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CHAPTER |

INTRODUCTORY

1.1. INTRODUCTION

Lettuce is a common garden vegetable, grown in particular for its leaves. Al-
though different types of lettuce are known, classified partly on base of the
organisation of the leafy shoot, those in which relatively large leaves are arrang-
ed in dense rosettes, eventually developing into more or less compact ‘heads’,
are economically the most important ones.

Head formation or hearting, evidently, is a process closely related to leaf
morphogenesis. Since leaf growth is strongly influenced by light, hearting is
likely to be light dependent. This appears when lettuce is grown during winter in
Holland, when light conditions are poor, as well as head formation. On the
other hand, since lettuce is consumed in a fresh state only and, therefore, in
demand the whole year round, a winter crop production is atiempted at. Hence,
efforts have been and still are made to improve the growth of lettuce under glass
during the winter months. New varieties have been bred which, genetically,
seem to be more adapted to poor light conditions (Huyskes, 1968,
RODENBURG, 1960, 1965, SMITH, 1964), Culture methods have also been im-
proved, notably by means of extra CO, supply (vAN BERKEL, 1964, HARTMANN,
1966). As a result, winter crop production of lettuce in The Netherlands has very
much increased during the last ten vears (vaAN SOEST and KEMMERS, 1959, VAN
DER HOEVEN and GROENEWEGEN, 1970). Yet, if one would ask by the improve-
ment of which qualities of the plant these higher yields are being obtained, and
whether still further improvements might be achieved, an answer wilt be difficult
to give, because of lack of factual knowledge in this respect. BROUWER and
Huyskes (1968) found the more rapid growth of a promising hybrid to be due
to a better exposition to light of its leaves rather than to enhanced photosyn-
thetic capacity. As to this, it should be remarked that hearting as such can be
considered incompatible with the requirements of unhampered photosynthesis
of the leaves, as this supposes easy access for light and CQ, to the photosyntheti-
cally active sites within the lcaves. Hence, under restricted light conditions, it
seems difficult to combine satisfactory plant growth as measured by weight in-
crease with adequate head formation. One of the aims of the present study is to
obtain a better insight into the external and internal conditions of the plant,
controlling head formation. This has been attempted in the first place by study-
ing leaf morphogenesis under different conditions of light and temperature,
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1.2. PRELIMINARY SURVEY OF SOME BASIC FACTS AND
STATEMENT OF THE PROBLEM

Previous to experimental research it seems useful to consider the construction
of a lettuce head more closely, in particular to ¢btain more information about
the relationship between leaf shape and head formation.

On plate IA, a plant of the variety ‘“Meikoningin’ (syn. May Queen) is shown
which, for six weeks after planting has grown in a cold frame in the laboratory
garden at Wageningen in April and May. Although the plant is not yet full-
grown, it clearly has started to form a head which only has to be ‘stuffed’ with
more leaves in order to reach a marketable weight.

In a 5/13 spiral phyllotaxy, 37 ieaves longer than | cm havebeenformedona
stemof only 2.5cm length. This means an average internode length of 0.7 mm. Ex-
cept for the first three leaves which were lost at the time of harvest, the leaves are
shown separately on plate IB. In the apical bud, a further 27 leaf primordia are
present, making a total of 63 leaves formed. Heading appeared to have started
with the outgrowth of the 12th leaf. A close-up of leaf 17 is shown on plate IIA.
One of the most striking features of this leaf is a conspicuous surplus of meso-
phyll development relative to midrib elongation. This causes folding and crink-
ling of the lamina, in particular along the basic part of the midrib, a type of
development described by HELM (1954, p. 93), as: ‘Die Spreite der meisten
(Buttersalat) Sorten ist infolge Stirkeren Flichenwachstums auffaliend blasig-
runzelig. Die daran nicht beteiligten, begrenzend wirkenden, grosseren Leit-
bundelstrange bewirken eine Aufteilung in eine Anzahl Auftreibungen und
fihren zu einer Reihung der Spreite entlang der Mittelrippen’.

When the leaf blade is cut along the midrib and flattened thereafter, as has
been done for one half of the leaf on plate IIB, the deficit of midrib length,
necessary for a flat leaf surface is evident. There is no doubt, that this relative
surplus of mesophyll development promotes head formation and gives a sub-
stantial contribution to the solidity of the formed head. Differential growth of
midrib and leaf blade, therefore, can be regarded as an essential element of
hearting.

In fig. 1.1, A the course of the average length and width is shown for the first
37 leaves taken from ten plants identical to the one shown on plate IA. Both
length and width strongly increase in the first 12 to 15 leaves, remain con-
stant for a number of leaves thereafter, and eventually decrease again. The latter
phenomenon, evidently, represents the successive growth stages the younger
leaves had reached at the time of harvest. Periodic measurements revealed that
the first 20 leaves had stopped growth, and hence could be considered as having
reached their final dimensions, although the leaves 16 to 20 had not reached the
size of the preceding ones, 12 to 16. It seems that for some reason they have
stopped growing before they have realized their potential growth capacity. With
respect to this, it may be noted that it is a common feature of rosette plants to
show a continuous decrease in leaf size over a large number of leaves.

Increase in leaf size of the first leaves of the plant, evidently, displays the in-
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PLaTE TA

PLATE IB

Prate I. A plant of the variety ‘Meikoningin’ grown under natural conditions during April
and May (TA). Separate leaves arranged according to leaf number from old to young (IB).
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Prate IIA

PLaTE 11B

Prare II. Close-up of leaf 17, intact and Jeft half cut from midrib and flattened.
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FiG. 1.1. A: Length (e) and mm
width (x) of the successive  opq
leaves of a plant grown under

pnatural conditions during

April and May. Leaves
numbered stem upwards, qaq
from old to young.

B: Length-width ratio of the

same leaves.
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creasing growth capacity which characterizes early plant development. Apart
from an increase in leaf size, a change of leaf shape is found, yielding a gradual
decrease of the length to width ratio (L/W). This is shown infig. 1.1,B. Starting
at a value of about 2.40 for the first leaf, L/W decreases to a value below unity
in the next 12 leaves. For the then following leaves it remains constant at this
low value, but increases again for the very young, still expanding ones, Since
hearting became manifest from leaf 12 onwards, development of a low L/W
ratio may be taken as favourable for the onset of head formation.

Some points of interest appear when for all leaves, used for fig. 1.1, length is
plotted against width, as has been done in fig. 1.2. The result is a continuous
loop-shaped curve, of which the upper, curvi-linear half is made up by the leaves
1 to 10, and the straight lower half by the leaves 18 to 38. The leaves 11 to 18 are
located at the meeting point of both parts of the curve, indicating the maximum
leaf size present.

Linearity of the lower leg suggests that during leaf expansion a constant pro-
portionality between increase in length and in width is maintained. The line does
not pass the origin but cuts the vertical (length) axis sorewhat higher, since very
young leaves show appreciably increasing L/W ratios, as demonstrated in fig.
1.1,B. The intersection of the length axis may be interpreted as representing the
length of the leaf primordium at the moment leaf blade extension properly starts.

Infig. 1.2, the straight part of the length to width relationship runs at an angle
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Fic. 1.2. Length-width diagram for the leaves presented in fig. 1.1, A represents the maximuim
leaf size reached under the given conditions.

of 40°, indicating that leaves grow faster in width than in length. If this line may
be considered as indicating the course of growth of all leaves above leaf 12, it is
quite clear that the leaves | to 10 cannot have developed along the same line but
are likely to have grown along possibly similar straight lines for the L/W rela-
tionship, only with steeper slopes. Actually, the slope should have been steepest
for leaf 1, decreasing gradually for each following leaf untill, with leaf 10, an
L/W relationship is reached which, apparently, holds for the growth of all
further leaves. In order to investigate this, we have periodically harvested plants
from the moment of planting onwards, and L;/W relationships were determined
for the growth of the leaves 4, 6, 8, 10 and 12. As shown in fig. 1.3, the leaves in
this sequence indeed display an increasing leaf blade development, resulting in a
decreasing slope of the L/W lines as expected. A fact of great importance, evi-
dently, is formed by the number of leaves, making up a head, determined by the
rate at which leaves are initiated and the rate at which they grow out and sub-
stantially contribute to head formation. For the plant shown on plate I, in total
65 leaf initiations have been counted. Considered over a growth period of six
weeks, this implies an average production rate of 1.5 leaves per day. It should be
noted, however, that from these 65 leaves, 27 are still less than 1 ¢m long and do
not, as yet, substantially contribute to the formation of the head. Further out-
growth of leaves apparently proceeds at a much lower rate than that at which
they are initiated. The more the rate of outgrowth of leaves matches a high rate
of initiation, the better the conditions are for head formattion.

At the same time, elongation of the stem on which these leaves are produced,
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F1G. 1.3. Length-width relationships for leaves 4, 6, 8, 10, and 12 as measured at subsequent
harvests. Conditions as in fig. 1.1.

appears very much restricted. A length of 2.5 cm, developed during a six weeks
growth period, implies an average daily extension of only 0.6 mm. It needs no
further comment that, together with the high rate of leaf production observed,
the low rate of stem elongation favours the density of the head.

Normally, for most rosette plants, a strong elongation of the stem introduces
the formation of a flower stalk, and marks the transition from vegetative to
reproductive growth. This, necessarily, inhibits further head development, so
that premature ‘bolting’ is one of the reasons of insufficient heading. Since, for
several lettuce varieties, including ‘Meikoningin’, flower initiation is promoted
by longphotoperiods (ERNST-SCHWARZENBACH, 1936), this easily happens during
growth in the long days of early summer.

Finally, it should be noted that leaves developing inside the head often show
a hyponastic (adaxial) curvature, in particular of the basal part of the leaf axis
or midrib. As these curvatures are becoming fixed in the course of growth, they
may greatly contribute to the formation of a solid head. It cannot be decided
beforehand whether these leaf curvatures should be considered as a consequence
or as a cause of head formation,

Forthe plants, analized above, they are less prominent, although they may arise
at a later stage of growth. It is observed that the degree of hyponasty shows a
great varietal diversity. An example of this is given on plate III, showing partly
defoliated heads and single leaves of two varieties. Left, heads are shown after
removal of the outer 24 leaves. In the middle, the leaves 25 to 30 are shown on
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PLate I, Varietal difference in hyponastic curvature of the midrib. Upper row: partly
defoliated heads and single leaves of ‘Secura’. Lower row: same for ‘Profos’.

their side (one half of the leaf having been cut off), while the remainder of the
head is shown on the right The bottom row represents the variety ‘Profos’,
characterized by a ‘square’-head (sic), originating from strongly curved leaves,
whereas the top row represents a ‘slender’-head variety, ‘Secura’, the lcaves of
which are only slightly curved

For the butterhead varieties these Icaf curvatures seem to be restricted to the
leaf base only, and develop gradually in the course of growth.

In contrast to this, leaves of the so called crisp-head varieties, a type of lettuce
grown especially in the U.S.A., show hyponastic curvatures along the entire leaf
axis. Since these curvatures are noticeable already at the primordial stage, the
successive leaves overlap each other rather closely from the beginning. Conse-
quently, rather compact heads are formed, resembling those of cabbage. When
grown for seed production, it often is necessary to quarter the tight heads to al-
low normal development of the flower stalk (JoNEs, 1927), a method which can
be replaced by spraying the plants with gibberellin at an early stage (HARRING-
TON, 1960). The nature of these leaf curvatures has not been examined further in
this study; they, possibly, are related to auxin metabolism in the midrib.

Coming to a preliminary conclusion of this introductory survey, it may be
stated that hearting is not a monofactorial effect, but should be considered as
the ultimate result of different processes operating simultaneously. As has been
indicated by DULLFORCE (1962), hearting seems to depend upon a relatively high
rate of leaf production, a relatively slow rate of stem elongation, a relatively lar-
ge size of individual leaves, and a refatively short length of petioles.

8 Meded, Landbouwhogeschool Wageningen 71-15 (1971)



The last two indications directly refer to matters of leaf morphogenesis and
seem to be ultimately due to a control of the ratio of mesophyll to midrib
development in favour of the first. The way this is affected by both internal and
external growth conditions is the main basis of the experiments to be dealt with
in the following chapters.

1.3. DISCUSSION OF SOME RELATED LITERATURE

Under the heading ‘Lettuce and other salad crops’, Horticultural Abstracts
annually refers to more than 100 articles which, although all bearing on lettuce
as a research object, are of widely different nature, from simple field experiments
to elaborate studies on the mode of action of phytochrome in lettuce seed ger-
mination or hypocotyl lengthening. Those dealing with leaf morphogenesis,
however, are scarce.

A well documented survey from the morphological and taxonomical view-
point of the different types of lettuce is given by HeLm (1954, 1955); special
attention being paid to probabie ontogenetic relationships between the different
forms of lettuce leaves, varying from long and narrow to round and wide, either
with smooth or lobed margins.

The presence of discrete marginal meristems (‘Fiederprimordién’) should be
basic to the development of more or less divided or lobed leaves. Leaves with
entire or slightly serrate margins may be understood to be formed as a result of
a reduction of these meristems. At the same time a primarily longitudinal
growth tendency may change into one resulting in a more prominent surface
extension. Long and narrow leaves yield the loaf-shaped heads of different Cos
or Romaine varieties (Lactuca provar. longifoiia Lam.), Large, round to kidney-
shaped leaves are formed in the true heading types of lettuce (Lactuca provar.
capitatg L.).

The true origin of Lactuca sativa as plant species is unknown, although it is
generally accepted to have originated through domestication of a wild form,
Lactuca scariola L, possibly out of two already different forms, one with divided
lobed leaves (f. serriola) the other with entire leaf margins (f. inregrifolia). For
full, historical details see HeLm (l.c.).

DULLFORCE (1962} has summarized the requirements for heading as mention-
ed before. Hearting of the variety Cheshunt 5° further appeared associated with
a critical value of the leaf area ratio of the plant (dm?/g), being satisfactory at
8 dm?/g, marginal at 9 to 11 dm?/g, and absent at still higher values. As is found
also for other plant species (BLACKMAN, 1958), temperature and light intensity
had an opposite effect on leaf area ratio, viz, showing a positive correlation with
light intensity and a negative one with temperature. Hence, light and tempera-
ture may exert a compensatory influence on hearting as was found for the length
to width ratio developed by the leaves (BENSINK, 1958). Both high light inten-
sity and low temperature tend to decrease the L/W ratio. Hearting may occur
at high temperature (21°C.) provided light intensity is sufficiently high,
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(DuLLFoRCE, 1969). Similar to the effects of light intensity are those of light
duration, as observed by OLson (1968). Growth at a 16 hours photoperiod re-
sults in wider leaves that are only slightly longer than those developing under an
8 hours light period, the greater leaf lamina under the long days being mainly the
result of a larger number of cells.

For the morphogenetic effects of light, the nitrate concentration at which the
plants are grown appears important (BEnsSINK, 1960), The effects of a low light
intensity, both on leaf shape and on stem elongation (etiolation) could be
strongly suppressed by growing the plants at a very low nitrate concentration.
Flower initiation and subsequent shooting was speeded up by low nitrate supply
which seems in accordance with old views on the importance of the C/N ratio
of the plants for the vegetative and reproductive growth (Kraus and KrAYBILL,
1918). JAGER, vAN DER Boon and Pauw (1968 a,b; 1970} found that soil steaming
led to accumulation of ammonium and manganese which, together with poor
light conditions, stimulated poor heading, while the length-width ratio of the
leaves was increased.

Several physiological and ecological investigations on lettuce growth have
been carried out in Japan. Since most of the results are published in Japanese
language, though with English summaries, they are less accessible for many
readers. ITo, already in 1936, made a study of changes in nitrogen and carbo-
hydrate contents of the leaves during growth. Both were found to be higher for
leaves forming the head. Heading did not occur at too high and too low a carbo-
hydrate nitrogen ratio of the plants. According to Mivazaki (1960), moisture
content of the leaves increases at the time the plants start to heart which seems to
agree with findings of KATo et al. (1963) who stated that iranspiration of the
plants decreases after they have started to form heads. Kato (1964a,b) studied
also the auxin and gibberellin metabolism in relationship to stem elongation and
flowering of three varieties including May King (syn. Meikoningin, ROODENBRURG
1960). Of interest is that under natural conditions gibberellin-like substances
were hardly detectable up to the time of flower bud differentiation, but increased
rapidly thereafter. High ternperatures induced the appearance of gibberellin-like
substances, and also enhanced flowering. Whereas application of gibberellin in-
duced stem elongation both at high and at low temperature, it induced
flowering only at high temperature. The auxin (IAA) content of apical buds
showed a tendency similar to that of gibberellin, while TAA-oxidase activity
was reduced by all combinations of gibberellin application and high tempera-
tures. At low light intensities, stem elongation occurred, while the gibberellin
level in the apical bud increased, and IAA oxidase decreased.

SHIBUTANI and KiNosHITA (1966 and 1968), in a study on the ecological adap-
tation of lettuce, concluded that the optimum temperature for the crisphead
varieties Great Lakes and Imperial was 17° to 18°C. Above 18°C, leafl weight
declined and above 20°C the plants rapidly flowered. Also Hiraoka (1967a,b,
1969}, studying the effects of temperature, photoperiod and gibberellin sprays
on bolting, budding and flowering of the cultivar Wayahead (a butterhead type),
found that flowering was accelerated by high temperatures and long days,
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whereas short days and temperatures between 15° and 20°C were favourable for
heading. Gibberellin application promoted stem elongation but did not acceller-
ate fowering.

Valuable information on the growth of lettude can be found also in publica-
tions of a more practical conception, such as given by BANGa (1940), van Koot
and GROENEWEGEN (1955}, WHITAKER et al. (1962), and others, while afull account
on the anatomical structure of different parts of the lettuce plant is given by
Haywarp (1938).

Clearly, a vast literature on leaf morphogenesis exists when not restricted to
the growth of lettuce leaves. Thus, similar problems on the influence of light
and temperature on the growth of leaves of Fragaria are dealt with by ARNEY
(1954-1956), of cucumber by MILTHORPE, NEWTON, and WILsON (1959-1966),
of Phaseolus vulgaris by DALE (1964-1970), a [ist which may be extended at will;
however a full account of this seems to be outside the scope of this Chapter. To
some of them we wiil refer at more appropriate places in the course of this paper.

