar, chloroplastic (with subcompartmenta- 
tion), cytosolic, mitochondrial and nucleic portions of the total cell 
volume were calculated by two different methods: 

(i) The principle of Delesse (1847): "The areal density of profiles on 
sections is an unbiased estimate of the volume density of structures" 
(Weibel and Bolender 1973), thus 

AREAcomp/AREAtota I = VOLUMEcomp/VOLUMEtotal/ 

where comp = compartmental. 

(ii) Linear regression: assuming that the area of a compartment in 
a section is dependent upon the area of the whole cell in the section, 
it is possible to do a linear regression with 

AREAr ' AREAtota I + b 

where m = slope and b = intercept and to check its validity with the 
F-test. For the calculation of the absolute areas of the compart- 
ments in the equatorial plane the volumes of these compartments 
need to be determined; for vacuole and nuclei by the equation: 

VOLUMEcomp=4/3 * /(AeEAcomp) 3 * 1~  (Eq.1) 

and for cytosol, mitochondria and chloroplasts by: 

VOLUMEcomp 
:WOtUMEtota I 4/3*/(AREAtota I AREAcomp)3*/~ (Eq.2). 

These assume that the vacuole is a central compartment and that 
the cytoplasm is restricted to the outer regions of the cell. The 
volumes in fresh material were calculated from the percentage por- 
tions of these absolute compartmental volumes in fixed material. 

Determinations of the number of cells and their chlorophyll content. 
Leaf protoplasts were isolated as described by Kaiser et al. (1982) 
and their number per mL was determined in a Thoma chamber. 
Chlorophyll (Chl) concentrations were determined according to 
Arnon (1949). 

Gas space and apoplastic volume. The volume of the gas space was 
determined by vacuum infiltration. Leaf material was incubated for 
2 h in water to ensure full hydration. For infiltration 170 mM 
2-(N-morpholino)ethanesulfonic acid, pH 5.5, 5 mM CaC12 were 
used, corresponding to the osmolality of the cell sap of barley leaves 
measured with a semi-microosmometer (Knauer, Oberursel, FRG). 
The volume of the gas space is calculated from the differences of the 
fresh weight before and after infiltration. 

The apoplastic volume was determined according to the method 
of Speer and Kaiser (1991). 

Determination of metabolite contents in the total leaf and in the sub- 
cellular compartments. Leaf material was frozen with liquid nitro- 
gen, and ground to a fine powder in a mortar. Aliquots of 0.5 1 g 
of this powder were extracted with a mixture of chloroform and 
methanol (3 : 7, v/v) in order to determine the whole leaf content of 
chlorophyll and metabolites (Stitt et al. 1983). The remaining pow- 
der was lyophilized and used to analyze the subcellular metabolite 
contents by nonaqueous fractionation (Winter et al. 1992). 

Results and discussion 

Cellular volumes and shrinkage by f i xa t ion  and embedding. 
Fixat ion,  dehydra t ion  and  embedd ing  may  lead to a dra-  
mat ic  shr inkage of cells (Glauer t  1974; K u b i n o v a  1989). 
Light micrographs  of fresh and  fixed barley leaves (Fig. 
2a,b) were evaluated in order  to determine the average 
cellular volumes of fresh mesophyll  cells and  the shrink-  
age caused by fixation and  embedding.  Treat ing the cells 
as spheres, the average volumes (Vt) can therefore be cal- 
culated using Eq. 1: V t = 12.3 pL/cell for fixed material ,  
Vt--31.3 pL/cell for fresh material .  Since the absolute  
frequencies of the calculated volumes do not  show a nor-  
mal  dis t r ibut ion,  it is no t  possible, statistically, to com- 
pare these average volumes. However,  a very good ap- 
p rox ima t ion  to a no rma l  d i s t r ibu t ion  (the difference of 
var ia t ion  coefficients is negligibly small) is given by the 
absolute  frequencies of the calculated radius  as shown in 
the h is togram (Fig. 3). Therefore, the shr inkage factor as 
calculated from the means  of the radii, r =  13.4 + 3.6 gm 
for fixed mater ia l  and  r =  18.7 + 4.1 gm for fresh materi-  
al, is 0.717, cor responding  to a volume shrinkage of mes- 
ophyll  cells of 63.2% dur ing  fixation and  embedding.  The 
average volume of mesophyll  cells in mature  barley 
leaves was evaluated as 31.3 pL/cell, taking into account  
a 63% shrinkage dur ing  fixation and  embedd ing  to a 
mean  volume of fixed mesophyll  cells of 11.5 pL/cell. This 
value is very similar to the results of K u b i n o v a  (1989), 
who est imated the mean  volume of mesophyll  cells in 
whole barley leaves by morphomet r i c  means  as 29.4 pL/  
cell, dependen t  u p o n  light intensity.  

