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Table I. NAD Depletion and Uptake of Turnip Mitochondria

02 uptake was measured as described in "Materials and Methods."
Conditions for malate oxidation were 10 mM malate, 10 mm glutamate,
1 mM pyruvate, 200 gM CoA, 200 gM TPP, and 1.3 mM ADP. For 2-00
oxidation conditions were 10 mM 2-OG, 5 mM malonate, 1 mM malate,
200 Mm CoA, 200 jLM TPP, and 1.3 mM ADP. Both substrate oxidations
were measured in reaction media at pH 7.2; 2.5 gM rotenone and 1 mM
NAD were included where indicated. RCR were determined from the
-rotenone, +NAD treatments. Loaded refers to rates after NAD uptake
as described in "Materials and Methods." Mitochondrial integrity was
maintained at 100%.

State 3 Respiration

RCR - Rotenone + Rotenone

-NAD +NAD -NAD +NAD

nmol 02 minm mg'I protein
Malate oxidation

Depleted
Oh 5.5 146 189 48 116
16h 4.8 47 160 7 109

Loaded 4.8 202 206 110 128

2-OG oxidation
Depleted

O h 4.3 94 174 13 80
16h 3.9 24 174 7 73

Loaded 3.8 145 168 45 64

trends and integrity assays indicated maintenance of inner mem-
brane quality. Thus, the results clearly demonstrate that NAD
uptake occurs in beetroot mitochondria in a similar fashion to
that observed with turnip mitochondria, because after being
loaded with NAD the rates of oxidation (in the absence ofNAD)
were similar to those measured with freshly isolated mitochon-
dria (Table II).

In freshly isolated beetroot mitochondria it was possible to see
a significant stimulation by NAD of rotenone-insensitive respi-
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FIG. 1. Fractionation of beetroot sucrose gra-
dient. Location ofmarkers in a gradient 35 to 60%
sucrose for beetroot tissue mitochondrial prepa-
ration, fractionated into 1.2 ml volumes. (0), Cat-
alase activity (nmol H202 decomposed/minm 120
,d sample-'); (0), % transmission at 254 nm; (A),
% sucrose (w/w); (O), fumarase activity (nmol
fumarate/min- 120 Ml sample-').

FIG. 2. External NAD reduction in freshly isolated beetroot mito-
chondria. An example of a trace from which inner membrane integrity
was assessed. Reaction conditions were 10 mM isocitrate and 1 mM NAD
in standard reaction media with subsequent addition of 0.4% Triton X-
100. Rates are expressed as nmol NADH produced/min mg-' protein.

ration. This observation has not previously been reported as
earlier studies were performed using unpurified preparations of
beetroot mitochondria (28). It may be that during the purification
procedure some NAD was lost from the mitochondria eliciting
an NAD response. Intramitochondrial NAD analyses (Table III)
confirm the 02 uptake data suggesting that NAD was lost during
incubation and accumulated the uptake experiment, back to the
level of freshly isolated mitochondria.
While an NAD response to beetroot mitochondria could there-

fore be demonstrated, a distinct difference still existed between
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night. Daytime irradiance was between 500 and 1200 Mmol
photons/m2 *s. Plants were grown in 3.8 L plastic pots filled with
potting soil, watered regularly, and fertilized twice a week with
Peters fertilizer (20-20-20) or with a Hoagland solution.

Ploidy levels were confirmed by chromosome counts of pollen
mother cells in stages of meiosis. Anthers were fixed in
ethanol:glacial acetic acid (3:1, v/v) and stained with acetocar-
mine.

Leaf Anatomical Studies. Cross-sections were taken from ma-
ture leaf blades half-way between the ligule and the tip. Tissue
was fixed in glutaraldehyde, embedded in L. R. White resin, and
stained with Stevenel's blue. Leaf clearings were prepared by
treatment with 70% ethanol followed by 10% NaOH. Clearings
were stained with permanganate and infiltrated with xylene prior
to mounting.
To determine the number of mesophyll and bundle sheath

cells per unit leaf area, leaf tissues were macerated by digesting
small (0.6 mm diameter) glutaraldehyde-fixed leaf disks in 5%
chromic acid prepared in 1 N HCI for 1 h at 60°C. The entire
digested leaf disk was teased apart on a glass slide and covered
with a small cover slip. Mesophyll and bundle sheath cells were
distinguished in a light microscope by their distinctive shapes
and thickness of cell walls. For each ploidy level, the number of
both cell types was counted in three or four replicate leaf disks.
Number of chloroplasts in mesophyll and bundle sheath cells
was counted in 10 different cells from each of four replicates. To
determine cell volumes, length and width were measured on 10
different cells for each cell type in four replicate tissue macera-
tions. Cell width and thickness were measured in three different
cross-sections.

