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1. INTRODUCTION

1.1, THE PHOTOMORPHOGENETIC EFFECT OF LIGHT ON THE GROWTH OF
ETIOLATED PLANTS

According to Sachs (1863), Mc DoUGAL (1903), and WassINK et al. (1957),
Charles BoNNET (1754) was one of the first naturalists to investigate experimen-
tally ‘I’ettiolement’ of plants. He observed that seedlings of peas and beans and
a shoot of vine, grown in dark chambers, developed long flexible stems with
only very small leaves of white colour, whereas seedlings grown under transpar-
ent glass bells behaved the same as the controls growing in the open air. At the
end of his account he raised the question: ‘I’obscurité produiroit-elle donc seule
Pettiolement; le grand jour suffiroit-il seul 4 Ie prévenir?” and further: ‘“tout ceci
meérite un examen plus apprefondi. Je me borne actuellement & mettre les phy-
siciens sur les voies’. The expression ‘ettiolement’ was, according to BONNET
(1754), used by gardeners for the symptoms brought about on plants by
prolonged darkness: pale colour and excessive elongation of stems.

One of the first followers of BONNET was MEESE (1775 a, b, 1776) who worked
in the Netherlands at the former university of Francker until his death at the age
of twenty-one. Through the mediation of BonneT and the diligence of Van
SwiINDEN, professor at Franeker, his work was published posthumously. Ttis of
historical interest because of the large number of plants used, his measurements
of growth rate and the presentation of the experimental data by tabulating the
absolute and relative values. One of his conclusions was that etiolation is pro-
moted by high temperature, by moisture and by darkness; he observed that after
transfer to darkness plants often dropped their green leaves but retained the very
small dark grown leaves for a long time,

The literature from 1686 to 1902 has been reviewed by Mc Doucgar (1503).
More recent reviews are by BURKHOLDER (1936), ABERG (1943), GORHAM (1950),
WassSINK and StoLwuk (1956), WiLLiaMS (1956), HUMPHRIES and WHEELER
(1963).

Qur knowledge of etiolation phenomena in different species of plants still is
due mainly to the work of Mc DouGarL (1903). Mc DouGaL described nearly
100 species of plants growing in the dark room at the expense of storage organs
and he compared the dark grown forms with those of light grown controls,
Darkness was not completely continuous as once a day the room was illumi-
nated for a few minutes by a candle or by a four candle power electric hand lamp.
It is therefore likely that Mc DouGaL gives information on photomorphogene-
tic sensitivity rather than on growth in absolute darkness. From Mc DouGaL’s
observations it is however clear that in most dark grown plants differentiation of
the tissues is retarded or incomplete. If angles or ribs were present on the stems
of light grown plants, in the etiolated ones they were often absent, the vascular
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strands were less developed and the cells of the cortex were mostly larger with
more intercellular spaces and thinner cell walls. Especially the lower stem inter-
nodes of plants grown in the dark were often longer than those of plants grown
in the light. Mesophyll tissue of leaves in particular was reduced, differentia-
tion in palissade and sponge parenchyma was poor, intercellular cavities were
absent. The petioles on the other hand often responded in the same way as the
stemas,

Mc DoucaL described a wide variety of medifications of these rules. A few
examples may suffice to illustrate the various phenomena encountered, In the
group of ferns in most cases stipes and rachis of dark grown plants were both
elongated, the distances between the pinnae were increased, and the pinnae
themselves did not unroll or expand. In some instances, mainly the stipe was
elongated (Polystichum acrostichoides (M1cAX.) SCHOTT), in others mainly the
rachis (Pteris longifolia L.), whereas in Woodwardia radicans SM. the fronds
emerged in much larger numbers but were not longer than in the light grown
controls. Dark grown fronds of all Pteridophytes investigated contained some
chlorophyll. In Monccotyledons stems generally were strongly elongated. In
plants with parallel venation leaves were either of normal length or longer;
Hemerocallis sp. was the only species in this group that in darkness was found
to have smaller leaves than normal,

In leaves of Monocots with open or reticulate venation wide variation was
observed in the degree of development of the laminae. The laminae of Arisaema
dracontium (L.) SCHOTT and A. triphyllum (L.) TORR. remained very small. The
laminae of Caladium esculentum VENT. (= Colacasia esculenta (1..) ScHOTT) and
Calla palustris L. were almost as large as in the light grown controls. These last
two plants were very sensitive to the small amount of light used occasionally
for illumination of the dark room, forming small amounts of chlorophyil in the
leaves.

In Dicotyledons the laminae of the leaves were almost always very small in
darkness. Exceptions were Brassica campestris L., with narrow leaf blades of 9
em length, Taraxacum sp., with very narrow leaf blades and elongated petioles,
and species of Rheum and Rumex. Beta vulgaris L., according to SAcHs (1863),
also belongs to these exceptions. In Rheum and Rumex and toa lesser degree also
in Bera, the venes were growing faster than the mesophyllous parts of the leaves;
in some cases the mesophyll between the venes was torn apart.

Besides the incidental weak illumination of the dark room, the light condi-
tions under which the buds were formed also influenced the degree of etiolation.
With Aesculus hippocastanum L., Mc Doucal found that illumination of the
seedling until the plumule ‘was almost disengaged from between the cotyledons’
had an after effect not only on the first leaf but on all subsequent leaves {4 pairs)
developed within a month. FUNKE (1944) repeated this experiment and found
that 3 days of light were sufficient to produce this effect. SAcHs (1863) supposed
that differences between species of plants in leaf growth in darkness were con-
nected with the growth pattern of these plants. Growth would be unaffected by
darkness if the leaves during the greater part of their growth were covered by
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bud scales or leaf sheaths. For species with leaf growth mostly in the open, it
would be inhibited during continuous darkness.

1.2. ON CHEMICAL FACTORS SUBSTITUTING FOR LIGHT

Sacus (1887) considered etiolation as a disease caused by lack of specific
substances required for their proper nutrition. There were several arguments for
this. PRANTL (1873) had measured the diurnal periodicity of leaf growth on
plants of several species periodically placed under a black cover during the night
and observed that growth during the dark period was not less than that during
the light period. Moreover, partial ctiolation experiments, with plants growing
with the upper part of their stems in a dark chamber and the basal parts in day-
light, showed that the leaves growing in darkness developed almost to the same
size as those in light, although very little chlorophyll was formed. From this kind
of experiment, of which that with Cucurbita pepo L. (SAcHs, 1865) is the best
known, it was concluded that substances required for leaf growth are produced
in the photosynthesizing leaves and transporied to those in darkness. With
Tropaeolum majus L., however, SAcHs (1865) found that the leaves of the dark-
ened part of the shoot remained very small. Several investigators tried in vain to
reproduce SacHS’ results with Cucurbita pepo L.. For instance, TEODORESCO
(1899) found that in all climbing plants he used (Humulus lupulus L., Phaseolus
multiflorus Eam. and Cucurbita pepo L), leaves grown in darkness on partly
etiolated shoots remained as small as those on plants grown entirely in dark-
ness, whereas the stems showed almost normal differentiation of the vascular
tissues. With plants with self-supporting stems, however, TEODORESCO found
effects similar to those found by SacHs. The dark grown leaves of partially etio-
lated Atriplex hortensis L. and Faba vulgaris MNCH. (= Vicia faba L.) were inter-
mediate between the leaves of the dark grown plants and those of the light grown
ones. Dark grown internodes of Helianthus tuberosus L. developed very long
petioles and very small leaf blades, whereas completely dark grown plants
hardly developed at all. FUNKE (1944), on the other hand, confirmed the findings
of SacHs. JUHREN and WENT (1949) observed in Cucurbita pepo L. fed with
sucrose a small positive growth response of leaves further upwards on the stem
if one leaf was illuminated.

It is very difficult to obtain absolute darkness in cabinets used for partial
etiolation. SAcHs (1865) was aware of this but considered it to be of no great
importance because: ‘Zur Feststellung dieser Abhéingigkeit bedarf es keiner ab-
soluten Finsternis, eben so wenig wie es zur Feststellung des Gesetzes zwischen
Dampfspannung und Temperatur einer Beobachtung beim absoluten Null-
punkt der Temperatur bedarf,” The majority of investigators in this field held
the same opinion. Mc DougaL (1903), however, was among the first to be
aware of the very high sensitivity to light of some of his objects and, more re-
cently, it has been shown that even the incidental use of a green safe-light may
bring about reactions in dark grown plants (HuisiNGa, 1964; WILKINS, 1965;
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Bricas and CHON, 1966; BLaauw et al., 1968 ; RAVEN and Sprurr, 1973).

