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CHAPTER 1

INTRODUCTORY

1.1.

INTRODUCTION

Lettuce is a common garden vegetable, grown in particular for its leaves. Although different types of lettuce are known, classified partly on base of the
organisation of the leafy shoot, those in which relatively large leaves are arranged 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 attempted 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 improved, notably by means of extra C 0 2 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 years (VAN SOEST and KEMMERS, 1959, VAN
DER HOEVEN and GROENEWEGEN, 1970). Yet, if one would ask by the improvement of which qualities of the plant these higher yields are being obtained, and
whether still further improvements might be achieved, an answer will 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 photosynthetic 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 C 0 2 to the photosynthetically active sites within the leaves. Hence, under restricted light conditions, it
seems difficult to combine satisfactory plant growth as measured by weight increase 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 studying 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 obtain more information about
the relationship between leaf shape and head formation.
On plate IA, a plant ofthevariety 'Meikoningin' (syn. May Queen) isshown
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 fullgrown, 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 leaves longer than 1 cmhavebeenformed ona
stemofonly2.5cmlength.Thismeansanaverageinternodelengthof0.7mm.Except for thefirstthreeleaveswhichwerelost at thetime ofharvest, the leaves are
shown separately on plate IB.In the apical bud, a further 27 leaf primordia are
present, making a total of 65 leaves formed. Heading appeared to have started
with the outgrowth of the 12thleaf.Aclose-up of leaf 17isshown on plate IIA.
One of the most striking features of this leaf is a conspicuous surplus of mesophylldevelopment relativetomidrib elongation. This causes folding and crinkling 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 Stärkeren Flächenwachstums auffallend blasigrunzelig. Die daran nicht beteiligten, begrenzend wirkenden, grösseren Leitbundelstränge bewirken eine Aufteilung in eine Anzahl Auftreibungen und
führen 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 substantial 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 constant for a number ofleavesthereafter, 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 beconsidered as having
reached their final dimensions, although the leaves 16to 20had not reached the
size of the preceding ones, 12 to 16. It seems that for some reason they have
stopped growing before they haverealized 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 in2

Meded. Landbouwhogeschool Wageningen 71-15 (1971)

PLATE IA
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PLATE I. A plant of the variety 'Meikoningin' grown under natural conditions during April
and May(IA).Separateleavesarranged accordingtoleafnumberfrom oldtoyoung(IB).
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PLATE IIB

PLATE II. Close-up of leaf 17, intact and left half cut from midrib and flattened.
4
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FIG. 1.1. A: Length (•) and
width (x) of the successive
leavesofaplantgrownunder
natural conditions during
April and May. Leaves
numbered stem upwards,
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 12leaves. 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 theupper,curvi-linearhalf ismade up by the leaves
1to 10,and the straight lower half bythe leaves 18to 38.The leaves 11to 18are
located at the meetingpoint of bothparts of the curve, indicating the maximum
leaf size present.
Linearity of the lower leg suggests that during leaf expansion a constant proportionality betweenincrease in length and inwidthismaintained. Theline does
notpass the origin but cutsthevertical (length) axis somewhat higher, sincevery
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 oftheleafprimordium atthemoment leaf bladeextensionproperly starts.
In fig. 1.2, the straightpart ofthelengthto widthrelationship runs at an angle
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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FIG. 1.2. Length-width diagram for the leavespresented infig. 1.1.Arepresentsthemaximum
leaf size reached under the given conditions.

of 40°, indicating that leavesgrow faster in width than in length. Ifthisline may
be considered as indicating the course of growth of all leaves above leaf 12,it is
quiteclear that the leaves 1 to 10cannot have developed along the same line but
are likely to have grown along possibly similar straight lines for the L/W relationship, 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,wehave periodically harvested plants
from the moment of planting onwards, and L/W relationships were determined
for the growth of the leaves 4,6, 8, 10and 12.As shown in fig. 1.3, the leaves in
this sequence indeed display an increasingleaf blade development, resulting in a
decreasing slope of the L/W lines as expected. A fact of great importance, evidently, isformed 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 substantiallycontributetohead formation. For the plant shown on plate I, in total
65 leaf initiations have been counted. Considered over a growth period ofsix
weeks, this implies an average production rate of 1.5 leavesper day. It should be
noted, however, that from these 65leaves,27are still lessthan 1 cmlong and do
not, as yet, substantially contribute to the formation of the head. Further outgrowth 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,
6
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FIG. 1.3. Length-width relationships for leaves 4, 6, 8, 10,and 12as measured at subsequent
harvests. Conditions as infig.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
bylongphotoperiods (ERNST-SCHWARZENBACH, 1936),thiseasilyhappens 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
ormidrib.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 theseleaf curvatures should beconsidered asa consequence
or as a cause of head formation.
Fortheplants,analizedabove,theyarelessprominent, althoughtheymayarise
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
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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PLATE HI. 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 leaves of
which are only slightly curved
For the butterhead varieties these leaf 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 socalled crisp-head varieties,a type of lettuce
grown especially inthe 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. Consequently, rather compact heads are formed, resembling those of cabbage. When
grown for seed production, it often is necessary to quarter the tight heads to allow normal development of the flower stalk (JONES, 1927), a method which can
be replaced by spraying the plants with gibberellin at an early stage (HARRINGTON, 1960).The nature of theseleaf 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 seemsto depend upon arelatively high
rate of leaf production, a relatively slow rate of stem elongation, arelatively large size of individual leaves, and a relatively short length of petioles.
8
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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 isaffected by both internal and
external growth conditions isthe 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 100articles which, although all bearing on lettuce
asaresearch object, are of widelydifferent nature,from simplefieldexperiments
to elaborate studies on the mode of action of phytochrome in lettuce seed germination or hypocotyl lengthening. Those dealing with leaf morphogenesis,
however, are scarce.
A well documented survey from the morphological and taxonomical viewpoint of the different types of lettuce is given by HELM (1954, 1955); special
attention being paid to probable 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 ('Fiederprimordiën') 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. longifoliaLam.). Large,round to kidneyshaped leaves are formed in the true heading types of lettuce {Lactuca provar.
capitata 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 scat-iola L,possibly out of two already different forms, one with divided
lobed leaves (f. serriold)the other with entire leaf margins (f. integrifolia). For
full, historical details see HELM (I.e.).
DULLFORCE (1962)has summarized the requirements for heading as mentioned before. Hearting of the variety Cheshunt 5Bfurther appeared associated with
a critical value of the leaf area ratio of the plant (dm 2 /g), being satisfactory at
8 dm 2 /g, marginal at 9to 11dm 2 /g, and absent at still higher values.Asis 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 temperature may exert acompensatory influence onhearting aswasfound for the length
to width ratio developed by the leaves (BENSINK, 1958). Both high light intensity and low temperature tend to decrease the L/W ratio. Hearting may occur
at high temperature (21°C.) provided light intensity is sufficiently high,
Meded. Landbouwhogeschool Wageningen 71-15 (1971)

9

(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 results 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 (BENSINK, 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 u p 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 P A U W (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 carbohydrate 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 carbohydrate nitrogen ratio of the plants. According to MIYAZAKI (1960), moisture
content of the leaves increases at the time the plants start to heart which seems to
agree with findings of K A T O et al. (1963) who stated that transpiration of the
plants decreases after they have started to form heads. K A T O (1964a,b) studied
also the auxin and gibberellin metabolism in relationship to stem elongation and
flowering of three varieties including May King(syn. Meikoningin, ROODENBURG
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 temperatures induced the appearance of gibberellin-like
substances, and also enhanced flowering. Whereas application of gibberellin induced 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 IAA-oxidase activity
was reduced by all combinations of gibberellin application and high temperatures. 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 adaptation of lettuce, concluded that the optimum temperature for the crisphead
varieties Great Lakes and Imperial was 17° to 18°C. Above 18°C, leaf 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,
10
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whereas short days and temperatures between 15°and 20°Cwerefavourable for
heading. Gibberellin application promoted stem elongation butdidnot accellerate flowering.
Valuable information on the growth of lettude can be found also in publications of a morepracticalconception, such as givenbyBANGA (1940), VAN KOOT
and GROENEWEGEN(1955), WHITAKERetal.(1962),and others,whileafull account
on the anatomical structure of different parts of the lettuce plant is given by
HAYWARD (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 Fragariaare dealt with by ARNEY
(1954-1956), of cucumber by MILTHORPE, NEWTON, and WILSON (1959-1966),
oîPhaseolus vulgarisby DALE (1964-1970), alistwhichmay beextended at will;
howeverafull account of this seems to be outside the scope of this Chapter. To
some ofthem wewillrefer atmore appropriate places inthecourse ofthis paper.
In 'The Growth of Leaves', MILTHORPE (1956) has edited a series of papers
which are still of great value, while HUMPHRIES and WHEELER (1963) have reviewed 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 introduction into theliterature, itmight bestated that
Lactuca sativais 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. Forthatreasonitisgenerallyusedasaresearchobjectinthestudyof
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, STOLWIJK 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 morphogenesis of plants ascarried out mainly by WASSINK and othersinthis laboratory, 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. Although, in the course of this study different varieties have been used, most experiments were carried out with 'Meikoningin' and 'Rapide'. For a long time,
Meikoningin, a relatively old variety, 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 15 years,
however, it has been replaced almost completely by an ever increasing number
of new varieties yielding better results in this type of growth (ANON., 1970);
Rapide is one of these new varieties. Occasionaly, also other varietieshave 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. Forfurther use,
each year a few plants of each variety have been raised for seed production,
theproduction ofoneplant, generally, beingsufficient to supply all experimental
plants needed in one yaer.
Seeds weresown in seed boxes, at 20°C.As soon as both cotyledons had fully
expanded and the first leaf started to elongate, seedlings were pricked out at
2 cm distance in fertile soil. Further growth occurred under fluorescent light at
about 30,000 ergs/cm2 sec, given during 12hours per day, at a temperature of
20°Cthroughout. At the time the sixth leaf had reached alength 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-plasticcontainers of 80 X 60 X 20
cm.Inthelatter case,a number ofplants weregrown together. Pots or container
are placed on wheeled trucks of 80 x 60 cm surface area, adjustable in height.
When necessary, trucks with plants weremoved 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.
Apot sizeof 13cmdiameter (0,7 Lcontent) proved to betheminimum sizeto
avoid influences on growth to be ascribed to pot limitation of the root system.
Recently, square pots of 17 x 17cm and 17cm 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
12
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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 asamono-sodium ferri
salt of E.D.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 cm and
190cm 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 isprovided by fluorescent
tubes (Philips 120 Watt, TL 55), mounted parallelly as individual units on top
of a double layer of perspex panes which form the ceiling of the growth rooms.
Every month, a quarter ofthelamps isrenewed inorder 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.
Intensitiesaremeasuredinergs/cm2sec(1 erg/cm2sec= 0.24.10" 7gcal/cm2sec =
0.1 mW/cm 2 ) with a cosine corrected photocell, calibrated for the spectral energy distribution of the lamps used, with the aid of a standarized thermopile. See
for details STOLWIJK 1954, and GAASTRA 1959. Thirty cm underneath the perspex ceiling an intensity of 100,000 ergs/cm2sec can be obtained. When necessary, the plants are moved to dark rooms, identical to the light rooms apart
from the illumination.
2.2.3. Application of higher C02 concentrations
Someexperiments werecarried out inwhichplants weregrown inan enriched
C 0 2 atmosphere. Two leak-proof cabinets of 100 x 100 X 70cm were used for
these experiments. Plants were grown in 1 liter glass jars, subirrigated with
nutrient solution. Thejars 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 C 0 2 gas
was added at a rate of 151 per day, calculated to maintain a C 0 2 concentration
of about 1000ppm. Small fans were used for proper mixing of air and C 0 2 *

