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ABSTRACT

The influence of illumination level during leaf development
on the mesophyll cell surface area per unit leaf area (4™°*/4),
CO: resistances, and the photosynthetic rate was determined for
leaves of Plectranthus parviflorus Henckel. The relative impor-
tance of A4™°° A versus CO: resistances in accounting for ob-
served changes in photosynthesis was quantitatively evaluated
using equations based on analogies to electrical circuits.

When the illumination during development was raised from
900 to 42,000 lux, the leaves more than tripled in thickness as
the mesophyll cells increased in size and frequency, which
caused 4A™**/A4 to go from 11 to 50. The net rate of photosyn-
thesis at light saturation concomitantly increased 4-fold, reflect-
ing a corresponding decrease in the total resistance for CO:
movement per unit leaf area. However, the CO: resistance per
unit area of mesophyll cells remained about 580 seconds per
centimeter for leaves grown under 900 to 42,000 lux. Thus, for
P. parviflorus, the increased photosynthetic rate for leaves de-
veloping under higher illuminations resulted from a higher
A™°*/A, not from changes in the CO: resistances within individ-
ual mesophyll cells, expressed per unit area of cell surface. Re-
sults are discussed in terms of previously observed increases in
thickness, internal leaf area, and photosynthetic rates for sun
versus shade leaves on various plant species.

The internal leaf morphology of many plant species varies
from that characteristic of shade leaves at low light levels to that
of sun leaves when development occurs at illuminations ap-
proaching full sunlight (1, 7, 10-12, 21-24). Not only do sun
leaves tend to have more highly developed palisade and spongy
mesophyll regions than shade leaves, but also they have higher
photosynthetic rates at light saturation (1, 2, 6, 10). The higher
assimilation rates have been suggested to result from changes in
activity of enzymes involved in photosynthesis (1, 2, 9, 10, 14,
18) and to variations in the number of chlorophylls per photo-
synthetic unit (1, 2, 9, 17). However, the higher rates of photo-
synthesis could also be a consequence of the changes in internal
leaf morphology caused by illumination, a matter which ap-
parently has not been systematically investigated. This morpho-
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logical aspect will be described here by 4™, 4, the total surface
area of the mesophyll cells per unit area of one side of a leaf or
the ratio of internal to external leaf area. Enzymic and other
cellular factors relating to photosynthesis are combined into a
single resistance expressed per unit area of the mesophyll cells
(RS,). This study uses electrical circuit analogies to deter-
mine quantitatively the relative contributions of 4™¢s/A4 versus
RS, in leading to the higher photosynthetic rates for Plec-
tranthus parviflorus Henckel leaves grown under higher illumina-
tions.

Ignoring respiration and photorespiration, the net rate of
photosynthesis per unit leaf area (Jgo,) is

Jeoy = €coa/Reoy = €coy/(1.56 Rus + RCG,) ®

where cco, is the CO, concentration outside the leaf, and Rco, is
a total resistance for CO. fixation expressed per unit leaf area
(3, 4, 8,13, 15, 16, 20). As equation 1 indicates, Rco, has a
gaseous phase component in common with the water vapor
pathway, the factor 1.56 accounting for the ratio of the diffusion
coefficient of water vapor to that of CO, in air at 20 C (16). In
the liquid phases, the resistance to CO, movement (RE,) is
composed of contributions from cell walls, plasmalemmas,
cytoplasm, chloroplast membranes, and the resistance associated
with the carboxylation reaction (3, 4, 8, 14, 15, 20). This internal
resistance, expressed per unit leaf area, is related to the resistance

cell

per unit area of mesophyll cells (R&,) as follows:
R, = Reo, A3/ A @

If changes in photosynthetic rates between sun and shade leaves
are dependent only on the internal leaf surface area as meas-
ured by A™es/4, then RE, should remain constant, indicat-
ing over-all similarity per unit area of mesophyll cells as far as
net CO. uptake is concerned. On the other hand, enzymic, pig-
ment, or other intracellular adjustments could cause RS, to
vary more than 4™/ 4, in which case intracellular factors would
contribute more than anatomical ones to the observed photo-
synthetic differences.

MATERIALS AND METHODS

Cuttings from a single parent plant of Plectranthus parviflorus
Henckel, a member of the Labiatae commonly known as “Creep-
ing Charlie,” were grown at 20 C and 559 relative humidity for
5 weeks in sterilized soil. The indicated illumination was pro-
vided for 12 hr each day using warm-white fluorescent tubes and
neutral density screens (15,000 lux corresponded to 29 neinsteins
cm™? sec™! between 400 and 700 nm). Third node leaves approxi-
mately 15 cm? in area were used for measurements.

