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ABSTRACT

Leaf Development of Rumex patientia L.

Exposed to UV Irradiation (280-320 nm)
by
Judith G. Dickson, Master of Science
Utah State University, 1978

Major Professor: Dr. Martyn M. Caldwell
Department: Range Science

Two factors which affect leaf ontogeny and ultimate leaf size:
(1) the rate and duration of cell expansion, and (2) the rate and
duration of cell division, were examined for their role in the slowed
early growth rate and smaller ultimate leaf size when plants are exposed

to ultraviolet-B (UV-B) radiation. Rumex patientia L. was grown in

controlled environment chambers under enhanced UV-B radiation (equivalent
to daily solar UV-B irradiation at 40° N latitude in mid-May with an
atmospheric ozone concentration of 0.20 atm-cm) and control treatments.
The pattern of growth as expressed in changes of mean cell size of two
distinct cell types, tissue cell density, and length of the entire blade
are consistent with the hypothesis that the radiation primarily affects
cell division rather than cell expansion. Furthermore, it appears that
the radiation probably alters the fate rather than the duration of cell
division. An understanding of the mechanism of radiation damage should
facilitate prediction of how this stress may interact with other stresses

to which plants are normally subjected.

(27 pages)



INTRODUCTION

The‘effect of pollutants on the stability of the stratospheric
ozone layer has been of recent concern (Hammond, 1975). 1In the event of
a partial reduction in the thickness of the ozone column by catalytic
depletion (Cicerone et al., 1974; Grobecker et al., 1974; Johnston,
1971; Molina and Rowland,.1974), there would be a predictable increase
in the quantity of ultraviolet-B radiation (UV-B, 280-320 nm) reaching
the Earth (Bener, i972; Green et al., 1974). 1In higher plants it has
been shown that UV-B radiation of the nature one would expect from
such an ozone reduction, could potentially depress photosynthetic
rates (Sisson and Caldwell, 1976; Van and Garrard, 1976). It has
also been reported that the rate of early leaf growth can be effectively
reduced below a level solely attributable to photosynthate limitation
(Sisson and Caldwell, 1976). The focus of the following research was
to investigate the mechanism by which UV-B radiation results in the
slowed rate of early leaf growth and ultimately smaller leaves.

Leaf ontogeny and ultimate leaf size are determined by three
factors: (1) the rate and duration of cell expansion, (2) the rate
and duration of cell division, and (3) the number of cells in the
leaf primordium. Of these processes, the first two were examined for
their role in the reduction of leaf growth by UV-B radiation. The
number of cells in a leaf primordium was eliminated from concern by
experimental design. Thus, the following hypothéses were introduced:

‘1) Cell division proceeds normally in both treatments, but

the rate or duration of cell expansion is reduced by UV-B

radiation.



2) Cell expansion proceeds normally in both treatments, but the
rate or duration of cell division is depressed by UV-B
radiation.

In this paper data are presented describing the altered pattern
of cell division and cell expansion in leaves exposed to an enhanced
UV-B radiation. Preliminary evidence supports the hypothesis that
inhibition of cell division as opposed to reduced cell expansion is
the primary mechanism resﬁlting in smaller leaves and slower early

growth rates of leaves subjected to UV-B radiation.
METHODS

Seedlings of Rumex patientia L. were planted into 10x10-cm pots

and placed in a growth chamber where pretreatment conditions were
identical to those under which the experiment would be conducted apart
from the UV-B radiation supplement. Based on the uniformity of growth
prior to the initiation of the fifth leaf, 24 plants were chosen and
paired for this experiment. One of each pair was randomly selected for
the control or UV-B treatments. Pairs were maintained identically with
respect to pot position in the chamber -and. the orienﬁation and angle

of the fifth leaf in order to reduce the variation in growth due to

small differences in chamber microclimate.

Growth chambers

The controlled environment chambers were equipped with a 6000-W
Osram Co. xenon arc burner, the visible irradiation from which was
maintained at 750 ueinste.'inS'm_z-s-1 (400-700 nm) as measured by a
Lambda Co. Model LI-190-SR quantum sensor. The xenon arc was in quartz

envelopes which in turn were enclosed in 2-mm Schott Co. WG-320 glass



filters which effectively absorbed radiation of wavelengths less than
300 nm. In addition, three Westinghouse FS-40 "sunlamps' were set
parallel in a frame oriented lengthwise in the chamber. The frame was
suspended 27 cm above the pots which were set in two rows corresponding
to the intervals between the three lamps. Supplemental UV-B radiation was
supplied by "sunlamps" filtered with Kodacel TA-401 (10 mil) plastic
film which was replaced daily to maintain the desired radiation environ-
ment. The control regime included lamps filtered by Mylar Type 'A'
(10 mil) plastic film. A general description of this lamp-filter
system was reported by Sisson and Caldwell (1975).