2.3. MEASUREMENTS

2.3.1. Macroscopical measurements
Since,forobviousreasons,leafareas(seeplateII)aredifficult tobemeasuredac* Technical advice was kindly supplied by D R . P. GAASTRA, at that timeacollaborator of this
laboratory.
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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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 leaveswhich represent
the maximum attainable leaf dimensions under the given conditions, i.e., those
indicated byA in figure 1.2.They areproduced only after a different number of
leaves of gradually increasing size, demonstrating the increasing growth capacity 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. It
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 particular serial number taken from different plants which were periodically harvested. Plants were selected carefully on uniformity beforehand. In thisway,information about primordial leaf development could be obtained which, otherwise, was imposible to collect.
Leavesarenumberedintheorderof appearance,and accordingly plottedinthe
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 cm. Actually, in the latter case the plastochron-index of the plants has been determined, as defined by ERICKSON and
MICHELINI (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 sizeof 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) werepreserved in 70%alcohol. The epidermis of the
midrib could easily bestripped off and examined under themicroscope; 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
thattheyappear aslong, elongated cells, usually with tapering ends. The lengths
of ten cells or more in one row have been measured;per sample hundred cells
weremeasured. Average celllengths were determined for subsequent sections of
the midrib from base to tip. Cell number per single row was estimated by dividing midrib length by average cell length.
On the leaf lamina, mature epidermal cells show wavy anticlinal walls, well
known for the leaf epidermis. Camera-lucidadrawings of a group of cells were
made, and their surface areasmeasured withaplanimeter. After calibration with
an object micrometer, planimeter readings were converted to \i2 cell surface.
Dependent on cell size and magnification used, each drawing comprised ten to
14
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fiftycells. Two or more drawings weremade per leaf blade sample, four or more
over the entire leaf width.
Always, cells of the adaxial (upper) leaf sidewere measured, which cells were
clearly distinguishable from thoseon the abaxial (lower) side,asthey show more
strongly undulated anticlinal walls. Stomata which occur on both leaf sides,
together with adjacent subsidiary cells, were excluded from measurement.
Sincecells ofthemesophyll parenchyma wereclearly distinguishable as round
cells when leaf tissuewascleared inalcohol,growth ofthesecellscould bemeasured 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 bediscussed inChapter 4,
cellsurface israther constant overtheleaf blade, sothat differences inleaf width
are fairly well correlated with differences in cell number.
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CHAPTER 3

A S P E C T S O F L E A F D E V E L O P M E N T AS
A F F E C T E D BY L I G H T A N D T E M P E R A T U R E

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

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 determined by peeling off all the leaves from the rosette, beginning with the oldest,
outermost leaf formed immediately after the two cotelydons. In order to arrive
atthetotal number ofleavesproduced, leafprimordia areto becounted also, up
to the most recently formed one which is noticeable only microscopically 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
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FIG.3.1. A:Increase of total number of leaves with time, for plants grown at different light
intensities: I : 100,000(•), II: 40,000 (+), III: 18,000(D), and IV: 7,500ergs/cm2 sec. (O).
Leaf production expressed inleavesper dayisindicated at thetopofeach curve.Temperature
for alllightintensities20°C.
B: Thesameas A,for plants grown at different temperatures and at aconstantlight intensity
ofca.40,000ergs/cm2sec.
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total number of leaves of periodically harvested plants. Thus, in fig. 3.1,A, increaseintotal number ofleavesinthecourse oftimeisshown for plants growing
at four different light intensities between 7,500 and 100,000 ergs/cm2sec. 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 areindicated as'leaves per
day' at the top of each line.
At a light intensity of about 100,000 ergs/cm2sec, an average of 2,5 leaves is
initiated perday, whichmeansan averageplastochron (i.e.timeinterval between
the initiation of two successive leaves) of 0,4 days. At 7,000 ergs/cm2sec 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, before 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 seedswere sownin soil at a temperature of20°C. Bothcotyledons then have
beenjust 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.Duringthefirst8daystheleafnumberincreasestofive,and thenremains
constant for acouple of days before leaf production increases again. At the time
the plants are 19days old, at least 8leaves are present, a number which agrees
very wellwiththe initial number ofleaves represented infig. 3.1.To explain the

N u m b e r of Leaves

FIG. 3.2. Average number of
leaves of three to four plants
plotted against time. Observations started at seed emergence.
Cotyledons not included.
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curve of fig. 3.2, we may assume that the first 5leaves are produced at the expense of seed reserves and the first two leaves, possibly, were present already in
the plumule of the embryo in the seed. The apparent intermission in leaf production between leaves 8and 13can be understood as a lag-phase in which the
supply of energy to the growing point shifts from seed reserves to photosynthates produced by the young seedling. The reason why leaf production eventually
should lead to constant ratesasshowninfig. 3.1,can only beguessed. Fig.3.1,A
(and especiallyfig.3.3,A, discussed later) suggests that the slope which indicates
the rate of leaf formation, depends on the rate ofphotosynthesis, and, hence, on
lightintensity. Therather smooth curves offig.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 infig.3.1,the
slopes of the lines remain the same during the development of the plant, notwithstanding the fact that the plant continually produces increasing amounts of
photosynthates. It must, therefore, be assumed that the amount of photosynthates 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 assumed 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 ofthe actual size of the plant ismediated byway of some,
morphogenetic, trigger mechanism. Since total plant growth, in each individual
case, probably isnear exponental for some time, the effect of the trigger mechanism with regard to the suppliestothevegetation point may bedenoted as 'logarithmation', an effect which is found in many stimulus effects, as is shown by
many reports 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/cm2sec, one may ask to what extent leaf number will continue to
increase linearly with time. In the case of fig.3.1,A, about 70leaves 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, doesnot keeppacewith the
rate of initiation of new leaves, the number of primordia in the apical bud increases continuously (see later). This may yield a problem of space and it is indeed observed that, at that time thevegetation 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, (JONES, 1927).
Apart from light intensity, leaf production also depends on temperature. In
fig.3.1,B,increaseintotal leaf number isshownfor plants grown at five different
temperatures, at a light intensity of about 80,000 ergs/cm2sec. On the whole,
18
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FIG. 3.3. A: Leaf production in leaves per day plotted against light intensity at 10°C,20°C,
and30°C.
B: Leaf production plotted against temperature at four different light intensities, in ergs/cm2
sec.

leaf number increases again linearly with time, but, as may be expected, at a
lower rate when temperature is lower. At 10°Cand 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 withresults of other experiments, theinteraction oflight and temperature was examined. Fig. 3.3,A shows light dependence curves for leaf production at three different temperatures, viz., 10°C,20°Cand 30°C.Leaf production
reaches light saturation, however, overthe wholerange ofintensities,itisclearly
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/cm2sec instead of 11,000 ergs/cm2sec.
Linear temperature curves are characterized by a gradual decrease in Q 1 0 , indicating that in the various parts of the plant material processes with low Q 1 0
values (e.g. diffusion processes) gradually preponderate over those with higher
Q 1 0 values (e.g.enzymatic reactions) asrate limiting; aphenomenon 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
remarked that,ingeneral,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 ofat least 1 cmhas been determined. Asa matter 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
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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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,
1959; MAKSYMOWYCH and ERICKSON, 1960). If the reference length is 10mm, a
plant isconsidered to benplastochrons old whenleaf« hasjust reached a length
of 10 mm, and (n + 1) plastochrons old when leaf (« + 1) has reached this
length. In caseleaf« is longer than 10mm and leaf (n + 1)shorter than 10mm,
PIisfound byinterpolation betweennand (n + 1).For Xanthium and for lettuce
this appeared to be rather easy, since it wasfound, as will be demonstrated and
discussed in chapter 4, that there is a constant ratio between the lengths of two
successiveyoung leaves, independent of the node number. Thus, plotted logarithmically against node number, the successive leaf lengths fall along a straight
line,the slope of which represents the value of log£ n - logL n + 1 . PI then can be
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FIG. 3.4. Total number of leaves (•), and number of leaves longer than 1cm (O), plotted
against time, for plants grown at different light intensities, I: 100,000,II: 40,000,III: 18,000,
and IV: 7,500 ergs/cm2sec, at 20°C. Horizontal distance between the two curves indicates,
for eachleaf,thetimeintervalbetweeninitiation and themoment ofreachingalengthof 1 cm.
Vertical distance between the two curves indicates the number of leaves smaller than 1cm.
Numbers indicated in the graphs representfinallyreached values.
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read as the intersection point between n and n + 1of 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.:
Pr = n + (log Ln ~ log 10) / (log Ln - log Ln+,)
in which n is the serial number of the leaf whichjust exceeds 10mm length, Ln
the length of that leaf, and La +! the length of the next leaf which isjust shorter
than 10 mm.
Thus, under different conditions of light and temperature, in the nine graphs
presented infigures3.4and 3.5,increase inPI withtimehas 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 theplants, at first, increases at a much
lower rate, which, however, gradually increases with time until, finally, PI increases almost at the same rate as does total leaf number. Consequently, the
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number ofleafprimordia, shorter than 1 cm inthe apical bud, increases with the
ageoftheplant. Graphically, thiscan beeasily seenfrom theincreasing 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 together 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 1cm, and the duration of growth
from leaf initiation to a length of 1 cm,hasbeenestimated for different light and
temperatureconditions.Theresultsaresummarizedinfig.3.6.Thenumberofleaf
primordia (A), has a distinctly positive correlation with light intensity; with
more light an increasing 'stock' of primordia is thus formed. At all light intensities, the accumulation of leaf primordia is greatest at 10°C, which indicates
that leaf initiation isless 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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throughout at thehightemperature. Thismay wellhave been duetoan accumulation of leaf primordia during the period of low temperature.
Temperature and light intensity effects on the duration of growth from 0to 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,
hasalargeeffect, sincegrowthduration at alllightintensities isgreatly increased
at lower temperatures. Sincethe reciprocal of the duration of growth, evidently,
isa measure for therate ofgrowth from 0to 1 cm, itmay beconcluded also that
leaf elongation inearly stages ismuch 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,
aspresented in fig.1.2,they are found inthe region indicated by Aand are to be
considered as the greatest leaf size which can be reached under the given experimental conditions.
3.2.1. Effects of light intensity
In figure 3.7,graphs arepresented indicating thedependenceof leaf length(A)
and leafwidth(B)onlightintensity. Resultsofseveralexperiments are presented
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FIG. 3.7.A: Maximum leaf length,and B:Maximum leaf width as related to light intensity
Datafrom variousexperiments.
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together. In spiteofquantitative 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 widthrelationships clearly areofthetypeoflight saturation curves which
even seem to pass through the origin, indicating that leaf blade expansion will
only occur when the plant receives some light. The effect of darkness is wellknown 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, themoreconditions other than
light seem to limit further growth, e.g., water, minerals, hormones. That thisis
so, 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 leafwidth. Thecurves for leaflength,however, do not pass through
theoriginbutcutthevertical,lengthaxis 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 occurs; at high intensities leaf length clearly decreasesagain.Apparently, athighlightintensities,midribelongation islimited by
afactor notoperativeatlowintensités.Inthisrespect,elongationof lettuceleaves
seems to be another example of photo-inhibition, asalso found for elongation
in other parts of the plant, viz., hypocotyls,epicotyls, steminternodes,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 extending the duration of illumination (the daylength). Daylength as such iswellknown 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 daylength and lightintensity from theviewpoint of total energy supply to the plant.
In the first experiment to be discussed, plants have been grown at a series of
daylengths between 6and 24hours per dayat ahighlight intensity (80,000ergs/cm2sec) and at a low one (30,000 ergs/cm2sec). Results are shown in fig. 3.8.
Leaves at all daylengths applied are shorter but wider at the higher light intensity which isinagreement with whatonewould expect from thelight dependence
of leaflengthand leaf width asshowninfig.3.7.With increasingdaylengths leaf
widthapproachessaturationinawaysimilar 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 intensity seems more important in controlling leaf elongation than daylength. Applied tonatural conditions, it may perhaps be concluded that during the winter
season, when days are short and light intensities are low,leaf width expansion is
24
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FIG. 3.8. A: Maximum leaf length, andB:Maximumleafwidth,for plantsgrown at different
daylengths at light intensities of 30,000(•), and 80,000ergs/cm2 sec. (O).