For stomatal counts and measurements, upper and lower
epidermises of living leaves were photographed through a light
microscope under epiillumination and the resulting negative
images projected on a screen where guard cells were counted and
measured. Stomata were counted on three replicate images, and
measurements taken on 26 guard cell pairs in each of three
images.
Gas Exchange Measurements. Photosynthetic gas exchange

was measured on the youngest fully expanded leaves (fourth or
fifth leaf on shoot) using an Anarad AR-6000 infrared gas
analyzer in an open system equipped with an air-sealed cuvette
as described by Wolf et al. (31). Temperature was controlled by
a water jacket around the cuvette that was attached to a circulat-
ing water bath. The Anarad analyzer simultaneously measures
changes in both CO2 and H20 vapor concentrations in the air
stream passing over the leaf. Photon flux density during meas-
urements was 850 umol/m2 -s at the surface of the cuvette as
measured by a Li-Cor quantum sensor. Air flow rate was 0.78
L/min in the cuvette, and the leaf areas enclosed were approxi-
mately 10 to 12 cm2. The concentration of CO2 was maintained
at 300 to 315 AI/L in the cuvette using outside air. Leaves were
allowed to reach steady state photosynthesis at temperatures
ranging from 19 to 41C. Temperature response of photosyn-
thesis was determined in three separate experiments for each
ploidy level.
Enzyme Assays. Enzyme assays were performed on extracts

made from leaves equivalent to those used for gas exchange
measurements. Plants were preilluminated with 850 4mol pho-
tons/m2.s at 24°C for 1 h, then approximately 10 cm2 ofthe leaf
blade was quickly frozen in liquid N2 and stored at -80C.
Frozen leaf tissue was ground in 20 volumes per unit leaf fresh
weight of extraction buffer containing 50 mM Tris-HCl (pH 7.5),
1 mM MgCl2, 1 mM MnCl2, 10 mM ,B-mercaptoethanol, and 2%
(w/v) insoluble PVP using a mortar and pestle. The homogenate
was filtered through one layer of Miracloth, and the volume
(approximately 5 ml) measured. An aliquot of this crude extract
was taken for Chl determination using the method of Winter-

mans and De Mots (30). The crude extract was centrifuged at
14,000g for 5 min, and the resulting supernatant used for enzyme
assays and measurement of soluble protein. All enzymes were
assayed spectrophotometrically (29), except for RuBP2 carbox-
ylase which was assayed by incorporation of 14C-radioactivity
into acid-stable products (24). All assays were at 24°C.

Soluble protein was determined by the Bradford method (7)
using the Bio-Rad protein assay reagent. DNA was measured in
separate assays using fluorescent spectroscopy according to Baer
et al. (3).

RESULTS

Earlier studies (8, 22, 23, 25) showed some morphological,
physiological, and ecological variations associated with different
ploidy levels in P. virgatum. For example, tetraploid plants have
larger culms and longer and wider leaf blades than octaploid
plants. We found no difference in leaf thickness or interveinal
distance between the two ploidy levels, but both the size and
density of stomata were greater in the octaploid (Table I).

Photosynthetic rate on a leaf area basis was about 40% higher
in the octaploid than in the tetraploid over a range of tempera-
tures (Fig. 1; Table II). Rates of transpiration were proportional
to photosynthesis for both ploidy levels at all temperatures, and
water use efficiency (g CO2 fixed/g H20 transpired) was similar
for both ploidy levels (data not shown). Under atmospheric
conditions at 20C, intercellular concentrations of CO2 were
about 260 AI/L for the tetraploid, and about 270 Ml/L for the
octaploid. These concentrations are sufficient to saturate photo-
synthesis in C4 plants (6).