The partial etiolation experiments led to the question as to whether light was
acting by way of photosynthesis or otherwise. Several investigators have com-
pared plant growth with and without CO,;. Mc DoucaL (1896), comparing the
results of his own experiments with those of previous authors, concluded that
most plants expand their feaves normally in the absence of CQ,, provided there
is a sufficient supply of food from storage organs. An exception to this rule was
Arisaema triphyllum L., expansion of the leaves of this plant being inhibited by
the absence of CO, almost to the same degree as by darkness, even though the
food reserves were not exhausted. Similar experiments were made by Teopo-
RESCO (1899) with seedlings. Although carbohydrate supply probably was the
limiting factor for their growth, and darkness probably was not maintained very
strictly, withholding of CO, never reduced the size of the leaves as much as dark-
ness.

The best answer as to whether leaf expansion was due to substances provided
by photosynthesis probably was given by BATALIN (1871), who illuminated bean
seedlings with diffuse daylight for one or two hours once every 3 days. The
primary leaves of these plants developed almost as well as in daylight. Since no
greening took place, the light effect could not be due to photosynthesis.

On the other hand, it is obvious that light acts on a biochemical reaction, and
SacHs, with his theory that specific substances, synthesized by the illuminated
parts of the plants, are required for the expansion of leaves, put the problem on
a molecular basis. This idea was pursued further by WeNT (1938) in his search
for specific substances, which he called rhizocaline, caulocaline and phylloca-
line, and were supposed to control the growth of the different plant organs.

1.2.1. Experiments with intact plants

WENT (1938) made observations on the interdependence of the development
of roots, the increase in length of stems and the area increase of leaves of etiol-
ated seedlings of Pisum safivum L.; the rate of increase in length of 1 cm pea
seedlings on a 29/ sucrose solution was reduced to half by taking away either
the roots or the cotyledons; when both roots and cotyledons were removed, the
growth rate was oaly 1097 of that of the controls.

Another effort to analize the factors afiecting stem growth and leaf growth
was made by JOHREN and WENT (1949). Cucurbita pepo L. plants raised under
controlled light conditions were placed in a dark room and fed by injections of
a sucrose solution into the hollow petioles. If the injections began immediately
after transfer to darkness, the elongation of stems and petioles remained rapid
during the next 3 weeks and was independent of the preculturing conditions.
The leaf blades grew normally until they had attained a length of 10 mm, but
failed to expand further. Several substances were added to the sucrose soluiion:
amino acids, yeast extract, adenine, indolyl acetic acid, a diffusate from light
grown Cucumis leaves, but no extract nor any substance increased the effect of
sucrose by more than 20,
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1.2.2. Experiments with detached leaf primordia

In the study of nutritional and hormonal requirements for leaf development,
the culture of detached leaf primordia and leaf discs is of great value, since in-
fluences from other parts of the plants arc then excluded. DE RoPP (1945, 1946a,
1946b) measured increase in length, fresh weight and dry weight in stem tip
cultures of rye embryos and in leaf discs and whole leaf primordia sectioned
from the center of the cabbage head of Brassica oleracea 1... Increase in volume
of isolated leaves and leaf discs from cabbage was entirely due to the enlarge-
ment of existing cells; the final size of the epidermal cells depended on their size
at the moment of excision ; the cells of the older primordia increased from 25 to
58 units while those from the youngest primordia increased from 4.5 to 12.2
units.

In Helianthus annuus L. and Nicotiana tabacum L. STEEVES et al. (1957) found
a similar relation between the initial and ultimate sizes of explants, Addition of
vitamins, casein hydrolysate or plant diffusates to the culture medium had no
effect; only sucrose was required (DE Ropp, 1945), Light reduced the final length
of an expanding primordium in rye but it promoted initial increase (D Ropp,
1946a). In cabbage leai cultures, light resulted in chlorophyli synthesis allowing
sufficient photosynthesis to render leaf expansion independent of sucrose, but
induced no further development {DE Ropp, 1947). Apparently light did not
satisfy the requirements for development to the size the leaves would have
reached if kept attached to the plants.

In stem tip cultures of rye (DE Ropp, 1946b) only the lower and largest leaf
primordium grew out; further outgrowth was obtained only if roots generated
on the stem tips. Isolated roots, cultivated together with the stem tips, did not
have this effect, therefore the substance responsible for the effect was not ex-
creted in the medium. The promoting effect of rooting was observed also in stem
tip cultures of cabbage; rooting of isolated primordia had no effect (DE Rorp,
1947).

De GRegF and CAUBERGS (1972), working with dark-grown bean seedlings,
similarly observed that expansion of the primary leaves depended on the presence
of other parts of the plants: expansion of excised leaves depended on sugar sup-
ply and was much increased by regeneration of roots on the petiole. For leaf ex-
pansion illumination was required, with intact plants not only the leaf but also
the plumular hook had to be illuminated. It must be noticed that these observa-
tions differ from those of WeNT (1938) on Pisum, leading to the statement that
leaf expansion was independent of the presence of roots.

In the fern Osmunda cinnamomea L., STEEVES and Sussex (1957) found again
that the ultimate size in culture of the isolated leaf primordium depended on the
size at the time of excision. Cell division in the primordium, however, continued
after excision. Nevertheless, the onset of expansion was accelerated by excision
so that the period of meristematic growth was much shortened.

In light, the period of cell division of isolated primordia was further reduced.
The final length of the frond in illuminated cultures was less than that in cul-
tures kept in darkness. Illumination was required for unrolling and extension of

Meded. Landbouwhogeschool Wageningen 76-1 (1976) 5



the rachis and pinnae, but it increased their final size only if applied after ter-
mination of the phase of meristematic growth. Evidence was obtained that in
nature the period of meristematic growth was extended for many months by the
presence of older primordia and expanding leaves and by the darkness inside the
apical bud under the surface of the soil. In the case of ferns this might fully ex-
plain the much smaller final size of the isolated fronds in comparison with the
attached fronds.

1.2.3. The effect of cytokinins on leaf expansion

The experiments of JUHREN and WENT (1949) and STEEVES and Sussex (1957)
have shown that darkness does not reduce meristematic growth of leaf primor-
dia but mainly affects expansion growth. Leaves or parts of leaves that have
finished their meristematic phase of growth therefore appear to furnish a good
test system for substances promoting leaf growth in darkness.

A rapid bio-assay was developed by BONNER et al. (1939) and by MILLER
(1951). Leaf discs cut from the primary leaves of etiolated beans were floated on
media of different composition. With this test it was found that cobalt had a
stimulating effect on leaf disc expansion, additive to that of light (MILLER, 1952).
In a similar test, using stem sections, the effect of cobalt was opposite to that of
light, however, increasing the length (BERTSCH, 1963).

Meanwhile, a very potent stimulator for cell division and bud initiation in
tissue culture was isolated from yeast extract by MILLER and coworkers (1955).
The substance was identified as 6-furfuryl-amino-purine. This substance pro-
moted cytokinesis in tissue culture and was therefore named kinetin.

Kinetin, and its even more potent analog benzyl-amino-purine (BAP) proved
also to promote expansion of leaf discs (ScotT and LIVERMAN, 1956), but here
promotion was mainly due to ccll expansion (PowEL and GRIFFITH, 1960). In
darkness, the effect of kinetin was much larger than in the light, so it appears
that cytokinins could substitute for light to some degree. The same was found in
the germination of lettuce seed (MILLER, 1956).

Hitiman (1957) arrived at the same conclusion with Lemna minor grown on
sucrose in axenic culture. Five minutes red light given every 3 or 4 days stimu-
lated the multiplication rate; the same stimulation was obtained with kinetin in
the dark.

The conclusion that cytokinins could substitute for light in several light de-
pendent processes was, however, soon disputed, MILLER (1958) reexamined the
lettuce seed germination, this time maintaining more strict darkroom condi-
tions than in his earlter experiments. He observed that the sensitivity of the seeds
to light was much increased by kinetin, so that they responded already to the
safe-light of the dark room. Later, IKuMa and THIMANN (1963) found that the
site of action of kinetin is in the cotyledons, the expansion of which was pro-
moted by kinetin and was further increased by light. Light primarily acted on
the ability of the radicle to penetrate the seed coat, probably by inducing the
activity of hydrolytic enzymes. With Lemna minor, ROMBACH (1961) found that
the increase of multiplication rate and frond size by kinetin was greater at a very
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fow light intensity than in continuous darkness. Oota (1966} found a similar
relation between kinetin and light effects in Lemna gibba strain G 3.