reduced both by the shorther days and the lower intensities, whereas leaf
elongation is stimulated mainly as a result of thelowintensity. 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/cm2sec) and three
different daylengths (6, 12 and 24 hours). Of the nine possible combinations,
there arethreeinwhichplants receivethesameamount oflight,though differing
inintensity and duration. Infig. 3.9,the maximum lengthsand widths have been
plotted against total daily energy (time x intensity). The same results are presented intwo different ways, viz.,byfocussing attention to light intensity (A and
B) or to daylength (C and D). Once more, the differences in response of leaf
lengthand leafwidtharequiteobvious.Atthelowerlightintensity(25,000ergs/cm2sec) only, leaf length and leaf width respond similarly to increasing daylength, 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 lack of energy, i.e. supply
of photosynthates.
At the higher intensities (50,000 and 100,000 ergs/cm2sec) however, the situation becomes quite different. Leaf width still responds positively to increased
light duration up to 12hours (B). Daylengths above 12hours do not give much
further increase. The three curves in Btogether, suggest that leaf width reaches
saturation at about 200 x 107 ergs/cm2. Some of the points are not in accordancewiththis view, e.g., that observed in a 6hour day at 100,000 ergs/cm2sec.
Evidently, a limiting factor other than the amount of light energy supplied becomes ofimportance, causinglight saturation at a much lower level. This isstill
more clear, when considered inrelation to light intensity, as shown in D.
With respect to leaf length, it is quite clear from A and Cthat leaf elongation
isinhibited byhighlight intensities. Consequently, apositiveeffect oflight energy, noticeable at 25,000ergs/cm2secdoes not occur at 50,000and 100,000ergs/Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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FIG.3.9. AandC: Maximumleaflength,andBand D: Maximum leaf widthforplants grown
at light intensities of 25,000, 50,000and 100,000ergs/cm2 sec, and daylengths of 6, 12,and
24hours, in relation to daily energy dose in ergs/cm2. Same data presented in A and Cand
inBand D respectively. InAandBpointsareconnectedaccordingtoequallightintensities,in
C and D according to equal daylengths.

cm2sec. Evidently, also here, a factor other than light energy limits leaf elongation.
It is tempting to suggest, also in view of results to be presented in Chapter5,
that the other limiting factor under discussion both in relation to leaflength 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 temperatures 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 20CC and 30°C. At
10°C, some difference is found, mainly because the reduction in length and
width, usually found at lowlight intensities,issuppressed. Consequently, at low
light intensities, larger leaves are produced at low temperature than at high
temperature.
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In A and Boffig. 3.11, the average lengths and widths are shown at different
temperatures between 10°C and 30°Cfor 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,leavesdecrease in widthwithincreasing temperature at low light intensities, but increase in width at high light intensities. Although more or lessthesametrend isobserved for leaflength, a negative temperature response at low light intensity is much less evident.
A striking difference between length and width appears, in asmuch as temperature gradients at high and lowlight intensity converge with decreasing temperatures in the case of leaf width, whereas for leaf length they diverge. Evidently,
thegreatest 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 positiveresponse to
high light intensity, it may be predicted that at someintermediate light intensity
theeffect oftemperature on leaf development willbesmall.Evidence for this has
been collected in another experiment, in which plants were grown at four different light intensity levels at 10°C and 30°C. Based on the average length and
width developed at these temperatures (fig. 3.11,C,D)straight temperature gradients aredrawn whichhavedifferent slopes for each lightintensity. Particularly
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cm2 sec. (•), in C and
D: ca. 10,000 (O), ca.
25,000 (G), ca. 55,000
( x ) , and ca. 90,000
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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 situation 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 intensity. 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 isno doubt that a critical light intensity exists above which leaf growth will beenhanced 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, itmay benoted that ithas been demonstrated before (seefig.3.3), that
leafproduction increases with temperature at alllight intensities. Consequently,
itmay 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
highlight intensities, ontheother hand, it seemsthat an excessofenergy permits
growth of each leaf to be enhanced by increasing the temperature, notwithstanding leaf number will increase as well.
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FIG. 3.12. Increase or decrease in
leaf length(x),and leaf width (O)
in mm per °C, as a function of
light intensity. Points represent the
gradients of thecurves inCandDof
fig. 3.11.
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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 itscomplete course. Moreover, it should betaken into account
that measurements cannot bemade 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,directmeasurements havebeen supplemented byindirectones,bymeans
of periodically harvested plants, in which development of a leaf of a definite
serial number (usually 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 uniform 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 increaseinlengthandwidthofthe 12thleafatahighlightintensityandatalowone.
At the time the measurements started growth was found to proceed at a constantrate,yieldingalinear growth-time relationship. Conform to what generally
was found inall our experiments, leaf length reached a higher growth rate at the
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FIG. 3.13 Growth inlength(A)and in width (B) of a leaf (leaf number 12)measured on one
plant grown atalightintensity of20,000(•) and 40,000ergs/cm2 sec.( + ) respectively.

low light intensity. Leaf width, on the other hand, usually, increases more
slowly at low light intensity. Both growth inlength 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 byreducing the duration of growth. For a high light intensitythe reverse istrue: decreased rate ofgrowth iscounterbalanced by increased
growth duration. Consequently, differences inleaf length at different light intensitieswillbe small or moderate. For leaf width growth rate and growth duration
are influenced in the samedirection bylightintensity givingriseto 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 thephase 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/cm2sec respectively from left to right. From the linear course
ofthecurves ofthefirststages,itcan beconcluded that theearlyincrease of both
length and width proceeds exponentially. Mathematically, this can be expressed
by the well known formula for 'compound-interest' growth:
Lne

(1)

or written in its linear form
InL = In L0 + kt

(2)

in whichL is leaf length (or width) at time t,L0 the same at t0, 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.
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FIG. 3.14. Growth in
length (A)and inwidth
(Bj'of a leaf (leaf number 12)as measured on
different plants in subsequent harvests. I, II,
III, and IV are light
intensities of 100,000,
4O,OO0,18,O0O,and7,5OO
ergs/cm2sec.respectively. Numbers at top of
thestraight lines representrelative growth rates(i.e.theslopesof the
lines), during the phase
of exponential growth,
expressedonthebaseof
log e. Arrows indicate
estimated end of exponential growth.
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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 exponentialgrowth, clearly becomesshorter 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 theduration of exponential
growth(b)inrelation tolightintensity,both determined bygraphical estimation.
Wemayconcludethattherearemainlyquantitativedifferences betweengrowthin
length and width. Relative growth rate (a) for both length 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 quantitative 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 1cm. In accordance with the higher
values for k, leaves at the primordial stage will grow faster at a high light intensity, both inlengthand in width. However, sincefor leaflength theperiod ofexMeded. Landbouwhogeschool Wageningen 71-15 (1971)
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FIG. 3.15. Relative growth rate
k (curves a: •) and duration of
exponential growth (curves b:
x), as related to light intensity.
A: Leaf length, B: Leaf width.
Values graphically derived from
the curves of fig. 3.14. Growth
isconsidered to start at a length
orwidthof0.3mm.
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FIG. 3.16. Sigmoid growth curves for leaf length and leaf width, as derived from the logarithmiccurvesoffig.3.14.
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ponential growth is maintained longer at low light intensity, leaves eventually
elongate at a higher rate at alowlight intensity which isin agreement withresultsshownbefore infig.3.13.Ontheotherhand,thecurvesindicatinggrowth
inwidth are reduced over the whole range at lower light intensities, leadingto
a greater ultimate effect of light intensity on leaf width.
Infig.3.17,growthcurvesarepresented for different lightintensitiesat 10°C
and30°C,forleavesmeasuredontheplant.Astotheeffect oflightintensity,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 lower light intensities.
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FIG. 3.17 Growth in
length and in width of
a leaf(leaf 12)of plants
grown at different light
intensities at 10°C and
at 30°C, I, II, III,
and IV represent light
intensities of 100,000,
40,000, 25,000, and
10,000 ergs/cm2sec.
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Atall light intensities,at30°C,theleaveselongate 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. alsofig.3.11). Theinfluence of temperature also
in this case is affected by light intensity, and changes from a negative effect
(decreasing leaf width with increasing temperature) at lowlight 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 relationship for leaf length, a negative effect oftemperature probably occurs only
when light intensity isvery low. Inthepresent case (fig.3.17,A) at 10,000ergs/cm2sec 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 canbeapplied during thedayor during the night.
In early experiments (BENSINK, 1958), it has been demonstrated that a low
temperature given duringthenightcanpartly compensate fortheeffects ofalow
light intensity during thedaywhichisinaccordance withtheevidence discussed
above. In general, in effects of temperature during light and dark periods the
energy balance ofthe plant, andespecially thelight intensity, is important.
The effect of daylength on therate of leaf growth hasnot been examined in
particular, but in all cases where plants have been grown at different photoperiods, it wasevident that growth wasspeeded upbyincreasing 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. Fordaylengths of 12and 16 hours, reliable differences could never be established between growth rates during the light and the dark period of the 24-hours cycle.
However, sincedark growth, eventually, occursattheexpenseofenergy accumulated during the light period, previously presented data (fig.3.9)render it conceivable that with light periods shorter than 12hours, a difference will appear
between thegrowth rates during day and night.

3.4. DISTRIBUTION OF GROWTH ALONG THEMIDRIB ANDOVER THELEAF BLADE

In this paper, sofar, leaf growth hasbeen considered merely interms of total
length or greatest width, but there is no doubt that a leaf, and in particular a
lettuce leaf, willgrowatdifferent ratesindifferent places.Asimplemethod toinvestigate this is to measure the differential displacement of originally equally
spaced marks ofIndian ink. Introduced by SACHS(1874)inhisclassical studyon
the growth ofthe primary root, this technique hasbeen widely used since then,
also for leaves, AVERY (1933), MAKSYMOWYCH (1962), SAURER and POSSINGHAM
(1970).
Thus, midribs ofyoung lettuce leaves were divided bythree 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 itsincrement expressed aspercentage oftotal growth. Infig.3.18,therelative elonga34
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FIG. 3.18. Increase in
length of four originally equal parts of the
midrib as indicated.
Increases in percentagesof total leaf elongation at different light
intensitiesandat 10°C,
20°C, and 30°C.

20 40 60 80 100
x 10 ergs/cm 2 , sec

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, 50% ofallgrowth in
length is made up by the lowest quarter of the midrib, whereas only 10%is due
to increase of the upper quarter; the two middle parts showing values in between. Most strikingly, this distribution of elongation 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 distribution of elongation is observed. At high light intensities, the situation is the
sameasfound at 10°and 20°C, but atlowintensities elongation ismore equally
distributed overthe 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, Apresents growth-time curves of three subsequent
parts of the midrib. The leaf was marked at a length of 21 mm so that each section wasabout 7mm long. Adding upthe threecurves should yield 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
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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FIG.3.19. Growthinlength(A)and width (B)of various parts of themidrib and leaf blade as
indicated.Curvesontoprepresent increaseoftotal length (A+ B+ c)orwidth (A+ 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/cm2sec. It may be of interest to
carry out similar measurements at lowlightintensity and high temperature, asin
that caseonewould expect amore equal distribution ofgrowth alongthe midrib
(cf. also fig. 3.18).
When midribs of young leaves are divided into more and smaller parts, it
appears that itistheverybasewhichelongatesmost(fig.3.20).Thelower5mmof
theoriginally 30mm longleafyields30to 40%of the total ultimate elongation.
The leaf blade has also beenmarked ;bothhalvesofyoungleavesweremarked
with Indian-ink in the middle of the greatest width. Increase in width of each
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FIG. 3.20. Increase in length of 6 subsequent
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, isequally distributed over the leaf. In longitudinal direction, however, differences in growth are likelyto occur, considering
the relative surplus of leaf blade extension, demonstrated, e.g., on Plate II. 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. Sinceleavesgrow 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. However, the obtained results are quite conclusive and illustrated on Plate IV which
presentstwosuchleavesgrownatlowandathighlightintensity. 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 until the end, indicating that the pattern of differential growth has remained 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

PLATE 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)
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of the leaf. Lamina extension inthelongitudinal direction, evidently, kept pace
with the elongation ofthe midrib, yielding a flat and smooth leaf surface.
Atthehigh light intensity, theoriginal rectangular network becomes deformed:thehorizontal linesshow anupward bending near theleaf margins, whereas
the vertical ones diverge the more they approach the leaf base. A longitudinal
gradient ingrowth intensity isobserved, similar tothat found for thelow-intensityleaf. Clearly, leaf blade expansion hasincreased towards theleaf base, both
in longitudinal andtransversal directions. Similar results have recently beenpublished for spinach leaves by SAURER and POSSINGHAM (1970). Theevident surplus of lamina development yields the well known folds already demonstrated
on plate IL It isquite clear that theratio between midrib and leaf blade development greatly depends on light intensity. The more light the plants receive,
the more this ratio shifts in favour ofthe leaf blade.