In octaploid plants Chl and soluble protein contents were
approximately 40% higher per unit leaf area, and DNA content
50% higher than in tetraploids (Table II). Activities of major
photosynthetic enzymes on a Chl basis were slightly lower in the
octaploid, and were similar on a protein basis (data not shown),
but were 20 to 70% higher on a leaf area basis (Table III). On a
leaf area basis the activities of RuBP carboxylase, PEP carbox-
ylase, and NAD-malic enzyme were 31, 47, and 70% higher,
respectively, in the octaploid than in the tetraploid. The photo-
synthetic rate was 37% higher in the octoploid on a leaf area
basis at the temperature used for enzyme assays (Table II).
Therefore, on a leaf area basis, higher enzyme activities and
contents of soluble protein and Chl correlate with a higher

Table I. Anatomical Comparison of Tetraploid and Octaploid
P. virgatum Leaves

Measurements were made on young, fully expanded leaf blades one-
halfway between the ligule and tip (see "Materials and Methods"). Leaf
thickness was measured on cross-sections of fixed and embedded tissue.
Interveinal distances were measured between minor veins in leaf clear-
ings. Mean of three determinations ± SD.

Ploidy Level
Parameter

4x 8x 8x/4x
Number of guard cells/mm2

Adaxial 99 ± 2 132 ± 2 1.33**
Abaxial 85 ± 5 99 ± 2 1.16*

Guard cell length (Mm)
Adaxial 32 ± 1 37 ±1 1.16**
Abaxial 40 ± 1 46 ± 2 1.15*

Leaf thickness(Mm) 205 ± 5 187 ± 6 0.91
Interveinal distance (,m) 161 ± 4 173 ± 12 1.07

* and **, significant difference between ploidy levels at 5% and 0.5%
levels, respectively (Student's t test).

2Abbreviations: RuBP, ribulose 1,5-bisphosphate; PEP, phospho-
enolpyrunate.
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FIG. 1. Photosynthetic temperature response of tetraploid and octa-

ploid P. virgatum. Steady state CO2 exchange rates were measured at

different temperatures in three different experiments for each ploidy
level. 4x, (*, *, 0); 8x, (x, 0, A). Curves fitted by hand.

Table II. Comparison ofCellular Constituents and Photosynthesis in
Tetraploid and Octaploid P. virgatum

Soluble protein and Chl were determined in crude leaf extracts (see
"Materials and Methods"). DNA was measured by fluorescent spectros-
copy (3). Carbon uptake at 24°C is an average of three determinations
(Fig. 1).

Ploidy Level
Measurement

4x 8x 8x/4x
Soluble protein (jg/cm2) 682 943 1.38
Chl (Ug/cm2) 44.9 62.9 1.40
DNA (sg/cm2) 7.80 11.8 1.51
Carbon uptake

(ng/cm2 _ s) 56 76 1.36
(nmol/cm2.min) 76 104 1.37

Table III. Activities ofPhotosynthetic Enzymes in Two Ploidy Levels of
P. virgatum

All assays were at 24'C.

Activity
Enzyme"

4x 8x 8x/4x 4x 8x 8x/4x

ymol/mg Chl -h nmol/cm2. min
RuBPC 173 152 0.88 131 171 1.31
PEPC 332 333 1.00 258 378 1.47
ASP-AT 1232 1077 0.87 934 1222 1.31
ALA-AT 224 184 0.82 170 209 1.23
NAD-ME 62.3 70.6 1.13 47.2 80.1 1.70
NADP-ME 17.2 16.0 0.93 13.0 18.3 1.41

' Abbreviations: RuBPC, RuBP carboxylase; PEPC, PEP carboxylase;
ASP-AT, aspartate aminotransferase; ALA-AT, alanine aminotrans-
ferase; NAD-ME, NAD-malic enzyme; NADP-ME, NADP-malic en-
zyme.

photosynthetic rate in the octaploid.
Octaploid photosynthetic cells were 17 to 19% larger in volume

and contained 33 to 38% more chloroplasts than tetraploid cells
(Fig. 2; Table IV). The octaploid had 32% fewer photosynthetic
cells per unit leaf area. The tetraploid may have more nonpho-
tosynthetic tissue than the octaploid (Fig. 2).
When expressed on a per cell basis, the contents of DNA,

soluble protein and Chl, the activities of photosynthetic CO2-
fixing enzymes, and the rate of carbon uptake were all doubled
in octaploid compared with tetraploid cells (Table V). The
amount of DNA per unit cell volume was also doubled in
octaploid cells, apparently producing a higher concentration of
cellular constituents resulting in a doubling of the carbon uptake
rate per cell.