F rom measurements  on barley leaf protoplasts ,  the 
n u m b e r  of mesophyll  cells(mg Chl) ~ was determined as 
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Fig. 1. A typical electron micrograph of 
a barley mesophyll cell in thin section 
overlaid with a coherent double lattice 
for determination of areas by the point- 
counting method: C, cytosol; CP, chloro- 
plast; CW,, cell wall; M, mitochondrion; 
N, nucleus; P, peroxisome; V, vacuole. 
9337, bar = 1 gm 

(1.21 + 0.04). l07 (means _+ SE,-n=3). Multiplication of 
this value by the average volume of a mesophyll cell, as 
evaluated above (31.3 pL/cell), yields a mesophyll cell 
volume of 379 laL-(mg Chl) 1. 

The epidermis of barley leaves makes up for 27% of 
the total leaf volume, and corresponds to 35% of the 
total aqueous space (Table 1). In barley leaves the chloro- 
phyll content was 1.29 _+ 0.11 mg Chl.(g FW) 1 and the 
dry-matter content was 100.0 + 5.2 mg.(g FW) 1. These 
data allow the evaluation of the leaf total water content 
as 698 gL.(mg Chl) 1. The gas space as determined by the 
infiltration technique was 204 _+ 11 gL.(mg Chl) 1, the 
apoplast has a volume of 41 _ 4 gL.(mg Chl) 1. 

The veins occupy a volume of 55 ~tL. (mg Chl) 1. Addi- 
tional morphometric analysis of the barley leaves yielded 
a total volume of 5.4 ~tL.(mg Chl) 1 for the sieve tubes 
and companion cells inclusive of their cell walls. As only 
part of the visible structure represents the space occupied 
by the sieve-tube sap, the latter space should be consider- 
ably smaller than the above value. A maximum estima- 
tion of the volume occupied by the sieve-tube sap in a 
barley leaf can be obtained by assaying the total leaf 
sucrose content at the end of the dark period, on the 
assumption that all of this sucrose is present in the sieve 
tubes, and by determining the sucrose concentration in 
the phloem sap collected at this time by the aphid tech- 
nique. In this way, from a leaf sucrose content of 1.5 
gmol.(mg Chl) 1, and with a phloem sap sucrose concen- 

tration of 0.9 M, the volume of sieve-tube sap in a barley 
leaf, as studied here, has been estimated as maximally 1.7 
gL.(mg Chl) l (Winter et al. 1992). 

Subcellular volumes in mesophyll and epidermal cells 

(i) Derived from calculations according to the principle of 
Delesse: The main subcellular compartment of a meso- 
phyll cell from mature barley leaves is the central vac- 
uole. In order to visualize smaller compartments in these 
cells e.g. cytosol and mitochondria, it was necessary to 
make electron micrographs with only one cell in section 
per picture and to use a coherent double-lattice test sys- 
tem for the point-counting method (Figs. 1, 4). Under 
these circumstances it was necessary to ensure that the 
frequency distribution of the areas of cell sections, as de- 
termined by electron microscopy, was the same as that 
derived from light microscopy. Otherwise the sizes of the 
cytosolic and vacuolar compartments will be incorrectly 
estimated by this method of calculation. Figure 5 shows 
the cumulative percentage frequencies of the section ar- 
eas from cells as determined by electron and light mi- 
croscopy. 