In ‘The Growth of Leaves’, MILTHORPE (1956) has edited a series of papers
which are still of great value, while HumMPHRIES and WHEELER (1963) have re-
viewed literature on that subject up to that time. Much work of the type dealt
with in the present paper is going on in the U K, which may be related to the
circumstance that expansion of the leaf surface is an essential detail of the
method of growth analysis introduced and advocated in particular there
(GrEGORY, 1921, 1952).

To conclude this brief introductton into the literature, it ntight be stated that
Lactuca sativa is a plant species which displays a great sensitivity to light in its
growth and even in the early developmental processes going on during seed
germination. For that reason it is generally used as aresearch object in thestudy of
photomorphogenesis. Thus, lettuce has also been used as a test plant in studies
of plant growth under light of different spectral composition, carried out in this
laboratory since 1948 (Wassink, SToLwlik and BEEMSTER, 1951). The present
study may be considered as a logical continuation of this type of research,in a
wider context also of studies on the relationship between production and mor-
phogenesis of plants as carried out mainly by Wassink and others in this labora-
tory, on different types of plants (KaMEL, 1959, BUTT, 1968, SANCHEZ, 1967,
WassINK, 1960, 1963, 1969).
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CHAPTER 2

MATERIAL AND METHODS

2.1. PLANT MATERIAL

Only the growth of so called ‘butterhead’ lettuces has been investigated. Al-
though, in the course of this study different varieties have been used, most ex-
periments were carried out with “Meikoningin’ and ‘Rapide’. For a long time,
Meikoningin, a relatively old wvariety, well known all over the world
(RODENBURG, 1960), has been the only variety suitable for growth under glass
during winter and early spring in The Netherlands. During the last 135 years,
however, it has been replaced almost completely by an ever increasing number
of new varieties yielding better results in this type of growth (AnonN., 1970);
Rapide is one of these new varieties. Occasionaly, also other varieties have been
used, mainly to investigate possible differences in growth type.

Originally, seeds of all varieties were obtained from Dr. J. A. HUYSKES of the
Institute of Horticultural Plant Breeding (IVT) at Wageningen. For further use,
each year a few plants of each variety have been raised for seed production,
the production of one plant, generally, being sufficient to supply all experimental
plants needed in one yaer.

Seeds were sown in seed boxes, at 20°C. As soon as both cotyledons had fully
expanded and the first leaf started to ¢longate, seedlings were pricked out at
2 cm distance in fertile soil. Further growth occurred under fluorescent light at
about 30,000 ergs/cm? sec, given during 12 hours per day, at a temperature of
20°C throughout. At the time the sixth leaf had reached a length of about 1 ¢cm,
plants were selected for uniformity to enter the experiments.

2.2. EXPERIMENTAL CONDITIONS

2.2.1. Culture methods

Plants are grown either in pots or in PVC-plastic containers of 80 x 60 x 20
cm. In the latter case, a number of plants were grown together. Pots or container
are placed on wheeled trucks of 80 x 60 cm surface area, adjustable in height,
When necessary, trucks with plants were moved daily to different rooms.

Fertile soil, a mixture normally prepared and used in this laboratory, or fine
gravel (2—4 mm) together with a nutrient solution, was used.

A potsize of 13 cm diameter (0,7 L. content) proved to be the minimum size to
avoid influences on growth to be ascribed to pot limitation of the root system.
Recently, square pots of 17 x 17 cm and 17 cm height of black PVC have been
successfully used.

The gravel used had a free air space of 36 %,. Through a hole in the bottom of
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the container nutrient solution could be pumped up from a reservoir placed on
the lower floor of the truck. By means of an overflow, 2 ¢cm below the gravel
surface, the solution was circulated as long as the pump was in operation and
drained back into the reservoir as soon as the pump was switched off, Using a
time switch, the solution was circulated for five minutes every hour.

A nutrient solution of half the strength of the four-salt mixture given by
HoaGLAND and ARNON (1938) was used. Iron was given as a mono-sodium ferri
salt of ED.T.A.

2.2.2. Environmental control

Most of the experiments to be described were made in growth rooms of the
climatized department of this laboratory. In these rooms (300 x 400 ¢m and
190 cm high) temperature can be controlled within 1 °C. between 10° and 30°C.
Relative humidity can be varied, a facility, however, not used so far, as it was
kept constant at about 75 % in all experiments. Light is provided by fluorescent
tubes (Philips 120 Watt, TL 55), mounted paralleily as individual units on top
of a double layer of perspex panes which form the ceiling of the growth rooms.
Every month, a quarter of the lamps is renewed in order to make light intensities
less dependent on lamp age. Light intensity can be varied either by changing the
number of lamps used or by adjusting the distance between plants and ceiling,
Intensities are measured in ergs/cm2sec (1 ergfcm2sec = 0.24. 10~ 7 gcal/em3sec =
0.1 mW/cm?) with a cosine corrected photocell, calibrated for the spectral ener-
gy distribution of the lamps used, with the aid of a standarized thermopile. See
for details SToLwuk 1954, and GaasTRa 1959. Thirty cm underneath the per-
spex ceiling an intensity of 100,000 ergs/cm?sec can be obtained. When neces-
sary, the plants are moved to dark rooms, identical to the light rooms apart
from the illumination.

2.2.3. Application of higher CO, concentrations

Some experiments were carried out in which plants were grown in an enriched
CO,; atmosphere. Two leak-proof cabinets of 100 x 00 x 70 cm were used for
these experiments. Plants were grown in 1 liter glass jars, subirrigated with
nutrient solution. The jars were covered with plastic foil. In both cabinets, air
was pumped through at a rate of 1000 1 per hour and in one of them CO, gas
was added at a rate of 15 1 per day, calculated to maintain a CO, concentration
of about 1000 ppm. Small fans were used for proper mixing of air and CO,*

2.3. MEASUREMENTS

2.3.1. Macroscopical measurements
Since, for obvious reasons, leaf areas (see plate IT) are difficult to be measured ac-

* Technical advice was kindly supplied by DR. P. GAASTRA, at that time a collaborator of this
laborataory,
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curately, growth effects will be related to differences in total leaf length and
greatest measurable leaf width. The first represents midrib elongation, the latter
is a measure for leaf blade extension.

Growth effects have been measured in the first place in leaves which represent
the maximum attainable leaf dimensions under the given conditions, i.e., those
indicated by A in figure 1.2, They are produced only after a different number of
leaves of gradually increasing size, demonstrating the increasing growth capa-
city of the plant.

Besides the dimensions of mature, full grown leaves, also time courses of
growth in length and in width have been measured under different experimental
conditions. For this, leaf number 12 or 15 was chosen counted from below. Tt
will be clear that, when growth is to be measured on the plant, measurements
can start only after the leaf has reached a certain seize. Hence, early growth will
not be covered by this kind of measurements. To meet this difficulty, the course
of growth has also been derived from measurements made on leaves of one par-
ticular serial number taken from different plants which were periodically har-
vested. Plants were selected carefully on uniformity beforehand. In this way, in-
formation about primordial leaf development could be obtained which, other-
wise, was imposible to collect,

Leaves are numbered in the order of appearance, and accordingly plotted in the
graphs. When counting leaf numbers, a difference has been made between total
number, including all the primordial leaves, and the number of leaves having
reached a length of more than one ¢m. Actually, in the latter case the plasto-
chron-index of the plants has been determined, as defined by ERICKSON and
MicHELINT (1957), see page 20.

2.3.2. Microscopical observations

In order to compare differences in leaf size on a cellular level, the number and
the size of epidermal cells covering midrib and leaf blade have been determined.
The whole leaf or samples of it (leaf blade discs of 10 mm diameter cut half
way from both leaf halves)} were preserved in 709 alcohol. The epidermis of the
midrib could easily be stripped off and examined under the microscope ; samples
of the leaf blade were left intact, epidermal cells and the underlying palisade
cells could easily be seen,

On the midribs, epidermal cells extend primarily in longitudinal direction, so
that they appear as long, elongated cells, usually with tapering ends. The lengths
of ten cells or more in one row have been measured; per sample hundred cells
were measured. Average cell lengths were determined for subsequent sections of
the midrib from base to tip. Cell number per single row was estimated by divi-
ding midrib length by average cell length.

On the leaf lamina, mature epidermal cells show wavy anticlinal walls, well
known for the leaf epidermis. Camera-lucida drawings of a group of cells were
made, and their surface areas measured with a planimeter. After calibration with
an object micrometer, planimeter readings were converted to p? cell surface.
Dependent on cell size and magnification used, each drawing comprised ten to
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fifty cells. Two or more drawings were made per leaf blade sample, four or more
over the entire leaf width.

Always, cells of the adaxial (upper) leaf side were measured, which cells were
clearly distinguishable from those on the abaxial (lower) side, as they show more
strongly undulated anticlinal walls. Stomata which occur on both leaf sides,
together with adjacent subsidiary cells, were excluded from measurement.

Since ceils of the mesophyll parenchyma were clearly distinguishable as round
cells when leaf tissue was cleared in alcohol, growth of these cells could be meas-
ured as well.

For the estimation of cell number over the leaf width, leaf width was divided
by the square root of the average cell surface. As will be discussed in Chapter 4,
cell surface is rather constant over the [eaf blade, so that differences in leaf width
are fairly well correlated with differences in cell number.
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CHAPTER 3

ASPECTS OF LEAF DEVELOPMENT AS
AFFECTED BY LIGHT AND TEMPERATURE

In this chapter, the influence of light and temperature conditions will be
examined with respect to leaf production (3.1), maximum leaf size (3.2), growth-
time relationships {3.3.), differential growth (3.4), and leaf shape development
(3.5).

3.1. LEAF PRCDUCTION

A feature of rosette plants is that they possess only one, terminal, vegetation
point at which all leaves are produced. Their number, therefore, is easily deter-
mined by peeling off all the leaves from the rosette, beginning with the oldest,
outermost leaf formed immediately after the two cotclydons. In order to arrive
at the total number of leaves produced, leaf primordia are to be counted also, up
to the most recently formed one which is noticeable only microscopicaily as a
small swelling, the leaf buttress, at the apical dome. Since the plant has to be
sacrificed, rates of leaf production can be determined only indirectly from the

A 2
Total number o, o
of leaves 1 N 2258C 2201 ¢
80~ ) _ 30°C ’ .

1.4 ° 15

50

40

20

o 1 | 1 L 1 | 1 L 1 ! 1 1 1 ! 1 1 J
0 10 20 30 0 10 20 ac 40 50
Days

FIG. 3.1. A:Increase of total number of leaves with time, for plants grown at different light
intensities: I : 100,000 (o), II: 40,000 (1), ITT: 18,000 (), and IV: 7,500 ergs/cm? sec. (Q).
Leaf production expressed in leaves per day is indicated at the top of each curve. Temperature
for all light intensities 20°C.
B: The same as A, for plants grown at different temperatures and at a constant light intensity
of ca. 40,000 ergs/cm? sec.
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total number of leaves of periodically harvested plants. Thus, in fig. 3.1,A, in-
crease in total number of leaves in the course of time is shown for plants growing
at four differeat light intensities between 7,500 and 100,000 ergs/cm?sec. From
the linear increase in leaf number it may be concluded that leaves are produced
at constant rates which differ for the different light intensities. Production rates
are represented by the slope of the straight lines, and are indicated as ‘leaves per
day’ at the top of each line.

At a light intensity of about 100,000 ergs/cm?sec, an average of 2,5 leaves is
initiated per day, which means an average plastochron (i.e. time interval between
the initiation of two successive leaves) of 0,4 days. At 7,000 ergs/cm?sec only
0.4 leaves per day are formed, corresponding with a plastochron of 2,5 days.

The first leaf countings were made when all plants possessed equal numbers
of leaves, viz., about 8, which had been initiated during the three weeks period
in which the plants were raised from seeds, all under the same conditions, be-
fore they entered into the experiment. The question arises whether constant leaf
production rates exist from the very beginning onwards. In fig. 3.2, therefore,
the average increase in leaf number of three to four plants is shown during early
growth. Leaf countings started one day after seed emergence, i.e. four days after
the seeds were sown in soil at a temperature of 20°C. Both cotyledons then have
been just released from the seed envelope and start to expand to full size in the
subsequent two days.

All apices of seedlings investigated at that time possess already the first two
leaves. During the first 8 days the leaf number increases to five, and then remains
constant for a coupfe of days before leaf production increases again. At the time
the plants are 19 days old, at least 8 leaves are present, a number which agrees
very well with the initial number of [eaves represented in fig. 3.1. To explain the

Number of leaves

8 f—

& -

4 b

2 -
FiG. 3.2. Average number of |
leaves of three to four plants
plotted against time, Observa- o T I 1 f ! 1 |
tions started at seed emergence. c 4 8 12 16 20
Cotyledons not included. Days
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curve of fig. 3.2, we may assume that the first 5 leaves are produced at the ex-
pense of seed reserves and the first two leaves, possibly, were present already in
the plumule of the embryo in the segd, The apparent intermission in leaf pro-
duction between leaves 8 and 13 can be understood as a lag-phase in which the
supply of energy to the growing point shifts from seed reserves to photosyntha-
tes produced by the young seedling. The reason why leaf production eventually
should lead to constant rates as shown in fig. 3.1, can only be guessed. Fig. 3.1,A
{and especially fig. 3.3,A, discussed later) suggests that the slope which indicates
the rate of leaf formation, depends on the rate of photosynthesis, and, hence, on
light intensity. The rather smooth curves of fig. 3.3,A may be due to the fact that
lettuce plants are light absorbers of a rather complex structure.

The second feature to be explained is the remarkable fact that in fig, 3.1, the
slopes of the lines remain the same during the development of the plant, not-
withstanding the fact that the plant continually produces increasing amounts of
photosynthates. It must, therefore, be assumed that the amount of photosyn-
thates delivered to the growing point which is pace setting for the early leaf
increment and which reflects the effect of light intensity, is independent of the
size of the plant. Two mechanisms might be visualized. First, it might be as-
sumed that a certain, small part of the photosynthetic capacity of the plant,
remaining constant in size during development, is responsible for providing the
vegetation point with the required assimilates. Another possible mechanism is
that the independence of the actual size of the plant is mediated by way of some,
morphogenetic, trigger mechanism. Since total plant growth, in each individual
case, probably is near exponental for some time, the effect of the trigger mecha-
nism with regard to the supplies to the vegetation point may be denoted as ‘loga-
rithmation’, an effect which is found in many stimulus effects, as is shown by
many reporis indicating the validity of the “WEBER-FECHNER law.’

Regarding the high production rates observed, such as 2,5 leaves per day at
100,000 ergs/cm?2sec, one may ask to what extent leaf number will continue to
increase linearly with time. In the case of fig. 3.1,A, about 70 leaves are present
after 26 days at the highest light intensity. At that time no plants were left to
continue the experiment, but in other experiments numbers of 150 and more
have been counted which still fitted a linear relationship.

Since the outgrowth of the leaf initials, however, does not keep pace with the
rate of initiation of new leaves, the number of primordia in the apical bud in-
creases continuously (see later). This may yield a problem of space and it is in-
deed observed that, at that time the vegetation point often changes from circular
into oval or oblong, in extreme cases leading to the formation of fasciated stem
growth, thus increasing the available sites for new leaf primordia. Eventually,
the apex shifts to reproductive development, becomes more convex and soon is
covered by numerous protuberances forming the floral organs, (Jongs, 1927).

Apart from light intensity, leaf production also depends on temperature. In
fig. 3.1,B, increase in total leaf number is shown for plants grown at five different
temperatures, at a light intensity of about 80,000 ergs/cm?sec. On the whole,
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FiG. 3.3. A: Leaf production in leaves per day plotted against light intensity at 10°C, 20°C,
and 30°C.

B: Leaf production plotied against temperature at four different light intensities, in ergsfcm?
sec,

leaf number increases again linearly with time, but, as may be expected, at a
lower rate when temperature is lower. At 10°C and 15°C, leaf production rates
initially increase. Since these plants, before they entered the experiment, had
grown at 20°C, this may be due to adaptation to the new, lower temperature.

Together with results of other experiments, the interaction of light and tempe-

rature was examined. Fig. 3.3,A shows light dependence curves for [eaf produc-
tion at three different temperatures, viz., 10°C, 20°C and 30°C. Leaf production
reaches light saturation, however, over the whole range of intensities, it is clearly
temperature dependent. The latter also follows from the more or less linear
temperature gradients for leaf production at different light intensity levels, as
shown in fig. 3.3,B. The dip at 20°C at the lowest intensity is to be ascribed to
the fact that this point was obtained at a light intensity of 7,500 ergs/cm?sec in-
stead of 11,000 ergs/cm?sec.
Linear temperature curves are characterized by a gradual decrease in Q,,, in-
dicating that in the various parts of the plant material processes with low Q,,
values (e.g. diffusion processes) gradually preponderate over those with higher
Q.o values (e.g. enzymatic reactions} as rate limiting ; a phenomenon that rather
commonly occurs in plant material of more or less complicated structure,
WaSSINK (1934), BOTTELIER (1935),

So far, leaf number refers to the total of leaves initiated. It has already been
rematked that, in general, further leaf development does not proceed at the same
high rate as new leaves are initiated at the apical dome. In order to study this
more quantitatively, not only the total number of leaves initiated, but also the
number having reached a length of at least | cm has been determined. As a mat-
ter of fact, for each plant the Plastochron-Index (PI) has been determined as
defined by EricksoN and MicHELINI (1957). Based on the number of leaves
which have reached an arbitrary chosen reference length (e.g. 10 mm), this PI
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is a numerical index to specify the developmental stage of the vegetative plant.
It has been used in studies on the growth of Xanthium leaves (MAKSYMOWYCH,
[959; MaksyMowycH and Erickson, 1960). If the reference length is 10 mm, a
plant is considered to be # plastochrons old when leaf # has just reached a length
of 10 mm, and (# + 1) plastochrons old when leaf (r + 1) has reached this
length. In case leafl n is longer than 10 mm and leaf (n 4 1) shorter than 10 mm,
Pl is found by interpolation between # and (n - 1). For Xanthium and for lettuce
this appeared to be rather easy, since it was found, as will be demonstrated and
discussed in chapter 4, that there is a constant ratio between the lengths of two
successive young leaves, independent of the node number. Thus, plotted loga-
rithmically against node number, the successive leaf lengths fall along a straight
line, the siope of which represents the value of log L, —log L, ;. PI then can be

Number of leaves + = total o=>1cm 20°C

Bo- -

L I .