The A™e/4 ratio was determined using drawings prepared
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FiG. 1. Contributions of the palisade and spongy mesophyll to the
internal area of leaves of Plectranthus parviflorus grown at the in-
dicated illumination levels. B: A™¢*/A4 for the uppermost palisade
layer; N: the next palisade layer; E: lower palisade layers; O:
A™**/A for the spongy mesophyll. Representative standard errors
of the mean obtained using six leaves are indicated for data at
7,000 lux.

with the aid of a camera lucida using an over-all magnification of
300 X. Sections (500 um X 500 um) were taken from both sides of
the cantral vein of a leaf, infiltrated with distilled H.O, and the
palisade and spongy mesophyll layers were drawn from para-
dermal views. Transverse sections 100 gm thick were then used
to construct a three-dimensional model from which cell lengths
and diameters were determined. Cell surface areas were calcu-
lated assuming that the mesophyll cells were cylindrical with
hemispheres on each end.

To measure the net rate of photosynthesis (Jco.), detached
Jeaves were placed in a 500-cm? chamber at 20 C through which
200 ml min—" of 300 gl 17! of CO. in N, was passed. Based on leaf
anatomy, P. parviflorus is a C-3 plant (photorespiring) and so
N instead of air was used in order to minimize photorespiration
(20). To minimize the relative contribution of respiration, a
saturating illumination (50,000 lux or 130 neinsteins cm™2 sec™
from 400 to 700 nm) was provided by a General Electric Cool-
Beam 300-w tungsten lamp filtered through 10 cm of water.
Lower illuminations were obtained using neutral density screens.
The CO. concentrations in the gases entering and leaving the leaf
chamber, which were averaged to obtain cco,, were determined
with a Beckman Model 215A infrared gas analyzer calibrated
with CO, standards obtained from Liquid Carbonic Corp.

The resistance to water vapor loss from the leaves was meas-
ured with a Lambda Instruments Model LI-60 diffusive resist-
ance porometer. Since water vapor came from both sides of a
leaf, Ry equaled R% R../(Ri. + R..) where u and 1 refer
to the upper and lower surface, respectively. Based on the leaf
dimensions and the ambient wind velocity, the resistance of the
unstirred air boundary layer was estimated to be 0.2 sec cm™
(16) and this has been included to give the actual value of Ry
(this correction is small, because R was generally about 3 sec
cml).

RESULTS

The illumination level during growth had a major influence on
the internal leaf morphology of Plectranthus parviflorus. Figure 1
summarizes A™es ‘4 for individual layers of mesophyll cells for
leaves developing at six different illuminations. The Ames /A4
contribution from the upper two palisade layers more than
doubled when the illumination was raised from 900 lux to 42,000
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lux, primarily because of an increase in the over-all average
length of the cells from 51 pm to 112 ym (the mean diameter
remained near 40 pm). The 4™ /A4 ratio for the lower palisade
layers went from 0.52 at 4300 lux to 6.15 at 15,000 lux to 15.42
at 42,000 lux (Fig. 1). A large increase in 4™ A also occurred
for the spongy mesophyll region, attributable to a rise in average
cell area from 4900 um? to 7800 um? and a 2.4-fold increase in
the number of such cells per unit leaf area as the illumination
went from 900 lux to 42,000 lux.

Because the A™¢s'A4 affecting CO. movement within a leaf
includes only that part of the mesophyll cell surface area di-
rectly exposed to the intercellular air spaces, the percentage
touching for the mesophyll cells was also determined from camera
lucida drawings. The fraction of the surface area of the mesophyll
cells touching adjacent cells averaged about 6¢; for the palisade
region and 3¢; for the spongy region. Therefore the values given
in Figure 1 overestimate the effective 4™ 4 by this amount.
However, the geometrical model used to calculate cell surface
area does not include local surface irregularities, which leads to a
potentially compensating underestimate of the 4™ A involved
in CO, diffusion. The intercellular air spaces in the palisade
region averaged about 29¢; by volume for all illuminations, but
decreased from 62¢; at 900 lux to 36¢, at 42,000 lux in the
spongy mesophyll region.