1.3. SOME REMARKS ON CYTOKININS

According to the definition given by LETHAM (1967) cytokinins are substances
with kinetin-like activity. Natural cytokinins have been found in the bleeding
sap of various plants and can be extracted from root tips, growing fruits, seeds
and lgaves (LETHAM, 1967; SK0o0G and ARMSTRONG, [970). It was found by
MortHzs et al. (1959) that when kinetin is applied to the lateral half of a detached
leaf, the other side shows rapid yellowing, proteins are degraded and the degra-
dation products are transported towards the treated half which remains green.
KuLrava (1962), who was one of the first to consider cytokinins as functional
hormones in plant growth, used this phenomenon as a test for cytokinins. She
found that applied kinetin induced no rapid yellowing when the leaf was left in
xylem connection with the root system. She concluded that cytokinins were sup-
plied by the roots. If growth was inhibited by nitrogen deficiency or if the xylem
connections between the roots and the shoots were disrupted, the cytokinin
level of the shoot dropped se much that the leaves responded to exogenously ap-
plied kinetin. Observations of SHIBAOKA and TuiMAaNN (1970) support this con-
clusion: they failed to find cytokinin activity in the extracts of roots of etiolated
Pisum sativum seedlings, developing only rudimentary leaves, whereas plenty of
cytokinins were found in extracts from plants grown in the light. Although the
supposition that roots provide the cytokinins required for shoot growth is in-
teresting, it must be kept in mind that not all plant species were found to be sen-
sitive to the kinetin test (KULAEvA, 1962). In general, young leaves failed to re-
spond; maybe the roots are not the only source of cytokinins.

Uptake and retention by Lemna minor cultures was studied by VAN EnIk (1963)
for kinetin and by BEZEMER-SYBRANDY (1969) for BAP. Translocation from the
root to the frond was very poor, but retention in plants transferred to a medium
without the cytokinin was, in comparison with translocation and retention of
adenine, very strong. Cytokinins are rapidly metabolized; in biotests cytokinin
activity was found in the fractions without polynucleotides, but also in the al-
kaline hydrolysate of transfer RNA. In both cases the activity was found in cul-
tures grown with added cytokinin as well asin those without it (BEzZEMER-Sy-
BRANDY and VELDSTRA, 1971).

No evidence was obtained for incorporation of BAP in ribonucleotides in
Lemna minor. On the contrary, since BAP added to the homogenate was strongly
adsorbed to the polynucleotide fraction, any BAP in the hydrolysate of the
polynucleotide fraction of plants grown on a BAP-containing medium can be
suspected to be a contamination. On the other hand, the cytokinin 6-(3-methyl-
2-butyrylamino)-Sp-D-ribofuranosylpurine is a functional group in some tRNA
species in plants and animals. It is doubtful, however, whether applied cyto-
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kinins are involved in the formation of these tRNA species (HaLL 1973).

VaN Euk (1963} demonstrated that in Lemna minor 12 hours after kinetin
addition the incorporation into RNA of several compounds, but especially for-
mate, was stimulated. Incorporation of formate in protopectins and in DNA
was decreased.

In long-term experiments, with Lemna cultures in light, BAP stimulates both
the synthesis and the degradation of RNA (TREwavas, 1970) and increases the
rate of protein synthesis (TREwWAvAS, 1972). In cultures with a decreasing rate of
growth resulting from transfer from a complete medium to water, BAP de-
creases the rate of degradation of proteins (TREWAVAS, 1972). These reports show
that by addition of cytokinins some metabolic processes are accelerated and
others slowed down. ‘

No information has been obtained on the primary site of action of cytokinins,
the first effects not being observed until 6 hours after kinetin addition. More-
over, the evaluation of the experimental data are complicated by the low rate of
transport of kinetin in the plants. One very rapid effect of kinetin is reported,
however : LIvNE and GRAZIANI (1972) observed an increase in the rate of rehydra-
tion of epidermis-free tobacce leaf discs within 2 minutes after kinetin applica-
tion, which could mean that water permeability of the plasmalemma is directly
influenced.

1.4, THE EFFECT OF LIGHT

1.4.1. The effect of brief illuminations on leaf expansion and the involvement of
phytochrome

As mentioned in section 1.2.3, a brief period of illumination induces expan-
sion of leaf discs cut from the primary leaves of etiolated seediings. This effect
was abolished when far red light was given within a short time after the illumi-
nation. The action spectra of these light effects have been determined by PAR-
KER, HENDRICKS, BORTHWICK and WENT (1949) and by Downs (1935). The
photoreceptor pigment involved was isolated by BUTLER et al. (1959) and called
phytochrome.

By difference spectrophotometry of living plant tissue several forms of phyto-
chrome have been detected, the two more stable forms are known as Pr and Pfr,
with absorption maxima respectively at 660 and 730 nm. The action spectra of
photoconversion of Printo Pfr and of Pfrinto Pr (BUTLER et al., 1964) corres-
pond with the action spectra for leaf expansion,

In the plant, Pr is very stable but Pfr disappears under aerobic conditions at
room temperature with a half life that differs for each plant species but is usu-
ally less than 3 hours.

There are, however, indications that the Pfr involved in some physiological
reactions has a much longer life time. For this reason it is suggested that there is
a difference in stability (perhaps owing to binding to cellular structures) between
the bulk fractions of phytochrome as measured spectrophotometrically and a
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more stable physiologically active fraction (BUTLER and LANE, 1965; HiLLMAN,
1965). The effect on Lemna minor of short illuminations with a narrow spectral
band of red light, and its reversion by far red are described by RoOMBACH (1965).
The presence of phytochrome in Lemna was demonstrated by RomBacH and
SerUIT (1968) with dual wavelength spectrophotometry. On a dry weight basis,
the phytochrome content was the same in the non-growing parts of the plants
as in the parts containing the meristems. The phytochrome content was reduced
if the frequency of the illumination was raised or if conversion to Pfr was more
complete. Determinations of Pfr after illumination (RoMBacH and SPruIT, un-
published) show that ihe half life of Pfr was about 2.5 hours at 23 °C, but Pfr
was shown to be physiologically active up to 15 hours after illumination (Rom-
BACH, 1966).

1.4.2. The effect of extended periods of illumination

Often a further increase in light response is observed if exposure time and
light intensity are increased above the energy level required for maintaining the
photostationary state of phytochrome. This has been found by MEyEr (1959)
and by ENGELsMA and MEYER (1965b), studying the inhibition of the growth of
hypocotyls and the promotion of expansion of cotyledons in Cucumis sativus L.
by light, Evans et al. (1965) have shown that in two garden varieties of Peturia
and in Lactuca sariva L. a brief illumination with red light inhibited hypocotyl
growth only when preceded by a longer period of radiation, the maximum ef-
fectivity of which was in the blue. With very young lettuce seedlings, another
maximum of action was found at 720 nm, an observation made previ-
ously by MosRr and WEHRUNG (1960). There was a difference, however, between
the action of blue and of far red pretreatments since during illumination growth
of the hypocotyls was strongly reduced by blue light but promoted by far red,
whereas during the subsequent dark periods growth of plants pretreated with
far red or with blue light was the same.

The effects of long periods of illumination with blue and far red light are
often similar (WAssINK and STOLWWEK, 1956) but in many cases differences were
also found (GriLL and VINCE, 1965, 1966; ENGELsSMa, 1967 a, b). Far red prob-
ably works via the phytochrome system (HARTMANN, 1966; ENGELSMA, 1967b),
perhaps by mobilizing storage products in the cotyledons (HACKER, 1967), but
there are also indications that parts of the photosynthetic reaction chain, espe-
cially cyclic photophosphorylation by system 1, are involved (KANDELER, 1969;
ScHNEIDER and StiMson, 1971). This might apply also to etiolated plants since
OELZE-K AROW and BUTLER (1971) found that dark-grown bean seedlings slowly
accumulated some chlorophyll during prolonged illumination with far red
(700-1000 nm). After 12 hours irradiation, the leaves developed the capacity
for DCMU-insensitive photophosphorylation, whereas the capacity for oxygen
evolution began to appear only after 24 hours of far red irradiation (DE GREEF
et al., 1971). When the illamination period is increased, synthetic processes con-
nected with photosynthesis and other light dependent processes can be expected
to increase in importance also in Lemna minor. A period with high photosyn-
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thetic activity has an after effect on the growth rate during the first days of a sub-
sequent dark period (RoMBACH, 1961, 197]1). We may, therefore, expect to find
multiple relations between the actions of phytochrome, cytokinins and photo-
synthesis in the effect of light on the growth of plants.

Four kinds of effect of phytochrome on metabolism have been observed or
deduced from the results of experiments.

1. A rapid effect on the permeability of bio-membranes beginning within a
minute after the start of illumination.

2. An increase in the amount of extractable growth substances.

3. Regulation of enzyme synthesis.

4, Effects on messenger RNA production and on ribosomal activity.