Days

Fra. 3.4. Total number of leaves (8), and number of leaves longer than ! cm (), plotted
against time, for plants grown at different light intensities, I: 100,000, II: 40,000, III1: 18,000,
and IV: 7,500 ergs/cm?sec, at 20°C. Horizontal distance between the two curves indicates,
for each leaf, the time interval between imitiation and the moment of reaching a length of 1 cm.
Vertical distance between the two curves indicates the number of leaves smaller than 1 cm.
Numbers indicated in the graphs represent finally reached values.
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read as the intersection point between n and r» + 1 of this straight line and a
horizontal line indicating the reference length of 10 mm.
PI can also be calculated by the following formula derived by ERICKSON c.s.:

PIL==#n 1 (logl, —log10)/(logl, — log L,.,)

in which # is the serial number of the leaf which just exceeds 10 mm length, L,
the length of that leaf, and L, . , the length of the next leaf which is just shorter
than 10 mm.

Thus, under different conditions of light and temperature, in the nine graphs
presented in figures 3.4 and 3.5, increase in PI with time has been compared with
increase in total leaf number, as already presented in fig. 3.1. In contrast to the
linear increase of total leaf number, PI of the plants, at first, increases at a much
lower rate, which, however, gradually increases with time until, finally, P1 in-
creases almost at the same rate as does total leaf number. Consequently, the

Number of leaves sztotal o= >1em
80
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Fic. 3.5, The same as fig. 3.4., for different temperatures as indicated. Light intensity ca.
40,000 ergs/cm?sec.
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number of {eaf primordia, shorter than I ¢m in the apical bud, increases with the
age of the plant. Graphically, this can be easily seen from the increasing distance
between the two curves in the vertical direction. Thus, an older plant possesses
a larger number of small leaves than a young plant. In direct relation to this, it
may be concluded that primordia on a young plant elongate more rapidly than
those on an old plant. This is demonstrated by the distance between the two
curves on a horizontal line which, for each serial leaf number, represents the
duration of growth from initiation to a length of 1 cm. It should be noted,
however, that the lower growth rate of young leaves on an old plant goes to-
gether with a simultaneous increase of their number. Thus, the slower growth of
the individual leaf may be a consequence of increased competition for available
‘growth-capacity’ at the apical dome,

Based on the graphs of the figures 3.4 and 3.5, and some other experiments,
both the number of primordia shorter than 1 ¢m, and the duration of growth
from leaf initiation to a length of 1 cm, has been estimated for different light and
temperature conditions. The results are summarized in fig. 3.6. The number of leaf
primordia (A), has a distinctly positive correlation with light intensity; with
more light an increasing ‘stock’ of primordia is thus formed. At all light inten-
sities, the accumulation of leaf primordia is greatest at 10°C, which indicates
that leaf initiation is less affected by low temperature than further growth of the
leaves. In this connection, results of MILTHORPE (1956) are of interest. Studying
the growth of cucumber plants, transferred from low to high temperature, he
found an increased rate of leaf appearance, as compared with plants grown
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leaf¥ primordia from C-1cm
Leaves <1cm Days
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Fig. 3.6. A: Final number of leaves smaller than | cm plotted against light mntensity at 10°C
(®), 20°C (O}, and 30°C(A).

B: Time interval between leaf initiation and moment of reaching a length of 1 cm, plotted
against light intensity at 10°C (), 20°C (), and 30°C (A).

Yalues in A and B determined as in fig. 3.4.
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throughout at the high temperature. This may well have been due to an accumu-
lation of leaf primordia during the period of low temperature.

Temperature and light intensity effects on the duration of growth from 0 to 1
cm (indicated by the horizontal lines in figures 3.4 and 3.5) are summarized in
fig. 3.6,B. From the linear course of the curves, it follows that the effect of light
intensity over a large range is much the same. Temperature, on the other hand,
has a large effect, since growth duration at all light intensities is greatly increased
at lower temperatures. Since the reciprocal of the duration of growth, evidently,
is a measure for the rate of growth from ¢ to 1 ¢cm, it may be concluded also that
leaf elongation in early stages is much more determined by temperature than by
light intensity. Only at very low light intensities a large decrease in growth rate
is observed.

3.2. MAXIMUM LEAF SIZE

Maximum leaf size refers to length and greatest width of a series of leaves
formed on the plant after the early ones which follow the two cotelydons and
demonstrate the increasing growth capacity of the plant. In a length-width plot,
as presented in fig. 1.2, they are found in the region indicated by A and are to be
considered as the greatest leaf size which can be reached under the given ex-
perimental conditions.

3.2.1. Effects of light intensity
In figure 3.7, graphs are presented indicating the dependence of leaf length (A)
and leaf width (B) on light intensity. Results of several experiments are presented
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Fic. 3.7, A: Maximum leaf length, and B: Maximum leaf width as related to light intensity.
Data from various experiments.
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together. In spite of quantitative differences which may be ascribed to different
experimental conditions, the general picture is one of a decreasing leaf length
and increasing leaf width when the plants receive more light.

Leaf width relationships clearly are of the type of light saturation curves which
even seem to pass through the origin, indicating that leaf biade expansion will
only occur when the plant receives some light. The effect of darkness is well-
known as etiolation, particularly in dicot leaves, MacDouGaL (1906). The
curves thus suggest a positive relation between leaf width expansion and light
energy. However, the higher the light intensity, the more conditions other than
light seem to limit further growth, e.g., water, minerals, hormenes. That this is
s0, is even more clear from the light intensity dependence of leaf length (A).
At low light intensities a similar positive relation with light intensity is found as
observed for leaf width, The curves for leaf length, however, do not pass through
the origin but cut the vertical, length axis at some height, in accordance with the
general finding that leaves also in darkness grow out to some length. Further,
leaves reach their maximum length at light intensities much lower than those at
which maximum leaf width cccurs; at high intensities leaf length clearly de-
creases again. Apparently, at high light intensities, midrib elongation is limited by
a factor not operative at low intensites. In this respect, elongation of lettuce leaves
seems to be another example of photo-inhibition, as also found for elongation
in other parts of the plant, viz., hypocotyls, epicotyls, stem internodes, petioles,
It has been demonstrated, v. D. MEER (1968) that a large part of this growth
reduction at high light intensities can be removed by gibberellin, suggesting
photo-inhibition to include a factor of hormonal nature.

3.2.2. Effects of daylength

Plants can be given more light, either by increasing light intensity or by ex-
tending the duration of illumination (the daylength), Daylength as such is well-
known for controlling developmental processes in the plant, e.g., the onset of
flowering. In these types of light effects, low energy supply usually suffices for
full response. In this section we are interested mainly in the interaction of day-
length and light intensity from the viewpoint of total energy supply to the plant.

In the first experiment to be discussed, plants have been grown at a series of
daylengths between 6 and 24 hours per day at a high light intensity (80,000 ergs/-
cm?sec) and at a low one (30,000 ergs/cm?sec). Results are shown in fig, 3.8.
Leaves at all daylengths applied are shorter but wider at the higher light inten-
sity which is in agreement with what one would expect from the light dependence
of leaf length and leaf width as shown in fig. 3.7, With increasing daylengths [eaf
width approaches saturation in a way similar to that demonstrated for increasing
light intensities. This indicates that leaf blade development is affected primarily
by the amount of light energy received by the plant.

In general, leaf length is not much affected by daylength, so that light inten-
sity seems more important in controlling leaf elongation than daylength. Ap-
plied to natural conditions, it may perhaps be concluded that during the winter
season, when days are short and light intensities are low, leaf width expansion is
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Fic. 3.8. A: Maximum leaf length, and B: Maximum leaf width, for plants grown at different
daylengths at light intensities of 30,000 (e), and 80,000 ergs/cm? sec, (),

reduced both by the shorther days and the lower intensities, whereas leaf
elongation is stimulated mainly as a result of the low intensity. Obviously, both
tendencies will result in an increase of the length to width ratio of the leaves,
earlier characterized as an unfavourable condition for heading.

In another type of experiment, plants have been grown at a series of three
different light intensities (25,000, 50,000 and 100,000 ergs/cm?sec) and three
different daylengths (6, 12 and 24 hours). Of the nine possible combinations,
there are three in which plants receive the same amount of light, though differing
in intensity and duration. In fig. 3.9, the maximum lengths and widths have been
plotted against total daily energy (time X intensity). The same results are pre-
sented in two different ways, viz., by focussing attention to light intensity (A and
B) or to daylength (C and D}. Once more, the differences in response of leaf
length and leaf width are quite obvious. At the lower light intensity (25,000 ergs/-
cm?sec) only, leaf length and leaf width respond similarly to increasing day-
length, viz., by a strong increase. It lays at hand to assume that growth in length
and in width at this low intensity both are limited by fack of energy, i.e. supply
of photosynthates.

At the higher intensities (50,000 and 100,000 ergs/cm?sec) however, the situ-
ation becomes quite different. Leaf width still responds positively to increased
light duration up to [2 hours (B)., Daylengths above 12 hours do not give much
further increase. The three curves in B together, suggest that leaf width reaches
saturation at about 200 x 107 ergs/cm?. Some of the points are not in accor-
dance with this view, e.g., that observed in a 6 hour day at 100,000 ergs/cm?sec.
Evidently, a limiting factor other than the amount of light energy supplied be-
comes of importance, causing light saturation at a much lower level. This is still
more clear, when considered in relation to light intensity, as shown in I,

With respect to leaf length, it is quite clear from A and C that leaf elongation
is inhibited by high light intensities. Consequently, a positive effect of light ener-
gy, noticeable at 25,000 ergs/cm?sec does not occur at 50,000 and 100,000 ergs/-
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FiG.3.9. A and C: Maximum leaf length, and B and D: Maximum leaf width for plants grown
at light intensities of 25,000, 50,000 and 100,000 ergs/cm? sec., and daylengths of 6, 12, and
24 hours, in relation to daily energy dose in ergs/cm?®. Same data presented in A and Cand
in B and D respectively. In A and B points are connected according to equal light intensities, in
C and D according to equal daylengths.

cm?sec. Evidently, also here, a factor other than light energy limits leaf elonga-
tion,

It is tempting to suggest, also in view of results to be presented in Chapter 5,
that the other limiting factor under discussion both in relation to leaf length and
leaf width, is of a hormonal nature and reaches optimal concentrations at much
lower light intensities than photosynthesis does.

3.2.3. Light-temperature relationships

The preceding discussion of effects of light refers only to experiments at
20°C. In fig. 3.10 graphs, similar to those shown in fig. 3.7 are given for three
different temperatures, viz., 10°C, 20°C and 30°C. Qualitatively, the curves are
very similar. In general, greater lengths and widths are reached when tempera-
tures are higher. The shape of the leaves does not change, since the L/W ratio
shows the same course against light intensity, at least at 20°C and 30°C. At
10°C, some difference is found, mainly because the reduction in length and
width, usually found at low light intensities, is suppressed. Consequently, at low
light intensities, larger leaves are produced at low temperature than at high
temperature.
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Fic. 3.10. Maximum feaf length ( %) and maximum leaf width {e) as related to light intensity,
at 10°C, (A}, 20°C. (B) and 30°C. (C). Length width ratio’s given in D.

In A and B of fig. 3.11, the average lengths and widths are shown at different
temperatures between 10°C and 30°C for a high light intensity and a low one.
In general, linear temperature gradients are found which, in particular for leaf
width, have a negative slope at low light intensity, and a positive one at high
light intensity. In other words, leaves decrease in width with increasing tempera-
ture at low light intensities, but increase in width at high light intensities. Al-
though more or less the same trend is observed for leaf length, a negative tempe-
rature response at low light intensity is much less evident.

A striking difference between length and width appears, in as much as tempe-
rature gradients at high and low light intensity converge with decreasing tempe-
ratures in the case of leaf width, whereas for leaf length they diverge. Evidently,
the greatest effects of light on leaf width are found at high temperature, whereas
for leaf length, light intensity effects are greatest at low temperature.

From this negative temperature response to low, and the positive response to
high light intensity, it may be predicted that at some intermediate light intensity
the effect of temperature on leaf development will be small. Evidence for this has
been collected in another experiment, in which plants were grown at four differ-
ent light intensity levels at [0°C and 30°C. Based on the average length and
width developed at these temperatures (fig. 3.11,C,D) straight temperature gra-
dients are drawn which have different slopes for each light intensity. Particularly
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for leaf width it is quite clear that the slopes gradually change from negative to
positive when light intensity increases from low to high. For leaf length, the si-
tuation is different in so far as a clear-cut change in slope occurs only at the
lowest light intensity used.

In fig. 3.12, the different slopes, expressed as change of leaf length or width
per unit temperature difference (mm/°C), have been plotted against light inten-
sity. Thus, tentatively, two curves are drawn, indicating for each light intensity
the effect of a change in temperature of 1 °C. Although too much weight should
not be attached to the actual values, there is no doubt that a critical light inten-
sity ¢xists above which leaf growth will be enhanced by raising the temperature,
and below which it is decreased. The largest response is found for leaf width.

With regard to the negative temperature response, observed at a low light
intensity, it may be noted that it has been demonstrated before (see fig. 3.3), that
leaf production increases with temperature at all light intensities. Consequently,
it may be understood that, at a low energy level of the plant, i.e., at a low light
intensity, an increase in leaf number will reduce the growth of the individual
leaves, owing to increased competition for the available growth substrates. At
high light intensities, on the other hand, it seems that an excess of energy permits
growth of each leaf to be enhanced by increasing the temperature, notwith-
standing leaf number will increase as well.
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3.3, GROWTH-TIME RELATIONSHIPS

Differences in the growth-time relationships under the various experimental
conditions are at the base of differences in leaf dimensions as discussed in the
preceding sections. Therefore, length and width expansion of a given leaf has
been followed in the course of time. For obvious reasons, however, accurate
measurements cannot be started before the leaf has reached a certain size. This
implies that measurements do not include early phases of growth, necessary to
obtain an idea of its complete course. Moreover, it should be taken into account
that measurements cannot be made without some handling of the leaves, which,
however careful, may well interfere with the natural course of growth. For
these reasons, and in particular to collect information about primordial leaf
growth, direct measurements have been supplemented by indirect ones, by means
of periodically harvested plants, in which development of a ieaf of a definite
serial number (usuaily no. 12, counted from below) has been followed in the
course of time. In this way, records could be collected from a leaf length of
about 0.2 mm onwards. It is required that plants are carefully selected for uni-
form development at the start of the experiment, so that growth of a particular
leaf proceeds equally in all plants, and measurements of length and width made
at subsequent harvests reveal the same course of growth as when measured on
one and the same leaf.

In figure 3.13, an example is given of measurements on the plant, of the in-
crease in length and width of the 12th leaf at a high light intensity and at a low one.,
At the time the measurements started growth was found to proceed at a con-
stant rate, yielding a linear growth-time relationship. Conform to what generally
was found in all our experiments, leaf length reached a higher growth rate at the
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FiG. 3.13 Growth in length (A) and in width (B) of a leaf (leaf number 12) measured on one
plant grown at a light intensity of 20,000 (®) and 40,000 ergs/cm? sec. (+) respectively,

low light intensity. Leaf width, on the other hand, usually, increases more
slowly at low light intensity. Both growth in length and in width are maintained
for a longer period at high light intensity. Thus, the effect of low light intensity
on the final length of the leaf is positive through enhancement of the rate of
growth, but negative by reducing the duration of growth. For a high light inten-
sity the reverse is true: decreased rate of growth is counterbalanced by increased
growth duration. Consequently, differences in leaf length at different light inten-
sities will be small or moderate. For leaf width growth rate and growth duration
are influenced in the same direction by light intensity giving rise to much greater
differences in the ultimately reached widths (cf. also fig. 3.10).

In figure 3.14, the logarithms of leaf length and width of the 12th leaf are
shown against time, as measured in subsequent harvests which started at an
early stage, including the phase of primordial growth. In this experiment, plants
have been grown at four different light intensities, viz., of 7,500, 18,000, 40,000
and 100,000 ergs/cm?sec respectively from left to right. From the linear course
of the curves of the first stages, it can be concluded that the early increase of both
length and width proceeds exponentially. Mathematically, this can be expressed
by the well known formula for ‘compound-interest’ growth:

L=L,e* m
or written in its linear form

InL=1InL, 4+ k¢ )
in which L is leaf length (or width) at time ¢, L, the same at ¢,, e the base of the

natural logarithms, and k the relative rate of growth. According to 2, the slopes
of the straight lines in fig. 3.14 are proportional to k.

30 Meded. Landbouwhogeschool Wageningen 71-15 (1971)



FrG. 3.14. Growth in Leat length in mm X m I I
length (A} and in width 0.39 0-/44 553 082
(Byof a leafl (leaf num- ‘
ber 12} as measured on 00k A
different plants in sub- —
sequent harvests. I, 11,
I, and 1V are light
intensities of 100,000, 10k
40,000,18,000,and 7,500
ergs/cm?sec. respective-
ly. Numbers at top of
the straight lines repre- 1=
sent relative growth ra-
tes (i.e. the slopes of the
lines), during the phase
of exponential growth,
expressed on the base of Leaf width in mm
log e. Arrows indicate

estimated end of expo-

nential growth. 100

fak IEENAEE RSN SN NS NI NI NN I SNEEE RN AT AN AR TN A NN NN NS |

pirs I I I
035 039 054 054

04

Days

The steeper slopes of the lines at higher light intensities indicate that relative
growth rate increases with light intensity, both for length and width. However,
length and width differ with respect to the duration of exponential growth, For
leaf length, the phase of exponential growth, clearly becomes shorter when light
intensity increases, whereas for leaf width this phase is much less affected by
light intensity. Fig. 3.15 shows values for k(a), and the duration of exponential
growth (b) in relation to light intensity, both determined by graphical estimation.
We may conclude that there are mainly quantitative differences between growth in
length and width. Relative growth rate (a) for both iength and width shows a
positive relation to light, whereas duration of exponential growth (b} shows a
negative relationship. However, the effects of light are much more pronounced
for growth in length than for growth in width. These guantitative differences
appear to give rise to quite different growth-time curves for length and width as
shown in fig. 3.16. Curves have been adjusted so that for each light intensity
they start at the same length or width of 1 cm. In accordance with the higher
values for k, leaves at the primordial stage will grow faster at a high light inten~
sity, both in length and in width. However, since for leaf length the period of ex-
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Fia, 3.16. Sigmoid growth curves for leaf length and leaf width, as derived from the logarith-
mic curves of fig. 3.14,
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ponential growth is maintained longer at low light intensity, leaves eventually
elongate at a higher rate at a low light intensity which is in agreement with re-
sults shown before in fig. 3.13. On the other hand, the curves indicating growth
in width are reduced over the whole range at lower light intensities, leading to
a greater ultimate effect of light intensity on leaf width.