3.5. LEAF SHAPE DEVELOPMENT

Asanindication fordifferences inleaf shape,the length towidth ratiomaybe
used, although data onL/Wratio's donotgive full justification tothe differential development of midrib and leaf lamina (c.f, e.g., Plate IIandthe preceding
section).
It has been demonstrated earlier in this paper, that L/Wgradually decreases
in the first 12to 15leaves and a more or less constant level is reached in later
ones (seefig.1.1). 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 ontheintensity oflight at which theplants aregrown.
Temperature appears to bea factor ofminor importance asisdemonstrated by
thealmost similar lightintensity dependence ofL/W at20°Cand30°Cshownin
figure 3.10. Only at 10°C, leaves will develop a lower L/W,inparticular atlow
light intensity, owing to a decreased reduction in leaf width as compared with
the situation at higher temperatures.
Since differences in leaf size are not expressed in the L/W ratio, preference
hasbeengiventoconstructplotsoflength against widthaspresented infig. 3.21.
InAthelength-widthrelationships areshown forthe12thleaf duringits growth
at four different light intensities. Theincrease in slope with decreasing lightintensity represents the higher L/W ratio's developed at low light intensity. At
each lightintensity, increaseinlengthandinwidthproceedsinamoreorlessproportional way,yieldinglinear relationships. Towards theendofthegrowth period, however, growth in length, evidently, prevails over growth in width, as
demonstrated bytheupward bend ofthe curves. Earlier cessation ofincreasein
leaf width seemsthemost probable explanation herefor. InBitis demonstrated
that exactly thesame L/Wrelationships apply also for thelength and widthsof
leaves 13 and higher, when measured simultaneously on theplant. Therefore,
it maybeconcluded that from leaf 13onwards leaves display thesame pattern
of growth, asindicated for leaf 12inA.
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Fia. 3.21. A: Relation between length and width of a
leaf (leaf 12), as measured
during its growth at differentlightintensities.1:100,000
(•), II: 40,000 (+), III:
18,000 (D), and IV: 7,500
ergs/cm2 sec (O).
B: Length-width relationships of leaves 13and higher
as measured simultaneously
on the plant. Curves similar
to those in A, representing
the same light intensities.
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When the presented graphs are supplemented with thecorresponding data for
the first 11leaves 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. 3.22that the
lower thelightintensity,themoretheultimate L/W ratio reached by subsequent
leaves resembles that of the first leaves. In other words, the first leaves apparently show the characteristic development of a low-light-intensity leaf. This
conclusion isin accordance with a concept of GOEBEL (1908), viz., that early,
juvenileleafdevelopmentisrelated tothenutritional status,i.e.,thephotosynthetic capacity of the plant. In thepresent caseitmainly 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.
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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FIG. 3.22. Length-width relationships of the first 12 leaves of the
same plants as in fig. 3.21. Curves
of fig. 3.21 reproduced as dotted
lines.
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Thisphenomenon, known as allometry can beexpressed by a formula given by
HUXLEY (1932). When Y and X are two directions considered, e.g., length and
width of a leaf, showing allometric growth, then
Y = b Xk

(1)

In Y = In b + k In X

(2)

or

in which b is a constant (representing the value of Y when X = 1), and k the
ratio between the relative growth of X and Y. This formula has often been used
to determine differences or changes in leaf shape, HAMMOND (1941), WHALEY
and WHALEY (1942), JONES (1956), HABER and FOARD (1964). When plotted
logarithmically, the values for X and Y fall along a straight line, the slope of
which represents k. From the value ofk, 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; k < 1 they becomerounder inshape,whereas for
k = 1, leaf shape remains unchanged. In the last case a graph of F against X
yieldsa straight line also ina linear plot, the slope of which isdetermined 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 k > 1 and
downwards for k < 1.
We have seen that in lettuce leaves, increase in length and width, at all light
intensities, over a longperiod ofgrowth, shows a linearrelationship,theslopeof
which differs, however, according to light intensity. From the foregoing discussion wemay conclude, that differences in growth at different light intensities are
only due to differences in b, k being unity at all intensities. Usually, no special
biological significance is attributed to the value of b, however, since it indicates
40
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the relation between the initial values of X and Y, it represents the length-width
ratio of the leafprimordium at themoment at which marginal meristems, initiating the leaf lamina, start differentiation.
Hence, it may be concluded from fig. 3.21 that leaf blade formation starts
relativelyearlier,i.e., at a shorter length of the primordium, at high light intensity.
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 controlled mainly by the energy supply, but fits quite well into this view.
From the fact that thecurvesinfigure3.22eventually bend upwards, itcan 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 toincreasewith decreasing light
intensity indicating that leaf elongation should increaserelatively more than leaf
width expansion at low light intensity. However, since calculations for k
show a great adaptability to rather large variations in length and width, the
significance of small differences in k may be doubted. For this same reason use
of the allometric formula in demonstrating small differences in leaf expansion
seems of limited analytical value.
For lettuce,length-width diagrams, aspresented infig.3.22 may demonstrate
theinfluence of variationsinlightconditions,asmaybeillustrated by an example
from plants grown under natural conditions. In A offig.3.23,loop-shaped curvesasdiscussed before, are presented for plants grown either in the open during
spring or in an unheated glasshouse during winter; measurements were made
May 11and December 3,respectively. Asisshown, inboth casesthe same course of development is followed by the first leaves. However, in May increase in
leaf widthcontinues upto much higher valuesthan inDecember. Consequently,
Length in m
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FIG. 3.23.A: Length-width diagrams for leaves of plants grown under natural conditions
during spring, measured May 11 (O), or grown in an unheated glasshouse during winter,
measuredDecember3(•).
B:Thesamefor aplant,measuredJanuary17.
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the lower leg'also has a much steeper slope in December because of the higher
L/W ratio of the leaves developing in winter. In B, a plant of the same set has
been measured again onJanuary 17.Owing to stillpoorer light conditionsin the
period prior to this measurement, in particular leaf width development hasbeen
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; 1to 2leaves per day
may beconsidered asnormal, ratesincrease both with light intensity and temperature. Leaves are produced at a higher rate than that at which they expand;
consequently, leafprimordia and youngleavesinthecentre oftheplant accumulate 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., 1cm, 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 phenomenon.
Leaf size
Light intensity has different effects on midrib elongation and leaf blade expansion, measured as leaf length and leaf width respectively.
Leaf width ispositively affected bylight energy, either in terms ofhigher 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/cm2sec 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 maybethought ofasalimitingfactor, operatingparticularly at
highlightintensities. Thus,itcan also beunderstood that effects ofdaylength on
leaf lengthsarenoticeableonlyatrelativelylowlightintensités;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 changeinto 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 wasespecially clear for leaf width. Sinceleaf production at
all light intensities is higher at high temperatures, it seems likely that at a low
energy leveloftheplant, i.e., atlowlightintensity, reduction inwidthmay result
42

Meded. Landbouwhogeschool Wageningen 71-15 (1971)

from increased competition for growth substrates.Athighlightintensities,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
isreflected also in growth-time relationships. Leaves elongate faster at low light
intensities, but leaf blade expansion then isslower. This difference, at least partly, can be understood from differences in growth already present in the primordial stage,when lengthand width both increase exponentially. It isobserved that
exponential growth increases with increasing light intensity but that at thesame
time its duration is shortened. This effect is much more pronounced for the
growth inlength than for that in width. Consequenty, during theprimordial leaf
stage, leaves elongate faster at high light intensity, whereas at a later stage
elongation isfaster at low intensity. Increase inwidth, on the other hand, occurs
more slowly over the wholeperiod ofgrowth, whenlight intensity islow.It may
be understoodherefrom thatlightintensityeffects aremuch 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, expansion 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 inleaf shapeare bestpresented inlengthtowidth 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 differences induced, e.g., by differences in light intensity. The different length-width
relationships in leaves growing at different light intensitiesorbetween 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 C E L L M E A S U R E M E N T S

4.1. INTRODUCTION

Since the whole plant ismade up of cells, increase in total cell mass isbasic 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 contain 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
cellscan bemeasured byrelatively simple techniques, thisprocedure 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 bymaceratingsamples oftheentireleaf,followed by
cellcountingwiththeaidof a haemocytometer (SUNDERLAND, 1960, MILTHORPE
and NEWTON, 1963, DALE 1964a,b). Somediscrepancy appeared astotheconclusionsderived from both methods. Studies on epidermal cells seem to suggest cell
division to be restricted to the primordial stage of leaf development, leaf unfolding being due exclusively to cell extension. Results obtained with maceration,however, seemto indicate that celldivision continues during a much longer
period of growth, notably during leaf unfolding. For tobacco leaves AVERY
(1933)found that epidermal cellsare thefirstto stop division whichmay explain
the observed differences.
In the present study, measurements are made on epidermal cellsonly, viz.,of
the adaxial leaf surface, although clarification of leaf tissue in 70% alcohol
enabled exact measurement of the cross sections of cells of the palisade parenchymaaswell,sothat correlation of these data with those of the surface area of
adjacent epidermal cells was possible (fig. 4.12).
Epidermal cells covering the veins, inparticular the midrib, are very different
from those in the interveinal areas. On the midrib, they appear in longitudinal
rows of more or lesselongated cells,usually withtapering end walls,whereas on
the lamina ofthemature leaf they appear asirregularly shaped cellswith stronglyundulated anticlinal walls(fig. 4.11),whichischaracteristic for many dicotelydonous 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 5to 10cells in one
row is measured. Thus, at different positions along the midrib, the average
length of 100cells has been determined. Younger leaves and leaf primordia are
44
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mounted intact, usually after having been 'flattened' by cutting off parts of the
abaxial side of the midrib.
From theepidermal cells, covering the leaf blade, 'camera-lucidcC 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. Cells 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
40,000ergs/cm2sec.Alongtheaxis ofeachleaf,theaveragecelllengthin^hasbeen
indicatedasmeasured atthatparticular section of the midrib.Full data are given
in Table I. There appears to beacertain sequence ofcelllengthalongthemidrib:
cells are short at the very base, increase to a maximum length higher upthe leaf
axis and decrease again towards the leaf tip, as shown in figure 4.2,in which for
the three leaves offig. 4.1, positions on the midrib are indicated in percents of
total leaf length. Celllength increaseswhenlight intensity decreases, particularly
inthelowerpart ofthemidrib. Likewise,maximum celllengthincreasesat lower
intensities and, moreover, occurs at a relatively lower position on the leaf axis.

290

182-78

204-93

"VAOs-

162-130

FIG. 4.1. Threeleavesgrownat different light intensities.I: 40,000,II: 20.000,and III: 10,000
ergs/cm2 sec. Average length of epidermal cells along the midrib in (i. Bottom: length and
widthofeachleafinmm.
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TABLE I. Epidermal celllengthalong the midrib of three leaves of plants grown at different
lightintensities.Outlinesoftheleavesshowninfig.4.1.Graphical presentation infig.4.2.
Light intensity I
40,000 ergs/cm 2 sec.
A
mm

B

Light intensity II
20,000 ergs/cm 2 sec.

C
H

D
n

240
247
278
316
414
527
455
300

63
81
72
63
48
38
44
90

°/

A
mm

B

C

/o

!*

Light intensity III
10.000 ergs/cm 2 sec.
D
n

A
mm

B
/o

C
|x

D
n

52
42
32
32
30
36
39
45
50
97

0-15
15-35
35-55
55-75
75-95
95-115
115-135
135-155
155-182

3
14
25
36
47
58
69
80
90

415
635
730
855
760
570
615
390
360

75
32
27
23
26
35
33
51
75

/o

0-15
15-35
35-55
55-75
75-95
95-115
115-135
135-162

3
16
28
40
53
65
77
90

0-15
3
290
15-35
12
475
35-55
22
627
55-75
32
630
75-95
42
655
95-115
51
550
115-135
61
510
135-155
71
440
155-175
81
400
175-204
91
300
maximum cell length
655 (x
average cell length
450 [x
total number of cells
455

maximum cell length
527(i
average cell length
320(i
total number of cells
499

maximum cell length
855 t*
average cell length
540 Vtotal number of cells
38i

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 (x per midrib section, data used for the graphs offig.4.2.
Column D:Number of cells (n) per longitudinal row determined by dividing average cell
length of midrib section (A/C).
Average length
e p i d e r m a l c e l l in JJ

r

Light i n t e n s i t y

°

,-'""'•-.