The spectral irradiance from these lamp systems is shown in
Figure 1. Due to the greater visible and UV-A (320-400 nm) irradiance
in the natural environment, a comparison of spectra from growth chambers
and those predicted for global irradiance at variéﬁs atmospheric ozone
concentrations is difficult. The growth chamber and predicted natural
irradiation can, however, be related in terms of the biologically

effective UV-B irradiance, UV-B which is calculated by weighting the

BE?
spectral irradiance with a generalized plant action spectrum (Caldwell,
1971; Sisson and Caldwell, 1977). The integral thus obtained for UV—BBE
during mid-May (400N latitude and an ozone concentration of 0.34 atm-cm)
is approximately 1000 J'm_z-day—l, using the model of Green et al. (1974)
for solar spectral irradiance. 1In the growth chambers, the UV—BBE dose
was calculated to be 2200 J-m_z-day'_1 and 100 J-nrz-day—l, for enhanced
UV-B and control treatments, respectively. This UV-B treatment corre-—

sponds approximately to a 407 decrease in ozone concentration (0.20 atm-

cm) under these conditions (Green et al., 1974).



Figure 1.
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Spectroradiometer measurements of spectral irradiance in
controlled environment chambers. Irradiation was supplied by
a 5000-W xenon arc lamp with Schott Co. WG-320 glass filters
and Westinghouse Co. FS-40 lamps filtered with Mylar Type 'A'
(10 mil) plastic film (CONTROL treatment) and Kodacel TA 401
(10 mil) plastic film (UV-B ENHANCED treatment).



The simulated day in the growth chambers was 11 hours with the
FS-40 lamps on during the middle 7 hours. The temperature and humidity

cycles represented a mid-May condition at which time Rumex patientia

begins growth in the field. The daily maximum was 28 C, 20% RH and

minimum was 13 C, 407 RH.

Leaf measurements

The length of the fifth leaf was recorded daily before the "sunlamps"
came on. At this time and at mid-day, pots were rotated 90° and advanced
one position in the clockwise direction to minimize effects of small
irregularities in the radiation field. On the second day of the experi-
ment, the fifth leaf was sufficiently long to be tied back with white
string in order to expose the abaxial surface to the overhead source
of UV radiation. This angle of inclination was similar for each pair
of plants. As the leaf grew, it was gently trained to a horizontal
position.

On the 3rd, 4th, 6th and 16th days, three pairs of plants were
chosen at random and the fifth leaf was sampled. Recording was made
of total leaf weight, and weight of the blade and petiole separately.

The leaf was then bisected longitudinally. One half was sectioned and
fixed in formal acetic acid for tissue preservation. This tissue was
later dehydrated in a tertiary-butyl alcohol series, embedded in
paraffin, sectioned at 10um or 20pum, and stained with toluidine blue-0
(Sass, 1958). The slides thus obtained were used for cell size deter-—
mination. Fifty measurements were made near the midrib oﬁ the horizontal
(parallel to the plane of the blade) and vertical dimensions of both

the upper epidermis and the upper palisade mesophyll. The cell types



were chosen because of their characteristic shape, resulting from expan-
sion in perpendicular planes, and their developmental relation as
adjacent tissues.

The other half of the leaf was weighed, cut into thirds by length,
and reweighed. The area of each section was determined from tracings
with a Lambda Model LI-3000 portable area meter. For eventual volume
calculations, the thickness of each section was determined with a micro-
meter (Zeus Co.). Thickness of sections that were too small for
measurement was estimated based on a correlation between thickness as
measured on fixed and fresh tissue.

These pieces were then placed in 2-3 ml of 5% chromic acid. Macera-
tion of the tissue was usually complete in 3-5 days at room temperature
with occasional shaking on a variable speed whirl mixer. (In the
younger tissue there was a tendency for incomplete maceration. When
aggregations of cells were thus encountered the count was disregarded).
No evidence of cell wall destruction nor loss of intracellular components
was observed during this process. The cell suspension was diluted with
9% NaCl to between 10,000-40,000 cell/.5 ml and counted by a Model B
Coulter Counter (Haileah Electronics). Tissue density was calculated

subsequently.