In fig. 3.17, growth curves are presented for different light intensities at 10°C
and 30°C, for leaves measured on the plant, As to the effect of light intensity, the
curves are in accordance with what has been demonstrated above: growth in
width decreases when light intensity decreases, whereas for leaf length higher
growth rates are measured at [ower light intensities.
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At all light intensities, at 30 °C, the leaves elongate faster than at 10°C, though
for a shorter period. For leaf width at 30°C, effects of light intensity are more
pronounced than at 10°C (cf. also fig, 3.11). The influence of temperature also
in this case is affected by light intensity, and changes from a negative effect
(decreasing leaf width with increasing temperature) at low light intensity, into
a positive effect (increasing leaf width with increasing temperature) at high
light intensity (cf. fig. 3.12).

Although we have suggested a more or less similar light-temperature rela-
tionship for leaf length, a negative effect of temperature probably occurs only
when light intensity is very low. In the present case (fig. 3.17,A) at 10,000 ergs/-
cm?sec leaves are still somewhat longer at 30°C than at 10°C, although the
difference is smaller than at the higher light intensities.

Variation in temperature can be applied during the day or during the night.
In early experiments (Bensink, 1958), it has been demonstrated that a low
temperature given during the night can partly compensate for the effects of a low
light intensity during the day which is in accordance with the evidence discussed
above. In general, in effects of temperature during light and dark periods the
energy balance of the plant, and especially the light intensity, is important.

The effect of daylength on the rate of leaf growth has not been examined in
particular, but in all cases where plants have been grown at different photo-
periods, it was evident that growth was speeded up by increasing the daylength,
a trend which went on up to continuous light. A question closely connected
herewith is whether growth rates are different during day and night. For day-
lengths of 12 and 16 hours, reliable differences could never be established be-
tween growth rates during the light and the dark period of the 24-hours cycle.
However, since dark growth, eventually, occurs at the expense of energy accumu-
lated during the light period, previously presented data (fig. 3.9) render it con-
ceivable that with light periods shorter than 12 hours, a difference will appear
between the growth rates during day and night.

3.4, DISTRIBUTION OF GROWTH ALONG THE MIDRIB AND OVER THE LEAF BLADE

In this paper, so far, leaf growth has been considered merely in terms of total
length or greatest width, but there is no doubt that a leaf, and in particular a
lettuce leaf, will grow at different rates in different places. A simple method to in-
vestigate this is to measure the differential displacement of originally equally
spaced marks of Indian ink. Introduced by SacHs (1874) in his classical study on
the growth of the primary root, this technique has been widely used since then,
also for leaves, AVERY (1933), MAKSYMOWYCH (1962), SAURER and POSSINGHAM
{(1970).

Thus, midribs of young lettuce leaves were divided by three Indian-ink marks
into four equal parts, indicated as A, B, C, and D from base to tip. After
growth had stopped, the length of each part was measured again and its in-
crement expressed as percentage of total growth. In fig. 3.18, the relative elonga-
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tion of the four parts is presented for four different light intensities, and for
plants, grown at 10°C, 20°C or 30°C. Each point of these graphs represents an
average of 12 leaves. They show that at 10°C and 20°C, 502 of all growth in
length is made up by the lowest quarter of the midrib, whereas only 109 is due
to increase of the upper quarter; the two middle parts showing values in be-
tween. Most strikingly, this distribution of ¢longation along the midrib is not,
or very little affected by light intensity at least at 10° and 20°C, Since it was
found previously that light intensity has an effect on midrib elongation as a
whole (fig. 3.7), it seems that this is not accompanied by a change in the pattern
of growth, At 30°C, however, a clear influence of light intensity also on the dis-
tribution of elongation is observed. At high light intensities, the situation is the
same as found at 10° and 20°C., but at low intensities elongation is more equally
distributed over the whole length of the midrib, each of the four parts, A, B, C
and D, contributing about 25 %, of the total growth.

For other leaves, extension of different parts of the midrib has been followed
during growth. Figure 3.19, A presents growth-time curves of three subsequent
parts of the midrib. The leaf was marked at a length of 21 mm so that each sec-
tion was about 7 mm long. Adding up the three curves should yieid the course of
the increase of total leaf length. It appears that the basic part of the midrib
grows faster and continues growth longer than the more distal parts do. Both
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FiG. 3.19. Growth in length (A) and width (B) of various parts of the midrib and leaf blade as
indicated. Curves on top represent increase of total length (o + B + ¢} or width (A 4+ B+ C+D).

effects together bring about the relatively greater extension of the proximal end
of the midrib as presented in fig. 3.18. The measurements of fig. 3.19 were only
made at a light intensity of about 80,000 ergs/cm?®sec. 1t may be of interest to
carry out similar measurements at low light intensity and high temperature, as in
that case one would expect a more equal distribution of growth along the midrib
(cf. also fig. 3.18).

When midribs of young leaves are divided into more and smaller parts, it
appears that it is the very base which elongates most (fig. 3.20). The lower 5 mm of
the originally 30 mm long leaf yields 30 to 409 of the total uitimate elongation.

The leaf blade has also been marked ; both halves of young leaves were marked
with Indian-ink in the middie of the greatest width. Increase in width of each

%01 total growth
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Fi1G. 3.20. Increase in length of & subsequent
A B | cC D|E | F parts of the midrib as indicated. Increases in
percentages of total leaf elongation.
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part was followed in the course of time. Figure 3.19,B shows that identical
growth-time curves are obtained for each of the four parts, which, added up,
represent increase of total leaf width. This indicates that leaf blade expansion
in the middle of the greatest width, is equally distributed over the leaf. In longi-
tudinal direction, however, differences in growth are likely to occur, considering
the relative surplus of leaf blade extension, demonstrated, e.g., on Plate 11. To
investigate this further, young leaves have been marked by some parallel, 5-mm
spaced horizontal and vertical lines, the course of which was examined again
after the leaf had reached full size. Since leaves grow in a rosette, and often have
a very irregular surface it appeared difficult to derive quantitative expressions of
differential growth for the different segments of the leaf, such as given, e.g., by
AVERY (1933) and RicHARDS and KAvANAGH (1943} for the tobacco leaf. How-
ever, the obtained results are quite conclusive and illustraied on Plate IV which
presents two such leaves grown at low and at high light intensity. Both leaves were
marked by four horizontal and two vertical lines when about 25 mm long and
20 mm wide. For the leaf grown at the low light intensity, the lines remained
parallel untit the end, indicating that the pattern of differential growth has re-
mained unchanged from the moment of marking. A gradient of decreasing
growth, both in the midrib and the leaf blade is evident from the base to the tip

PrLaTE IV. Example of different outgrowth of a leaf grown at low light intensity (left) and at
high light intensity (right). Leaf blades marked with 5-mm squares of Indian ink at a young
stage.

Meded. Landbouwhogeschool Wageningen 71-15 (1971) 37



of the leaf. Lamina extension in the longitudinal direction, evidently, kept pace
with the elongation of the midrib, yielding a flat and smooth teaf surface.

Atthe high light intensity, the original rectangular network becomes deform-
ed: the horizontal lines show an upward bending near the leaf margins, whereas
the vertical ones diverge the more they approach the leaf base. A longitudinal
gradient in growth intensity is observed, similar to that found for the low-inten-
sity leaf. Cleariy, leaf blade expansion has increased towards the leaf base, both
in longitudinal and transversal directions. Similar results have recently been pu-
blished for spinach leaves by SAURER and PossingHAM (1970). The evident sur-
plus of lamina development yields the well known folds already demonstrated
on plate IL. Tt is quite clear that the ratio between midrib and leafl blade deve-
lopment greatly depends on light intensity. The more light the plants receive,
the more this ratio shifts in favour of the leaf blade.

3.5. LEAF SHAPE DEVELOPMENT

As an indication for differences in leaf shape, the length to width ratio may be
used, although data on L/W ratio’s do not give full justification to the differen-
tial development of midrib and leaf lamina (c.f, e.g., Plate Il and the preceding
section).

It has been demonstrated earlier in this paper, that L/W gradually decreases
in the first 12 to 15 leaves and a more or less constant level is reached in later
ones (sec fig. [.1). Development of a low L/W ratio has been considered as a
necessary condition for the onset of heading. In fact, the L/W ratio ultimately
reached, greatly depends on the intensity of light at which the plants are grown.
Temperature appears to be a factor of minor importance as is demonstrated by
the almost similar light intensity dependence of L/W at 20°C and 30°C shownin
figure 3.10. Only at 10°C, leaves will develop a lower L/W, in particular at low
light intensity, owing to a decreased reduction in leal width as compared with
the situation at higher temperatures.

Since differences in leaf size are not expressed in the L/W ratio, preference
has been given to construct plots of length against width as presented in fig. 3.21.
In A the length-width relationships are shown for the 12th leaf during its growth
at four different light intensities. The increase in slope with decreasing light in-
tensity represents the higher L/W ratio’s developed at low light intensity. At
each light intensity, increase in length and in width proceeds in a more or less pro-
portional way, yielding linear relationships. Towards the end of the growth peri-
od, however, growth in length, evidently, prevails over growth in width, as
demonstrated by the upward bend of the curves. Earlier cessation of increase in
leaf width seems the most probable explanation herefor. In B it is demonstrated
that exactly the same L/W relationships apply also for the length and widths of
leaves 13 and higher, when measured simultaneously on the plant. Therefore,
it may be concluded that from leaf 13 onwards leaves display the same pattern
of growth, as indicated for leaf 12 in A.
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When the presented graphs are supplemented with the corresponding data for
the first 11 leaves as has been done in fig. 3.22, loop-shaped curves originate of
the type presented before in fig. 1.2 on page 6. It follows from fig. 3.22 that the
lower the light intensity, the more the ultimate L/W ratio reached by subsequent
leaves resembles that of the first leaves. In other words, the first leaves appar-
ently show the characteristic development of a [ow-light-intensity leaf. This
conclusion is in accordance with a concept of GoeseL (1908), viz., that early,
juvenile leaf development is related to the nutritional status, i.e., the photosynthe-
tic capacity of the plant. In the present case it mainly reflects to what extent leaf
width development is allowed to occur.

In many cases in which growth in two different directions is compared, the
proportion between the relative growth in both directions remains constant.
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This phenomenon, known as allomerry can be expressed by a formula given by
HuxLey (1932). When Y and X are two directions considered, ¢.g., length and
width of a leaf, showing allometric growth, then

Y=5b Xk (1)
or
nY=mnb+klnkX (2)

in which & is a constant (representing the value of ¥ when X — 1), and & the
ratio between the relative growth of X and ¥. This formula has often been used
to determine differences or changes in leaf shape, HammoND (1941), WHALEY
and WHALEY (1942), JonEs (1956), HaBeEr and FoARD (1964). When plotted
logarithmically, the values for X and ¥ fall along a straight line, the slope of
which represents &. From the value of &k, one may obtain an idea about changes
in leaf shape that occur during leaf expansion. For k& > 1, leaves become more
elongated during growth for; & < I they become rounder in shape, whereas for
k = 1, leaf shape remains unchanged. In the last case a graph of Y against X
yields a straight line also in a linear plot, the slope of which is determined by the
value of b in the above formula. In cases when k deviates from unity, a linear
plot of Y against X will produce curved lines, running upwards for & > [ and
downwards for &k < 1.

We have seen that in lettuce leaves, increase in length and width, at all light
intensities, over a long period of growth, shows a linear relationship, the slope of
which differs, however, according to light intensity. From the foregoing discus-
sion we may conclude, that differences in growth at different light intensities are
only due to differences in b, kX being unity at all intensities. Usually, no special
biological significance is attributed to the value of A, however, since it indicates
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the relation between the initial values of X and ¥, it represents the length-width
ratio of the leaf primordium at the moment at which marginal meristems, initia-
ting the leaf lamina, start differentiation.

Hence, it may be concluded from fig. 3.21 that leaf blade formation starts
relatively earlier, i.¢., at a shorter length of the primordium, at high light inten-
sity.

A similar reasoning appears to hold for the first leaves of the plant, for which
the successively lower L/W ratio’s may be basically explained by an earlier start
of leaf blade development in subsequent leaves. This does not contradict the
above suggestion that differences in the growth pattern of these leaves are con-
trolled mainly by the energy supply, but fits quite well into this view.

From the fact that the curves in figure 3.22 eventually bend upwards, it can be
concluded that k increases above unity towards the end of leaf expansion. By
means of linear regression calculations of the logarithms of length and width,
values for k have been determined which tend to increase with decreasing light
intensity indicating that leaf elongation should increase relatively more than leaf
width expansion at low light intensity. However, since calculations for &
show a great adaptability to rather large variations in length and width, the
significance of small differences in & may be doubted. For this same reason use
of the allometric formula in demonstrating smatl differences in leaf expansion
seems of limited analytical value.

For lettuce, length-width diagrams, as presented in fig. 3.22 may demonstrate
the influence of variations in light conditions, as may be illustrated by an example
from plants grown under natural conditions. In A of fig. 3.23, loop-shaped cur-
ves as discussed before, are presented for plants grown either in the apen during
spring or in an unheated glasshouse during winter; measurements were made
May 11 and December 3, respectively. As is shown, in both cases the same cour-
se of development is followed by the first leaves, However, in May increase in
leaf width continues up to much higher values than in December. Consequently,

Length in mm
200 A - e

150
120

50

1 1 | I
o) 50 100 15C 200 0 50 100 150 200
Width in mm

Fic. 3.23. A: Length-width diagrams for leaves of plants grown under natural conditions
during spring, measured May 11 (Q), or grown in an unheated glasshouse during winter,
measured December 3 (»).

B: The same for a plant, measured January 17.
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the lower leg'also has a much steeper slope in December because of the higher
1./W ratio of the leaves developing in winter, In B, a plant of the same set has
been measured again on Januvary 17. Owing to still poorer light conditions in the
period prior to this measurement, in particular leaf width development has been
further reduced, yielding a slope still steeper than that of the curve measured in
early December.

3.6. CoNCLUSIONS

Leaf production

Leaves are produced at a constant, relatively high rate; 1 to 2 leaves per day
may be considered as normal, rates increase both with light intensity and tempe-
rature. Leaves are produced at a higher rate than that at which they expand;
consequently, leaf primordia and young leaves in the centre of the plant accumu-
late in the course of time. This accumulation is greatest at high light intensities
and low temperatures, indicating a difference in the effects of light intensity and
temperature on leaf initiation and subsequent growth: leaf production increases
relatively more than primordial expansion at high light intensity, whereas the
latter appears to be more affected by temperature.

From the linear increase in total leaf number and the non-linear increase in
the number of leaves of a certain length, e.g., 1 cm, it has further been derived
that leaves on a young plant grow faster than those developing on an old plant.
Interfoliar competition seems the most probable explanation for this pheno-
menon.

Leaf size

Light intensity has different effects on midrib elongation and leaf blade ex-
pansion, measured as leaf length and leaf width respectively.

Leaf width is positively affected by light energy, either in terms of higher light
intensities or longer daylengths. In both cases the relation is represented by
saturation curves which show the strongest light dependence at intensities below
20,000 ergs/em?sec and at daylengths shorter than 12 hours.

Leaf length shows a positive relation with light energy at low light intensity
only, whereas at a high intensity, midrib elongation is clearly suppressed. A
hormonal factor may be thought of as a Itmiting factor, operating particulariy at
high light intensities. Thus, it can aiso be understood that effects of daylength on
leaf lengths are noticeable only at relatively low light intensites ; at high intensities
they appear rather ineffective.

Temperature effects are evident, but greatly dependent on the prevailing light
intensity. Thus, a negative response to temperature may gradually change into a
positive one at light intensities increasing from low to high. Relative to this,
light intensities may occur at which leaf growth appears only little affected by
temperature, which was especially clear for leaf width. Since leaf production at
all light intensities is higher at high temperatures, it seems likely that at a low
energy level of the plant, i.e., at low light intensity, reduction in width may result
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from increased competition for growth substrates. At high lightintensities, onthe
other hand, the energy situation allows increased growth of the leaves at higher
temperatures, notwithstanding leaf number has increased as well.

Growth rates

The different behaviour of leaf length and leaf width towards light intensity
is reflected also in growth-time relationships. Leaves clongate faster at low light
intensities, but leaf blade expansion then is slower. This difference, at least part-
ly, can be understood from differences in growth already present in the primor-
dial stage, when length and width both increase exponentially. It is observed that
exponential growth increases with increasing light intensity but that at the same
time its duration is shortened. This effect is much more pronounced for the
growth in length than for that in width. Consequenty, during the primordial leaf
stage, leaves elongate faster at high light intensity, whereas at a later stage
elongation is faster at low intensity. Increase in width, on the other hand, occurs
more slowly over the whole period of growth, when light intensity is low. It may
be understood herefrom that light intensity effects are much more pronounced as
differences in width than in length of the leaves.

The leaf base is the part showing the strongest elongation. This is clearly so
for the midrib, for which it is true at all light intensities. For the leaf blade, ex-
pansion in the lower part is excessive only at high light intensities and then
causes the leaf lamina to produce the well known horizontal folds and crinkles
along the midrib.

Leaf shape

Differences in leaf shape are best presented in length to width diagrams. When
the dimensions of subsequent leaves of a plant are plotted that way, curves are
produced which indicate the developmental sequence of leaf shape and differ-
ences induced, e.g., by differences in light intensity. The different length-width
relationships in leaves growing at different light intensities or between successive
early leaves of the plant, can be understood on the basis of the relative early
formation of the lamina in the primordial stage.
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CHAPTER 4

ON CELL MEASUREMENTS

4.1. INTRODUCTION

Since the whole plant is made up of cells, increase in total cell mass is basic to
all growth, Therefore, differences in number and size of the constituent cells
account for all differences in leaf growth, discussed in the previous chapters.
Leaves, in general, have a relatively simple anatomy, nevertheless they stil con-
tain a great number of different cell types.

In many studies on leaf growth, cell measurements have been restricted to
determination of the surface area of epidermal cells (AsHBY and WANGERMANN,
1950, ARNEY, 1954, MILTHORPE, 1956. Besides the circumstance that epidermal
cells can be measured by relatively simple techniques, this procedure seems more
or less justified because surface extension is a characteristic feature of leaf
growth. On the other hand, estimates of the total number of cells of which a leaf
consists have been aimed at by macerating samples of the entire leaf, followed by
cellcounting with the aid of a haemocytometer (SUNDERLAND, 1960, MILTHORPE
and NEWTON, 1963, DALE 1964a,b). Some discrepancy appeared as to the conclu-
sions derived from both methods. Studies on epidermal cells seem to suggest cell
division to be restricted to the primordial stage of ieaf development, leaf un-
folding being due exclusively to cell extension. Results obtained with macera-
tion, however, seem to indicate that ceil division continues during a much longer
period of growth, notably during leaf unfolding. For tobacco leaves AVERY
(1933) found that epidermal cells are the first to stop division which may explain
the observed differences.