800

• High
x Medium
o Low

700
600

-

.' /

-

:

'

500 — >
,'

400

-.

x --°

/

y

X

-' ' /
-

o
0

y

/

/

/

*A\

JS

300
200

"•—•—

100
Tip

. Base
0

i

i

20

i

i

40

i

I

60

i

1
80

R e l a t i v e p o s i t i o n on t h e m i d r i b
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i

1
100

FIG. 4.2. Distribution of
average length of epidermal
cellsalongthemidribfor the
leaves of fig. 4.1.
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Towards the tips of the leaves there are no differences in length; cells 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
isconsistent with thegeneral 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 ofmidrib extension, which weconsidered as a
primary cause of thecrinkling of the leaf lamina along the basicpart ofthe midrib (Plate II).
The number of cellsper 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 (a),number ofcellspersinglerowoverthewholelengthoftheleaf (c), and
average cell length (b) as found by dividing total leaf length (a) by cell number
(c). Regarding leaf length, the general picture ofprevious graphs (fig. 3.7) isobtained 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 cit appears that cellnumber increases
over the whole range of light intensities, although strongest at low intensity.
Average celllength (b),on the other hand, shows a continuous decrease withincreasing 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 a results from
those of curves b and c. 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 extension. In this respect, however, it should be noted that HABER and FOARD (1964)
have pointed out that differences in cell size may only be used as an indication

n

210r

b O.

n

Ë
E 200

520
O

480 ~

190

V

*:

440

g

180
400
170

Ü
3 6 0 <~>

160
- 320
0

10

20

_1_
40

L i g h t i n t e n s i t y x 10 3 e r g s / c m 2 , sec

FIG. 4.3. Leaflengthinmm(a:•
cellsperlongitudinalrow(c: X

•), averagecelllengthin[x(b:O
O),andnumberof
x),inrelationtolightintensity.Data ofTable1.
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TABLE II. Epidermalcell length along the midrib of leaves ofplantsgrown atalight intensity
of40,000ergs/cm2sec, at 10° and 30°C. Same data as used forfig.4.4.
Temp.

°C

30

Midrib section
in mm

Midrib section
expressed as
percentage of
total length

Average cell
length in
V-

Number of cells
per longitudinal
row

0 - 20
20- 40
4 0 - 60
6 0 - 80
80-100
100-116

9
25
43
60
77
90

374
466
490
514
380
206

54
43
41
39
53
78

Total number of cells
Average cell length
10

0-10
10-20
20-30
30-40
40-50
50-60
60-73

7
21
36
50
64
79
93
Total number of cells
Average cell length

: 308
: 377 (x
169
228
296
280
298
250
164

59
44
34
36
33
40
79

: 325
: 225 (j.

for enhanced or limited cell extension when the cells do not divide at the same
time. Aswillbe demonstrated below, increase in cell number, at least as far as
the epidermis is concerned, remains restricted to very early stages of leaf development. After that, leaf expansion proceeds without further increase in cell
number, whichmeans that growth increments areentirely due to a proportional
increase in cell size. Therefore, short cells at the base of the midrib, evidently,
reflect limited extension growth inthat part ofthemidrib,incomparison 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/
cm2sec. According to what could beexpected, the leaf at 30°Creached 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 almost the same. Infig.4.4, the distribution of cell length along the midrib of the
sametwoleavesisshown. Thegeneraltrendisthesameasinfig.4.2,but at 30°C
the cellsinallparts arelonger. Infig.4.3it wasshown that light had aneffect on
both cell length and cell number. It may be asked, whether the fact that the cell
number isthesameintheleaves of Table IIisdueto 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
48
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FIG. 4.4. Distribution of
average cell length along the
midrib for leaves of plants
grown at 10°C, and at 30°C
Light intensity 40,000 ergs/
cm2sec.

Average Length
e p i d e r m a l c e l l in p
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•
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x\
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X

100
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i

0

0

Tip

1

1

1

1

1

1

,

20
40
60
80
Relative position on the m i d r i b

1

100

TABLE III Leaf lengthandtotalnumberofepidermalcellsinthemidrib persinglelongitudinal
row. Leavesof plants grown at different light intensities at 10°C.and 30°C.
Light intensity
ergs/cm 2 sec

Temperature
°C

Leaf length
mm

Total number of
cell per single
longitudinal row

40,000

30

139
165
116
47

303
323
373
431

25,000

30

90
94
95
63
41

221
298
237
260
229

40,000

10

70
70
50
36
33

307
325
331
345
327

Table I, and alsoleaflengthsreached are smaller. However, ingeneral, 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
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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intensity than onthetemperature at whichtheleaves weregrown. Notallleaves
had reached their final length at thetimeofcellmeasurement. That they, nevertheless,didnotgreatly differ incellnumber, suggests that allhadpassed thestage of cell division.
It seems, therefore, that cell number, i.e. the activity of cell division, in the
firstplacedepends ontheintensity ofthelight theplant receives,andisnotmuch
affected bytemperature, whereas cell length isinfluenced byboth temperature
and light. Hence, theeffect oftemperature onfinalgrowth cannot beconsidered
apart from theprevailing light intensity, ashasalready been demonstrated previously in Chapter 3.
4.2.2. Cells of the leaf blade
To investigate the distribution of cell size over the leaf surface, cells were
measured at47places along twostrips, oneparallel totheleaf axis, theother at
right angles to that, in thearea ofgreatest leaf width. Results shown in fig. 4.5
suggest that cell size varies only little over theentire leaf. Aclear difference appears only between theaverage cell size in theleft and right halves of the leaf.
This difference, when found, is usually associated with unequal dimensions of
thetwoleaf halves. Yet,ageneral conclusion maybethat differences inwidthin
different parts ofa leaf aredueto differences in cell number rather than in cell
size. In order to estimate thenumber of cells present in distinct parts ofa leaf,
leaf width wasdivided bythesquare root ofthe average cell area, as determined
in that part ofthe leaf. Thesquare root ofcell areahasbeentakenastheaverage
linear celldimension, sincethecells wereeither isodiametric, or,when oblongin
shape, their longitudinal axeswereinallpossible directions. Onlyinthevicinity
of large veins they were elongated in the direction of the vein. Infig.4.6,the
outline ofaleaf is shown, theleft half drawn according toa mmscale,theright

Cell a r e a
rel. units
140
x^
120

-

100
80

Relative position on leaf area
FIG.4.5. Distributionofaverage surface area ofepidermal cellsover theleaf blade. Measurements at 24 places along A (•
•),at 12places along B (x
x), and at 11 places
alongC(O
O),asindicated.
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FIG. 4.6. Outline of a leaf. Left half drawnaccording to a scale in mm,right half according to
oneindicatingnumberofcells.

60 40 20
Leaf widh inmm

400
1200
Cell number

half according to cellnumber atthedifferent positions intheleaf. Thetwoleaf
halves thus drawn match nicely, indicating that leaf width varies mainly by
difference in cell number. Below, data oncell size and cell number always refer
to thearea ofgreatest leaf width. Theaverage cellarea 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 compared for leaf width (a), cell size (b),andcell number (c), representing averages
of three leaves.

n2500

Light intensity x 10 e r g s / c m 2 sec.

FIG. 4.7. Leaf width in mm(a: •
•),average surface area of epidermal cellsiny.2 (b:
O
O),andnumber ofcells(c: x
x)inrelationtolight intensity.
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Leaf width increases with increasing light intensity (fig. 3.10), this increase is
almost directlyproportional toincreaseincellnumber, whilecellsizediffers only
little for the three light intensities. Inthis respectthemidribisdifferent (fig. 4.3),
for which there is a positive effect of light intensity also on cell number, with a
simultaneous decrease in cell length, resulting in a decrease in leaf length with
increasing light intensity.
In Tables IV 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 intensities. Table V contains average values of Table IV expressed in percents
either of those reached at the highest intensity, or ofthosereached 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 inlight 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 210to 78mm) 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 intensityat both temperatures. There ishardly any difference between thetwo tempeTABLE IV.Greatest leaf width,averagesurfacearea of theepidermal cells,andnumberofcells.
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
ergs/cm 2 sec

Temperature
°C

Leaf width
mm

Cell area
(x2

Number of
cells

100,000

30

210
206

3427
3358

3680
3550

22,000

30

127
138
156

2300
2310
3360

2650
2870
2690

11,000

30

84
68
82

2630
2270
3660

1640
1430
1350

85,000

10

150
159
156

1760
2300
2170

3570
3320
3350

25,000

10

113
110
109

1690
1640
1590

2750
2720
2740

11,000

10

85
77
86
129
132

1990
2345
1610
2335
3025

1900
1590
2130
2680
2400
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TABLE V.Averagevaluestaken from Table IV, expressed as percentage either of the values at
the highest light intensity, or of those at the lowest temperature.
Light intensity
ergs/cm 2 sec

Leaf width
10°C
30°C

Cell area
10°C
30°C

Number of cells
10°C 30°C

85-100,000
22- 25,000
11,000

100
72
66

100
67
37

100
79
99

100
78
83

100
81
62

100
76
41

85-100,000
22- 25,000
11,000

100
100
100

135
155
78

100
100
100

164
162
137

100
100
100

106
100
69

ratures at the two higher light intensités, but at the lowest intensity cell number
isgreater at 10°Cthan at 30°Cwhich,inparticular, accounts for thegreater leaf
width reached at this light intensity and 10°C,the more so sincecell sizeat 10°C
is smaller.
Table VI shows data of leaves of plants grown at a larger series of temperatures 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 corresponding 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 concluded that cell sizeismore affected by temperature than cell number, the latter
depending more on light intensity.

TABLE VI.Greatestleaf width,averagesurface area of theepidermal cells,and number ofcells.
The latter, calculated by dividing leaf width by the square root of the average cell
area. Data for leavesof plantsgrownatalightintensityofabout80,000ergs/cm2sec,
and at different temperatures.
Temperature
°C

Leaf width
mm

Average cell area
E*2

10
10
10

120
100
130

1780
1630
1860

2850
2480
3000

15
15

155
147

2800
2400

2950
3000

20
25
30
30

173
185
240
230

2870
3890
3800
3600

3240
2970
3900
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, infig.4.8 a few successive stages of primordial leaf
growth are shown in diagram. In early developmental morphology, lettuce
leavesagreeinbroad lineswith the descriptiongiven by AVERY (1933)for tobacco leaves, an example which has also been used by ESAU (1953) to illustrate primordial 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 istheaxisoftheyoungleaf.Itmayberegarded asconsistingof 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 axisfrom two strips of meristematic cells,located along two margins of the
leaf axis' (b in fig. 4.8) 'and called the marginal meristems' (ESAU, la, pp.
444-445).

Aôûâ

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
initiatingthelamina;
c—e: further outgrowth of midrib and leaf
blade.
(Different stages on different scales, a is
about 0.5mm,eabout 5mmlong).