A rapid effect of phytochrome Pfr on permeability of bio-membranes is de-
duced from the action of red and far red light on the leaf movements of some
Leguminosae (FONDEVILLE et al., 1966; SATTER and GaLsTON, 1971) and from
rapid changes of electropotential at the surface of root tips (JarFg, 1968) and
Avena coleoptiles (NEWMAN and BRIGGs, 1972). The rapid far red reversible
changes in the ATP-level observed by WHiTE and PIKE (1974) in etiolated pea
plumules after a brief illumination may be related to transport through mem-
branes.

The studies with polarized light by Bock and Haupt (1961) and Haupt {1970)
on chloroplast movements in Mougeotia indicated localization of phytochrome
in the plasmalemma.

An increase of extractable gibberellic acid in etiolated wheat leaf segments
was observed by BEEVERS et al. (1970). A maximum yield of extractable gib-
berellic acid was found 15 minutes after the beginning of a 5 minute irradiation,
These experiments are of interest because addition of GA induced an unrolling
of the etiolated leaf segments similar to that after treatment by light (POULSEN
and BEEVERS, 1970).

Rapid effects of phytochrome on regulation of enzyme synthesis in dark-
grown seedlings of Sinapis alba were reported by OeLze-KAROW et al. (1970)
for the temporary repression of lipoxygenase synthesis and by RissLAND and
MoHRr (1967) for the resumption of phenylalanine ammonia lyase (PAL) when
a second illumination followed after a period of darkness.

For many phytochrome controlled enzymatic reactions it takes some time be-
fore the first increase in activity after illumination is detectable. The induction
of PAL synthesis by the first illumination of an eticlated plant, for instance, has
a lag phase of about 1 hour (ENGELSMA, 1967a, b; BELLINI and HiLLMAN, 1971;
ScHOPFER and MoOHR, 1972). In cotyledons of Sinapis alba this first induction of
PAL is inhibited by actinomycin D (RisstaND and Mo#r, 1967), which indi-
cates that messenger RNA production is required. In this case phytochroms
control may be at the site of mRNA production (according to MOHR, 1966, a
case of gene activation). If this proves correct, it probably is not the only site
where phytochrome regulates PAL synthesis since stimulation of PAL syn-

10 Meded. Landbouwhogeschool Wageningen 76-1 (1976)



thesis by a second illumination is only partly inhibited by actinomycin D (Riss-
LAND and MoOHR, 1967).

A far red reversible effect of red light on ribosome activity was found by
TrAVIS et al. (1974). They measured amino acid incorporation in monoribo-
somes from dark-grown maize leaves isolated at various times after 5 minutes of
red illumination. Maximum stimulation was found after 2 hours, but a small
increase was already detectable after 30 minutes. This ribosome activation was
independent of mRNA availability in the in vitro reaction medium.

In mitochondria isolated from etiolated peas, illumination increased the
ability to reduce exogenous NADP. This effect, reversible by far red, was found
by MaNa®BE and Furuya (1974). In 1975 they reported that a small part of the
phytochrome was bound to mitochondria and microsomes, and that this part
increased after illumination of the intact plumules of etiolated pea seedlings in
proportion to the Pfr content.

The first illumination of planis grown in complete darkness causes changes
in physiological sensitivity which made RAVEN and Sprurt (1973) suppose that
after this initial illumination a change in the distribution of phytochrome in the
celis takes place. SPruIT (1972) suggested that the apparent phytochrome decay
observed with in vivo spectrophotomeiry after the first illumination might be an
optical artifact due to a change in distribution.

RuBINSTEIN et al. {1969) observed that in homogenates of eticlated tissue the
phytochrome could be separated in a fraction pelletable by centrifugation, and
a supernatant fraction. MARME et al. (1973) and MARME et al. (1974) found that
after a brief illumination part of Pfr was associated with pelletable membrane
fractions free from mitochondria and other particles. BoisarD et al. (1974) re-
ported Pfr decay during the first hour after in vivo illumination in Cucurbita
pepo 1o be due to decay of the Pfr bound to the membrane fraction. The ability
of this fraction to bind Pfr in response to a second illumination was not restored
within 2 hours; 24 hours later, however, the binding capacity was as before.
Therefore decay of total Pfr, decay of bound Pir and decay of the binding ca-
pacity of the membrane fraction were similar during the first 2 hours after a
brief illumination. The decay of the binding capacity of the membrane was
prevented by far red following the red illumination. It was concluded that after
decay of the bound Pfr during the first hours after an illumination the binding
sites on the membrane were occupied by non photoreversible phytochrome.

QualL et al. (1973) reported that in hooks of Cucurbita pepo seedlings the
red-induced binding of Pfr was partly reversible by far red, but not in coleop-
tiles of Zea mais. In Zea, in vivo illumination induced an immediate increase
of binding of Pr as well as of Pfr. QUAIL and SCHAFER (1974) observed that in
Zea the binding, when induced by brief illuminations, depended on the Pfr level.
With longer illuminations and a low photostationary state of Pfr, the binding
was a function of both light intensity and duration of illumination. They pro-
posed a model in which the occupation of the membrane by phytochrome was a
function of the rate of ‘cycling’ between Pr and Pfr.

The membrane model of CHANGEUX and THIERY (1968) has served as a guide
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in the studies mentioned above. A discussion of this model in relation to phyto-
chrome has been given by WAssINK (1974).

The experimeats discussed above point to a migration of phytochrome after
illumination, reinforced by an effect of Pit on the membranes. Nevertheless,
it is not likely that these binding reactions are the same as those postulated by
Sprult (1972), since in that case the pelletable fraction of phytochrome should
be expected to increase in the dark after an illumination at the same rate as the
apparent dark decay of phytochrome measured in the spectrophotometer.

It is likely that the primary action of phytochrome is different for different
reactions induced by Pfr, and that membrane processes may be involved. There
are indications in literature that cytokinins influence permeability (the work of
LivNe and GRAZIANI is mentioned in section 1.3). This makes both the resem-
blances and the differences between the effects of cytokinins and Pfr significant.

1.5. THE MATERIAL

1.5.1. Lemna minor as an experimental plant

Lemnaceae have been used as experimental plants by many investigators in
the fields of plant physiology and biochemistry, as appears from the review by
HiLLMAN (1961). The small size of the plants and the ease of aseptic cultivation
on well defined media are advantages in experimental studies. Their small size,
however, is also a disadvantage: a culture of duckweeds consists of plant tissue
that is never homogeneous; roots, old fronds, young fronds and meristems are
difficult to separate. According to ARBER (1919), the morphology of Lemna is
related to that of Pistia. A frond of L. minor bears a reproductive pocket on each
side (fig. 1.1. ¢ and e) from which new fronds grow out in succession. The
younger of these ‘daughter’ fronds always appears above the older. The ‘daugh-
ter’ fronds remain connected with the ‘mother’ frond by a thin connective stalk
which is thrown off by both mother and daughter fronds after some time. The
adult frond tapers towards the side of the connective stalk; ARBer (1919)
regards the part of the frond between this stalk and the implantation of the root
as a stem; this part bears the reproductive pockets.

e

FiG. 1.1. Lemna minor grown on a medium with 1% sugar; a and b grown at 0.5 uWcm~?
continuous light, a with 3 x 10~% M kinetin, top view; ¢, d, and e: fronds grown at 1000
pW cm~2, ¢: top view, d: side view, e: cross section in the plane indicated in ¢ and d, the rigin
side reproductive pocket contains two frond primordia, the lower one is the oldest, Enlarge-
ments: aand b: I1x;cand d: 2x;e: 8X.
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The root is initiated in the region between the reproductive pockets; in anal-
ogy with Pistia it is considered to be an adventitious root, issuing from the node.
The reproductive pockets are covered on the underside of the frond with a flap;
this flap has grown together with the margin of the frond in such a way that the
reproductive pocket remains closed until the first daughter frond breaks through.
Since these daughter fronds are not contaminated and make no contact with
the disinfectants which generally kill the mother plant, this is very helpfull in
sterilization.

The other part of the frond, from the root implantation to the distal end, is
considered to be a petiolar phyllodium. This description implies that the
proximal part of & Lemna plant should behave in physiological respect like a
stem, and the distal part like a leaf stalk. In practice, however, the entire frond
responds to light like a leaf blade.