The vacuole of these mesophyll cells occupies a vol- 
ume of 61% of the total fixed cell, while 28% can be 
attributed to the chloroplasts (Table 2). The cytosolic vol- 
ume of 10% includes smaller compartments such as the 
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Fig. 2. Light micrographs of 
transverse sections from fresh (a) 
and fixed (b) 21-d-old barley 
leaves. The mesophyll cell vol- 
umes were determined from pic- 
tures like these, but at higher 
magnifications (n = 500). MC, mes- 
ophyll cell; EC, epidermal cell; 
VB, vascular bundle, bars = 100 
~tm 
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peroxisomes (which a m o u n t  to less than 0.3% of the total 
cell volume;  data  not  shown), endoplasmic  reticulum, 
Golgi  appara tus  and other  small vesicles. 

Measurements  of the subcellular volumes in epider- 
mal cells gave rise to 99% of the cell volume for the 
vacuolar  compar tment .  This value may  appear  unexpect-  
edly high, but examinat ion  of  micrographs  such as those 
in Fig. 6 shows that  this is indeed a realistic estimate. In 
the cytoplasm, occupying  1% of the fixed epidermal cells, 
the volumes of  mi tochondr ia ,  endoplasmic  ret iculum and 
chloroplasts  were therefore negligibly small (Table 2). 

Fig. 3. Histogram of the absolute frequencies of calculated radius 
from fresh and fixed barley mesophyll cells as determined with a 
graphic tablet from light micrographs of the equatorial areas 
(n = 500 in each case). The classes of radius comprise 1 ~tm 
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Table 1. Structural parameters of mature barley leaves. Cellular 
volumes determined from light micrographs and by the infiltration 
technique 

Total leaf volume 
Gas space 
Aqueous space 

Epidermis 
Mesophyll 
Apoplast and xylem 
Veins 

Sieve tubes (inclusive cell 
walls and companion cells) 

Mean mesophyll cell volume 
Number of mesophyll cells 

�9 (mg Chl) i 

902 laL'(mg Chl) i 
204 ~L.(mg Chl) i 
698 lttL'(mg Chl) J 
244 ~tL.(mg Chl) 1 
379 laL'(mg Chl) 1 
41 laL'(mg Chl) 1 
55 laL'(mg Chl) i 
5.4 ~tL-(mg Chl) 1 

31.3 pL/cell 
1.21.107 cells 

�9 ( m g  Chl) i 
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(ii) Derived from calculations based on linear regression: 
The va l id i ty  of  the results  de t e rmined  accord ing  to the 
pr inc ip le  of Delesse can be checked  by a l inear  regression 
of the areas  of  each c o m p a r t m e n t  p lo t t ed  agains t  the 
to ta l  a r ea  of  the cell sect ion of  the va r ious  e lec t ron micro-  
graphs.  This  m e t h o d  is i ndependen t  of  the f requency dis-  
t r i bu t ion  of  sect ional  cell size. The  l inear  regress ion 
curves are  given in Figs. 7A,B. Ca lcu la t ions  of  the subcel-  
lu lar  vo lumes  (Table 3) are in acco rdance  with the results  
in Table 2, which were de t e rmined  by the pr incip le  of  
Delesse. 

(iii) Shrinkage corrections: As a l r eady  given, the to ta l  
vo lume of  the cells decreased  to 36.8% of  the vo lume of 

Fig. 4. Thin sections of barley 
mesophyll cells fixed at the end of 
the light period (9 h; a), and at 
the end of the dark period (9 h; 
b). Other than the absence of 
starch grains (S) in the chloroplast 
at the end of the dark period, 
there is no basic difference in the 
presence and number of~he major 
organelles in mesophyll cells at 
these two time points. C, cytosol; 
CP, chloroplast; M, mitochondri- 
on; N, nucleus; P, peroxisome; V, 
vacuole, a x6475, bar=2 lam; b 
x 4956, bar = 2 gm 
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Fig. 5. Cumulative percentage distribution of the areas of barley 
mesophyll cells from light micrographs of fresh (A) and fixed (B) 
tissue and from electron micrographs (C) 

the intact cells as a result of dehydration during fixation 
and embedding. A closer inspection of Fig. 1 shows that 
this decrease in total cell volume cannot be due to an 
equal shrinking of all cell compartments. 