Since the activity of these leaf blade meristems starts at about 1/3from thetip
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 thecourseoffurther expansion ampleopportunity existstomodify the
ultimate leaf shape. In the case of lettuce the separate study ofthe elongation of
theleaf axis,i.e.,the midrib, and of the expansion of the leaf blade,isof particular interest.
4.3.1. Midrib elongation
For plants, grown at a high and a low light intensity respectively, increase in
leaf length 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 cellsin a single row along the midrib. At first, growth of the leaf axis
isaccompanied by a strongincrease of cellnumber; however, already atarelati54
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FIG. 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 2 sec) and at a low one (10,000 ergs/cm 2 sec). Slopes of the linear relationships represent number of cells («) per longitudinal row. Arrows indicate presumed end of
cell division.

velyearly 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 division, evidently, continues during growth of the first 8mm, 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 determined 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 1cm. However,
lightintensity remains important for the degree ofcellextension, as shown byits
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 increasing values yielding astraight lineonalogarithmicscale.Anexampleisgiven
infig.4.10. Primordia usually were not measured when smaller than 7mm, although 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.
4.10leadsto an estimate of 30-50 \ifor the length of the youngest primordium
which seems a reasonable approximation of the actual length, so that the exponential relationship between thelength of successive leavesislikely to hold from
the very first leaf onwards.
It should benoted that theslope of the straight lineinfig.4.10,depends on the
number ofleavespresent inacertain sizeinterval,i.e.,on therateat which leaves
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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Leaf Length in mm
100i-

10

• Measured
O Extrapolated
0.1

0.01

_L_L I i I M I I I i I I i I I I I

n+ 20

i i II

n+ 10
Leaf n u m b e r

FIG. 4.10. Loglengthofsubsequent leavesand leaf primordia uptothelastvisibleleaf buttres
in relation to leaf number. Leaves numbered stem upwards from right to left. Closed circles
(•) actual measurements, open ones (O) valuesestimated 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 under the various conditions.
When, besides leaf length, also average cell length is plotted logarithmically
against leaf succession, graphs likethat infig.4.11areobtained. Now,theperiod
ofapparent meristematic growth (cellmultiplication) appears asthemore or less
horizontal initial part of the line, whereas the straight increase, proportional to
that of increase in leaflength,indicates thephase ofpredominant cell extension.
The special interest of this presentation is in the fact that the conspicuous nick
inthe course of thecurves ofcelllength, which marks the transition between the
56
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FIG. 4.11. Similar data as
presented infig. 4.10fortwo
plants(•)and corresponding
average length of epidermal
cells(O) inthe midrib.
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presence andtheabsence of cell division, isnot reflected inthecourse of leaf
length. Itmay beconcluded that growth ofthe midrib assuch isnotaffected by
the occurrence of cell division. Or, extension of meristematic cells including
mitoses,occursatthe samerate asextension ofcellswhich donotdivide further.
SINNOTT(1960,p. 32,fig.3.7) givesanexampleoftherelationofcelldivision and
cell enlargement inthegrowth ofovaries ofCucurbitafruits which isessentially
the same asfig.4.11.
In literature andtextbooks, growth by cell division andby cell enlargement
are usually referred to as two separate phases of growth. HABER and FOARD

(1964), however, made itclear that such a distinction isincorrect, sincein both
cases cell extension istheprimary cause ofmeasurable growth. They state that,
instead, it should bepreferred to distinguish between growth with andwithout
concurrent cell division. From results obtained with gamma-irradiated wheat
seedlings, they concluded that concurrent cell division was not essential in
determining the rate ofleaf elongation. The same conclusion can bedrawn also
from SINNOTT'Sfig.3.7andfrom ourfig.4.11. Afurther demonstration of the
apparent lack ofrelation between growth andcell division canbefound in the
way gibberellin affects thecurves offig.4.11, aswillbeshown inchapter5.
4.3.2. Leaf blade expansion
Infig.4.12, drawings ofepidermal cells ofthe leaf blade are presented, made
at different moments during thegrowth ofthe 12th leaf, thecorresponding leaf
width being indicated by bars. Initially, the cells are small, rectangular and
clearly meristematic. When the cellsextend, their anticlinal walls become unduMeded.Landbouwhogeschool Wageningen 71-15 (1971)
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FIG. 4.12. Camera-lucida drawings of epidermal cells of the leaf blade, for leaves of different
age.Correspondingleafwidthsindicatedbybarsundereachdrawing;scaleunitofbars0.5cm.
Cell sizes, cf. 50 \x scale.

lated. In all leaf samples, the underlying palisade cells were visible and round
in cross section. By measuring their diameter, thegrowth of thesecellscould be
followed as well, and compared with the surface areas of the epidermal cells. In
all cases a linearrelation betweenthesizeofbothcelltypeswasfound (fig.4.13).
Itseemslikely,therefore,thatthe sequence measured in cells of the epidermis to
some extent also holds for other cells of the leaf.
Fig. 4.14 shows the relationship betweenleaf width and thesquareroot 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 infig.4.10. The vertically ascending line in the beginningmarks the period of meristematic growth, in which the average cell size
does not increase and increase in leaf width,consequently, goesalongwith an
increase in cell number. Although cell multiplication continues during a
58
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FIG. 4.13. Increase of
epidermal cell area related to increase incross
section of underlying
cells of the palisade parenchyma.
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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 thenumber ofcellsproduced atthe primordial 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

FIG. 4.14. Relation between leaf widthand epidermal cell sizeas determined during growth of a leaf
(leaf 12). Cell size expressed as the square root of
the average surface area of the cells. Slope of the
linear relationship represents number of cells per
singlerow.
Meded. Landbouwhogeschool Wageningen 71-15 (1971)

40
60
- / C e l l area in JJ

59

FIG. 4.15. Same as in fig. 4.14,
for leaves growing at different
light intensities.
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beexpected that, infig.4.14, the slope will depend on light intensity. Fig. 4.15
indeed shows that steeper 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 difference, 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, notwithstanding the fact that, at the higher one,a greater number of cellshad been produced than at thelower one.However, atthehighest intensity thecells remained
smaller. Byextrapolation, itcaneasillybeseenthat about25%greaterleaf 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 cell extension could be annihilated when, instead of 12hours continuous light at a high intensity, the daily light period wasgiven as 2hours low,
8 hours high, and 2hours low intensity. Infig.4.17it is shown that in this way
the extrapolated cell extension envisaged in fig. 4.16 indeed could be reached
60
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FIG. 4.16. (left). Sameasinfig.4.14,for lightintensitiesof 50,000(•), 30,000(x), and 10,000
ergs/cm2sec(O).Curveofthehighestlightintensityextrapolatedtosamecellsize(*) asreached
at the medium lightintensity.
FIG. 4.17. (right).Relationbetweenleafwidthandepidermalcellsizefor leavesgrowingat two
different light regimesasindicated.

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 anuninterrupted period ofhighlight intensity interferes withthe requirements for optimal cell extension (SCHWABE, 1956).Another possibility is that at
high light intensity a 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 inleaf width induced by differences in light intensity.
The first 12to 15leaves of a plant also show, as we sawearlier (fig. 1.1) increasingleaf widths, and wemay ask whether also hereincrease 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 27represents theyoungest leaf measured.
Infig.4.18,a straight line fits the points representing the leaves 27to 12like the
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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FIG. 4.18. Relation between leaf width and epidermal cell size for 27 successiveleaves of a
plant,numberedfrom oldtoyoung.

w i e t h in m m

_ea

00

12

'
~

t

/

/

-

/
'

80

! vA
A /

4

/* /
:

60

1

;

/

/

x

_
0yó

/

/

/

X

/A

, * /
/
/

*'

/

/

/ o

&/ x

40

/ •''f

'J / / A'x /'

/ ' /°

/ 'KY

20

/ "

,''

'

--.'
-'

•

*° 1

;'_:
•

^
O

20

62

40
60
-/Cell area i n j j

FIG. 4.19. Relation between leaf width and
epidermal cell size as measured during
growth of leaf number 1( • ) , 2 (•), 3 (O),
4 ( x ) , 6(A), and 12(*).
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linear leafwidth-cell sizerelation found for the growth of a singleleaf (fig. 4.14).
The slope of the line,again, represents the number of cells and, according to the
position of the different leaves, wemay conclude that cellnumber remains constant in leaves wider than ca. 2 cm, whereas, leaves narrower than 2 cm still
comprisedividingcells.Itseemsmostlikely,therefore, that from leaf 12onwards
allleavesfollow the samegrowth characteristic. The first 12leaves,show successively increased leaf width in their full-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 expansion will also follow straight lines, only with a flatter slope than that for the
leaves 12to 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 increasing slopes representing subsequent leaves, the same as occurs for leavesof
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 development of the plant, a constant cell number is reached for allfurther 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.
Intheseleaveswhich never reach themaximum cell number, cellsizeincreases
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 emergence.
L e a f w i d t h in m m
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Fio. 4.20. Relation between leaf width and
epidermal cell size as
measured for the first
13 leaves of plants
grown at light intensities of 45,000 (•),
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4.4. CONCLUSIONS

1. Measured on epidermal cells, a distinctly positive relation exists between
light intensity and cell number, both for midrib and leaf blade.
2. Cell multiplication remains restricted to an early, primordial stage of leaf
development. Although thecollected 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. 2cm onwards, leaf expansion is the result of cell enlargement, 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 isdifferent at different positions alongthe leafaxis. Maximum cell
length occurs somewhere half-way along theleaf 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 lightintensity, as demonstrated inChapter 3,canbeunderstood from
the positive influence of light intensity on cell number and its negative effect on
cell length.
5. The successiveleaves ofoneplant, aslongasthey stillgrow, show exponentially 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 leaf length increase almost proportionally, indicating that celldivision has stopped. Together, both curves confirm
earlier findings of SINNOTTand 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 lightconditions result from differences in cell number.
7. Increasing widths in the first leaves of a plant also are clearly correlated with
an increaseincellnumber. The obviousanalogy withtheeffects oflight intensity onleafwidth,respectively cellnumber, may be ascribed to the circumstancethat in both casesthe photosynthetic capacity of the plant isincreased, 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. Thereareindicationsthatcontinuousexposuretoahighlightintensity during
the entire photoperiod hampers optimal cell extension of the leaf blade. As
has been shown, this could be overcome by giving two hours oflow 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
64
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that theyexpress ashift ofbalance between factors ofenergetic and hormonal
control of leaf growth. On the other hand, the possibility that the observed
effects might be artefacts, due to experimental conditions which result in suboptimalgrowth responses,cannot beexcluded. Inthisrespect thewaterbalance
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 growtharediscussed,produced bymeans 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 designed mainly to interfere with the energy and hormonal balance of the plant. Thus,
effects were investigated of partial defoliation (5.2), increase in C 0 2 concentration (5.3),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 influences which mature and not quite mature leaves may have on the growth of
younger ones. These influences are supposed to operate through supply or withdrawal of substances controlling celldivision and/or cellextension. Defoliation,
therefore, may cause a temporary enhancement or reduction of the growth of
young leaves. Defoliation experiments are difficult to interprète 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 where they are used (ASHBY, 1948b,
MORTON and WATSON, 1948, ARNEY, 1955).
In our experiments, old and young leaves were removed in variable numbers
from either young or old plants. Growth in length and width of the remaining
leavesweremeasured thereafter. On thewhole,clear-cut effects are obtained only when defoliation causes a drastic reduction of the photosynthetic capacity of
theplant, 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 inhibitory or promotive effect on the growth of subsequent leaves. In somecases,
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. Latexisknown to induce this kind ofeffects (TIBBITSetal., 1965).
Incaserelativelyyoungplants arepartly defoliated, thepattern ofleaf growth
clearly is set back temporarily to that of an earlier stage. This, e.g., is demonstrated by the three graphs of fig. 5.1.Removal of leaves 6to 12at the time leaf
15has reached a length of 1 cm, causes the normal trend of decreasing L/W for
thefirstformed leaves(cf.fig.1.1),tobeinterruptedbyatemporaryincrease.After
a few leaves L/W starts to decrease again to the same level of that of untreated
66
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FIG. 5.1. Effect of defoliation. Leaves
6 to 12 removed at the moment leaf
15 had alength of 1 cm,as indicated by
hatched areas. Effects measured two
weeksafter defoliation.
A:Lengthwidthratio(L/W) in relation
to leaf succession for a defoliated plant
(O) and a non-defoliated plant (x).
B: Length of successive leaves of the
sameplants.
C: Width of successive leaves.
Arrows inB and C indicate outgrowth
of leaves 13, 14 and 15 measured also
at the moment when leaves 6 to 12
wereremoved (lower curve).
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plants.Thus,theeffect ofdefoliation may becharacterized ascausinga temporary regression of leaf development.
According to the graphs presented in B and C, leaf width development is
especiallyreduced whileleaflength israther unaffected. Decrease inleaf 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 againhowremoval of the first 12leaves causes a temporary decrease in width of subsequent
ones,in Bthe course of cellnumber for the same sequence ofleavesis presented.
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Thecloseresemblance of thegraphs Aand Bisstriking. Sinceithas been shown
previously (fig. 4.14) that cell number is determined at an early meristematic
stage,it seemsclearthat theeffect ofdefoliation upon theleavesleft onthe 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 13to 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 prevailing light intensity suddenly drops, followed by gradual restoration to the original level in the course of, e.g., two weeks.
Thus, the results of defoliation are quite consistent with ideas advanced earlier, 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 2 SUPPLY