RESULTS

The pattern of leaf growth for the duration of the experiment is

shown in Figure 2. A logistic curve:
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Figure 2. Leaf length for the fifth leaf of Rumex patientia L., during 16 days of UV
irradiation (@——®) (equivalent to daily solar UV-B irradiation at 40° N
latitude in mid-May with an atmospheric ozone concentration of 0.20 atm-cm)
and control (O——0) treatment. Irradiation between 400 and 700 nm was
750 peinsteins m™2 + s~




F(x) = B o i e where: }
%n (Zm Z;> Zm = maximal length
Zi = initial length
r = growth rate
t = time

was fitted to both sets of data. It seems that under enhanced
UV-B radiation, plants had significantly shorter blades (p<0.01
for days 4,5,6,10,11,12,13 and 163 p<0.05 for days 2,3 and 9;
p<0.10 for days 7,8,14 and 15) than those in the control treatment
based on the t-test statistic for paired samples. This response
occurred early (day 2) in the course of the experiment and is con-
sistent with data provided by Sisson and Caldwell (1976). In addition
the fitted logistic curve predicts that control leaves grew significantly
faster (p<0.001) and achieved a larger final size (p<0.10), than those
in the enhanced UV-B environment. The experiment was terminated at
day 16 at which time the leaves from the six remaining plants showed
no further growth gain and were assumed to have reached mature size.
The average size of two distinct cell types as determined by
measurement in two dimensions is shown in Figure 3. Data from three
locations in the leaf (tip, middle and base) were combined through a
process which maximized the coefficient of determination, r . The
justification for this combination is based on the assumption that
the pattern of growth and differentiation is identical for all areas
of the leaf but offset in time. The initiation and termination of
this sequence begins first in the tip and midvein and last in the

base and lamina portions of the leaf. The sole purpose of the
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the fifth leaf of Rumex patientia L. exposed to UV-B irradiation
(@ — —@) (equivalent to daily solar UV-B radiation at 40°N
latitude in mid-May with an atmospheric ozone concentration of
0.20 atm-cm) and control (0———0) treatment. Cell length

is measured perpendicular to the plane of the blade, while
width is measured parallel to the plane of the blade.
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manipulation was to simplify both the presentation and interpretation
of the data, while conserving the information.

For each data set, the logistic curve giving a minimum mean square
error was fitted. Mean and standard error of initial and final cell
size and slope (growth rate) of the computed curves were estimated
during this process. These parameters were then subjected to statistical
testing. Based on the t-test statistic, neither the initial nor the
final cell dimension estimates were significantly different (p>0.10)
for any of the four pairs. The slopes were, however, significantly
different (p<0.01 for palisade length, palisade width and epidermis length;
p<0.10 for epidermis width). Thus, it is apparent that under UV-B -
radiation enhancement, cell size increases earlier than in the control
regime. This implies that there is possibly an earlier introduction of
the cell expansion phase of leaf growth in this treatment.

The cell density data are shown in Figure 4. This again is a
composite graph using data from the three areas of leaf tissue. A

power curve

b
f(x) = ae 2 where:
a = maximal intercept
b = slope

was fitted to each of data yeilding estimates for intercept and slope.
Use of the t-test statistic showed that though the intercepts are not
significantly different (p>0.10), the slopes are (p<0.001). These
data suggest an earlier decrease in cell density of UV-B treatment
plants when compared to control plants at any blade length and are

consistent with those data describing cell size. It is reasonable to



Figure 4.
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expect that tissue would have a lower cell density earlier in the UV-B
treatment plants if in the same tissue, individual cells were expanding

sooner.
DISCUSSION

Two factors which affect leaf ontogeny and ultimate leaf size:
(1) the rate and duration of cell expansion and (2) the rate and duration
of cell division, were examined for their role in the slowed early growth
rates and smaller ultimate leaf size when plants are exposed to UV-B
radiation.

The eventual size of the cells in a mature leaf depends on the
degree to which cell expansion is influenced by (1) turgor pressure,
(2) wall extension and new wall synthesis, (3) respiration, (4) continual
synthesis of RNA and protein, and (5) auxin and othér growth regulators
(Cleland, 1958; 1971; Heyn, 1940; Tagawa and Bonner, 1957). Due to its
potential to depress photosynthesis, UV radiation may indirectly influence
the structure of the leaf through limiting the supply of energy for
these processes. Ultraviolet radiation may also affect the normal
activity of auxin since it is a UV-chromatophore (Giese, 1964; Curry
et al., 1956).

If it is assumed that with UV-B irradiation the rate and duration
of cell division proceed normally, but the rate (yet not the ultimate
extent) of cell expansion is reduced, one might expect patterns of growth
similar to those shown in Figure 5A. The increase in cell size and
decrease in tissue cell deﬁsity would lag behind that of the control

plant growth, instead of preceeding as the present data suggest (Figures



1.3

3 and 4). In addition, the hypothesized pattern of blade growth

(Figure 5A) which predicts that mature leaves from both treatments would
reach the same size is not consistent with the observed pattern (Figure
2) in which mature leaf size differed significantly.

If, rather than the rate, tﬁe duration or extent of cell expansion
was reduced by UV-B radiation while all other processes were unchanged,
one would expect to observe data as suggested in Figure 5B. Cells in
mature leaves would be smaller, on the average, and tissue would, there-
fore, have a greater final cell density in the UV-B treatment planté.
This prediction is not in agreement with the pattern observed, where
mature cell size and tissue cell density were not found to differ signi-
ficantly between treatments (Figures 3 and 4).