The over-all A™es; 4 continuously increased from 11.3 for
leaves developing at 900 lux to 37.3 at 23,000 lux (Fig. 2). Figure
2 also shows that there was a parallel rise in the net rate of
photosynthesis at light saturation (50,000 lux). Thus the change
in photosynthetic capacity apparently reflected the increase in
surface area within the leaf, a matter which can be quantitatively
evaluated using equations 1 and 2. Table I summarizes the
measured values for Jeo,, cco. (1 pl 171 CO. at 20 C corresponds
to 41 nmoles cm™3), Ry, and A™e /A4 as well as the calculated
resistances. Although R.. had no apparent trend, R, de-
creased nearly 5-fold as the illumination during leaf development
was raised from 900 to 42,000 lux. This decrease occurred to-
gether with a nearly 5-fold increase in A™¢, 4 (Table I). Conse-
quently, RS, the resistance per unit area of the mesophyll
cells, remained at about 580 sec cm™! from 900 lux to 42,000 lux.
In particular, the regression line for RSy, versus illumination
was as follows: R&S, in sec cm™ = 592 + 38 — (0.74 =+
2.5) x illumination in kilolux; because the confidence interval

for the slope contains zero, R&S, was indistinguishable at the
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FI1G. 2. Effect of illumination level during growth on the iqternal
leaf area per unit surface area (4™°°/A4) and the photosynthetic rate
of detached leaves at light saturation (Jco.).
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95¢; significance level from being constant for the range of
illuminations tested. Thus the higher photosynthetic rates at light
saturation for leaves of P. parviflorus grown at higher illumina-
tion levels could be accounted for by increases in 4™ A without
any apparent contribution from changes in RZ,.

Leaves that developed under higher illuminations had a lower
total resistance for CO. fixation at light saturation (Table I).
Because of this lower Rco., they would be expected to have
higher photosynthetic rates at other light levels than do leaves
developing under lower illuminations. Figure 3 shows that this
was the case for leaves that developed at 25,000 lux compared
with those from 4,000 lux. Equation 1 also indicates that Jco.,
should vary directly with cco, (to be discussed below). The
range of validity of this convenient simplification was checked
for leaves developing at 4,000 or 25,000 lux by varying the ex-
ternal CO. concentration at 50,000 lux. Measured values of net
photosynthesis agreed within &+ 5¢; with equation 1 from 150 to
450 pl 171 of CO., which represented a 3-fold range in Jco..

Although A™es /A is an appropriate parameter for interpreting
effects of leaf morphology on photosynthetic rate, it was rather
time consuming to determine. Thus, the relationship between
A™es /4 and leaf thickness was established for P. parviflorus. As
A™es ' 4 increased, the leaf thickness of course increased, but not
in a completely linear fashion (Fig. 4). The intercept on the
ordinate is approximately 40 pxm, a reasonable estimate of the
thickness of the upper plus lower epidermis for P. parviflorus
(an A™es ‘4 of zero corresponds to a “leaf”’” with no mesophyll
region). As A™/A4 went from 6 to 50, the leaf thickness mono-
tonically increased from under 200 »:m to over 1,000 um. Measure-

Table I. Resistances Involved in Photosynthesis for Plectranthus
parviflorus Grown under Various Iluminations and
Assayed at Light Saturation

ll!umi- | l int | mes cell
m}};::gn Jcos ccop . Rcog | Rwv ‘ Rco«; 5 Ames/ 4 RCO2
lux (,,':—"zw,l:j-x | pl it ‘ sec cm™t } sec cm™!
S00 '~ 0.207 | 296 1 58.6 3.5 53.1 " 11.3 600
4300 0.314 ' 295 [ 38.5 3.8 32.6 17.0 554
7000 | 0.378 | 293 |31.8 2.8 27.4 22.9 627
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FiG. 3. Photosynthetic rates measured at various illuminations
for leaves from plants grown at 4,000 or 25,000 lux.
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FiG. 4. Relation between A™°*/A and leaf thickness.

ment of leaf thickness is therefore a convenient means of esti-
mating A™es A4 for P. parviflorus.

DISCUSSION

Previous investigations have related the higher photosynthetic
rates of sun leaves compared with shade leaves on the same
plan: to elevated enzymic activities or changes in pigment
amounts caused by the higher illuminations (1, 2, 9, 10, 14, 17,
18). However, it has not been clear whether such alterations per
unit leaf area reflect changes per unit area of mesophyll cells.
The present study indicates that for Plectranthus parviflorus all
of the observed increases in photosynthesis at higher illumina-
tions can be accounted for by accompanying increases in internal
leaf area. Specifically, as the illumination during growth was
raised from under 1,000 lux to over 40,000 lux, the surface area
of mesophyll cells exposed to the intercellular air spaces per
unit area of one side of a leaf (i.e., 4m¢%/A4) increased from 11 to
50 (Table I). A™es/4 increased because of a lengthening of cells
in the upper two palisade layers, the development of additional
palisade layers, and an increase in size and frequency of spongy
mesophyll cells. However, the resistance per unit area of meso-
phyll cells at light saturation encountered by CO, moving across
the cell walls and membranes into the chloroplasts plus the
carboxylation resistance remained at about 580 sec cm™! for all
growth illuminations tested. Such a high resistance per unit area
of mesophyll cell surface makes it mandatory for the leaves to
have a large internal surface area in order to maintain substantial
rates of photosynthesis. In summary, leaves of P. parviflorus
developing under high illumination were able to take advantage
of the increased light level not by changing the net photosyn-
thetic properties per unit cell wall area, but by increasing the
area of mesophyll cells exposed to the intercellular air spaces per
unit leaf area.