DISCUSSION

Because of the leaf anatomical and biochemical changes asso-
ciated with polyploidy, it is important to express photosynthetic
activities on a per cell or DNA basis rather than on the basis of
leaf area, weight, or Chl (20). Photosynthetic rates can be deter-
mined per cell for isolated protoplasts, but these rates are usually
lower than for whole leaves, and these methods are not suitable
for use with C4 plants which have two different photosynthetic
cell types. Activities that are measured for whole leaves or whole
leaf extracts can be expressed per cell when cell numbers per leaf
area or weight are known. Cellular volumes can also be precisely
determined from measurements of macerated cells combined
with measurements of cells in cross-sections.
Assuming that photosynthetic rate is determined by enzyme

activities in different ploidy levels, if both cell size and enzyme
activity per cell are doubled when chromosome number is dou-
bled, then rates based on leaf area will show no change, but the
rates per cell will be doubled, while the rates per unit DNA will
stay the same (21). If, however, when the nuclear genome is
doubled, the increase in cell size is less than 2-fold and enzyme
activity still doubles, then photosynthetic rates will increase per
unit leaf area, but still double per cell, and remain the same per
unit DNA.

In this study photosynthesis per unit leaf area was about 40%
higher in octaploid than in tetraploid P. virgatum over a range
of temperatures (Fig. 2; Table II). The octaploid also had corre-
spondingly higher levels of DNA, Chl, soluble protein, and
activities of certain major photosynthetic enzymes per unit leaf
area (Tables II, III). The volumes of octaploid mesophyll and
bundle sheath cells were only 17 to 19% larger than tetraploid
cells (Fig. 2; Table IV), so on a per cell basis the photosynthetic
rate, carboxylating enzyme activities, and contents of measured
cellular constituents showed a 2-fold increase between tetraploid
and octaploid plants, corresponding to a doubling of the ratio of
DNA content to cell volume (Table V). On a DNA basis the
photosynthetic rate, Chl, and protein contents were slightly lower
in the octaploid, indicating that somewhat less DNA is expressed
in these components in the octaploid.

In some cases photosynthetic rates are inversely proportional
to cell size due to lower rates of gas diffusion in larger cells. In
this study and in others (4, 17), however, it is apparent that in
some species metabolic activities of cells are more important in
determining photosynthetic rates than are physical limitations to
diffusion based on cell size. Increased gene dosage produces
higher concentrations or activities of enzymes in aneuploid Da-
tura (11), tetraploid Phlox (19), allotetraploid Tragopogon (27),
and other higher plants (15). Furthermore, increased photosyn-
thesis is correlated with higher concentrations of RuBP carbox-
ylase in polyploid tall fescue (on a leaf area basis) (18), and in
alfalfa (on a protoplast basis) (21). Thus, selection for smaller
cells after genome doubling can lead to higher photosynthetic
rates per unit leaf area (if gene expression is not greatly altered)
by enhancing gas diffusion if CO2 is limiting, and by increasing
concentrations of cellular constituents or enzyme activities per
cell.
High photosynthesis is correlated with high soluble protein

and high activities of key photosynthetic enzymes among 10 C4
species (29). Also, Baer and Schrader (4) showed that photosyn-
thetic rates in maize genotypes depend more on enzyme activities
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plant mitochondria on NAD uptake confirm what researchers
were observing in the early 1960s with mammalian mitochon-
dna. It may be indicating that carrier-mediated NAD uptake is
a ubiquitous property of mitochondria.
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Table IV. Cellular Volume, Number ofPhotosynthetic Cells per Unit
LeafArea, and Number ofChloroplasts per Cell in Tetraploid and

Octaploid P. virgatum
Cellular volume was calculated from measurements of cell length and

width in tissue macerations, and from thickness measured on cross-
sections. Cell numbers per unit leaf area were determined by counting
all photosynthetic cells in macerations of small (0.6 mm diameter) leaf
disks. Chloroplasts were counted in cell macerations prepared from
chemically fixed leafdisks. Mean ± SD for n = 4 (except number of cells/
disk for 8x, n = 3).