If the rate at which cell division occurs is reduced by the irradi-
ation, the growth pattern would likely be that pic&ured in Figure 5C.
When the period of division is prolonged, fewer cells are in the process
of dividing at any given time. As normal leaf unfoldment proceeds, more
cells cease dividing and undergo expansiﬁn and differentiation. There-
fore the average cell size would begin increasing before that in control
plants. Accordingly, tissue cell density would decrease earlier. The
result would be fewer cells in the leaf and, therefore, a smaller mature
leaf size. The model predicted by this hypothesis is in agreement with
the data presented (Figures 2, 3 and 4).

The rate at which cell division occurs is determined generally by
the sequence of DNA replication, spindle formation and cell expansion.
As it is known that DNA, RNA and proteins are UV-B chromatophores

(Giese, 1964), these are possible targets for UV radiation. The



14

inhibition of cell division by UV radiation has been demonstrated
(Cleaver, 1965; 1967; Domon and Rauth, 1968; Bootsma and Humphrey, 1968;
Han et al., 1971; Carlson, 1976a,b). These researchers observed that
the rate of cell division was most sensitive to UV radiation during the
replication phase.

The duration of the cell division phase in leaves is a variable
character and differs between species. Cessation can occur when leaves
are 1/5-1/6, 1/4-1/3, 1/3-1/2 or 1/5 of final size for tobacco (Avery,
1933), cucumber (Milthorpe and Newton, 1963), spinach (Saurer and
Possingham, 1970), and cocklebur (Maksymowych and Erickson, 1960),
respectively. Division following unfoldment appears to be independent
of the intensity of photosynthetically active radiation (Milthorpe and
Newton, 1963). However, there exists the possibility that UV-B radiation
may inhibit division during unfoldment and thereby reduce the number of
cells and thus, the ultimate size of the mature leaf.

When comparing the observed data with those predicted by the
models of leaf growth in terms of cell size, tissue cell density, and
blade length, it is reasonable to refute the possibility that some
modification of the processes of cell expansion, either in its rate or
duration, is responsible for reduced leaf growth in UV irradiated plants.
On the other hand, the data strongly indicate that the decreased rate
of leaf growth observed under enhanced UV-B radiation is influenced
primarily by an alteration in the cell division process.

A corroboration of the conclusion may be gleaned from the pattern
of leaf development normally expected in plants. The number of cells in

the leaf primordium affects ultimate leaf size. It has been shown that
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this number is dependent upon the intensity of visible radiation (cell
number increases with increasing intensity) and the position of the
leaf along the vegetative axis (Milthorpe and Newton, 1963). Typically,
the first true leaves of a plant (e.g. Helianthus, Sunderland, 1960;
Spinacea, Saurer and Possingham, 1970; and Rumex, personal observation)
show a slower relative growth rate and reach a smaller mature size than
later leaves on the same plant. This pattern is a function of fewer cells
in the primordium (Milthorpe and Newton, 1963). The cells in these first
true leaves eventually attain a size and shape similar to those in the
later leaves, but due to fewer initial number of cells, the leaves are
smaller.
Plants exposed to UV-B radiation exhibit a similar pattern of growth.
Cell size and shape are comparable in mature leaves of both UV-B and
control treatments (Figures 2,3, and 4). If the anélogy holds, one can
thus conclude that leaves of plants exposed to UV-B radiation, like the
first true leaves of normai plants not subjected to UV-B radiation,
are limited in size and in growth rate by a smaller total number of cells
due to fewer cell division. In the UV radiation experiment, the number
of cells in the leaf primordium for both treatments should have been
the same since all plants received the same pretreatment. Therefore,
it is assumed that the difference between treatments was a product of
fewer cell divisions in the UV-B treatment plants during leaf unfoldment.
Further experimentation may yield evidence which would enable
us to determine whether the UV radiation acts to reduce the rate or the
duration of cell division. Preliminary observation of the frequency

of mitosis in leaves of both UV-B and control treatments indicates that
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the duration of the cell division phase does not differ. Mitotic
frequencies were similar in both control and irradiated leaves, i.e.,
32%, 24%, 7% and 0%, approximately, for harvest days 3,4,6 and 16,
respectively.

The ecological implication of reduced leaf growth by enhanced UV-B
radiation would seem clear. Smaller leaf area would reduce carbon fix-
ation by the plant which in turn would result in less plant biomass and
may alter competitive effectiveness. An understanding of the mechanism
involved in UV-B radiation impairment of leaf growth should greatly
facilitate prediction of how this stress may interact with other stresses

to which plants are normally subjected.
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APPENDIX
Table 1. Compilation of data used in calculation of tissue cell density.
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