A method to increase photosynthesis, growth and production of plants without changing the light regime, under certain conditions is to grow them at C 0 2
concentrations higher than that ofnormal air. Inparticular for glasshouse crops,
68

Meded. Landbouwhogeschool Wageningen 71-15 (1971)

FIG. 5.3.Effects ofasuddendecrease
in light intensity followed by
gradual increase to the original
level (x), as compared with constant light intensity (•).
A: Effect on subsequent leaf width
development.
B: Effect oncellnumber.
C: Diagram of light intensity-time
relation applied.
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like lettuce, much research has already been done on the practical and economical implications of extra C 0 2 supply (VAN BERKEL, 1964, DULLFORCE, 1965,
HARTMAN, 1966, HEATH et al., 1967).
In most cases, faster growth and greater yields are reported with extra C 0 2 .
In accordance with what has been mentioned before, we were particularly interested in effects C 0 2 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 C 0 2 (1000ppm)wasgivencontinuously, duringdayand night.Inthe other
one, C 0 2 wasapplied either duringthedark or thelightperiod only. During the
dark, C 0 2 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 C 0 2 was supplied continuously. Consequently, it seems quite
clear that the extra C 0 2 is mediated through a light effect, and most probably
through enhancement of photosynthesis. A C02-effect is noticed even under
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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conditions of apparent light limitation. We will 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 inhorticulturalpractice,andthesmooth segregationbetweenlimitation and
light saturation of photosynthesis which is the consequence of this complex
structure.
Plants, grown at 20,000 ergs/cm2sec and 1000ppm C 0 2 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 isdemonstrated infig.5.4,showing a length-width diagram for the leaves of two plants grown either in normal
air or with extra C0 2 - 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 C 0 2 are due to a greater number of
cells both for midrib and leaf blade. In fig. 5.5, the increase in width of leaves
growninnormalairorat 1000ppmC 0 2 has been correlated with cell size. Since
the slopes of the straight lines represent the number of cells formed at the primordial stage, it follows that the extra C 0 2 , apparently, has increased cell division. The difference isthe same as that found between a high and a low light intensity (fig. 4.14), so that it may be concluded that the extra C 0 2 has had the
same effect on cell number as an increase in light intensity. Obviously, the increased leaf areaassuch willhaveafavourable effect onthegrowth of subsequent
leaves, so that the ultimate effect of extra C0 2 -supply has the character of a
self-amplifying process.
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FIG. 5.5. Relation between leaf width and epidermal cell size for leaves grown in air (•) and in air
with 0.1% C0 2 (O).
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5.4. EFFECTS OF EXTERNAL SUGAR SUPPLY

Thirtyyearsago, SPOEHR(1942)reported thesuccessful cultureof albino maize
by immersing the tip of leavesin a sucrose solution. FREDERICQ (1958) used this
technique to keep Hyoscyamus plants alive which were grown in a C 0 2 free
atmosphere.
Similarly, we have tried to feed lettuce with externally supplied sugar. Plants
weregrown at low light intensity, two or three detipped leaveswereimmersed 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 response. As it appears doubtful whether appreciable amounts of sucrose have
been really taken up by the leaves, the results of these experiments remain uncertain.
5.5. EFFECTS OF GIBBERELUN

A characteristic feature of gibberellin is to stimulate elongation of intact
plants. Well-known are the pictures in textbooks of rosette plants likelettuce,
cabbage or Hyoscyamus which have formed excessively long flower stalks after
application of gibberellin.
Notwithstanding thefact that oneshould make abstraction herefrom possible
Meded. Landbouwhogeschool Wageningen 71-15 (1971)
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flower promoting effects, an influence on elongation per séis 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 (RAI and
LALORAYA, 1967), possibly indicating a relatively low level of effective endogen o u s gibberellin (KATO, 1966b). Some Russian papers, available only in abstract (KENTZER, 1960, ZUKOVA, 1962), report increased leaf yields of lettuce
after application of gibberellin, though leaves and stems appeared elongated.
Elongation of lettuce hypocotyls is often used as a bio-assay for gibberellin or
gibberellin-like substances.
Effects ofgibberellin on internode elongation have been ascribed to a stimulation of cell division (CLELAND, 1969). SACHS, BRETZ and LANG (1959), 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 expansion, however, according to most authors, gibberellin isnot 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.
Asodium salt,containing 10%puregibberellin wasdissolvedinwater. During
one week, 5drops of this solution, together 10\iggibberellin, were administered
daily to the centre of youngplants, the 9th leaf of which had an average length
of 1.5 cm. Control plants weresupplied with the same amount of distilled water.
The plants were grown at an intensity of about 25,000 ergs/cm2sec. It appeared
later, that clear effects of gibberellin are obtained already at doses of 0.1 \Lg
every two days (VAN DER MEER, 1968).
Effects became visible within two or three days after the first dose. In particular, young leaves start to elongate and acquire a 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 weeksafter thefirstand oneweek
after the last daily dose of 10\ig gibberellin. In particular, leaf elongation appearsenhanced,whereasleafwidthpresentsalmostthesame course asthat of the
control. However,itwouldbeerroneoustoconcludethatgibberellinhasno 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 gibberellin application. As shown,gibberellin has slightly increased the width of the
leaves 6, 7and 8, whereas it seemsto 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 infig.5.6, is demonstrated 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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FIG. 5.6. Length and width
of successive leaves of a
plant treated with gibberellin (GA, O) as compared to
those of a non-treated one
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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 aremuch longer, on theleaf bladetheir areas arelarger (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
(GA)and from a non-treated one.Leaf discsweretaken for cellmeasurements (seeTableVII).
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TABLE VII Effect of gibberellin on length and width, size and number of epidermal cellsin
midrib and leaf blade of the three leaves shown on plate VI.
Gibberellin
Leaf

length
mm

1
2
3

241
220
180

Control
width
mm
78
53
45

length
mm
143
107
78

width
mm
102
90
74

Average cell length in [x and calculated number of cells (n), per single longitudinal row in the midrib

1
2
3

560
590
585

430
375
310

420
238
161

340
450
485

Averagesurface area in y.2 and calculated number ofcellspersingletransversal
row in the leaf blade

1
2
3

3030
2040
1600

1420
1170
1125

2380
1820
920

2100
2110
2440

effect of a lower cell number on final growth will be compensated by increased
cellextension, so that no difference in width may be observed as compared with
the control. However, in subsequent leaves, the probably more severe reduction incell number may not befully compensated by increased cell sizeand thus
will lead to a decrease in width. Although the same reasoning should hold also
for the midrib - subsequent leavesindeed become shorter - leaf shape more and
more presents the character of etiolated growth, due to the strongly increased
length to width ratio.
InChapter4,it was demonstrated (fig. 4.19) that successive, growing leaves of
a plant show an exponential increase inlength. This remains true also for plants
treatedwith gibberellin;successive leaves, however, then increase in length at a
higher rate. For the corresponding celllengthithasbeendemonstrated (fig.4.11)
that aclear-cut distinction can be made between an initial phase of meristematic
development, characterized byonlyasmallincreaseinaveragecellsize, followed
by one in which cell length increases almost at the same rate as the overall
leaf length. As apoint of special interest it wasremarked that theevident 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 meristematic growth, when average cell size remains more or less constant, two possibilities exist: average cell sizemay either be unaffected or increased by gibberellin. The first case would imply that gibberellin has increased the rate of cell
division, and the period between two subsequent cell divisions orthe generation
time is decreased. In the second case, the generation time may have been unchanged, but cells with gibberellin reach greater size before mitosis.
Infig.5.7,an example isgiven of thelogarithmically linear increase of successiveleaf lengthsand corresponding celllengths,for aplant treated withgibberellin 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, notwithstanding thedifferent rate at which leaf length appears to increase. For allleaves
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 flower initiation 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
ofgibberellin,internodelength(leaf25)hasincreasedto8.7mmascomparedwith
Leaf Length in m
100

FIG. 5.7. Log leaf length
and primordium length
in relation to leaf number, for a plant treated
with gibberellin ( x ) and
for a non-treated one
(•). Leaves numbered
stem upwards from right
to left. Both plants had
initiated 40 leaves at the
moment of measurement
For some leaves the
average lengths of the
epidermal cells in the
midrib are given, with
(®) and without gibberellin (O), (seefig.4.11).
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Fio. 5.8. Effect ofashort periodofgibberellinapplication
on internode elongation. Flower initiation and subsequent shooting occursatthesameinternodefortheplant
treated with gibberellin (+)andfor thenon-treatedone
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0.5mm inthecontrol. After gibberellin application isstopped, internode elongation atleaf 35 isreduced to the samelevel ofthat inthecontrol.After both plants
have become reproductive, internode length rapidly increases in a similar way
in both.

PLATE VI. Four different stagesofleafdevelopment after gibberellinapplication totheplantis
stopped.
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It was already remarked that concurrent with a stop of stem elongation, leaf
elongation also decreases again. Four subsequent stages are shown on plate VI.
It is of interest to note that the laminas of these leaves exhibit the same kind of
crinkling along 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 longleaf, whilemidrib elongation ischecked earlier. A complete restoration of the original pattern of leaf growth has not been observed
experimentally, the plants became too old and started to initiate flowers.
Theresults obtainedjustify amoreextensiveresearch ontheaction ofgibberellin 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),are in a
line with LOCKHART'S (1961) views on a light intensity-gibberellin interaction of
stem growth of Pinto beans. According to this view, slow growth at low light
intensities isprimarily due to reduced photosynthesis, whilegrowth inhibition at
high intensities is supposed to be due to decrease in the effective levels of endogenousgibberellin. Consequently, thestrongestgrowthpromotion withgibberellin 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 conditions.
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 rôle. As
to this, many of the experimental results can be understood on the basis of the
threediagrammaticleafpictures,presentedinfig.6.1.Althoughrepresenting quite
different types of leaves, they nevertheless can be understood as to have originated from the same kind of primordium (cf. fig. 4.8) by differences in the relative outgrowth of the midrib and the leaf blade.
Leaf A represents a leaf in which midrib elongation hasstrongly exceeded
lamina expansion, (cf. also the leavespresented 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 Brepresents a leaf in which
development ofthe midrib or ingeneral of thevein skeleton, and that ofthe leaf
blade(mesophylltissue)havejustbalanced eachother, yielding a flat leaf surface
which may be considered normal for most leaves in other plants. Eventually,
continuing along the same trend, in leaf Cthe situation occurs where leaf blade
development isrelatively greater than that of the midrib;itturns out that in this
case the leaf can be flattened by merely cutting the lamina from the midrib and
bystretchingits folds (cf. 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 12to 15leaves of the plant.Together, this
strongly suggeststhat photosynthesis to alargeextent controls this development
of the leaves; increased photosynthesis, either achieved by higher light inten-