Volume contraction of organelles implies reduction in 
membrane surface area. Since the elasticity modulus of 
biomembranes is very low (Wolfe and Steponkus 1983) 
this can only occur by (i) vesiculation, (ii) folding or in- 
vagination, (iii) direct loss of membrane lipids and 
proteins into the cytosol. Since possibility (iii) is difficult 
to measure and (i) and (ii) appear most unlikely from our 
electron micrographs, we surmise that, at least for the 
chloroplasts, but probably also for mitochondria and the 
nucleus, the relative volume reduction is much lower 
than that of the whole cell. Otherwise the chloroplasts 

would have been reduced in size by 63% of their original 
volume, a value which is clearly too large. 

We maintain that it is the vacuole which is mainly 
responsible for shrinkage during preparation for mi- 
croscopy. Firstly, the tonoplast is often very convoluted 
(Figs. 4, 6). Secondly, in contrast to the chloroplasts, mi- 
tochondria and the nucleus, the lumen of the vacuole 
represents an aqueous phase with a very low protein con- 
tent [1.6 mg protein.(mg Chl) I compared to 9.4 mg 
protein.(mg Chl)-l]. The potential for water loss, and 
therefore volume contraction, is clearly much greater in 
the case of the vacuole. 

The extent of shrinkage of the vacuolar compartment 
can be estimated by assuming that, in an intact cell, the 
tonoplast has a spherical shape. In 176 electron micro- 
graphs the circumferences of the vacuoles were deter- 
mined, and from each circumference the area was calcu- 
lated which the vacuole would occupy if it had a circular 
shape. Taking the summed areas of these as a measure of 
the volume of an idealized spherical vacuole (according 
to the principle of Delesse), and assuming that this repre- 
sents the state of the vacuole in the intact cell, the 
summed areas of the shrunken vacuoles in the electron 
micrographs divided by the corresponding area of the 
spherical vacuoles (shrinkage factor 0.303 -t- 0.013); 
(n = 176) yields an estimate for the shrinkage of the vac- 
uole during fixation and embedding of the tissue. 

In the fixed material, where at a total volume of the 
mesophyll cells of 139 ~tL.(mg Chl) 1, the vacuoles occu- 
py 60.5% of the total cell volume. The vacuolar volume 
in the shrunken cells is 84 BL'(mg Chl~ 1. Dividing this 
value by the estimated shrinkage factor for vacuoles 
(0.303) gives rise to a vacuolar volume for intact meso- 
phyll cells of 278 ~tL.(mg Chl) 1. Subtracting this value 
from the total volume of the mesophyll cell (379 ~tL-(mg 
Chl) l yields 101.5 ~tL.(mg Chl) -1 for the cytoplasm in the 
intact cells. In the shrunken cells the cytoplasm had a 
volume of 54.9 I.tL.(mg Chl) 1. Dividing the latter value 
by the former yields a shrinkage factor of 0.541 for these 
compartments. A comparison of this value with the 

Table 2. Volumes of subcellular compart- 
ments expressed as a percentage of the to- 
tal cell volume, n = 215; for subchloroplas- 
tic spaces: n = 25; means + SE 

Compartment Fixed material Fresh material 

% laL'(mg Chl)-' (~tL.(mg Chl)-') 

Mesophyll 
Cell 100 139 379 
Vacuole 60.5 + 1.3 84.3 278 
Chloroplast 27.8 + 1.0 38.7 71.6 
Stroma 13.5 + 0.4 18.8 34.8 
Thylakoid 11.3 +0.2 15.7 29.1 
Starch 2.8 -t- 0.3 3.9 7.2 
Plastoglobuli 0.2 _ 0.02 0.28 0.52 
Cytosol 9.7 + 0.6 13.5 24.9 
Mitochondria 1.6 _ 0.1 2.2 4.1 
Nuclei 0.5 -4- 0.1 0.69 1.3 