1.5.2. Nutritional requirements of Lemna minor for growth in darkness

GoruaM (1950) found that a combination of sucrose, casein hydrolysate and
yeast extract enabled the plants to multiply in darkness for an indefinite time,
be it at a low multiplication rate. Without casein hydrolysate and yeast extract
almost no increase in number of fronds took place. GorHAM concluded from
the beneficial effect of casein hydrolysate that in darkness L. minor was unable
to use nitrate or an amonium salt as a source of nitrogen. This was contradicted
by BorRNKAMM (1970) who demonstrated nitrate assimilation in the absence of
casein hydrolysate in long term dark cultures. In these experiments addition
of yeast extract proved indispensable, however.

GORHAM (1950) tried to replace casein hydrolysate by single amino acids.
From 25 amino acids tested aspargine, DL-phenylalanine, -alanine, DL-iso-
leucine, leucine, DL-methionine, DL-treonine, L-proline and DL-amino-butyric
acid, each had about 50% of the effect of casein hydrolysate while the others
were ineffective or even toxic at low concentrations.

In the absence of yeast extract the cultures died after 2 months in darkness.
GorHAM (1950) tried to replace the yeast extract by the following vitamins:
ascorbic acid, thiamine, riboflavine, pyridoxine, para-amino-benzoic acid,
calcium-panthothenate, niacin, inositol, choline, biotin and folic acid. A mix-
ture of these vitamins was inferior to yeast extract. Coconut milk and a mix-
ture of adenine sulfate, guanine hydrochloride, xanthine and uracil likewise had
no additional effect.

HireMan (1957) added the following substances to this list: kinetin, benzyl-
amino-purine and various other purine analogues, adenosine, cobalt, arginine,
4-chloro-phenoxy-iso-butyric acid, cysteine, gibberellic acid, indole-acetic acid
and uridine. The most active of these components was benzyl-amino-purine ata
concentration of 10-% M, Kinetin had a similar effect, at a three times higher
concentration. The four other purine analogues were either much less effective
or not effective at all; 10~* M adenosine had 20 %, of the kinetin effect; 10-4 M
cobalt nitrate gave 409 of the kinetin effect; the other substances were in-
effective.
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The stimulation of growth by kinetin and benzyl-amino-purine was consid-
erable; during a period of 2 days following the cytokinin addition, the multipli-
cation rate was 6 times higher than before. TASSERON-DE JONG and VELDSTRA
(1971) observed that this stimulation was maintained for only 7 days, after 3
weeks the cultures had died. RomeacH (1974) found that after addition of
thiamine, stimulation by Kinetin to 1509, was maintained over dark periods
longer than 80 days. Although it has not been possible to simulate completely
the effect of light by chemical substances added to the medium, there are some
promising aspects.

With L. minor, GORHAM (1950) observed that during the first two days of
darkness there was an ‘inoculum effect’, consisting of a relatively high multipli-
cation rate. During the subsequent 5 days in darkness this inoculum effect was
followed by a lag phase. The inoculum effect was increased when the sugar
content during the light period was higher than that during the dark period or
if photosynthesis was increased by increasing the light intensity or the CO,-
content of the air. Probably, the inoculum effect was due not to the fresh me-
dium but to the light used during inoculation. RompacH (1961, 1971) found that
the period of increased growth was lengthened from one day to seven days by
the presence of kinetin and that the effect was increased by feeding casein hy-
drolysate, by lowering the temperature during the preceding light period, or by
increasing the light intensity. This suggests that during the preceding light period
products of photosynthesis accumulate which stimulate the multiplication rate
in a subsequent period of darkness.

Tissue cultures grown in light are often very different in appearence from
those grown in darkness, but the rate of dry weight increase is mostly not in-
fluenced by light. An intersting exception is the growth of tobacco callus cul-
tures requiring kinetin. BERGMANN and BArLz (1966) found that on an optimal
medium with kinetin and thiamine, increase in darkness was only slightly below
that in light. DiGBY and SkooG (1966) and LinsMaier-BEDNAR and SKOOG
(1967) found that on a medium without kinetin and thiamine tobacco callusses
did not increase in darkness nor at low light intensity. The cultures stayed alive
and the endogenous thiamine concentration stayed at a relatively high level.
If kinetin was supplied growth was considerable but this was accompanied by a
drastic decrease in the endogenous concentration of thiamine. After three weeks
the cultures turned brown and died. During this period the endogenous thia-
mine had evidently been consumed without being replenished by biosynthesis.
With a 30 times higher (5 x 10~ ¢ M) kinetin concentration growth continued,
thiamine biosynthesis being stimulated (DRAVNIEKS et al., 1969). At high light
intensities, preferably in blue light, the cultures synthesized chlorophyll and
became independent of exogenous thiamine and cytokinin (LINSMAIER-BEDNAR
and SK00G, 1967; BERGMANN and BERGMANN, 1968).

This case history of tobacco tissue culture suggest that also for Lemna minor
it may be possible to find the missing factors for growth in darkness.
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1.6. SCOPE OF THE INVESTIGATION

The investigations discussed above demonstrate that light allows Lemna
minor to grow on media without thiamine and kinetin. Since addition of these
substances to cultures grown in the dark is not sufficient to simulate the effect
of light, the latter evidently contributes still one or more factors for growth.
Several experimental approaches to this aspect of the action of light are pos-
sible.

In the first place, the influence of illumination on metabolism could be anal-
yzed. At present this approach is being followed by several groups. Examples
are: MoHRr and coworkers at Freiburg i. Br. (MoHR, 1972), and KEy and
coworkers at Athens, Georgia (TRAVIS et al., 1974),

In the second place chemical factors essential for growth, generated through
the action of light, could be identified by studying the effect of the addition of
specific chemicals to dark-grown cultures. Examples of this type of approach
are given in the previous section.

Thirdly, action spectra, dose-response relations and other characteristics of
the effect of light, such as photoreversibility, could be studied, in order to obtain
information on the pigments involved.

To explore the potentialities of the third approach we made an experimental
survey of the action of phytochrome in the photostimulus reaction in Lemna
minor grown on a nutrient medium with sugar and casein hydrolysate. Since
kinetin had the effect to increase the responses on low amounts of light and to
prevent clumping of the fronds so that mutual shading was less, the response to
light could be evaluated betier in cultures grown with added cytokinin than in
those without it. Most of the experiments were therefore made in two parallel
series, one with kinetin and the other without it. Presupposing that kinetin is a
substitute for endogenous cytokinin, we assumed that this might also enable us
to obtain indications about the light requirement of endogenous cytokinin pro-
duction.
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2. METHODS

2.1, MATERIAL

A strain of Lemna minor, originally introduced in this laboratory by Dr. W.
LiNDEMAN (1952), was used. At the start of our investigations the plants were
disinfected by successive dipping in 50 %, ethanol, immersion in 0.1 % HgCl; for
40 seconds, and rinsing with sterile water. Young fronds with the reproductive
pockets still closed, gave the best results.

2.2. CULTURE CONDITIONS
2.2.1. Culture medium

In most experiments a standard medium, modified from GorHAM (1950), was
used:

Ca(NQ,), -4H,0 05 g
MgSO, - TH,0 0.25 g
KH,PO, 0.136 g
H,BO, 2.86 mg
MnCl, - 4H,0O 1.81 mg
ZnSQ, - 7TH,0 0.22 mg
(NH,) Mo,0,,-4H,0  0.18 mg
CuSQ,-5H,0 0.07 mg
Co(NO;),-6H,0 0.08 mg
NH,VO, 0.0l mg
Fe** EDTA 4.26 mg

distilled water to make up to 1 liter.

In experiments under continuous illumination the concentration of calcium
nitrate was doubled. Furthermore, the medium contained 15 g saccharose,
0.26 g casein hydrolysate vitamin free (Dirco Detroit USA) and 0.005 g trypto-
phane per liter. The nitrogen content of casein hydrolysate is 10%. Accordingly,
30 %, of all nitrogen was supplied by this nutrient.

Kinetin (NBC, Cleveland, Ohio), 3 x 10~% M (0.8 mg/1), was added to the
medium when indicated.

2.2.2. Sterilization of the medium

Glass tubes, 15 cm long, 2.6 cm internal diameter, with 25 ml of medium con-
taining macro-¢lements, micro-elements and saccharose, were autoclaved for
15 minutes at 120°C. At the end of autoclaving pH was 4.5. During this treat-
ment saccharose inverted to reducing sugars forabout 10 %, Iron with peat extract
was autoclaved together with the minerals and saccharose, but the EDTA iron
complex had to be autoclaved separately, otherwise a precipitate was formed.
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Casein hydrolysate with the added tryptophane was also autoclaved separately,
as was kinetin. These substances were added to the basal medium after sterili-
zation.

In some experiments less stable substances, to be added to the culture medium,
were sterilized by filtration through a glass filter G 5 (ScHOTT Mainz), or through
a cellulose nitrate membrane filter SM 11307 pore size 0.2 p of SARTORIUS,
Géttingen.