In the present study, measurements are made on epidermati cells only, viz., of
the adaxial leaf surface, although clarification of leaf tissue in 709 alcohol
enabled exact measurement of the cross sections of cells of the palisade paren-
chyma as well, so that correlation of these data with those of the surface area of
adjacent epidermal cells was possible (fig. 4.12).

Epidermal cells covering the veins, in particular the midrib, are very different
from those in the interveinal areas. On the midrib, they appear in longitudinal
rows of more or less elongated cells, usually with tapering end walls, whereas on
the lamina of the mature leaf they appear as irregularly shaped cells with strong-
ly undulated anticlinal walls (fig. 4.11), which is characteristic for many dicotely-
donous leaves (Esau, 1962).

When leaves are not too young, the epidermis on the midrib can be easily
stripped off and mounted on slides. Under a microscope, cell length then can be
measured with an ocular micrometer. Usually, the length of 5 to 10 celis in one
row is measured. Thus, at different positions along the midrib, the average
length of 100 cells has been determined. Younger leaves and leaf primordia are
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mounted intact, usually after having been “flattened” by cutting off parts of the
abaxial side of the midrib.

From the epidermal cells, covering the leaf blade, ‘camera-fucida’ drawings
were made, and their surfaces determined with a planimeter. Stomata and their
small neighbour cells were excluded from the measurements.

4.2, CELL MEASUREMENTS ON MATURE LEAVES GROWN AT DIFFERENT LIGHT
AND TEMPERATURE CONDITIONS

4.2.1, Celis of the midrib

In fig. 4.1, the outlines of three leaves are shown from plants raised at three
different light intensities, viz., from left to right at about 10,000, 20,000 and
40,000 ergs/em?sec. Alongtheaxis of each leaf, the average cell length inp. hasbeen
indicated as measured at that particular section of the midrib. Full data are given
in Table I. There appears to be a certain sequence of cell length along the midrib:
cells are short at the very base, increase to a maximum length higher up the leaf
axis and decrease again towards the leaf tip, as shown in figure 4.2, in which for
the three leaves of fig. 4.1, positions on the midrib are indicated in percents of
total leaf length. Cell length increases when light intensity decreases, particularly
in the lower part of the midrib. Likewise, maximum cell length increases at lower
intensities and, moreover, occurs at a relatively lower position on the leaf axis.

182-78 204-93 162-130

Fic. 4.1. Threelcaves grown at different light intensities. 1: 40,000, II: 20.000, and XiI: 10,000
ergs/cm? sec. Average length of epidermal cells along the midrib in u. Bottom: length and
width of each leaf in mm.
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TasLe I. Epidermal cell length along the midrib of three leaves of plants grown at different
light intensities. Outlines oftheleaves shown in fig.4.1. Graphical presentation in fig.4.2.

Light intensity I
40,000 ergs/cm?®sec.

Light intensity I1
20,000 ergs/cmZsec.

Light intensity III
10.000 ergs/cm?sec,

A B C D A B C D
mm % " n mm % 13 n

A B cC D
mm Y W n

0-15 3 240 63
15-35 16 247 81
35-55 28 2718 T2
55-75 40 316 63
75-95 53 414 48
95-115 65 527 38

115-135 77 455 44
135-162 S0 300 S0

0-15 3 290 352
15-35 12 475 42
35-55 22 627 32
35-75 32 630 32
75-95 42 655 30
95-115 51 550 36

i15-135 61 510 39
135-155 71 440 45
155-175 81 400 50
175-204 91 300 97

maximum cell length maximum cell length

527 655 1
average cell length average cell length
320 450 p
total number of cells total number of cells
499 455

0-15 3 43 75
15-35 14 635 32
35-55 25 730 27
55-75 36 855 23
75-95 47 760 26
95-115 58 570 35

115-135 69 615 33
135-155 80 3%0 51
155-182 90 360 75

maximum cell length
8§55
average cell length
540 p
total number of cells
388

Column A: Section along the midrib expressed in mm distance from base.

Column B: The same, but expressed as percentage of total leaf length.

Column C: Average cell length in p per midrib section, data used for the graphs of fig. 4.2.
Column D: Number of cells (n) per longitudinal row determined by dividing average cell

length of midrib section (A/C).

Average tength

epidermal cell inu
Light intensity

- [s]
800 e High
H o 0“ x Medium
700 ,” O Low
600
500
400
300
200
‘.'ODL R
Base Tip
[s) i 1 1 1 L | 1 | ) 1
o] 20 40 60 80 100

Relative position on the midrib

Fic. 4.2. Distribution of
average length of epidermal
cells along the midrib for the
leaves of fig. 4.1.

46 Meded. Landbouwhogeschool Wageningen 71-15 (1971)



Towards the tips of the leaves there are no differences in length; cefls equally
decrease in length at the three light intensities applied.

On the whole, this picture of increased cell length in the lower half of the leaf
is consistent with the general finding of an increased extension of the leaf base at
reduced light intensities. Conversely, the short cells found at higher intensities
agree with an apparent inhibition of midrib extension, which we considered as a
primary cause of the crinkling of the ieaf lamina along the basic part of the mid-
rib (Plate 1T).

The number of cells per single longitudinal row may be estimated by dividing
the length of the corresponding section of the midrib by the average cell length,
Clearly, distribution of cell number along the midrib can be represented by
graphs which are the reverse of those in fig. 4.2.

In fig. 4.3, we have summarized the influence of light intensity on leaf
length (), number of cells per single row over the whole length of the leaf (¢), and
average cell length (b) as found by dividing total leaf length (2) by cell number
(¢). Regarding leaf length, the general picture of previous graphs (fig. 3.7) is ob-
tained showing a positive effect at low light intensities changing into a negative
one at high intensities, so that at a certain intermediate light intensity leaves
reach their maximum length. From curve ¢ it appears that cell number increases
over the whole range of light intensities, although strongest at low intensity.
Average cell length (4), on the other hand, shows a continuous decrease with in-
creasing light intensity. Since the length of a leaf, at any time, is determined by
the product of cell number and cell length, the course of curve g results from
those of curves b and ¢. It may be concluded, therefore, that at low intensities
leaf length is restricted mainly because of a limitation of cell division, whereas
the reduction at high intensities should be ascribed to a limitation of cell exten-
sion, In this respect, however, it should be noted that HABER and FoaAxrD (1964)
have pointed out that differences in cell size may only be used as an indication

w 210 bo E
P 2 520
€ 200 £ A
c < 480 C
o180 o s
£ i 440 ¢
g 180 - 2
s 3 490 _
8 1701 o 3
a3 < 4380 ©
180 |-

il —320

T T

o 10 20 40

Light intensity = 10> ergs/cm? sec

FiG. 4.3. Leaf length in mm (a: #——#), average cell length in . (6: O——), and number of
cells per longitudinal row (c: x %), in relation to light intensity, Data of Table 1.
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TasLE II. Epidermal cell length along the midrib of leaves of plants grown at a light intensity
of 40,000 ergsfcm®sec, at 10° and 30°C. Same data as vsed for fig. 4.4.

Temp, Midrib section Midrib section Average cell Number of cells
°C in mm expressed as length in per longitudinal
percentage of . row

total length

30 0 20 9 374 54
20- 40 25 466 43
40- 60 43 490 41
60— 80 60 514 39
20-100 77 380 53
100-116 90 206 78
Total number of cells ;308

Average cell length @ 377
10 0-10 7 169 59
10-20 21 228 44
20-30 36 296 34
3040 50 280 36
40-50 64 298 33
50-60 79 250 40
60-73 93 164 9

Total number of cells : 325
Average cell length ;225

for enhanced or limited cell extension when the cells do not divide at the same
time. As will be demonstrated below, increase in cell number, at least as far as
the epidermis is concerned, remains restricted to very early stages of leaf devel-
opment, After that, leafl expansion proceeds without further increase in cell
number, which means that growth increments are entirely due to a proportional
increase in cell size. Therefore, short cells at the base of the midrib, evidently,
reflect limited extension growth in that part of the midrib, in comparison to parts
in which the cells are longer.

In Table II, similar cell measurements are given for two leaves from plants
grown at 10°C and 30°C, at the same light intensity of about 40,000 ergs/
cm?sec. According to what could be expected, the leaf at 30 °C reached a greater
length than the one at 10°C. At a cellular level, this can be explained for the
greater part from differences in cell length, as cell number of both leaves is al-
most the same. In fig. 4.4, the distribution of cell length along the midrib of the
same two leaves is shown, The general trend is the same asin fig, 4.2, but at 30°C
the cells in all parts are longer. In fig. 4.3 it was shown that light had an effect on
both cell length and cell number. It may be asked, whether the fact that the cell
number is the same in the leaves of Table I is due to the circumstance that these
leaves were grown at the same light intensity. It is to be mentioned that they
both have produced fewer cells than those at the lowest intensity shown in
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FiG. 4.4. Distribution of Average length
average cell length along the  ®Pidermal cell inp

midrib for leaves of plants " e 30 °C
grown at 10°C, and at 30°C  gqql x 10 °C
Light intensity 40,000 ergs/
cm?sec. B
400
300
200
10C -
| Base Tip
o 1 | 1 1 I 1 1 | L 1
(o] 20 40 60 80 100

Relative position on the midrib

TasLE III Leaf length and total number of epidermal cells in the midrib per single longitudinal
row. Leaves of plants grown at different light intensities at 10°C. and 30°C.

Light intensity Temperature Leaf length Total number of
ergsfcmsec °C mm cell per single
longitudinal row

40,000 30 139 303
163 323
116 373
47 431
25,000 30 90 221
94 298
93 237
63 260
41 229
40,000 10 70 307
70 325
30 131
36 345
33 327

Table [, and also leaf lengths reached are smaller. However, in general, we found
that leaves of different experiments are difficult to compare in absolute values,
Therefore, in Table III, cell numbers are given for leaves taken from plants
grown in a single experiment, at high and low light intensity, both at 10° and
30°C. These results also suggest that cell number depends more on the light
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intensity than on the temperature at which the leaves were grown. Not all leaves
had reached their final length at the time of cell measurement. That they, never-
theless, did not greatly differ in cell number, suggests that all had passed the sta-
ge of cell division.

It seems, therefore, that cell number, i.e. the activity of cell division, in the
first place depends on the intensity of the light the plant receives, and is not much
affected by temperature, whereas cell length is influenced by both temperature
and light. Hence, the effect of temperature on final growth cannot be considered
apart from the prevailing light intensity, as has aiready been demonstrated pre-
viously in Chapter 3,

4.2.2. Cells of the leaf blade

To investigate the distribution of cell size over the leafl surface, cells were
measured at 47 places along two strips, one parallel to the leaf axis, the other at
right angles to that, in the area of greatest leaf width. Results shown in fig. 4.5
suggest that cell size varies only little over the entire leaf. A clear difference ap-
pears only between the average cell size in the left and right halves of the leaf,
This difference, when found, is usually associated with unequal dimensions of
the two leaf halves. Yet, a general conclusion may be that differences in width in
different parts of a leaf are due to differences in cell number rather than in cell
size. In order to estimate the number of cells present in distinct parts of a leaf,
leaf width was divided by the square root of the average cell area, as determined
in that part of the leaf, The square root of cell area has been taken as the average
linear cell dimension, since the cells were either isodiametric, or, when oblong in
shape, their longitudinal axes were in all possible directions. Only in the vicinity
of large veins they were clongated in the direction of the vein. In fig. 4.6, the
outline of a leaf is shown, the left half drawn according to a mm scale, the right

Cell area
rel. units

140

—

Relative position on leaf area

F1c. 4.5. Distribution of average surface area of epidermal cells over the leaf blade. Measure-
ments at 24 places along A (e———e), at 12 places along B (x——x), and at 11 places
along C (Q——Q), as indicated.
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FiG, 4.6, Outline of a leaf. Left half drawn ac-
cording to a scale in mum, right half according to
one indicating number of cells.

'——_‘;__-ub/'

] | 1 1 1
60 40 20 400 1200
Leaf widh in mm Cell number

half according to cell number at the different positions in the leaf. The two leaf
halves thus drawn match nicely, indicating that leaf width varies mainly by
difference in cell number. Below, data on cell size and cell number always refer
to the area of greatest leaf width. The average cell area was derived from four to
six drawings of cell groups in either leaf half.

In fig. 4.7, leaves of plants grown at three different light intensities are com-
pared for leaf width (a), cell size (b), and cell number (c), representing averages
of three leaves.

~ T 92500 G
m et A
w 100 r.v:‘
£ - -23005
E 920 F E
c ¥ 42100 3
=~ BOl L" _
5 Z 1900 3
3 70 v o
0 —1700
v 6o
- Jd1s00
50}
T i 1 i T
o) 10 20 40

Light intensity x ‘103 1.-.rgs/cr1'12 s&c,

FiG, 4.7. Leaf width in mm (a: e———s), average surface area of epidermal cells in .2 (o:
O ), and number of cells (¢: x %) in relation to light intensity.

Meded. Landbouwhogeschool Wageningen 71-15 (1971) 51




Leaf width increases with increasing light intensity (fig. 3.10), this increase is
almost directly proportional to increase in cell number, while cell size differs only
little for the three light intensities. In this respect the midrib is different (fig. 4.3),
for which there is a positive effect of light intensity also on cell number, with a
simultancous decrease in cell length, resulting in a decrease in leaf length with
increasing light intensity.

In Tables 1V and V, cell measurements are given for the area of maximum
width in leaves of plants grown at 10° and 30°C and at three different light in-
tensities. Table V contains average values of Table IV expressed in percents
either of those reached at the highest intensity, or of those reached at 10°C. As
already demonstrated in chapter 3, leaves become wider at 30°C than at 10°C,
except for very low light intensities when the reverse is true. On the whole,
differences due to differences in light intensity are more pronounced at 30° than
at 10°C. Thus, the average decrease in width between the highest and the lowest
intensity, amounts to 63 % (from 210 to 78 mm) at 30°C, but only to 34 %, (from
155 to 102 mm) at 10°C. The average cell surfaces at all light intensities are
greater at 30° than at 10°C. Cell number increases with increasing light inten-
sity at both temperatures. There is hardly any difference between the two tempe-

TasLE IV. Greatest leaf width, average surface area of the epidermal cells, and number of cells.
The latter calculated by dividing leaf width by the square root of the average cell
area. Data for leaves of plants grown at different light intensities at 10° and 30°C.

Light intensity Temperature Leaf width Cell area Number of
ergsfcm?sec °C mm w2 cells
100,000 30 210 3427 3680
206 3358 3550
22,000 30 127 2300 2650
138 2310 2870
156 3360 2690
11,000 30 84 2630 1640
68 2270 1430
82 3660 1350
85,000 10 150 1760 3570
159 2300 3320
156 2170 3350
25,000 10 113 1690 2750
110 1640 2720
109 1590 2740
11,000 10 35 1990 1900
77 2345 1590
86 1610 2130
129 2335 2680
132 3025 2400
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TasLE V. Average values taken from Table 1V, expressed as percentage either of the values at
the highest light intensity, or of those at the lowest temperature.

Light intensity Leaf width Cell arca Number of cells
ergs/cm?sec 10°C  30°C 10°C  30°C 10°C  30°C
85-100,000 100 100 100 100 100 100
22— 25000 72 67 79 78 81 76
11,000 66 37 99 83 62 41
85-100,000 100 135 100 164 100 106
22— 25,000 100 155 100 162 100 100
11,000 100 78 100 137 100 69

ratures at the two higher light intensites, but at the lowest intensity cell number
is greater at 10°C than at 30°C which, in particular, accounts for the greater leaf
width reached at this light intensity and 10°C, the more so since cell size at 10°C
is smaller.

Table VI shows data of leaves of plants grown at a larger series of tempera-
tures and one light intensity only, in the range of the highest one of Table V.
There is again a clear-cut positive effect of temperature on cell size, with a cor-
responding increase in leaf width. Cell number varies to a much smaller extent,
although, at 30°C, it seems clearly increased. Yet, on the whole, it may be con-
cluded that cell size is more affected by temperature than cell number, the latter
depending more on light intensity.

TaABLE V1. Greatest leaf width, average surface area of the epidermal cells, and number of cells.
The latter, calculated by dividing leaf width by the square root of the average cell
arca. Data for leaves of plants grown at a light intensity of about 80,000 ergs/cm?sec,
and at different temperatures.

Temperature Leaf width Average cell area Numbers of cells

°C mm p?

10 120 1780 2850
19 100 1630 2480
10 130 1860 3000
15 155 2800 2950
15 147 2400 3000
20 173 2870 3240
25 185 3890 2970
30 240 3800 3900
30 230 3600 3830
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4.3, CELL MEASUREMENTS IN GROWING LEAVES AT DIFFERENT LIGHT
AND TEMPERATURE CONDITIONS

Cell measurements, reported so far, have been made on full grown leaves.
Before discussing measurements made during leaf expansion, and starting at an
early stage of development, in fig. 4.8 a few successive stages of primordial leaf
growth are shown in diagram. In early developmental morphology, lettuce
leaves agree in broad lines with the description given by Avery (1933} for tobac-
co leaves, an example which has also been used by Esau (1953} to illustrate pri-
mordial development of most single dicotelydonous leaves: ‘After the initiation
of a ‘leaf buttres’ near the top of the apical dome, this grows out to an erect like
protuberance’ (a in fig. 4.8) ‘often somewhat flattened on the adaxial side. This
protuberance is the axis of the young leaf, It may be regarded as consisting of the
midrib-petiole part of the primordium, bearing the meristematic initials of the
future lamina. This lamina is initiated in the early stages of elongation of the
leaf axis from two strips of meristematic cells, located along two margins of the
leaf axis’ (b in fig. 4.8) ‘and called the marginal meristems’ (Esau, lc., pp.
444-445),

FiG. 4.8. Diagrams of successive stages of

primordial leaf development.

a: initial outgrowth of leaf axis and future

midrib;

b: development of two marginal meristems

initiating the lamina;

c—-¢: further outgrowth of midrib and leaf
& @ @ blade.