Epidermis 100 74.5 244 
Vacuole 98.7 + 0.8 73.6 243 
Cytoplasm 1.0 + 0.01 0.75 1.4 
Nuclei 0.2 + 0.01 O. 15 0.28 
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Fig. 6a-c. Thin sections of barley leaf 
epidermal cells. This figure documents 
the extraordinarily low value for the 
cytoplasm in terms of its proportion 
of the total cell volume, The cyto- 
plasm is restricted to a thin layer be- 
neath the cell wall except where or- 
ganelles (e.g. dictyosomes, D; etioplas- 
ts, E; mitochondria, M; nucleus, N) 
have been cut. As seen in b and e the 
tonoplast (TP) is intact. EC, epider- 
mal cell; MC, mesophyll cell; a 
x 5429, bar=2.5 gm; b x 22050, 
bar=0.5 gin; e x 19530, bar=0.5 lain 

shrinkage factor of the vacuoles (0.303) indicates that, 
during the preparation of the tissue samples for electron 
microscopy, the vacuolar compartment is, in relative 
terms, reduced nearly twice as much in its size than the 
rest of the cell. As the size and the protein content of the 
chloroplastic compartment are similar to those of the 
cytosol, mitochondria and nucleus, it seems reasonable 
to assume that all these other compartments show the 
same extent of shrinkage during the fixation procedure. 
The volumes for the various subcellular compartments in 
an intact cell, evaluated accordingly, are listed in Table 2. 
The results of Table 2 were used for the calculations of 
the subcellular metabolite concentrations. 

Diurnal changes in subcellular volumes of mesophytl cells. 
When studying diurnal changes in subcellular metabolite 
concentrations it has to be checked whether similar 

changes in the subcellular volumes also occur. For this 
reason we measured the subcellular volumes of meso- 
phyll cells at the end of the dark period. With one excep- 
tion, no significant differences in the subcetlular volumes 
of mesophyll cells after an illumination period of 9 h were 
found (data not shown). The stromal volume increased 
after 9 h of darkness to 43.7 gL.(mg Chl) '~, amounting to 
61% of the total chloroplaste volume, reflecting the de- 
crease in starch grains, which respresented only 0.2% of 
the volume of the chloroplast at the end of the dark peri- 
od. 

Determination of subcellular metabolite concentrations. As 
shown by their similar distributions in nonaqueous den- 
sity gradients the amounts of leaf metabolites in a partic- 
ular compartment are directly related to the correspond- 
ing marker enzymes (Gerhardt and Heldt 1984; Riens et 



H. Winter et al.: Metabolite volumes and concentrations in barley 187 

A 14oo 

1200 
E'" 

c 
1000 

E 

g 

~ 800 

g 

i --n o 
acu~ I o 

o ~  o 
o 

[] o 

o 

~ ~  o o  o o 

o 

oO o 

[] % 
o o 

[] 

600 ~ o 

400 = ~  [] " 

�9 == ,,~= �9 =, 

2 0 0 +  oq~ . . . . .  == =0 I � 9  � 9149  =~ 
i ~ JBl~ li~ = ~ID iWi  I~" I i 

L �9 . "  " 
o I - I I I I 

0 400 800 1200 1600 2000 
a r e a  of  the cell section (pm 2) 

Fig. 7. Linear regression analysis from the areas of the chloroplast 
and the vacuolar areas (A) and the areas of cytosol and mitochon- 
dria (B) over the corresponding area of the cell section in electron 

B 16o 

E 

E 
8 

m 

120 

80 

i m"=~ 
c y t o s o l  

o 

Oo 
o ~ 

O3 

o ~ o~176 

Bo 
o ~ o  

0 

0 

[] 

0 
0 [] [] 

0 0 

o o o o o  
[] 

oO ~176 ~ o 

0 

0 s 

o o o 
o o B o o o o 

40 ~ o o  ooo o o o 
~ o ~ O o  ooo o �9 �9 

o oO o o~  o o 

s~ ~ o ~ o ~ [] �9 �9 

o~ o_%~ 5 ~ ~ o  �9 .= 
oo~ �9 �9 o �9 = = = 

oB o mop �9 �9 �9 . . . . . . .  