2.3. TECHNIQUES OF MEASUREMENT

2.3.1. Multiplication rate

As long as there were no senescent fronds in the cultures, frond number in-
creased exponentially. The rate of increase in frond number, dn/dt, is then pro-
portional to the number of fronds r, at time ¢.

dnfdt = Gn, (1
equation 1 gives
In(njn) = G (t-1,) {2)

Gy is the rate constant for frond multiplication, it is also the increase in frond
number per frond per unit of time, or the relative rate of increase in frond num-
ber. Conversion to Briggian logarithms and introducing the multiplication
rale MR (MR = 434 G,), gives

MR = 1000 1/t Yog(n,/n,) (3)
t = t—t, (days)

2.3.2. Rate of cell division

The colchicine method, described by Evans, NEary and ToNkinsoN (1957)
was used for determination of the rate of cell division. The description is in
chapter 7.

2.3.3. Frond area and increase in length of fronds

Photographs of the cultures by shadow print technique were taken on high
speed panchromatic film (ILForD HP4) against a green safe-light. The amount of
light received by the plants was below 75 nW sec cm~2 per exposure. The
spectral composition of the light is given in section 2.4.4, In experiments with
Pisum plumula, exposition to an amount of energy of 9 x 10° uW sec cm™?
resulted in conversion of 59 of Pr to Pfr, so we estimate that in Lemna the order
of magnitude of Pfr formed per photograph was less than 0.19%, of the total
phytochrome content. From enlarged prints, the area of the fronds was mea-
sured with a planimeter, the length with a ruler.

2.3.4. Carbohydrate determinations
The total amount of reducing sugars in the medium was determined with the
colorimetric method of NELsON (1944). Saccharose was inverted by boiling for
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15 minutes with 0.5 N HCl. The amount of saccharose was then obtained by
subtracting the value of reducing sugars before inversion from that determined
after inversion. For determination of the sugars in the plants, the cultures were
extracted with 809, ethanol, Glucosides were removed from the extract by
clarification of the ethanol extract with charcoal. In one experiment glucose and
fructose were determined separately after paper chromatography (VERHOEKS,
1965).

Since the inversion procedure influenced the colorimeter readings, a separate
calibration curve had to be made for the saccharose determinations.

Starch was extracted with the method of PucHER et al. (1948). The precipitate
obtained was hydrolyzed and determined as reducing sugar. With pure starch
about 85% was recovered with this method.,

2.3.5. Photosynthesis and respiration

In some experiments, manometric measurements of gas exchange were car-
ried out with the WARBURG technique. The WARBURG vessels used in these
experimenis had a circular ‘gallery’ alongside the inner wall, provided with 1 ml
of PARDEE'S CO, buffer (4 M diethanclamine + 0.1 % thiourea) (KRERS, 1951)
and a slip of filter paper to increase its gas exchange with the air. At the start of
the experiment, the buffer was equilibrated with 0.5%, CQ,. The vessels con-
tained 60—80 mg fresh weight of Lemna fronds. Different light intensities were
obtained by filters attached to the bottom of the vessels. As light source 40 W
fluorescent lamps colour 33 were used. :

It was assumed that the differences in manometric pressure were due to
changes in oxygen pressure only and that the assimilatory and respiratory
quotients were 1.0.

2.3.6. Estimation of chlorophylls and carotenoids

Fresh plants were extracted with pure acetone at 5°C under our green safe-
light by grinding with sea sand and a little calcium carbonate (BRUINSMA, 1963;
RAvEN, 1973). Extinctions of the extracts (809, acetone) were determined at
the wavelengths 573 nm, 628 nm, 646 nm, 652 nm and 664 nm in a Zeiss model
PMQ II spectrometer equipped with a grating monochromator M 20. Chloro-
phyll concentrations in pg/ml were calculated, using the absorption coefficients
of MACKINNEY (BRUINSMA, 1963; RAVEN, 1973).

The absorption spectrum of an acetone extract of Lemna plants, grown in
darkness interrupted every 3 hours by a red illumination of 2 minutes 500 uW
cem™? (fig. 2.1), suggests that absorption in the blue is mainly due to caro-
tenoids.

An approximate carotenoid content was derived from the extinction vatue
at 473 nm, the contribution of the chlorophylls at this wavelengih being less
than 3%,. We have assumed an extinction coefficient of 220 liter per gram per
centimeter for these carotenoids.
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Fic. 2.1, Absorption spectrum of a pigment extract from Lemna minor, 1 gram (fresh weight)
was extracted with a total volume of 125 ml 809 acetone. Light path I cm. Plants grown for
14 days in a regime of 2 minutes red light, 500 uW cm 2, every 3 hours.

2.3.7. Fresh weight, dry weight

Immediately after removal from the culture medium, the surface of the plants
was dried with filter paper. The plants were transferred to stoppered weighing
bottles and weighed without delay. For dry weight determinations the plants
were heated to 100°C for 15 minutes and then dried to constant weight at 75°C
for an additional 24 hours.

2.3.8. Calculation of standard deviations
When considered useful in comparing results, the standard deviation of the
meanis given:

5 = V(x—%)n(n-1) @

x = single observation, X = mean value of the observations, » = number of
observations. In some cases the standard deviation of the single observation is
considered to be of intererest:

g = (x—f)%jf) (3)

2.4. EQUIPMENT FOR ILLUMINATION

2.4.1. Cabinets for short periods of illumination

For experiments with short periods of light, 4 cabinets with 3 compartments
each were used (fig. 2.2).

Above each cabinet 3 lamp houses were constructed (fig, 2.2b); the central lamp
house was used for far red, the two others in most cases for red light. Light in-
tensity in each compartment was adjusted with adjustable lattice screens, con-
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Fi1G. 2.2. Cabinet for growing plants with illuminations of short duration.

a: Front view; A, B and C compartments for different intensities of light, light intensity is
regulated with lattice screens D. Ventilation by ventilator E (in b) and air outlets G, Removable
boards at half height of the cabinets, with two rows of openings for ventilation, give the possi-
bility to place objects nearer to the lamps. N: Ventilator of the lamp house of fluorescent
lamps, Q: ventilator of the far red lamp house (see R in b) H: air inlet for the lamp houses.
The lamp house, with filters of coloured glasses and copper sulfate selutions M, is placed
upon the cabinets.

b: side view; I: sliding doors giving entrance to the cabinets; K: lamphouses for fluorescent
lamps 1., M light filters; N: ventilator with ventilator shaft P; R: far red lamphouse with
incandescent lamps S with internal reflector, the bulbs cooled by water filter T.

sisting of 2 glass plates, one on top of the other, on each of which evenly spaced
black paper strips were glued. By moving the upper glass plate the light trans-
mission could be varied. Red light was obtained from 120 W white fluorescent
lamps, colour 33 (PHILIPS), combined with a 3 mm layer of red Plexiglas nr 501
(RouM und HaAs) and a 10 mm layer of an aqueous solution of 30 gfl CuSO,-
5H,0.

Blue light was from 120 W white fluorescent lamps, colour 55 (PHILIPS}, com-
bined with a 3 mm layer of Plexiglas nr 0248,

Far red was obtained from incandescent lamps combined with 4 cm water
and 2.5 mm of the RG 9 glass of SCHOTT; the ratio of the energy at 660 nm to
that at 730 nm was about 10~ # for this light source. The transmission curves of
the filters are given in figure 2.3. The curve for the transmittance of water was
derived from data of JoNEs and Guy (1913).
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FiG. 2.3, Transmission curves of the filters
a: A = commercial red glass 2.5 mm;
B = Plexiglas nr 501; 3 mm;
C = copper sulfate solution 30 g/, 10 mm;
I == coloured glass ScHOTT, Mainz, RG 9, 2.5 mm;
E = Plexiglas nr 0248, 3 mm;
F = Cinemoid sheet, colour 47, 0.1 mm;
G = Plexiglas nr 627, 3 mm, in the far red transmission is close to that of 1 mm RG 8
(ScuotTt, Maingz).
b: H = water, 4 cm, 25°C.