(Different stages on different scales, a is
a b ¢ p "

about 0.5 mm, ¢ about 5 mm long).

Since the activity of these leaf blade meristems starts at about 1/3 from the tip
of the leaf and gradually extends along the whole axis, the primordium obtains
the well known arrow-like shape (fig. 4.8,c,d).

During the course of further expansion ample opportunity exists to modify the
ultimate leaf shape. In the case of lettuce the separate study of the elongation of
the [eaf axis, 1.e., the midrib, and of the expansion of the leaf blade, is of particu-
lar interest.

4.3.1. Midrib elongation

For plants, grown at a high and a low light intensity respectively, increase in
leaf fength has been correlated with the average length of the epidermal cells on
the midrib (fig. 4.9). Each point represents a single primordium or young leaf,
taken from four plants, two at either light intensity.

The slope of the line which connects each point with the origin represents the
number of cells in a single row along the midrib. At first, growth of the leaf axis
is accompanied by a strong increase of cell number; however, already at a relati-
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Frimordium length in mm

sl High light int. [ Low tight int.
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Fic. 4.9, Relation between increasing length of subsequent leaf primordia on the plant and
average length of the epidermal cells in the midrib, for plants grown at a high light intensity
(40,000 ergs/cm? sec) and at a low one (10,000 ergs/cm? sec). Slopes of the linear relation-
ships represent number of cells (#) per longitudinal row. Arrows indicate presumed end of
cell division.

vely early stage, a constant linear relationship is found between increase in leaf
length and increase in cell length, indicating that growth occurs without further
increase in cell number. The steeper slope at the higher light intensity appears
consistent with previous findings of greater cell numbers at higher intensities.
In this case, the slope results from the measurement of 270 cells at the low light
intensity and 410 cells at the higher one, because at the high intensity cell divi-
sion, evidently, continues during growth of the first 8 mm, whereas, at the lower
intensity, cell multiplication already stops at a length of 4 mm (see arrows in
fig. 4.9). Thus, the effects of light intensity on cell number are already determi-
ned at an early stage of leaf development. Therefore, a change in light intensity
will have no effect on cell number in leaves larger than around | cm. However,
light intensity remains important for the degree of cell extension, as shown by its
effect on final cell length (fig. 4.2).

When subsequent leaf lengths of a plant are measured, including as many
primordia as possible, it appears that they show a series of exponentially in-
creasing values yielding a straight line on a logarithmic scale. An example is given
infig. 4.10. Primordia usually were not measured when smaller than 7 mm, al-
though they were counted, including the most recently initiated leaf buttres at
the apical dome. Assuming the same exponential relationship to hold for the
lengths of these very small primordia, a linear extrapolation of the curve of fig.
4.10 leads to an estimate of 30-50u for the length of the youngest primordium
which seems a reasonable approximation of the actual length, so that the expo-
nential relationship between the length of successive leaves is likely to hold from
the very first leaf onwards.

It should be noted that the slope of the straight line in fig. 4.10, depends on the
number of leaves present in a certain size interval, i.e., on the rate at which leaves

Meded, Landbouwhogeschool Wageningen 71-15 (1971) 55



Leat Length in mm

100 —
10+
1
® Measured
O Extrapolated
01
001yt b b

n+20 n+ 10 n
Leaf number )

FiG. 4.10. Log length of subsequent leaves and leaf primordia up to the last visible leaf buttres
in relation to leaf number. Leaves numbered stem upwards from right to left. Closed circles
(®) actual measurements, open ones () values estimated by extrapolation,

are produced. Therefore, for plants grown at high light intensity or at high
temperature, the slope of these lines will be flatter than for plants grown at low
intensity or low temperature, owing to higher or lower leaf production rates un-
der the various conditions.

When, besides leaf length, also average cell iength is plotted logarithmically
against leaf succession, graphs like that in fig. 4.11 are obtained. Now, the period
of apparent meristematic growth (cell multiplication) appears as the more or less
horizonial initial part of the line, whereas the straight increase, proportional to
that of increase in leaf length, indicates the phase of predominant cell extension.
The special interest of this presentation is in the fact that the conspicuous nick
in the course of the curves of cell length, which marks the transition between the
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presence and the absence of cell division, is not reflected in the course of leaf
length. Tt may be concluded that growth of the midrib as such is not affected by
the occurrence of cell division. Or, extension of meristematic cells including
mitoses, occurs at the same rate as extension of cells which do not divide further.
SINNOTT (1960, p. 32, fig. 3.7} gives an example of the relation of cell division and
cell enlargement in the growth of ovaries of Cucurbita fruits which is essentially
the same as fig. 4.11.

In literature and textbooks, growth by cell division and by cell enlargement
are usually referred to as two separate phases of growth. HaBER and FoarD
(1964), however, made it clear that such a distinction is incorrect, since in both
cases cell extension is the primary cause of measurable growth. They state that,
instead, it should be preferred to distinguish between growth with and without
concurrent cell division. From results obtained with gamma-irradiated wheat
seedlings, they concluded that concurrent cell division was not essential in
determining the rate of leaf elongation. The same conclusion can be drawn also
from SINNOTT’s fig. 3.7 and from our fig, 4.11. A further demonstration of the
apparent lack of relation between growth and cell division can be found in the
way gibberellin affects the curves of fig. 4.11, as will be shown in chapter 5.

4.3.2. Leaf blade expansion

In fig. 4.12, drawings of epidermal cells of the leaf blade are presented, made
at different moments during the growth of the 12th leaf, the corresponding leaf
width being indicated by bars. Initially, the cells are small, rectangular and
clearly meristematic. When the cells extend, their anticlinal walls become undu-
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Fic. 4.12, Camera-lncida drawings of epidermal cells of the leaf blade, for leaves of different
age. Corresponding leaf widths indicated by bars under each drawing; scale unit of bars 0.5 cm.
Cell sizes, cf. 50 u scale.

lated. In all leaf samples, the underlying palisade cells were visible and round
in cross section. By measuring their diameter, the growth of these cells could be
followed as well, and compared with the surface areas of the epidermal cells. In
all cases a linear relation between the size of both cell types was found (fig. 4.13).
It seems likely, therefore, that the sequence measured in cells of the epidermis to
some extent also holds for other cells of the leaf.

Fig. 4.14 shows the relationship between leaf width and the square root of the
average surface area of epidermal cells, as measured in the midst of the lamina
and at the greatest leaf width. This relation is essentially the same as the one
shown earlier for the midrib in fig. 4.10. The verticaliy ascending ling in the be-
ginning marks the period of meristematic growth, in which the average cell size
does not increase and increase in leaf width, consequently, goes along with an
increase in cell number. Although cell multiplication continues during a
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longer period than in the case of the midrib, evidently also in the leaf blade
cell division remains restricted to a relatively early stage.

It is clear that in fig. 4.14, the final width reached is represented by the slope
of the line and its length, thus, by the number of cells produced at the primor-
dial stage, and the ultimate size the cells reach. As it was found earlier (fig. 4.6)
that cell number and leaf width are greatly influenced by light intensity, it is to

Leaf width in mm

F1G. 4.14. Relation between leaf width and epider-
mal cell size as determined during growth of a leaf
(feaf 12). Cell size expressed as the square root of
the average surface area of the cells. Slope of the L L

linear relationship represents number of cells per 60
single row, ~/Cell area in u
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be expected that, in fig. 4.14, the slope will depend on light intensity. Fig. 4.15
indeed shows that stecper slopes are obtained with increase in light intensity
which means a greater number of cells because cell division continues for a
longer period. It is also clear that the increased cell number accounts for the
greater leaf width at higher light intensities, since final cell size usually does not
show large differences between different light intensities. Where there is a differ-
ence, cell number seems to be negatively correlated with cell size.

Fig. 4.16 shows an example in which of three light intensities applied, no
difference in final leaf width was found between the two higher ones, notwith-
standing the fact that, at the higher one, a greater number of cells had been pro-
duced than at the lower one, However, at the highest intensity the cells remained
smaller. By extrapolation, it can easilly be seen that about 25 %, greater leaf width
would have resulted if cell extension at the highest intensity had continued up
to the size reached at the lower intensities. It is of interest that this apparent
restriction of ceil extension could be annihilated when, instead of 12 hours con-
tinuous light at a high intensity, the daily light peried was given as 2 hours low,
8 hours high, and 2 hours low intensity. In fig. 4.17 it is shown that in this way
the extrapolated cell extension envisaged in fig. 4.16 indeed could be reached
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Fic. 4.16. (left). Same as in fig. 4.14, for light intensities of 50,000 (e), 30,000 ( X}, and 10,000
ergs/cm?sec (C). Curve of the highest light intensity extrapolated to same cell size (*) as reached
at the medium light intensity,

FiG. 4.17. (right). Relation between leaf width and epidermal cell size for leaves growing at two
different light regimes as indicated.

experimentally. These effects of light intensity distribution are not necessarily
direct light effects on growth processes; it is quite conceivable that secondary
effects, e.g. the induction of too great a water-stress in expanding leaf tissue
during an uninterrupted period of high light intensity interferes with the require-
ments for optimal cell extension (SCHWARE, 1956). Another possibility is that at
high light intensity & hormonal factor, important for cell expansion, acts as a
limiting factor.

The foregoing has made it sufficiently clear that cell number is the main
determinant of differences in leaf width induced by differences in light intensity.
The first 12 to 15 leaves of a plant also show, as we saw earlier (fig. 1.1) increas-
ing leaf widths, and we may ask whether also here increase in cell number is the
decisive factor. In fig. 4.18, the relationship between leaf width and epidermal
cell size is shown for 27 successive leaves of the same plant. The leaves are
numbered stem upwards, so that leaf 27 represents the youngest leaf measured.
Infig. 4.18, a straight line fits the points representing the leaves 27 to 12 like the
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FiG. 4.18. Relation between leaf width and epidermal cell size for 27 successive leaves of a
plant, numbered from old to young.
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linear leaf width-cell size relation found for the growth of a single leaf (fig. 4.14).
The slope of the line, again, represents the number of cells and, according to the
position of the different leaves, we may conclude that cell number remains con-
stant in leaves wider than ca. 2 cm, whereas, leaves narrower than 2 c¢m still
comprise dividing cells. It seems most likely, therefore, that from leaf 12 onwards
all leaves follow the same growth characteristic. The first 12 leaves, show succes-
sively increased leaf width in their fuil-grown stage, however, having all cells of
the same size. Thus, it is clear that here increase in leaf width is due to increase
in cell number. Likewise, we can expect that these first leaves during their ex-
pansion will also follow straight lines, only with a flatter slope than that for the
leaves 12 to 27, and the flatter, the lower the serial number of the leaf is.

This has been checked by measuring cell size during growth of the first 13
leaves of a plant. The result (fig, 4.19), shows a series of straight lines, with in-
creasing slopes representing subsequent leaves, the same as occurs for leaves of
a specific number at a series of light intensities (cf. fig. 4.15). Evidently, cell
numbers at the primordial stage increase for subsequent leaves in the young
plant. This continues for a number of leaves until at a certain stage of devel-
opment of the plant, a constant cell number is reached for all further leaves. In
fig. 4.18 this clearly is so from leaf 12 onwards. The final number of cells
depends on light intensity.

Fig. 4.20 presents the final cell number as reached by the first 13 leaves of
plants grown at three different light intensities.

In these leaves which never reach the maximum cell number, cell size increases
with increasing light intensity, as well as the final number of cells. It should be
noticed that this experiment started with young plants which already possessed
3 or 4 leaves; experiments should rather have started at the stage of seed emer-
gence,
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4.4, CONCLUSIONS

I. Mecasured on epidermal cells, a distinctly positive relation exists betwecn
light intensity and cell number, both for midrib and leaf blade.
2. Cell multiplication remains restricted to an early, primordial stage of teaf
development. Although the collected data refer exclusively to epidermal cells,
a close correlation was found between extension of epidermal cells, and that of
the underlying palisade cells.
3. From a size of ca. 2 cm onwards, leaf expansion is the result of cell enlarge-
ment, whereas, in connection with the previous conclusions, final leaf size
also depends on the number of cells.
4. Leaf length mainly depends on cell extension in the midrib. Cell extension in
the midrib is different at different positions along the leaf axis. Maximum cell
length occurs somewhere half-way along the leaf axis, decreasing both basi- and
acropetally. The pattern of cell length distribution, however, depends strongly
on the prevailing light intensity. In particular, at high intensities, cell extension
at the base of the midrib appears restricted. The average cell length shows a
continuous decrease with increasing light intensity. The relation between leaf
length and light intensity, as demonstrated in Chapter 3, can be understood from
the positive influence of light intensity on cell number and its negative effect on
cell length.
5. The successive leaves of one plant, as long as they still grow, show exponenti-
ally increasing lengths, including the very young initials at the apex. Cell
length, however, shows a clear-cut distinction between a period of none or little
average Increase, covering the stage of cell multiplication, and a subsequent
period in which average cell length and total ieaf length increase almost propor-
tionally, indicating that cell division has stopped. Together, both curves confirm
earlier findings of SINNOTT and conclusions of HABER and FoARD, who state that
cell division is not necessarily reflected in the rate of growth. It follows that, at
least in this material, dividing and non-dividing cells extend at the same rate.
6. In contrast to the midrib, epidermal cell size on the leaf blade, in general, is
not much affected by light intensity. Therefore, observed differences in leaf
width owing to different light conditions result from differences in cell number.
7. Increasing widths in the first leaves of a plant also are clearly correlated with
an increase in cell number. The obvious analogy with the effects of light inten-
sity on leaf width, respectively cell number, may be ascribed to the circumstan-
ce that in both cases the photosynthetic capacity of the plant is increased, either
by more light or by the gradually increasing total leaf area of the young plant.
This implies a relation between the supply of photosynthates and the degree of
cell division at the primordial stage of the leaf.
8. There are indications that continuous exposure to a high light intensity during
the entire photoperiod hampers optimal cell extension of the leaf blade. As
has been shown, this could be overcome by giving two hours of low intensity
at the beginning and at the end of the daily light period (artificial dawn and
twilight). These effects should be further examined since one may well suppose
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that they express a shift of balance between factors of energetic and hormonal
control of leaf growth. On the other hand, the possibility that the observed
effects might be artefacts, duc to experimental conditions which result in sub-
optimal growth responses, cannot be excluded. In this respect the water balance
in the leaves should be seriously taken into consideration,
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CHAPTER 5

ADDITIONAL EXPERIMENTS

5.1. INTRODUCTION

In this Chapter, effects onleaf growth are discussed, produced by means other,
than variation in light and temperature conditions. These experiments still are
on a rather small scale, and partly of a provisional character. They were design-
ed mainly to interfere with the energy and hormonal balance of the plant. Thus,
effects were investigated of partial defoliation (5.2), increase in CQ, concentra-
tion (3.3), external supply of sugar (5.4) and application of gibberellin (5.5). The
same sort of data were collected as in the previous chapters.

5.2. EFFECTS OF DEFOLIATION

In literature, defoliation has been used as a method to investigate possible in-
fluences which mature and not quite mature leaves may have on the growth of
younger ones. These influences are supposed to operate through supply or with-
drawal of substances controlling cell division and/or cell extension. Defoliation,
therefore, may cause a temporary enhancement or reduction of the growth of
young leaves. Defoliation experiments are difficult to interprete since little is
known about the mode of action and interaction of the substances concerned
{photosynthates, auxins, gibberellins, kinetins, etc.), the sites at which they are
produced, how they are transported, and wheve they are used (Asupy, 1948b,
MorTON and WATSON, 1948, ARNEY, 1935).

In our experiments, old and young leaves were removed in variable numbers
from ecither young or old plants, Growth in length and width of the remaining
leaves were measured thereafter. On the whole, clear-cut effects are obtained on-
ly when defoliation causes a drastic reduction of the photosynthetic capacity of
the plant, i.e., when more or less full grown leaves are removed. Removal of a
number of not yet unfoulded leaves, on the other hand, had no significant in-
hibitery or promotive effect on the growth of subsequent leaves. In some cases,
when very young leaves were cut away, growth disturbances occurred which
could be identified as secondary effects caused by latex, released from the
wounds made. Latex is known to induce this kind of effects (TiepITs et al., 1963).

In case relatively young plants are partly defoliated, the pattern of leaf growth
ciearly is set back temporarily to that of an eariier stage. This, e.g., is demon-
strated by the three graphs of fig. 5.1. Removal of leaves 6 to 12 at the time leaf
15 has reached a length of 1 cm, causes the normal trend of decreasing L/W for
the first formed leaves(cf. fig. 1.1), to be interrupted by a temporary increase, After
a few leaves L/W starts to decrease again to the same level of that of untreated
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Fic. 5.1. Effect of defoliation, Leaves
6 to 12 removed at the moment leaf
15 had a length of 1 c¢m, as indicated by
hatched areas. Effects measured two
weeks after defoliation.

A: Length width ratio (LfW) in relation
to leaf succession for a defoliated plant
(O) and a non-defoliated plant (X).
B: Length of successive leaves of the
same plants.

C: Width of successive leaves.

Arrows in B and C indicate outgrowth
of leaves 13, 14 and 15 measured also
at the moment when leaves 6 to 12
were removed (lower curve).
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plants. Thus, the effect of defoliation may be characterized as causing a tempora-

ry regression of leaf development.

According to the graphs presented in B and C, leaf width development is
especially reduced while leaf length is rather unaffected. Decrease in leaf width is
associated with decrease in cell number, as determinted in the way discussed in
Chapter 4. An example of this is given in fig 5.2. In A it is shown again how re-
moval of the first 12 leaves causes a temporary decrease in width of subsequent
ones, in B the course of cell number for the same sequence of leaves is presented.
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The close resemblance of the graphs A and B is striking. Since it has been shown
previously (fig. 4.14) that cell number is determined at an early meristematic
stage, it seems clear that the effect of defoliation upon the leaves left on the plant
will depend on the extent to which these leaves have completed meristematic
growth at the moment of defoliation. This may explain the gradual decrease in
width, and in cell number, of the leaves 13 to 17, in fig. 5.1 and 5.2. As soon as
the plant has again developed a sufficiently large total leaf area, cell division
activity in the primordial leaves, apparently, is restored, causing an increase in
leaf width again.

Fig. 5.3 shows that completely similar results are obtained, when the prevail-
ing light intensity suddenly drops, followed by gradual restoration to the origi-
nal level in the course of, e.g., two weeks.