" " " 

I~-~_~_~.~..,~& ~@.,... �9 , .  . 

0 300 600 900 1.200 1.500 1.800 

area of  the cell section (pm 2) 

micrographs of barley mesophyll cells. Slopes and intercepts are 
shown in Table 2. (n=215, in each case) 

Table 3. Data and results from linear regression analysis of subcellu- 
lar compartments in fixed barley mesophyll cells (F-test showed 
significance at F~ =0.01) 

Compartment Slope Intercept % of 
cell volume 

Vacuole 0.78 -44.2 59.4 
Chloroplast 0.16 + 33.1 30.3 
Cytosol 0.047 + 11.6 9.8 
Mitochondria 0.011 + 1.06 1.9 

al. 1991). The evaluation of subcellular volumes as given 
above now makes it possible to calculate the concentra- 
tions of metabolites in subcellular compartments of an 
intact leaf from the results of nonaqueous subcellular 
fractionation of leaf material. Subcellular concentrations 
have been evaluated by dividing the metabolite contents 
by the corresponding volumes of the subcellular com- 
partments. Summarized over the total leaf, we arrive at 
values of 28 pL. (mg Chl) ' for the cytosol and nuclei, 521 
pL.(mg Chl) 1 for the vacuole and 35 pL.(mg Chl) i for 
the stromal compartment  44 laL'(mg Chl) ' for this com- 
partment in leaves after 5 h of darkness) (Tables 4,5; see 
also Winter et al. 1992). The limit of detection for subcel- 
lular metabolite contents by this method lies around 1% 
of the total leaf content for each metabolite. In the case of 
nitrate this means a detection limit of 1 pmol.(mg Chl) ~. 
For the cytosol, with a volume of 28 pL.(mg Chly l, a 
detection limit for nitrate of 35 mM has to be taken into 
account. 

A certain proport ion of the metabolites analyzed in a 
leaf sample is present in the sieve tubes. In the case of 
amino acids, where the concentrations in the sieve tubes 
are very similar to those in the cytosol or stroma (see 
later), a maximal sieve-tube sap volume of 1.7 pL-(mg 
Chl) ' will contain only about 2% of the amino-acid con- 
tent of the leaf, which is therefore negligible. Sucrose is 
present in the phloem sap at concentrations of 1 M and 
0.9 M during the day and night, respectively (Winter et al. 
1992). From Tables 4 and 5 these values correspond to 
10% (after 9 h of illumination) and 25% (after 5 h of 
darkness) of the total leaf sucrose content. 

Effect of illumination on total leaf contents. The total con- 
tents of sucrose and most amino acids determined in the 
whole leaves after 9 h of illumination (Table 4) were dis- 
tinctly higher than after 5 h of darkness (Table 5), which 
shows that some part of the photosynthate generated 
during the light period accumulated in the leaves in the 
form of sucrose and amino acids. On the other hand, the 
leaf content of nitrate in the dark period was distinctly 
higher than during illumination, indicating that nitrate 
assimilation utilizes to a large extent the nitrate which 
has been accumulated in the leaf during the preceeding 
dark period. A similar situation has been observed with 
spinach leaves (Steingr6ver et al. 1986; Riens and Heldt 
1992). 

Subcellular distribution of nitrate. In agreement with the 
results of earlier studies by Martinoia et al. (1980) on 
vacuoles from barley leaf protoplasts, our analysis of sub- 
cellular metabolites (Tables 4, 5) shows (i) that the nitrate 
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Table 4. Leaf content and subcellular 
metabolite concentrations in barley after 
9 h of illumination; n = 3 

H. Winter et al.: Metabolite volumes and concentrations in barley 

Metabolite Leaf content Stroma Cytosol Vacuole 
(nmol .(mg Chl)- 1) (mM) (mM) (raM) 