2.4.2 Equipment for illumination with narrow wavelength bands

The parallel light beam from a 500 W slide projector first passes a layer of
1 ¢m water and subsequently an interference filter (BALZERS, Liechtenstein,
Filtraflex B-40). The water filter reduces the radiation, transmitted by the filters
at longer wavelengths, to 109 of the total transmitted energy. After passing
the filter system, the beam was reflected downwards by a mirror and was then
diffused by frosted glass. Different light intensities could be obtained by placing
the objects at different distances from the frosted glass, as well as by wire screen
filters.
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2.4.3. Spectral energy distribution of the lamp-filter combinations and their ef-
Jfectivity in phytochrome conversion

The spectral energy distribution of the different lamp-filter combinations is
given in table 2.2. The values are obtained by multiplying the emission spectra
of the lamps, presented in table 2.1, with the transmission values of the filters,
given in figure 2.2, and with a factor depending on the wavelength band, con-
verting watts into einsteins. The emission spectra of the fluorescent lamps were
derived from the data supplied by the manufacturer (see GAasTRA, 1969). Since
study of phytochrome involvement was one of the aims of the experiments de-
scribed in the following chapters, and direct measurements of the content of the
active form Pfr is possible only under special conditions, we tried to estimate
photoconversion from the spectral energy distribution of the light sources and
the published absorption spectra of phytochrome. The spectral fluxes in table
2.2 were multiplied by the action spectra published by BUTLER, HENDRICKS and
SIEGELMAN (1964) for phytochrome conversion in vitro, and by PRaTT and
BriGGs (1966) for phytochrome conversion in vivo.

For each lamp-filter combination the integral of the values thus obtained was
divided by the integral of the fluxes given in table 2.2. The resulting quotients

TABLE 2.1. Spectral energy distributions of the lamps, Values are fractions of the total energy
between 400 and 700 nm emitted in the indicated wavelength bands multiplied by 1000,

Wavelength band nm TL 33 TL 55 Wavelength band nm  Incandescent
Lamp 150 W,
T = 2B00°K.
300-320 5.2 4.0 600-620 93
320-340 0.7 0.5 620-640 103
340-360 1.7 2.1 640-660 i13
360-380 17.2 18.1 660-680 122
380400 13.8 159 ‘680—700 130
400420 489 54.7 700-720 138
420--440 102.6 105.6 720-740 145
440-460 454 60.5 740-760 152
460-480 51.0 7.1 760-780 158
480-500 50.3 74,9 780-300 162
500-520 49.6 738 800-820 166
520-540 57.8 68.0 820900 700
540-560 119.8 97.2 900-950 448
560-580 138.0 62,1 950-1000 446
580-600 128.1 61.6 1000-1050 450
600-620 971 61.1 1050-1100 440
620-640 58.5 62.6 1100-£150 420
640660 324 64.8 1150-1200 396
660-680 17.9 49.4 1200-1300 680
680-700 11.0 324
700-720 6.9 239
720-740 4.1 15.9

22 Meded. Landbouwhogeschool Wageningen 76-1 (1976)



TaBLE 2.2, Relative spectral energy distribution of the light obtained from the different
lamp-filier combinations. Values are the transmitted fractions of the values in table 2.1, con-
verted to light quanta. Lamp-filter combination BC = TL 33 - filter B + filter C, 658 = in-
candescent lamp 500 W 4 interference filter A 658 nm, E = TL 35 -+ filter E, Safelight =
TL 55 + filter E + filter F, Far red I = incandescent lamp 150 W <+ filter G + B + 4cm
water, Far-red 11 = incandescent lamp 150 W + RG 9 + 4 ¢m water, Far-red 1Il = in-
candescent lamp + interference filter A 740 nm.

Wavelength Lamp-filter combinations Wavelength Lamp-filter comb.
band BC 658 E Safe- band Far red
light
1 11 11
360-380 0.5 660680 7.2
380-400 4.2 630-700 1382 32
400-420 38.0 700-720 465 75 5
420440 125.0 720-740 666 336 105
440-460 89.0 007 740-760 730 583 190
460480 950 0.38 760-780 815 724 10
480-500 740 1.8 780-800 896 795
500-520 39.0 47 800-820 994 886
520-540 148 5.2 §20-900 4170 3560
540-560 39 24 900950 3460 1780
560-580 2.0 1.0 0% 950--1000 1070 586
580600 751 0.37 0.33 1000-1050 907 376
600-620 273.5 013 012 1050-1100 1632 341
620-640 164.5 8 0.04 0.04 1100-1150 1940 206
640-660 70.6 105 1150-1200 537 33
660-680 284 57 1200-1300 70 22
680-700 10.5 6
700-720 4.1
720-740 1.6

TasLE 2.3. The efficiency factors for phytochrome conversion calculated from the different
lamp filter combinations in table 2.2 and the action spectra published by BUTLER et al. (1964)
for phytochrome photoconversion in vitro and by PrRATT and Bricas (1966) for that in Avena
coleoptiles. When the light intensity is measured in einsteins cm™2sec™?, the Q values ate 10°
times higher. Qe = efficiency factor for conversion from Pr to Pft, Qe = efficiency
factor for conversion from Pfr to Pr. (}) = indication for the wavelength composition of
the light.

Lamp-filter combinations

BC 658 E Safe- Far red
’ light
! I II nr
Ceseens Buter 192 311 11 1.2 0.08 0008 0017
PrATT 38.6 914 1.3 54 0.29 0.019 0.011
Q(J.)(pfr) BUTLER, 5-2 8.1 1.7 0.3 1.6 1.4 11.6
PraTT 120 284 1.7 1.7 55 3.7 29.4
PrE/P puat Butier 9% 79.4% 40% T1% 48% 053% 0.15%
PRATT  77% 16.4% 52% 76% 5% 0.49% -
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Quixen and Qe are the efficiency coefficients of phytochrome photoconver-
sion in light of the spectral composition (A):

dPfr/dt = E Q¢ yenlPr] (6)
and dPr/ds = E Qyyyeen[Pfr] (7

Herein £ is light energy, [Pr] and [Pfr] are the fractions of total phytochrome
present as Pr and Pir respectively and ¢ is the time,

Since there is an overlap of the spectra of Pr and Pfr, the photoreactions
Pr—Pfr and Pfr—Pr take place simultancously. Therefore the net rate of
change of the Pfr fraction is:

dPfr/d? = E Quypry Pr—E Qg yepeny Pir (3
E t = PIt/Q ey 1n{(Pfr, —Pfr))—In (Pfr, —[Pfr])} ®)
Pir,= Qusen/ Cnen+ e (10)

In this equation Pfr, is the photostationary fraction in Pfr; Pfr, that at the
beginning of the illumination; [Pfr] and [Pr] are the fractions at time 2.

The stationary fraction of Pfr during illumination does not depend upon the
light reactions only but also upon the rate k, of de novo Pr synthesis, the rate
k, of dark reversion and the rate k4 of Pfr decay:

Qe
ke —hv—s kq
—— = Pr | —
synthesis <«—hv— decay
l Queprn [

k, reversion

Since, at light intensities above 10 pW cm~2, these reactions are relatively
slow compared with the photoconversion, they have been neglected in the cal-
culation of the photostationary states in table 2.3,

The accuracy of the data in table 2.3 is open to criticism; the lamp-emission
data are only approximate; furthermore, the spectral data of BUTLER et al. are
for phytochrome in solution. Obviously, the optical and physical conditions in
such extracts differ from those in vivo. This is demonstrated by the Q values in
table 2.3: there is agreement between the values in the blue, but in the red the in
vivo values of Prarr and BRIGGS are much higher than the in vitro values.
Considering that there is considerably more absorption by screening pigments
in vivo than in vitro, one would have expected the opposite. We are unable to
offer an explanation for this discrepancy.

In view of this discrepancy, we prefer direct Pfr measurements above values
calculated with equations 9 and 10. Direct spectrophotometric Pfr measure-
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ments were impossible in most cases because the phytochrome concentrations
were too low, If, however, the cultures were kept for 7 days in continuous
darkness, the phytochrome content increased to a sufficient level (ROMBACH and
Srrurt, 1968). With Lemna minor cultures treated in this way, photoconversion
as a function of light dose could be measured spectrophotometrically. The results
are presented in fig. 2.4. As a check, phytochrome photoconversion in plumnles
of etiolated seedlings of Pisum sativum c.v. Alaska was also measured. As the
phytochrome content of this material is much higher, the measurements are
more reliable than those in Lemna minor.
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F1G. 2.4, Photoconversion of phytochrome as a function of the dose of light in Lerma
minor illuminated in the culture tubes and in plumules of 8 days old Pisurm sativam seedlings
illuminated in 2 mim sample cells, Broken lines: photoconversion of phytochrome calculated
from data of BUTLER et al. (1964). The full lines are drawn through the marks.

a: Photoconversion of Pfr to Pr; (Q), (1) and FII = far red 1I; () and FIII = far red III
(interference filier 740 nm); (O) and (®) = Lemra minor () = Pisum sativum.

b: Photoconversion of Pr to Pfr; { x), (V) and BC = red light from lamp filter combination
BC; (+), ( ») and 658 = lamp filter combination 658 (interference filter 658 nm); (w) = blue
light, lamp filter combination E; { x) and {+) = Lemna minor; (7 ), ( A) and {w) = Pisum
sarivum,
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The broken lines in fig. 2.4 refer to the photoconversion calculated with
equation 9 from the O values according to BUTLER et al. (1964). Comparison with
the measured values shows that there is good agreement in the red part of the
spectrum, but in the blue, and especially in the far red the slope and the position
of the measured curves is different. Since a considerable fraction of the incident
light is scattered back, the intensity in the first layer of the tissue expaosed to the
light will be lower than that measured directly. The light intensity inside the
tissue decreases with the depth of the layer by absorption, this counts especially
in the blue by the presence of carotenoids. The decrease in apparent photo-
chemical activity caused by these effects is counteracted by the increase in path
length inside the tissue (BUTLER, 1972 ; HARTMANN and UNSER, 1972). In the case
of far red this may more than compensate for the backscattered light; in the red
an accidental balancing of these factors may result in the good correspondence
between the measured and the calculated phototransformations. Additional
measurements, however, are required to settle this.