Thus, the results of defoliation are quite consistent with ideas advanced ear-
lier, viz., that the close relationship between leaf width development and light
intensity, basically represents a close relationship between energy supply to
the plant and cell division activity.

5.3. EFFECTS OF EXTRA CO; SUPPLY

A method to increase photosynthesis, growth and production of plants with-
out changing the light regime, under certain conditions is to grow them at CO,
concentrations higher than that of normal air. In particular for glasshouse crops,
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like lettuce, much research has already been done on the practical and economi-
cal implications of extra CO, supply (vaN BERKEL, 1964, DULLFORCE, 1963,
HARTMAN, 1966, HEATH et al., 1967).

In most cases, faster growth and greater yields are reported with extra CO,.
In accordance with what has been mentioned before, we were particularly in-
terested in effects CO, might have on leaf development, as compared to the
effects induced by light.

So far, two experiments on a limited scale have been made. In one of these,
extra CO, (1000 ppm) was given continuously, during day and night. In the other
one, CO, was applied either during the dark or the light period only. During the
dark, CO, appeared to have no measurable effect on leaf and plant growth,
whereas, when given during the light period, the effects were similar to those
obtained when CQ, was supplied continuously. Consequently, it seems quite
clear that the extra CO, is mediated through a light effect, and most probably
through enhancement of photosynthesis. A CO,-effect is noticed even under
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conditions of apparent light limitation. We wiil not enter in any detail into this
matter here, but only remark that the explanation for this phenomenon no
doubt is related to the relatively complicated structure of the lettuce plant as
used in horticultural practice, and the smooth segregation between limitation and
light saturation of photosynthesis which is the consequence of this complex
structure.

Plants, grown at 20,000 ergs/em?sec and 1000 ppm CO, developed as if they
grew in normal air but at a higher light intensity. Leaf production was higher,
and in particular, larger leaves developed. This is demonstrated in fig. 5.4, show-
ing a length-width diagram for the leaves of two plants grown either in normal
air or with extra CO,. The difference between the two curves is quite similar to
that found between a low and a high light intensity.

The greater leaves obtained with extra CQO, are due to a greater number of
cells both for midrib and leaf blade. In fig. 5.5, the increase in width of leaves
grown in normal air or at 1000 ppm CQ, has been correlated with cell size. Since
the slopes of the straight lines represent the number of cells formed at the pri-
mordial stage, it follows that the extra CO,, apparently, has increased cell divi-
sion. The difference is the same as that found between a high and a low light in-
tensity (fig. 4.14), so that it may be concluded that the extra CO, has had the
same effect on cell number as an increase in light intensity. Obviously, the in-
creased leaf area as such will have a favourable effect on the growth of subsequent
leaves, so that the ultimate effect of extra CO,-supply has the character of a
self~amplifying process.
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5.4, EFFECTS OF EXTERNAL SUGAR SUPPLY

Thirty years ago, SPOEHR (1942) reported the successful culture of albino maize
by immersing the tip of leaves in a sucrose solution. FREDERICQ (1958) used this
technique to keep Hyoscyamus plants alive which were grown in a CO, free
atmosphere.

Similarly, we have tried to feed leftuce with externaily supplied sugar. Plants
were grown at low light intensity, two or three detipped leaves were immersed in
a 10% sucrose solution containing 0.025 % sulfanilamide. The intention was to
investigate a possible favourable effect on leaf blade expansion which, owing to
the low light intensity, showed the typical features of a low intensity leaf. In
none of the cases, however, any effect of sugar on leaf growth could be detected
Some plants also have been sprayed with the same solution, also without res-
ponse. As it appears doubtful whether appreciable amounts of sucrose have
been really taken up by the leaves, the results of these experiments remain un-
certain.

5.5. EFFECTS OF GIBBERELLIN

A characteristic feature of gibberellin is to stimulate elongation of intact
plants. Well-known are the pictures in textbooks of rosette plants like lettuce,
cabbage or Hyoscyamus which have formed excessively long flower stalks after
application of gibberellin.

Notwithstanding the fact that one should make abstraction here from possible
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flower promoting effects, an influence on elongation per sé is evident in most of
these cases. Dwarf mutants of several plants as corn, peas, cucumber and beans
will grow to the normal size when treated with gibberellin (PHINNEY and WEST,
1960).

Lettuce is very sensitive to most of the known gibberellins (Ral and
LALORAYA, 1967), possibly indicating a relatively low level of effective endoge-
neous gibberellin (KATo, 1966b), Some Russian papers, available only in ab-
stract (KENTZER, 1960, Zukova, 1962), report increased leaf yields of lettuce
after application of gibberellin, though leaves and stems appeared elongated.
Elongation of lettuce hypocotyis is often used as a bio-assay for gibberellin or
gibberellin-like substances.

Effects of gibberellin on internode elongation have been ascribed to a stimula-
tion of cell division {CLELAND, 1969). SacHs, BRETZ and LanG (1939), indeed
found for the rosette plants Samolus and Hyoscyamus that gibberellin induced
and increased mitotic activity in the stem apex and sub-apical meristem in the
same way as occurs when the plants are placed at the right photoperiod for
flowering. Final cell length was unaffected by gibberellin. Evidence exists that
gibberellins act through an effect on IAA metabolism (BriAN and HEMMING,
1958, OCKERSE, 1970). In some cases, gibberellin was found to stimulate leaf ex-
pansion, however, according to most authors, gibberellin is not primarily active
in leaf growth (CLELAND, 1969),

In the course of the present study, a few experiments have been made with
gibberellin to investigate its effect on leaf development.

A sodium salt, containing 10 % pure gibbereilin was dissolved in water. During
one week, 5 drops of this solution, together 10 ug gibberellin, were administered
daily to the cenire of young plants, the 9th leaf of which had an average length
of 1.5 cm. Control plants were supplied with the same amount of distilled water.
The plants were grown at an intensity of about 25,000 ergs/cm?sec. It appeared
later, that clear effects of gibberellin are obtained already at doses of 0.1 pg
every two days (VAN DER MEER, 1968).

Effects became visible within two or three days after the first dose. In particu-
lar, young leaves start to elongate and acquire 2 more yellowish-green colour.
In fig. 5.6, the course of length and width in successive leaves is indicated for a
treated and a non-treated plant, measured two weeks after the first and one week
after the last daily dose of 10 g gibberellin, In particular, leaf elongation ap-
pears enhanced, whereas leaf width presents almost the same course as that of the
control. However, it would be erroneous to conclude that gibberellin has no effect
on leaf width. For, it should be noted that the effect of gibberellin observed
greatly depends on the stage of development of the leaf at the moment of gib-
berellin application. As shown, gibberellin has slightly increased the width of the
leaves 6, 7 and 8, whereas it seems to have had no effect on that of the following
ones. However, eventually, leaves will decrease in width with gibberellin. An
effect which, although not yet apparent in the leaves shown in fig. 5.6, is demon-
sirated on Plate V and in Table VIi, presenting later leaves of the same serial
order both for a plant given gibberellin and for a control,
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This apparent shift from a positive response to a zero and even negative one
becomes intelligible when the effects of gibberellin are considered at a cellular
level. It then appears that gibberellin in all cases has increased cell size. On the
midrib they are much longer, on the leaf blade their areas are larger (Table VII).
Atthesame time, cell number, as derived from the quotient of leaf size and cell
size, is decreased. It seems reasonable to assume that leaves which have passed
the stage of cell multiplication (chapter 4), at the moment gibberellin is applied,
will increase in size, owing to increased cell extension only. Evidently, this goes
at the expense of energy otherwise available for cell division in the younger
leaves which will lead to a corresponding decrease in cell number. Initially, the

PLaTE V. Leaves of corresponding serial number taken from a plant treated with gibberellin
(cA) and from a non-treated one. Leaf discs were taken for cell measurements (see Tabie VII).
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TasLE V11 Effect of gibberellin on length and width, size and number of epidermal cells in
midrib and leaf blade of the three leaves shown on plate VL.

Gibberellin Control
Leaf length width length width
mm mm mm mm
1 241 78 143 102
2 220 53 107 . H]
3 180 45 78 74

Average cell length in p and calculated number of cells (n), per single longitu-
dinal row in the midrib

@ n © n
1 560 430 420 340
2 590 375 238 450
3 585 310 161 485
Average surface arca in u? and calculated number of cells per single transversal
row in the leaf blade
u? n w? n
1 3030 1420 2380 2100
2 2040 1170 1820 2110
3 1600 1125 920 2440

effect of a lower cell number on final growth will be compensated by increased
cell extension, so that no difference in width may be observed as compared with
the control. However, in subsequent leaves, the probably more severe reduc-
tion in cell number may not be fully compensated by increased cell size and thus
will lead to a decrease in width. Although the same reasoning should hold also
for the midrib — subsequent leaves indeed become shorter — ieaf shape more and
more presents the character of etiolated growth, due to the strongly increased
length to width ratio.

In Chapter 4, it was demonstrated (fig. 4.19) that successive, growing leaves of
a plant show an exponential increase in length. This remains true also for plants
treated with gibberellin; successive leaves, however, then increase in length at a
higher rate. For the corresponding cell length it has been demonstrated (fig. 4.11)
that a clear-cut distinction can be made between an initial phase of meristematic
development, characterized by only a small increase in average celi size, followed
by one in which cell length increases almost at the same rate as the overall
leaf length. As a point of special interest it was remarked that the evident change
from meristematic to non-meristematic cell development did not affect the
overall rate of leaf elongation, indicating that cell extension is independent of
the occurrence of cell division.

It seemed of special interest to investigate whether and how this picture is
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affected by the application of gibberellin. With respect to the phase of meriste-
matic growth, when average cell size remains more or less constant, two possi-
bilities exist: average cell size may either be unaffected or increased by gibberel-
lin. The first case would imply that gibberellin has increased the rate of cell
division, and the period between two subsequent cell divisions or the generation
time is decreased. In the second case, the generation time may have been un-
changed, but cells with gibberellin reach greater size before mitosis.

Infig. 5.7, an example is given of the logarithmically linear increase of succes-
sive leaf lengths and corresponding cell lengths, for a plant treated with gibberel-
lin and a control. Both plants at the time of harvest had initiated 40 leaves, and
for both 0,05 mm is found as the length of the youngest primordium, notwith-
standing the different rate at which leaf length appears to increase. For all leaves
investigated, longer cells were found in the gibberellin treated plant, also at the
phase of meristematic growth, which indicates that the second possibility above
applies in this case.

Internode elongation and, consequently, stem formation is another evident
response of lettuce plants to gibberellin which leads to advanced fower initia-
tion and bolting. If gibberellin application is stopped before the plants become
reproductive, stem elongation also stops, Rosettes of much shorter leaves than
those produced during the gibberellin treatment, are produced on top of earlier
formed stems. Flower initiation and subsequent bolting for these plants occurs
at the same moment as in untreated plants. This is demonstrated in fig. 5.8,
showing average internode length with leaf succession. After seven daily doses
of gibberellin,internode length (leaf 25) has increased to 8.7 mm as compared with

Leat length in mm
100 —

Fia. 5.7. Log leaf length
and primordium length
in relation to leaf num-
ber, for a plant treated
with gibberellin (%) and 1=
for a non-treated one
(#). Leaves numbered
stem upwards from right 0
to left. Both plants had e—oSo—a®
initiated 40 leaves at the o1l 0.01
moment of measurement P

For somec leaves the !
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midrib are given, with L 1 L L L L ]
(&) and without gibbe- 40 30 20 10
rellin (O), (see fig. 4.11). Leat number

Cell langth
in mm
0.2

o

0.03

Meded. Landbouwhogeschool Wageningen 71-15 (1971) 75



Jnternode length in mm Fi5. 5.8. Effect of a short period of gibberellin application
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I quent shooting occurs at the same internode for the plant
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12
.
8+
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0.5 mm in the control. After gibbereliin applicavion is stopped, internode clonga-
tion at leaf 35 is reduced to the same level of that in the control. After both plants
have become reproductive, internode length rapidly increases in a similar way
in both.

PLaTE V1. Four different stages of leaf development after gibberellin application to the plant is
stopped.
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[t was already remarked that concurrent with a stop of stem elongation, leaf
clongation also decreases again. Four subsequent stages are shown on plate VL.
It is of interest to note that the laminas of these leaves exhibit the same kind of
crinkling aiong the midrib as shown on plate I which represents the ‘normal’
development. Also in this case it is to be interpreted as indicating unequal
growth of midrib and adjacent leaf blade. Apparently, enough leaf blade is still
available to from a long leaf, while midrib elongation is checked earlier. A com-
plete restoration of the original pattern of leaf growth has not been observed
experimentally, the plants became too old and started to initiate flowers.

The results obtained justify a more extensive research on the action of gibberel-
lin upon the ontogenesis of midrib and leaf blade, in particular in relationship
to light. Results of some preliminary experiments on the effects of different
doses of gibberellin at different light intensities (VAN DER MEER, 1968), arein a
line with LockHART’s (1361) views on a light intensity-gibberellin interaction of
stem growth of Pinto beans. According to this view, slow growth at low light
intensities is primarily due to reduced photosynthesis, while growth inhibition at
high intensities is supposed to be due to decrease in the effective levels of endo-
genous gibberellin, Consequently, the strongest growth promotion with gibberel-
lin should be obtained at high light intensity.
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CHAPTER 6

GENERAL DISCUSSION

It has been one of the aims of this study to acquire a better understanding of
the process of head formation in lettuce under various environmental condi-
tions.

Heading mainly seems a matter of the arrangement of the leaves around the
shoot of the plant, in which growth of the individual leaf plays a major réle. As
to this, many of the experimental results can be understoed on the basis of the
threediagrammatic leaf pictures, presented infig. 6.1. Although representing quite
different types of leaves, they nevertheless can be understood as to have origi-
nated from the same kind of primordium (cf. fig. 4.8) by differences in the rela-
tive outgrowth of the midrib and the leaf blade.

Leaf A represents a leaf in which midrib elongation has strongly exceeded
lamina expansion, {cf. also the leaves presented on Plate V, taken from a plant
treated with gibberellin). ‘Spoonshaped’ leaves are produced, which can be
spread out flatly only by making one or more incisions. It represents the typical
features of etiolated growth. On the contrary, leaf B represents a leaf in which
development of the midrib or in general of the vein skeleton, and that of the leaf
blade (mesophylt tissue) have just balanced each other, vielding a flat leaf surface
which may be considered normal for most ieaves in other plants. Eventually,
continuing along the same trend, in leaf C the situation occurs where leaf blade
development is relatively greater than that of the midrib; it turns cut that in this
case the leaf can be flattened by merely cutting the lamina from the midrib and
by stretching its folds (of. Plate II). Leaf C represents the typical features of a
mature lettuce leaf.

Experimentally, the leaves A, B, and C can be obtained by growing plants at
increasing light intensities. However, the same sequence, though less extreme as
to type A, can be observed in the first 12 to 15 leaves of the plant. Together, this
strongly suggests that photosynthesis to a large extent controls this development
of the leaves; increased photosynthesis, either achieved by higher light inten-

FiG. 6.1. Diagrammatic pic-
tures of three types of leaves.
A B £ Further explanation, see text.
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sitics or being-the result of a gradually increasing leaf area of the young plant,
may be considered to govern the change in leaf shape development from A to C.
Experiments with increased CQO, concentration and defoliation treatments
have given further support to this view.

-The effects of the production of leaves of the type C on head formation seems
quite obvious. The more so, if they are produced in a great number, and at the
same time internode clongation is greatly suppressed. Although no further
details have been given concerning this last aspect, it can be stated that in all
cases where elongation of the midrib was found to be either stimulated or sup-
pressed, the same was found for elongation of the internodes. In an extreme
case, e.g., at a very low light intensity, this could give rise to the formation of
stems of appreciable lengths. Elongation immediately stops when light intensity
is increased, and a new rosette is formed again on top of the preformed stem.
Fig. 5.8 illustrates a similar situation for plants which have been treated with
gibberellin for a short period oniy.

By a more close examination of heading in young plants, it is observed that
leaves initially form an open rosette. However, when the leaves successively be-
come larger and leaf blade extension starts to exceed midrib development, the
lamina begins to show folds. There is a strong impression that especially the
upper part of the leaf is being ‘pushed-up’ by the extension of the lower part.
Therefore, folds usually originate at the upper part of the leaf. In this respect it
is of interest that SAURER and PossiNGHaM (1970) in spinach leaves, observed a
continued mitotic activity at the base of the leaf, providing new portions of leaf
blade during leaf expansion. The situation was reported to remind of that in
leaves of monocotyls, where the leaf blade elongates through the activity of in-
tercalary meristems.

The first leaves, folding together in this way, will cover the centre of the still
open rosette, including the young leaves. Since subsequent leaves do the same,
the vegetation point will be gradually covered by an increasing number of leaves.
This, in essence, typifies the mode in which heads of butterhead varieties of let-
tuce are built up. This clearly differs from the heading of cabbages as described
by NORTH (1957), where hyponastic curvatures of the leaf primordia seem to
play an important rdle. In cabbage, newly formed leaves grow more and more
arched over the growing point producing an embryonic head which may conti-
nue to grow in size and amount of leaves, without changing essentially in form
until maturity. In contrast to this, the heads of lettuce develop from the outside
to the inside, although in some varieties, in particular the crisphead lettuces,
head formation shows resemblance with that of cabbage. On Plate III, an exam-
ple is given how hyponastic curvatures, in particular of the lower part of the
midribs greatly determine the shape of the heads formed, Since varietal differ-
ences in this respect are evident, the nature of these curvatures are worth to be
further examined.