Nitrate 97 330 < 25 < 30 !86.4 
Sucrose 17130 < 5 232.1 20.3 
Aspartate 1 750 22.9 32.1 _< 0.10 
Asparagine 40 
Glutamate 5 300 73.6 89.3 < 0.38 
Glutamine 1380 17.2 25.7 < 0.12 
Serine 2170 20.7 50.0 < 0.09 
Glycine 1 370 7.9 25.0 0.77 
Threonine 770 7.2 17.2 < 0.08 
Alanine 880 6.5 21.4 <0.10 
Valine 220 2.9 4.2 _< 0.01 
Isoleucine 100 1.2 1.8 < 0.02 
Leucine 120 2.0 1.8 
Lysine 73 1.2 1.3 
Tyrosine 96 1.2 1.9 - 
Remaining amino acids 190 5.0 2.9 < 0.06 

X Amino acids 14459 169.5 274.6 _< 1.73 

Table 5, Leaf content and subcellular 
metabolite concentrations in barley after 
5 h of darkness; n= 3 

Metabolite Leaf content Stroma Cytosol Vacuole 
(nmol .(mg Chl)- ~) (mM) (mM) (mM) 

Nitrate 129 900 < 29 < 46 248.8 
Sucrose 6140 < 1.4 80.0 7.5 
Aspartate 750 6.8 9.6 0.34 
Asparagine 400 2.7 < 0.15 0.54 
Glutamate 3 550 35.2 40.7 1.7 
Glutamine 500 6.8 4.4 0.15 
Serine 1 160 8.5 19.9 0.44 
Glycine 350 1.5 6.1 0.22 
Threonine 470 4.0 6.2 0.23 
Alanine 350 2.3 6.8 0.12 
Valine 200 1.6 2.4 0.12 
Isoleucine 100 0.57 1.6 0.06 
Leucine 130 0.68 2.7 0.05 
Lysine 90 0.74 1.3 0.05 
Tyrosine 120 0.64 2.9 0.02 
Remaining amino acids 195 1.8 2.2 0.11 

X Amino acids 8365 73.8 107.0 4.15 

con ta ined  in the leaf is to a large extent  conf ined to the 
vacuole,  and  (ii) tha t  the n i t ra te  concen t r a t i on  in o ther  
subcel lu lar  c o m p a r t m e n t s  is be low the de tec t ion  l imit  of  
a b o u t  35 m M  (see above).  Thus  the concen t r a t i on  of ni- 
t ra te  in the vacuole  is a t  least  m o r e  than  five t imes h igher  
than  in the su r round ing  cytosol .  These results  d e m o n -  
s t ra te  the necessi ty of  a n i t ra te  u p t a k e  into the vacuole  
agains t  a concen t r a t i on  gradient .  A p r o t o n / n i t r a t e  an-  
t i po r t  has  been pos tu l a t ed  f rom work  with i so la ted  vac-  
uoles  f rom roo t s  (Schumake r  and  Sze 1987; Mi l le r  and  
Smi th  1992). 

Subcellular distribution of sucrose. The concen t r a t i on  of 
sucrose in the cy toso l  is found  to be much  higher  than  in 
the vacuoles.  The  values  in Tables  4 and  5 indica te  con-  
cen t r a t ion  grad ien t s  of 12 and  11 for i l lumina ted  and  
d a r k e n e d  leaves respectively.  There  are  ind ica t ions  tha t  
in sp inach  ( G e r h a r d t  et al. 1987) and  tobacco  (D. 