Ploidy Level
Parameter

4x 8x 8x/4x

Cell volume (,gm3 x 10-')
Mesophyll 5.9 ± 1.3 7.0 ± 0.1 1.19
Bundle sheath 18 ± 5 21 ± 2 1.17

Number of cells/leaf disk
Mesophyll 679 ± 70 458 ± 110 0.67
Bundle sheath 645 ± 130 446 ± 140 0.69

Total photosynthetic cells/disk 1324 904 0.68
Number of chloroplasts/cell
Mesophyll 9.4 ± 0.7 13 ± 0.8 1.38**
Bundle sheath 15 ± 1.0 20 ± 0.6 1.33**

**,Significant difference between ploidy levels at 0.5% level (Student's
t test).

Table VI. Relationships among Cellular Constituents and Cellular
Volume in Tetraploid and Octaploid P. virgatum

Calculated from Tables II and IV.

Parameter 4x 8x 8x/4x
Chloroplasts/leaf area (No./mm2)
Mesophyll(x 10O4) 2.3 2.1 0.91
Bundle sheath (x I0') 3.4 3.2 0.94
Total(x 10 4) 5.7 5.3 0.93

Chloroplasts/cell volume (No./,m3)
Mesophyllcells(x 103) 1.6 1.9 1.19
Bundle sheath cells.(x 104) 8.3 9.5 1.14

Chloroplasts/DNA (No./;g x 10-5) 7.3 4.5 0.62
Chl/chloroplast (pg)

Mesophyll 7.8 12 1.54
Bundle sheath 7.9 12 1.52

Proteina/chloroplast (ng) 0.12 0.18 l.i50
Proteina/Chl (;tg/Mg) 15.2 15.0 0.99
Chl/DNA (Ag/Mg) 5.76 5.33 0.93
Proteina/DNA (;g14sg) 87.4 79.9 0.91
Psb/DNA (nmol/;g-min) 9.74 8.81 0.90
Ps/chloroplast (nmol/min x I03) 1.3 2.0 1.54
Ps/Chl (nmol/jsg-min) 1.69 1.65 0.98
Ps/proteina (nmol/ug- min) 0.111 0.110 0.99

a Protein = total soluble protein from Table II.
thetic rate.

bPS = photosyn-

Table V. Concentrations ofCellular Constituents and Carboxylase
Activities in Cells of Tetraploid and Octaploid P. virgatum

Cellular constituents and enzyme activities determined on a leaf area
basis (Tables II, III) were calculated per cell using data from Table IV.

Ploidy Level
Parameter

4x 8x 8x/4x
Soluble protein/cella (ng) 1.5 3.0 2.0
Chl/cell (pg) 96 197 2.1
DNA/cella (pg) 17 37 2.2
Carbon uptake/cell (pmol/min) 0.16 0.33 2.1
RuBPCb
(pmol/bundle sheath cell-min) 0.58 1.1 1.9

PEPCb (pmol/mesophyll cell 1.1 2.3 2.1
min)
Cell DNA/cell volumea
(pg/.m3 x 103) 1.4 2.7 1.9

a Overestimated slightly due to the presence of other protein- and
DNA-containing cells in whole leaf homogenates that were not counted
in chromate macerations. Degree of overestimation should be compara-
ble in both ploidy levels since leaf structures are similar (Fig.
2). b Abbreviations: RuBPC, RuBP carboxylase; PEPC, PEP carbox-
ylase.

CONCLUSIONS

With a doubling of chromosome number from tetraploid to
octaploid, the photosynthetic rate ofPanicum virgatum increased
by 40% on a leaf area basis, doubled per cell, but remained
constant per unit DNA. The amount of DNA per cell doubled
in the octaploid, but the size of cells increased only 15 to 20%.
The result was that Chl, soluble protein, activities of photosyn-
thetic enzymes, and photosynthetic rate per cell all doubled, and
since cell volume was not doubled the photosynthetic rate per
unit leaf area also irzreased. In these two genotypes of P. virga-
tum the effects of polyploidy on photosynthesis appear to be
largely quantitative in nature. The possible qualitative effects of
increased heterozygosity or novel enzymes remain to be investi-
gated.
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