A, point of special interest is that the younger leaves developing inside the
head will be increasingly cut off from light. Nevertheless, they display the mor-
phological features of leaves growing at a high light intensity. It seems, therefore,
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that the older leaves which are exposed to light, can supply the inner ones with
all the esseatials for their growth. As to their chlorophyll synthesis, however,
they respond to their actual situation of darkness. On the other hand, stem and
midribs of the inner leaves respond with an immediate elongation when the light
intensity, received by the outer leaves, is strongly decerased. This seems to indi-
cate that also the site of perception of the light stimulus, inducing elongation
in the younger leaves, is in the older ones,

Heading, evidently, will increase the amount of the non photosynthetically
active parts of the plants. Moreover, it is clear that a close relationship exists
between photosynthetic activity of the plant and the onset of heading. Therefore,
under conditions of limited energy supply, e.g., during winter time, head forma-
tion will be more difficult to achieve. But it wouid seem advantageous if it should
not start at a too early stage since the effect of the lower light intensity might be
compensated by a greater area of leaves exposed to light. In this respect, the
results of BRoUwER and Huyskes (1968) are illustrative, who found that the
faster growth of one of two varieties of lettuce tested, could be ascribed solely to
a better exposition of its [eaves to light,

Besides the pattern of growth of the individual leaves, also the number of
leaves which take part in head formation is of great importance. It has been
demonstrated in the previous chapters that leaves are initiated at a constant
rate, different according to conditions of light and temperature. Subsequent
growth of the leaves, however, occurs at a lower rate, leading to an accumulation
of young leaves. Differences in the rates of leaf production and leaf unfolding
are rather common in plants (MILTHORPE, 1959, CLOWES, 1961) and in the case
of cabbage it has been denoted as a condition leading to the onset of heading
{NorTtH, 1957). Aiso for lettuce it seems important that, as soon as head forma-
tion has started, the head is filled up by leaves which should be produced at a
high rate, but which should not grow so rapidly that they will break through
the enclosing sheats of older leaves. '

In this respect, varietal differences occur. ‘Meikoningin’, e.g., is a lettuce
variety of which the leaves show the right morphological features for proper
head formation. However, owing to a low leaf production rate at low light in-
tensities, growth in particular during the winter will give less favourable results.
On the other hand, the variety ‘Proeftuin’s Blackpool’ seems to give an example
in which a less favourable leaf morphology is partly compensated by increased
leaf production. The most ideal situation arises when both qualities are present
at the same time.

On several occasions in the course of this paper, it has been stated that differ-
ences in leaf growth may be successfully understood on the basis of a balance of
energetic and non-energetic processes. Both may operate as a limitation for
further growth at a given time.

Energetic processes are likely to be closely related to the process of photo-
synthesis. Non-energetic processes may be of different nature, and concerned
with, e.g., the supply of water, minerals, and hormones. The importance of this
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balance can be further illustrated by examining the differences in leaf growth
observed on a cellular level. With the restriction that only the size and number
of epidermal cells have been measured, it has been found that in all cases cell
number is positively related to light intensity; this holds for both midrib and
leaf blade. But, while cells in the leaf blade grow out to almost the same size
under all conditions, cells in the midrib show a large variation in length. This
variation was found to occur at various positions along the midrib, but also
between the midribs of leaves grown under different environmental conditions,
e.g., different light intensities. Consequently, differences in cell number account
almost completely for the differences in leaf width observed, whereas the length
of the midrib appears more dependent on the length of the celis, the average cell
length decreasing, e.g., with increasing light intensity. Evidently, conditions for
cell extension become less optimal at high light intensity. For an appropriate
cell extension, water and minerals should be supplied at optimal concentrations.
In particular at high light intensities it may easily occur that either one, or both
limit growth, However, for the experiments presented here, special care has been
taken to grow plants at ample supply of water and minerals. Therefore, a
negative relation between cell length and light intensity, as found for cells in the
midrib, seems to indicate a light induced limitation in the process of cell exten-
sion itself.

Cell extension, evidently, requires metabolic energy for the synthesis of pro-
toplasm, cell wall formation, etc. On the other hand, increase in cell size is also
accompanied by uptake of water by the cefl. This requires that the water poten-
tial inside the cell be lower than that outside and at the same time a pressure
potential that exceeds the resistance of the cell wall to plastic deformation (for
a recent, detailed discussion of this matter the reader may be referred to, e.g.,
SaLisBURY and Ross, 1969).

Hence, plastic properties of the cell wall will play a major rdle in the process
of cell extension; they may be denoted asa ‘resistance’-factor in the growth pro-
cess, Hormones are known to act as chemical regulators in this, in the sense that
they may increase the plastic (HeEyn, 1931) or elastic (BURSTROM ef al., 1970)
properties of the cell wall. On the other hand, increased metabolic activity in the
cells, e.g., induced by high light intensity, may have a decreasing effect on cell
wall plasticity (THoMSON, 1950, LockHART, 1960, 1961). This could be a helpfull
explanation for the negative relation between cell extension and light intensity,
mentioned above. In this respect it might also be mentioned that we found a pro-
longed exponential growth of the midrib at low light intensity as compared with
high light intensity. At high light intensity a relatively higher hormonal activity
may be required to keep the cell in optimal conditions for elongation than at low
light intensity. Results of prelimenary experiments indeed, suggest that at a high
light intensity, higher concentrations of gibberellin are required than at a low
light intensity to obtain the same relative increase in length of the leaves (VANDER
MEER, [968). In this respect also the effects of gibberellin on photo-inhibited
stem elongation of beans obtained by LockHART (1961) should be mentioned.

The effects of gibberellin as demonstrated in this paper, show that the pattern

Meded. Landbouwhogeschool Wageningen 71-15 (1971) 81



of growth of the leaf is fundamentally changed. It strongly suggests that the
excessive clongation of the midrib observed occurs at the expense of the leaf
blade, however, gibberellin has increased the size of leaf blade cells as well, (see
Table VII on page 74) This seems to indicate that midrib and leaf blade, though
structuraily integrated, may be regarded as two distinct parts, competetive in
growth, At a low light intensity, i.e., at a low energy supply, the midrib, apparent-
Iy, is in the most favourable situation. This is changed in favour of the leaf
blade when light intensity increases, i.e., energy supply is high, and the hormonal
balance for the midrib, presumably, becomes less favourable. This will again be
completely reversed, if the plant is treated with gibbereltin.

Competetive growth also seems to give the most acceptable description for the
differcnces in temperature response of the leaves at different light intensities. in
this case, competition for available growth substrates seems to occur mainly be-
tween the leaves, in which the leaf blades show the greatest response.

In general, it can be concluded that leaf blade expansion is mainly controlled
by energy supply (light intensity), and midrib extension by energy and hormone
supply. However, the ultimate shape of the leaves will be determined by the in-
fluence of light intensity on the balance between energy, providing metabolites,
and hormonal effects.
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SUMMARY

The growth of leaves of some butterhead type varieties of lettuce has been
investigated under different light intensities and temperatures, with special
reference to the process of head formation. Most experiments were carried out
with the varieties ‘Meikoningin’ and ‘Rapide’ in climatized growth rooms.

In Chapter 1, a typical feature of lettuce leaves is demonstrated, viz., that
lamina extension may largely exceed that of the corresponding midrib, yield-
ing the caracteristic folds and crinkles of the leaf blade (Plate IT). Therefore,
length and greatest width of the leaves have mainly been chosen as criteria for
differences in leaf growth.

In Chapter 3, the effects of different light intensities, light duration {daylength)
and their interaction with temperature are presented. Leaf production increases
both with light intensity and with temperature (fig. 3.1), but appears to remain
fairly constant with plant age. Since subsequent leaf development occurs at a
[ower rate, a number of leaf primordia and young leaves of the plant accumu-
late with time {figs. 3.4 and 3.5). Results suggest that primordial growth is more
affected by temperature than by light intensity (fig. 3.6).

In many respects clear-cut differences are found between the response of leaf
length and leaf” width under various experimental conditions. Based on the
maximum leaf dimensions reached, leaf width generally responds positively
to increasing light energy, either given as a higher light intensity or a greater
daylength (figs. 3.7 and 3.9.) In both cases relationships are represented by
saturation curves which, for light intensity, tend to go through the origin.
Effects of daylength become particularly evident for periods shorter than 12
hours.

For leaf length, a positive relation to light energy is only found at a low in-
tensity level, since at high light intensity midrib elongation appears clearly
suppressed. Effects of different daylengths, also are only evident at a low light
intensity (fig. 3.9).

Temperature effecis greatly depend on the prevailing light intensity: a
negative response observed at low light intensity changes into a positive
one at high light iniensity, in particular for leaf width (fig. 3.11). This
implies that the effect of temperature on leaf width is small at intermediate
light intensities (fig. 3.12). It further appeared that light intensity effects on
leaf width are especially manifest at high temperature, whereas for leaf length
they are more pronounced at low temperature (fig. 3.11).

Growth-time relationships appear to be quite different for leaf length and
leaf width. Leaves elongate fast at low light intensity, but growth is maintained
for a longer period at high light intensity. As a consequence hereof light in-
tensity effects on the final length of the leaves remain restricted. In contrast to
this, the effects on leal width are much more pronounced, since both growth
rate and growth duration are greatly reduced at low light intensity (fig. 3.16).

From the linear, but greatly different length-width relationships, measured
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during leaf expansion at different light intensities (fig. 3.21), it may be concluded
that an important factor in determining the ultimate shape of the leaves is the
moment at which leaf blade expansion is initiated during primordial leaf devel-
opment.

In Chapter 4, the foregoing results are examined on the base of differences
in number and size of epidermal cells in the midrib and the leaf blade.
Both for the midrib and the leaf blade there is a positive relation between light
intensity and cell number. Differences in cell number largely determine differen-
ces in leaf width, whereas in the midrib differences in cell lengih are much more
important (figs. 4.3 and 4.7). In general, average cell length in the- midrib decrea-
ses with increasing light intensity. This may explain the reduction of the midrib
observed at high light intensities. Cell division appears restricted mainly to the
early stage of growth.

In chapter 5, results of some additional experiments are presented, concer-
ning defoliation, extra CO,, and gibberellin application. Defoliation causes
a temporary reduction of leaf width of subsequent leaves (fig. 5.1) which can
also be brought about by a temporary reduction in light intensity (fig. 5.3).
At a higher CO, concentration larger leaves are produced than in normal air.
In all these cases, differences in leaf width are closely related to changes in cell
number. Gibberellin, in particular, induces a strong elongation of the midrib
which eventually may go at the expense of leaf blade development.

It has been suggested that differences in leaf growth may be understood
on the base of a balance between energetic and non-energetic processes, Both
may operate as 2 limitation for further growth. Energetic processes (i.e. pho-
tosynthesis) seem to control to a large extent cell division, consequently ex-
pansion of the leaf blade, whereas non-energetic processes (e.g. hormon activity)
seem important in particular for cell extension, and therefore play a major
rdle in midrib elongation. In this respect it is tempting to assume that at high
intensity a relatively higher hormonal activity is required to keep the cells
in optimal condition for extension.
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SAMENVATTING

Een onderzock werd verricht naar de invloed van lichtintensiteit, lichtduur
(daglengte) en temperatuur op de groei van bladen van kropsla, in het bijzonder
met betrekking tot het tot stand komen van de kropvorming. De meeste experi-
menten werden uitgevoerd met de varieteiten Meikoningin en Rapide in gekli-
matiseerde groeikamers.

Hoofdstuk 1 bevat enkele inleidende beschouwingen over bladvorm en krop-
vorming. Kenmerkend voor het volwassen slablad is de relatief sterke ontwik-
keling van de bladschijf t.o.v. de middennerf (plaat IL.) Samen met een hoge blad-
productie, en een sterke remming van de stengelgroei, ontstaat kropvorming als
vanzelf uit een ruimteprobleem bij de ontplooiing van de opeenvolgende bladen.
Afhankelijk van de varieteit kunnen hyponastische krommingen van de midden-
netf de stevigheid van de krop sterk bevorderen {plaat III). De aard van deze
krommingen werd niet nader onderzocht. Als belangrijke criteria voor de blad-
groei onder de verschillende experimentele condities zijn de bladlengte (strekking
van de middennerf) en de grootste bladbreedte (ontwikkeling van de bladschijf’}
gebruikt.

Hoofdstuk 3 bevat de belangrijkste gegevens over de invloed van lichtintensi-
teit, daglengte en temperatuur op verschillende aspecten van de bladgroei. De
bladproductie neemt zowel met de lichtintensiteit als met de temperatuur toe,
doch wijzigt zich niet met de leeftijd van de plant (fig. 3.1). Aangezien de groei
van de bladen geen gelijke tred houdt met de bladaanleg, heeft er een geleidelijke
ophoping van bladprimordia en jonge bladen plaats (fign. 3.4 en 3.5). Uit dere-
sultaten verkregen met verschillende lichtintensiteiten en temperaturen kan wor-
den afgeleid dat de primordiale groei meer door de temperatuur dan door de
lichtintensiteit wordt beinvloed (fig. 3.6).

In menig opzicht blijken middennerf en bladschijf verschillend te reageren op
de uitwendige omstandigheden. Gemeten aan de grootste bladen (fig. 1.2), ver-
toont de bladbreedte een positieve relatie met de lichtenergie, hetzij gegeven in
de vorm van een hogere lichtintensiteit of een grotere daglengte (fign. 3.7 en 3.9).
In beide gevallen wordt het verband door verzadigingskrommen voorgesteld,
die voor het geval van de lichtintensiteit duidelijk door de oorsprong gaan,
m.a.w. bij lichtintensiteit 0, dit is donker, ontwikkelt zich geen biadschijf. In dit
verband dient opgemerkt te worden dat bladen die zich ontwikkelen binnen een
gesloten krop in hun groei reageren op de lichtintensiteit die door de buitenste
bladen wordt ontvangen. Voor de daglengte geldt, dat pas bij belichtingstijden
korter dan 12 uur de bladbreedte duideljjk afneemt.

De bladlengte vertoont alleen bij lage lichtintensiteit een positieve relatie met
de lichtenergie. Bij hoge lichtintensiteit wordt de groei van de middennerf duide-
lijk geremd. In overeenstemming hiermee is dat alleen bij lage lichtintensiteit de
daglengte een duideljjke, bevorderende invlioed heeft op de groei.

Temperatuureffecten hangen grotendeels van het lichtniveau af. Vooral voor
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de bladbreedte geldt, dat cen verhoging van de temperatuur afname veroorzaakt
bij lage lichtintensiteit, maar toename bij hoge lichtintensiteit. De hieruit voort-
vioeiende verwachting, dat bij een bepaalde lichtintensiteit de invloed van de
temperatuur op de bladbreedte gering zal zijn werd experimentee! bevestigd
(fign. 3.10en 3.11). Bij de meeste lichtintensiteitenn neemt de bladlengte met de
temperatuur toe, alleen bij zeer lage intensiteit wordt een duidelijke afname ge-
vonden.

Voor het groeiverloop in de tijd blijken er ook duidelijke verschillen tussen
bladlengte en bladbreedte te bestaan. De grootste groeisnelheden worden voor
de bladlengte gemeten bij lage lichtintensiteit, doch aangezien de groei bij hoge
lichtintensiteit langer voortduurt, blijven de verschillen in de uiteindelijke leng-
ten bij de verschillende lichtintensiteiten beperkt. In tegenstelling hier-
mee neemt voor de bladbreedte zowel de groeisnelheid als de groeiduur sterk
met de lichtintensiteit af, met als gevolg veel grotere verschillen in uiteindelijke
bladbreedte tussen de verschillende lichtintensiteiten.

Uit de vrijwel lineaire, maar wel duidelijk verschillende relaties tussen lengte
en breedte tijdens de groei bij verschillende lichtintensiteiten (fig. 3.21), kan
worden afgeleid dat een belangrijke factor in de bepaling van de uileindelijke
bladvorm (lengte/breedte verhouding) gelegen is in het moment waarop de ont-
wikkeling van de bladschijf in het primordiale groeistadium begint (fig. 4.8).
Ontwikkeling van de bladvorm bij opeenvolgende bladen en de invloed daarop
van de uitwendige omstandigheden blijken duidelijk vit lengte-breedte grafieken
(fign. 1.2 en 3.23).

In Hoofdstuk 4 zijn de hiervédr besproken resultaten verder geanalyseerd naar
aantal en grootte van de epidermiscellen in middennerf en bladschijf. Zowel
voor de middennerf als voor de bladschijf geldt, dat het aantal cellen toeneemt
met de lichtintensiteit. Verschillen in bladbreedte blijken vooral te berusten op
verschillen in aantallen cellen (fign. 4.6 en 4.7). Voor de middennerf spelen ver-
schillen in cellengte een veel grotere rol (fign. 4.2 en 4.4). De gemiddelde cellengte
neemt af met toenemende lichtintensiteit (fig. 4.3), wat de afname in bladlengte
bij hoge lichtintensiteit kan verklaren. Celvermeerdering (celdeling) blijkt be-
perkt tot een vroeg stadium van de groei, waarin de potentiele bladgrootte gro-
tendeels wordt bepaald.

In Hoofdstuk 5 worden de resultaten vermeld van enkele aanvuliende proeven,
die betrekking hebben op ontbladering, extra CO, en gibbereilinebehandeling.
Vermindering van het photosynthetisch werkzame bladoppervlak van de plant
door ontbladering veroorzaakt in de daarna gevormde bladen een tijdelijke
teruggang van de bladbreedte, geheel analoog aan die, welke verkregen kan wor-
den door een tijdelijke verlaging van de lichtintensiteit. In beide gevallen is de
afname in bladbreedte duidelijk gecorreleerd met een afname in het aantal cel-
len. (fign. 5.2 en 5.3). Bij een hogere CO, concentratie (0.1 %), neemt de blad-
grootte toe door toename in celaantal (fign. 5.4 en 5.5). Toediening van gibberel-
line doet vooral de middennerf sterk uitgroeien als gevolg van een vergrote cel-
strekking; ook in de bladschijf neemt de celgrootte toe (Tabel VII), maar als ge-
volg van een sterke reductie in het aantal cellen neemt de bladbreedte in de later
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gevormde biaden sterk af. Aangenomen wordt dat de verhoogde strekkingsgroei
ten koste gaat van energie die anders beschikbaar zou zijn voor de celdeling.

In een slotbeschouwing wordt gesteld dat bij de groei van het blad zowel
energetische {photosynthese) als niet energetische processen {opname van water,
mineralen, werking van groeistoffen) betrokken zijn. Voor het uiteindelijke re-
sultaat zal het heersende evenwicht tussen beide processen van groot belang zifn.
Hierbij lijken duidelijke verschillen te bestaan tussen bladschijf en middennerf.
Energetische processen lijken vooral voor de bladschijfontwikkeling van belang,
mogelijk vanwege een grotere relatie met de celdelingsactiviteit. De niet energe-
tische processen lijken vooral van belang bij de beheersing van de celstrekking,
en spelen daardoor mogelijk een grotere rol bij de groei van de middennerf. Op
grond van de betekenis die groeistoffen in het algemeen bij celstrekkingsproces-
sen hebben, wordt verondersteld dat bij hogere lichtintensiteit een relatief hogere
groeistofconcentratie vereist wordt voor een optimale strekkingsgroei van de
middennerf. De verschuiving in de verhouding middennerf/bladschijf ten gunste
van de bladschijf, wanneer de lichtintensiteit toeneemt, wordt mogelijk hiermee
verklaard,
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