Heineke,  our  inst i tute,  pe r sona l  communica t i on )  leaves 
the sucrose concen t r a t i on  in the cy toso l  also exceeds tha t  
in the vacuole.  On the o the r  h a n d  glucose and  fructose 
were found  to be p r imar i l y  in the vacuo la r  c o m p a r t m e n t  
in t obacco  and  p o t a t o  leaves (D. Heineke,  pe r sona l  com-  
municat ion) .  Vacuoles are also the site of f ructan synthe-  
sis (Wagner  et al. 1983). It r emains  to  be seen how much  
glucose,  f ructose and  f ructans  are  con ta ined  in the vacuo-  
lar  c o m p a r t m e n t  of  ba r l ey  leaves. Because of the concen-  
t r a t ion  g rad ien t  be tween the cy toso l  and  the vacuole  it is 
feasible tha t  the sucrose is re leased f rom the vacuole  in 
the form of  glucose and  fructose. These m o n o m e r s  are  
p r e s u m a b l y  der ived  f rom sucrose in the vacuole,  whose  
hydro lys i s  is ca ta lyzed  by  invertase.  In the bar ley  leaves 
s tudied  here, there  is v i r tua l ly  no sucrose in the ch lo ro-  
p las t  s t roma,  which concurs  with ear l ier  f indings that  the 
ch lo rop la s t  inner  enve lope  m e m b r a n e  is i m p e r m e a b l e  to 
sucrose (Heldt  and  Sauer  1971). 
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Subcellular distribution o f  amino acids. The amino-acid 
concentrations in the chloroplast s t roma and in the cyto- 
sol are not very different. The t ransport  of glutamate, 
aspartate and glutamine is catalyzed by specific translo- 
cators (Woo et al. 1987; Yu and Woo 1988), whereas neu- 
tral amino acids seem to permeate the inner envelope 
membrane  by unspecific diffusion (Gimmler et al. 1974; 
Heldt 1976). Compared  to the concentrations in the stro- 
ma and in the cytosol, the amino-acid concentrations in 
the vacuoles are very low. In the illuminated leaves, the 
sum of the concentrations of amino acids in the vacuolar 
compar tment  was only 0.6% of the corresponding value 
in the cytosol (Table 4). Less than 6% of the total amino- 
acid content of the leaves was present in the vacuolar 
compartment .  This is in contrast  to the results of Dietz et 
al. (1990), who observed that the vacuoles of illuminated 
barley mesophyll  protoplasts  contained about  50% of 
the total cellular amino acids. Kaiser et al. (1982) found 
an accumulation of labelled glutamate, glutamine and 
alanine in the vacuoles after feeding barley leaf proto-  
plasts with 14CO2, whereas serine, glycine and aspartate 
were only present in small amounts.  Kaiser et al. (1982) 
suggested that in these protoplasts  the transfer of amino 
acids into the vacuoles served the purpose of avoiding an 
osmotic imbalance during photosynthesis. 

Several authors have convincingly demonstrated that 
vacuoles possess specific t ransport  systems for the uptake 
of various amino acids such as glycine (Goerlach and 
Willms-Hoff 1992), arginine and aspartate (Martinoia et 
al. 1991), alanine, glutamine, leucine and methionine (Di- 
etz et al. 1990) and phenylalanine (Homeyer  and Schulz 
1988). Because many  amino acids are able to penetrate 
membranes  by diffusion (Wilson and Wheeler 1973), the 
virtual absence of amino acids from the vacuoles of the 
barley leaves observed in our study might be due to an 
active extrusion of amino acids from the vacuoles, possi- 
bly facilitated by the several amino-acid translocators 
mentioned above. That  the low concentrations of amino 
acids are the result of such a dynamic process is support-  
ed by the results in Table 5, showing that in darkened 
leaves the vacuolar amino-acid concentrations are higher 
than in the illuminated leaves by a factor of 2.4. It should 
be noted that this difference was found in all individual 
experiments. Even with this increase the sum of the vac- 
uolar amino-acid concentrations in darkened leaves is 
still only 4% of that of the cytosol. 

In summary,  the results concerning the distribution of 
amino acids shown in Tables 4 and 5 together with the 
observations of other authors suggest that the high con- 
centrations of amino acids in the chloroplast s t roma and 
in the cytosol, and the apparent  extrusion of amino acids 
from the vacuoles, may constitute an osmotic potential to 
counteract  the high nitrate concentration in the vacuole. 
An analysis of the total contents of ions and nondissocia- 
ble solutes in the subcellular compar tments  will be re- 
quired in order to verify this proposal.  

The authors are grateful to Prof. M.W. Steer ( Department of 
Botany, University College, Dublin, Ireland) for a critical appraisal 
of the manuscript. This work was supported by the Deutsche 
Forschungsgemeinschaft. 
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