Electrical circuit analogies can be valuable for analyzing the
relative importance of various components in the CO, fixation
pathway, but they must be employed with caution. For example,
equation 1 implicitly assumes that the CO, concentration becomes
zero as a result of the carboxylation resistance (4, 14, 15). Other
investigators (6, 8, 20) view the CO. concentration after the
carboxylation resistance as non-zero but negligible at light
saturation compared with cco,, in which case equation 1 is still
valid. This condition becomes less tenable as the illumination on
the detached leaves is reduced and respiration (and photores-
piration) also cannot then be ignored. Therefore equation 1 is
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not really applicable below about 10,000 lux on the detached
leaves of P. parviflorus (Fig. 3). Moreover, the higher light com-
pensation point generally observed for shade compared with sun
leaves (2, 10, 12, 23) is undoubtedly related to the increasing
relative importance of respiration at low illuminations as well as
to additional complications resulting from possible changes in
the carboxylation resistance and increases in the CO, concentra-
tion in the chloroplasts. In short, based on the lower R¢g, at
light saturation, a higher photosynthetic rate is generally expected
for leaves developing at 25,000 lux compared with 4,000 lux
(Fig. 3). However, without knowing the actual CO. resistances,
fluxes, and concentrations within the mesophyll cells, the exact
shape of the curve cannot be predicted, especially at the lower
illuminations.

Ames 4 for P. parviflorus varied from 6 to 50 (Fig. 4). Al-
though no other species has been reported to have such a wide
range for internal leaf area per unit surface area, the values are
similar to previous determinations of this or equivalent param-
eters (6, 7, 10, 21, 22). For example, Turrell (22) summarized
data up to 1965 on 17 species and reported that 4™ 4 ranged
from 9 for Ginkgo biloba up to 77 for Catalpa speciosa. El-
Sharkawy and Hesketh (6) found that 4™ A varied from 12 to
31 for the 14 species they considered. For Medicago sativa leaves
from 120 to 260 pm thick, Turrell (22) established a linear rela-
tionship between 4™ '4 and leaf thickness (although his calcu-
lated regression equation does not agree with the data given).
Figure 4 indicates a linear relation between 4™¢*’'4 and leaf
thickness for mature third-node leaves of Plectranthus parviflorus
up to nearly 700 um thick, viz., Am**'4 = 0.44 X (leaf thickness
in pm: 40). Above 700 ym, the leaf thickness tends to increase
less rapidly for a given increment in 4™ A, primarily attribu-
table to a tighter packing of the spongy mesophyll cells.

P. parviflorus and over 30 other species vary internal leaf
morphology in response to illumination (2, 7, 10-12, 21-24).
This is most readily apparent from the generally observed 2- to
4-fold increase in thickness for sun versus shade leaves on the
same plant. Turrell, who noted that A™*s 4 went from 14 for
shade leaves of Syringa vulgaris to 26 for sun leaves, felt the
great increase in internal leaf area would increase transpiration
(21, 22). However, experiments of Tanton and Crowdy (19) indi-
cate that the transpiration rate would be essentially independent
of Ames ‘A4 nearly all of the water evaporated from leaves of
Hordeum vulgare L., Plantago major L., Prunus laurocerasus L.,
and Phaseolus vulgaris L. actually comes from the inner sides
of the guard cells and other epidermal cells (5, 19), and so the
water vapor flux in the intracellular air spaces would be relatively
small. Changes in A™¢$/4 would therefore have their major
direct influence on photosynthesis, not on transpiration. Leaves
of many plant species develop at the top of the canopy exposed
to higher illuminations and thus could develop a lower total
CO, resistance compared with leaves differentiating at lower
light levels. This may have evolved as an adaptation which takes
advantage of elevated illuminations available during leaf de-
velopment. The importance of 4™e/4 and R, for photo-
synthesis has generally not been appreciated, and consequently
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these parameters have not been systematically studied for sun
versus shade leaves or in other situations where there is a wide
range of illumination levels during leaf development.