FIG. 6.1. Diagrammatic picturesofthreetypesofleaves.
Furtherexplanation,seetext.
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sities or being-the result ofa gradually increasing leaf area oftheyoung plant,
maybeconsidered togovernthechangeinleaf shapedevelopment from A to C.
Experiments with increased C 0 2 concentration and defoliation treatments
have given further support to this view.
The effects ofthe production ofleaves ofthe type Conhead formation seems
quite obvious. Themore so,ifthey areproduced ina great number, andatthe
same time internode elongation is greatly suppressed. Although no further
details have been given concerning this last aspect, it can be stated that inall
cases where elongation ofthemidrib wasfound to beeither stimulated or suppressed, the same was found for elongation of the internodes. In an extreme
case, e.g., at a very lowlight intensity, this could give rise totheformation of
stemsofappreciable lengths. Elongation immediately stops when light intensity
is increased, and a newrosette is formed again on top of thepreformed stem.
Fig. 5.8 illustrates a similar situation for plants which have been treated with
gibberellin for a short period only.
By a more close examination of heading in young plants, it is observed that
leaves initially form anopen rosette. However, when theleaves successivelybecome 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 attheupper part ofthe leaf. In this respect it
is of interest that SAURER and POSSINGHAM (1970)inspinach leaves,observed a
continued mitotic activity atthebase ofthe leaf, providing newportions ofleaf
blade during leaf expansion. The situation was reported to remind of that in
leaves ofmonocotyls, where theleaf blade elongates through theactivity ofintercalary meristems.
The first leaves, folding together in this way,will cover thecentre of the still
open rosette,includingtheyoungleaves. Since subsequent leaves do the same,
thevegetationpointwillbegradually covered byanincreasingnumber ofleaves.
This, inessence, typifies themode inwhich heads of butterhead varieties oflettuce arebuilt up. This clearly differs from theheading ofcabbages as described
by NORTH (1957), where hyponastic curvatures of the leaf primordia seem to
play an important rôle. In cabbage, newly formed leaves grow more and more
arched over the growing point producing anembryonic head whichmay continue to grow in size andamount ofleaves, without changing essentially in form
until maturity. In contrast to this,theheads oflettuce develop from the outside
to the inside, although in some varieties, in particular the crisphead lettuces,
head formation shows resemblance with that ofcabbage. OnPlateIII,anexample is given how hyponastic curvatures, in particular of the lower part of the
midribs greatly determine the shape of the heads formed. Since varietal differences inthis respect areevident, thenature ofthese curvatures areworth tobe
further examined.
A point of special interest is that the younger leaves developing inside the
head willbeincreasinglycut offfrom light. Nevertheless, they display the morphological features ofleavesgrowingatahighlightintensity.Itseems, therefore,
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that the older leaves which are exposed to light, can supply the inner ones with
all the essentials 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 theinner leaves respond withan immediate elongation when the light
intensity, received by the outer leaves, is strongly decerased. This seems to indicate that also the site of perception of the light stimulus, inducing elongation
intheyounger leaves,isinthe 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 ofthe plant and the onset of heading.Therefore,
under conditions of limited energy supply, e.g., during winter time,head formation willbemore difficult toachieve.Butitwould seemadvantageous ifit 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 oflettuce tested, could beascribed solely to
a better exposition of its leaves 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 oftheleaves,however, occursat alowerrate,leadingto 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
(NORTH, 1957).Also for lettuce it seems important that, as soon as head formation 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 intensities, growth inparticular during the winter will give less favourable results.
On the other hand, the variety 'Proeftuin's Blackpool' seemsto 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 differencesin leaf growth may be successfully understood on thebasis 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 photosynthesis. 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 thedifferences inleaf width observed, whereas the length
of the midrib appears more dependent on the length of the cells,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
cellextension, water and minerals should be supplied at optimal concentrations.
In particular at high light intensities it may easily occur that either one, or both
limitgrowth. However, for theexperiments presented here,special carehas 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 extension itself.
Cell extension, evidently, requires metabolic energy for the synthesis of protoplasm, cell wall formation, etc. On the other hand, increase in cell size is also
accompanied by uptake of water bythe cell. This requires that the water potential 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 rôle in the process
ofcellextension; they may bedenoted asa 'resistance'-factor inthe growth process. Hormones are known to act aschemical regulators in this,inthe sense that
they may increase the plastic (HEYN, 1931) or elastic (BURSTRÖM et al., 1970)
properties ofthecell wall. Ontheother hand, increased metabolic activity in the
cells, e.g., induced by high light intensity, may have a decreasing effect oncell
wallplasticity (THOMSON, 1950, LOCKHART, 1960, 1961).Thiscould be a helpfull
explanation for the negative relation between cell extension and light intensity,
mentioned above.Inthisrespectitmight alsobementioned that wefound a prolonged exponential growth of themidrib at lowlight intensity ascompared with
high light intensity. At high light intensity a relatively higher hormonal activity
may berequired to keep thecellinoptimal conditions for elongation than at low
lightintensity. Results ofprelimenary experiments indeed, suggest that at a high
light intensity, higher concentrations of gibberellin are required than at a low
light intensity to obtain thesame relativeincreaseinlengthoftheleaves(VANDER
MEER, 1968). In this respect also the effects of gibberellin on photo-inhibited
stem elongation of beans obtained byLOCKHART(1961)shouldbementioned.
The effects ofgibberellin as demonstrated in this paper, show that the pattern
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of growth of the leaf is fundamentally changed. It strongly suggests that the
excessive elongation of the midrib observed occurs at the expense of the leaf
blade, however, gibberellin has increased the size of leaf blade cellsas well, (see
Table VII on page74)This seemsto indicate that midrib and leafblade, though
structurally integrated, may be regarded as two distinct parts, competetive in
growth.At alow light intensity,i.e.,atalowenergysupply,themidrib, apparently, is in the most favourable situation. This is changed in favour of the leaf
blade when light intensity increases,i.e., energy supply ishigh,andthe hormonal
balance for the midrib, presumably, becomes less favourable. This willagain be
completely reversed, if the plant is treated with gibberellin.
Competetive growth also seemstogivethemost acceptable description for the
differences in temperature response of the leaves at different light intensities. In
this case,competition for available growth substrates seems to occur mainly between the leaves, in which the leaf blades show the greatest response.
In general, it can be concluded that leaf blade expansion is mainly controlled
byenergy supply (light intensity), and midrib extension by energy and hormone
supply. However, the ultimate shape of the leaves will be determined by the influence 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, yielding the caracteristic folds and crinkles of the leaf blade (Plate II). Therefore,
length and greatest width of the leaves have mainly been chosen as criteria for
differences inleaf growth.
InChapter 3,theeffects 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
lower rate, a number of leaf primordia and young leaves of the plant accumulate with time (figs. 3.4and 3.5). Results suggest that primordial growth ismore
affected by temperature than by light intensity (fig. 3.6).
In many respects clear-cut differences are found betweentheresponse 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 intensity 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 effects greatly depend on the prevailing light intensity: a
negative response observed at low light intensity changes into a positive
one at high light intensity, 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 intensity effects on the final length of the leaves remain restricted. In contrast to
this, the effects on leaf 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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duringleaf 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 development.
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 cellnumber. Differences incell number largely determine differencesin leaf width, whereas inthe midrib differences incelllength are much more
important (figs. 4.3 and 4.7). In general, average cell lengthinthemidribdecreases with increasing light intensity. This may explain the reduction of the midrib
observed at high light intensities. Cell division appears restricted mainly to the
earlystageof growth.
In chapter 5, results of some additional experiments are presented, concerning defoliation, extra C 0 2 , 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 C 0 2 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 a limitation for further growth. Energetic processes (i.e. photosynthesis) seem to control to a large extent cell division, consequently expansion oftheleaf blade,whereasnon-energetic processes(e.g.hormon activity)
seem important in particular for cell extension, and therefore play a major
rôle 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 onderzoek werd verricht naar de invloed van lichtintensiteit, lichtduur
(daglengte) en temperatuur op degroei van bladen van kropsla, in het bijzonder
met betrekking tot het tot stand komen van de kropvorming. De meeste experimenten werden uitgevoerd met de variëteiten Meikoningin en Rapide in geklimatiseerde groeikamers.
Hoofdstuk 1bevat enkele inleidende beschouwingen over bladvorm en kropvorming. Kenmerkend voor het volwassen slablad is de relatief sterke ontwikkelingvan de bladschijf t.o.v. demiddennerf (plaatII.)Samenmeteenhogebladproductie, en een sterke remming van de stengelgroei, ontstaat kropvorming als
vanzelf uiteen ruimteprobleem bij de ontplooiing van deopeenvolgende bladen.
Afhankelijk van devariëteit kunnen hyponastische krommingen van de middennerf de stevigheid van de krop sterk bevorderen (plaat III). De aard van deze
krommingen werd niet nader onderzocht. Als belangrijke criteria voor de bladgroeionderdeverschillendeexperimentele condities zijn debladlengte (strekking
van demiddennerf) en de grootste bladbreedte (ontwikkeling van de bladschijf)
gebruikt.
Hoofdstuk 3bevat de belangrijkste gegevens over de invloed van lichtintensiteit, 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 gelijketredhoudtmetdebladaanleg,heeft ereen geleidelijke
ophoping van bladprimordia enjonge bladen plaats (fign. 3.4 en3.5).Uitderesultaten verkregen metverschillende lichtintensiteiten en temperaturen kan worden afgeleid dat de primordiale groei meer door de temperatuur dan door de
lichtintensiteit wordt beïnvloed (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), vertoont de bladbreedte een positieve relatie met de lichtenergie, hetzij gegeven in
devormvaneenhogerelichtintensiteit 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 zichgeen bladschijf. 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 duidelijk afneemt.
De bladlengte vertoont alleen bij lage lichtintensiteit een positieve relatie met
delichtenergie. Bijhoge lichtintensiteit wordt degroeivan demiddennerf duidelijk geremd. In overeenstemming hiermee isdat alleen bij lage lichtintensiteit de
daglengte een duidelijke, bevorderende invloed heeft op de groei.
Temperatuureffecten hangen grotendeels van het lichtniveau af. Vooral voor
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de bladbreedte geldt, dat een verhoging van detemperatuur afname veroorzaakt
bij lage lichtintensiteit, maar toename bij hoge lichtintensiteit. De hieruit voortvloeiende verwachting, dat bij een bepaalde lichtintensiteit de invloed van de
temperatuur op de bladbreedte gering zal zijn werd experimenteel bevestigd
(fign. 3.10en3.11). Bij de meeste lichtintensiteiten neemt de bladlengte met de
temperatuur toe, alleen bij zeer lage intensiteit wordt een duidelijke afname gevonden.
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 lengten bij de verschillende lichtintensiteiten beperkt. In tegenstelling hiermee 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 relatiestussen lengte
en breedte tijdens de groei bij verschillende lichtintensiteiten (fig. 3.21), kan
worden afgeleid dat een belangrijke factor in de bepaling van de uiteindelijke
bladvorm (lengte/breedte verhouding) gelegen isin het moment waarop de ontwikkeling 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 uit lengte-breedte grafieken
(fign. 1.2en 3.23).
In Hoofdstuk 4zijn dehiervóórbesprokenresultatenverdergeanalyseerd 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 inaantallen cellen (fign. 4.6 en 4.7). Voor de middennerf spelen verschillen incellengte eenveelgrotere rol(fign.4.2en4.4).Degemiddelde cellengte
neemt af met toenemende lichtintensiteit (fig. 4.3), wat de afname in bladlengte
bij hoge lichtintensiteit kan verklaren. Celvermeerdering (celdeling) blijkt beperkt tot een vroeg stadium van de groei, waarin de potentiële bladgrootte grotendeels wordt bepaald.
InHoofdstuk 5wordenderesultaten vermeld van enkeleaanvullende proeven,
die betrekking hebben op ontbladering, extra C 0 2 en gibberellinebehandeling.
Vermindering van het photosynthetisch werkzame bladoppervlak van de plant
door ontbladering veroorzaakt in de daarna gevormde bladen een tijdelijke
teruggang van debladbreedte, geheel analoog aan die,welkeverkregen kan worden door een tijdelijke verlaging van de lichtintensiteit. In beide gevallen is de
afname in bladbreedte duidelijk gecorreleerd met een afname in het aantal cellen, (fign. 5.2 en 5.3). Bij een hogere C 0 2 concentratie (0.1%), neemt de bladgroottetoedoortoenameincelaantal (fign. 5.4 en 5.5). Toediening van gibberelline doet vooral de middennerf sterk uitgroeien als gevolg van een vergrote celstrekking; ook in de bladschijf neemt de celgrootte toe (Tabel VII),maar alsgevolgvan een sterke reductie in het aantal cellen neemt de bladbreedte in de later
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gevormde bladen 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 (photosynthèse)alsniet energetische processen (opname van water,
mineralen, werking van groeistoffen) betrokken zijn. Voor het uiteindelijke resultaat zal het heersende evenwicht tussen beide processen van groot belang zijn.
Hierbij lijken duidelijke verschillen te bestaan tussen bladschijf en middennerf.
Energetische processen lijken vooral voor debladschijfontwikkeling van belang,
mogelijk vanwege een grotere relatie met de celdelingsactiviteit. De niet energetische processen lijken vooral van belang bij de beheersing van de celstrekking,
en spelen daardoor mogelijk een grotere rol bij degroei van de middennerf. Op
grond van de betekenis die groeistoffen in het algemeen bij celstrekkingsprocessenhebben, wordtverondersteld dat bij hogerelichtintensiteit eenrelatief hogere
groeistofconcentratie vereist wordt voor een optimale strekkingsgroei van de
middennerf. De verschuiving inde verhouding middennerf/bladschijf ten gunste
van de bladschijf, wanneer de lichtintensiteit toeneemt, wordt mogelijk hiermee
verklaard.
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