LITERATURE CITED

—

. BiorgMax, O. 1968. Further studies on differentiation of photosynthetic
properties in sun and shade ecotypes of Solidago virgaurea. Physiol. Plant.
21: 84-99.

. BiorrMmaN, O. 1970. Characteristics of the photosynthetic apparatus as re-
vealed by laboratory measurements. In: Prediction and Measurement of
Photosynthetic Productivity. PUDOC, Center for Agricultural Publishing
and Documentation, Wageningen. pp. 267-281.

3. CHArTIER, P., M. CHARTIER, AND J. (".rrsxi'. 1970. Resistances for carbon
dioxide diffusion and for carboxylation as factors in bean leaf photosyn-
thesis. Photosynthetica 4: 48-57.

4. Cowax, I. R. axp J. H. TrotvGHTON. 1971. The relative role of stomata in
transpiration and assimilation. Planta 97 : 325-336.

. Crowpy, 8. H. axp T. W. TaxTox. 1970. Water pathways in higher plants,
I. Free space in wheat leaves. J. Exp. Bot. 21: 102-111.

6. EL-SHarKAwY, M. axp J. HESKETH. 1965. Photosynthesis ameng species in
relation to characteristics of leaf anatomy and CO:z diffusion resistances.
Crop Sci. 5: 517-521.

7. Esav, K. 1965. Plant Anatomy, Ed. 2. Wiley, New York. pp. 429-130. 439.

8. GaasTrys, P. 1963. Climatic control of photosynthesis and respiration. In:
L. T. Evans, ed., Environmental Control of Plant Growth. Academic
Press, New York. pp. 113-138.

9. GooncuiLp, D. J., O. BJorymaN, axp N, A. Pyuoris. 1972, Chloroplast
ultrastructure, leaf anatomy, and content of chlorophyll and soluble protein
in rainforest species. Carnegie Inst. Washington Year Book 71: 102-107.

10. Granr, H. axp A. Wirp. 1973. Lictinduzierte Verinderungen im Photo-
synthese- Apparat von Sinapis alba. Ber. Deut. Bot. Ges. 86: 341-349.

11. Haxsox, H. C. 1917. Leaf-structure as related to environment. Amer. J.
Bot. 4: 533-560.

12. Horx, H. =, 1971. The Adaptive Geometry of Trees. Princeton University
Press, Princeton. pp. 80-82.

13. Lake, J. V. 1967. Respiration of leaves during photosynthesis. Aust. J. Biol.
Sci. 20: 487-499.

14. Luprow, M. M. 1971. Analysis of the difference between maximum leaf net
photosynthetic rates of Ci grasses and Cs legumes. In: M. D. Hatch, C. B.
Osmond, and R. O. Slatyer, eds., Photosynthesis and Photorespiration.
Wiley-Interscience, New York. pp. 63-67.

15. MoxTeiTH, J. L. 1963. Gas exchange in plant communities, In: I.. T. Evans,
ed., Environmental Control of Plant Growth. Academic Press. New York.
pp. 95-112.

16. NoseL, P. S, 1974, Introduction to Biophysical Plant Physiology. W. H.
Freeman, San Francisco. pp. 302-343.

17. PearLsTEIN, R. M., ed. 1971, The photosynthetic unit. Photochem. Photobiol.
14: 231-473.

18. SinGH, M., W. L. Ocrex, AxDp J. M. WipnorM. 1974, Photosynthetic charac-
teristies of several Cs and Ci plant species grown under different light
intensities. Crop Sci. 14: 563-566.

19. Taxtox, T. W. axp S. H. Crowpy. 1972. Water pathways in higher plants.
III. The transpiration stream within leaves. J. Exp. Bot. 23: 619-625.

20. TrovGHTON, J. H. Axp R. O. SLaTyER. 1969. Plant water status, leaf tem-
perature, and the calculated mesophyll resistance to carbon dioxide of
cotton leaves. Aust, J. Biol. Sci. 22: 815-827.

21. TerreLL, F. M. 1936. The area of the internal exposed surface of dicotyledon
leaves. Amer. J. Bot. 23: 255-264.

22. TurreLL, F. M. 1965, Internal surface-intercellular space relationships and the
dynamics of humidity maintenance in leaves, In: A. Wexler, ed.. Humidity
and Moisture. Vol. IT Applications. Reinhold, New York. pp. 39-53.

23. WaLTER, H. 1973. Vegetation of the Earth. Trans. by J. Wieser. English
Universities Press, London. pp. 154-155.

24. WyLIE, R. B. 1931. Principles of foliar organization shown by sun-shade leaves

from ten species of deciduous dicotyledonous trees. Amer. J. Bor. 38: 355-

361.

(S

e