No differences were found between the measured and calculated photo-
stationary states of phytochrome.

2.4.4, ‘Safe-light’

Green ‘safe-light’ was obtained from 20 W fluorescent lamps colour 55 (PHI-
Lips) combined with a far red cut off filter of Plexiglas 0248 of ROxM und Haas
(transmission curve E in fig. 2.3) and a yellow Cinemoid filter nr. 47 of Strand
Electric Comp. (F in fig. 2.3). The spectral energy distribution of this light is
given in table 2.2. ‘

2.5. LIGHT MEASUREMENTS

Radiation intensity was measured with a cosine corrected selenium barrier
layer cell connected to the AL4 galvanometer of Kipp en Zonen, Delft. The
photocell was calibrated for every lamp-filter combination against a MoLiL
large surface thermopile (E 11 KipP en Zonen, Delft). Intensities lower than
100 oW cm ™2 could not be measured directly with the galvanometer-thermaopile
combination. Lower intensities, required for calibration of the photo cell, were
obtained by varying the distance from a point shaped light source or by inter-
position of wire-screen filters of known transmission. Readings of the galvano-
meter-selenium cell combination were linear with light intensity up to 40 pA.

26 Meded. Landbouwhogeschool Wageningen 76-1 ( 1976)



3. THE EFFECT OF VARIATION OF SOME CULTURE
CONDITIONS

Experimental conditions in general were chosen to ensure the maximal re-
sponse to the light regime ; this implies that other limitations should be removed
as far as possible, Effects of variation of some environmental conditions are
reported below.

In most cases the aspect of growth studied was the multiplication rate, since
preliminary experiments had shown that this was easy to measure and the re-
sponse to light was very marked. Multiplication rate, however, is the result of
several growth processes, as there are cell division, expansion growth, correla-
tion phenomena and processes of carbon assimilation. This induced us to give
some attention to these aspects too.

3.1+ THE INFLUENCE OF TEMPERATURE ON THE MULTIPLICATION RATE

Cultures were grown in continuous light at 12.4 uW cm~2 and at 1800 uW
cm~2. At 12.4 uW cm~2 photosynthesis was very low and multiplication rate
was largely dependent on sucrose assimilation from the medium. At 1800 uW
em™? however, photosynthesis supplied most of the energy required for growth
(section 3.6).

At the higher light intensity the optimum temperature for multiplication rate
was 28°C. The multiplication rate at the lower light intensity was almost in-
dependent of temperature in the interval from 17° to 30°C (fig. 3.1). This shows
that at low light intensities phoiochemical processes are rate limiting for frond
multiplication, while at higher intensities non-photochemical processes are rate
limiting. Cultures with kinetin added responded in the same way to tempera-
ture as those without.

MR

200 +
160 — o
/q. °
120 +(3' +
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Fic. 3.1. Multiplication rate (MR) as a function of temperature at two light intensities of
continuous white fluorescent light (PurLips TL 40, colour 33). Medium with 1.59 sugar; { X)
and ( A) = 12,5 pW cm =2 light; (+) and (Q) = 1800 uW cm~2 light; (Q)Yand (A) = no
kinetin added; ( x) and (4) = 3 x 10~% M kinetin.
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FiG. 3.2. Multiplication rate (MR) as a function of ternperature under a regime of 18 hours
light and 6 hours darkness. Fluorescent light (colour 33) 2200 uW cm 2. Medium with 1.5%
sugar. (G) = no kinetin; (+) = 3 x 10-°M kinetin.
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FiG. 3.3, Multiplication rate (MR) in continuous light under a periodic change of temperature
from 16°C for 8 hours to the temperature indicated on the abscissa for 16 hours. Fluorescent
light (colour 33) 1800 wW cm ™2 Medium with 1.5% sugar. (O) = no kinetin; (+) =
3 x 10~°*M kinetin.

In continuous light, growth was inhibited at temperatures above 30°C and
the fronds showed necrotic spots. When a dark period of 6 hours per day was
inserted (the light intensity was increased) the growth reduction above 30°C
was less pronounced (fig. 3.2). The damaging effect of 30°C in continuous light
could also be reduced by lowering the temperature to 16°C during 8 hours per
day (fig. 3.3). Similar results were obtained by HILLMAN (1956) with respect to
chlorosis of tomatoes grown in continuous light.

Finally a temperature of 22°C was chosen for most experiments, at higher
temperatures the cultures being less healthy. Moreover, as fig. 3.1 shows, at
22°C frond multiplication below MR = 150 is rate limited by light and not by
temperature.
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3.2. THE INFLUENCE OF KINETIN CONCENTRATION

Since kinetin was a component of the nutrient solution in most experiments,
the effect of its concentration was tested at different levels of light intensity. In
fig. 3.4 the effect on multiplication rate and in fig. 3.5 that on the final size of the
fronds is given. At all light intensities tested, the optimum concentration was
between 15 and 45 x 107 M, in agreement with the resuits of HILLMAN (1957).
At 135 x 1077 M growth inhibition was observed, in accordance with the find-
ings of VAN Evk (1963). The final size of the fronds proved somewhat more
sensitive to kinetin than the multiplication rate, this applies both to the stimula-
tory effect of low and to the inhibitory effect of high concentrations,
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Fic. 3.4. Multiplication rate (MR) at different Kinetin concentrations (abscissa) and different
light intensities. Fluorescent light {colour 34). Medium with 1% sugar.
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Fi1G. 3.5. Final size of fronds grown at different kinetin concentrations (abscissa) and different
light intensities. Same experiment as in fig. 3.4,
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3.3, THE INFLUENCE OF FOLIC ACID AND ITS INTERACTION WITH LIGHT AND
KINETIN

VanN Evk (1963) observed a favourable effect of folic acid on frond multipli-
cation and found that it reversed the inhibitory effect of high kinetin concentra-
tions. BEZEMER-SYBRANDY et al. (1968) demonstrated photochemical destruc-
tion of kinetin, especially in the presence of folic acid. She attributed the results
of Van Evk to this reaction. Benzyl-amino-purine was much more stable under
these conditions. Accordingly, we made some experiments to see in how far this
may have interfered with our work. Some results are shown in table 3.1, Folic
acid stimuiated growth in continuous light both with and without kinetin in the
medium, confirming the observation of VAN Eyk (1963). It had no influence on
the multiplication rate when bricf illuminations in cycles of 5 minutes light and
36 hours darkness were given.

TasLE 3,1. Effect of folic acid and kinetin on the multiplication rate of Lemna minor on
standard medium in continuous light 770 uW cm ™2 from fluorescent lamps colour 55, or in
darkness interrupted once every 36 hours with 5 minutes red light 200 oW cm 2,

Concentrations in uM Maultiplication rate
Kinetin  Folic acid Continuous light 5 min. light/36h
Exp 1 Exp 2 Exp 1 Exp 2

0 0 - 160 - 30
0 1.5 - 190 - 30
0 3.0 190 190 30 30
3 0 160 170 44 45
3 1.5 180 180 45 45
3 3.0 190 190 47 45

The effect of light on media containing both folic acid and kinetin was tested
by measuring the muitiplication rate on media exposed previously to different
amounts of light from fluorescent lamps, colour 55.

Kinetin absorbs radiation only in the ultraviolet and infrared parts of the
spectrum. Folic acid has an absorption maximum at A 368 nm. Fluorescent
light, colour 55, has only 0.0159, of its radiation in the spectral region from
380 to 420 nm, and light absorption by kinetin is only small as compared with
that of folic acid. Red light is absorbed by none of these substances and is,
therefore, suitable in a kinetin test. In table 3.2, multiplication rates are given
of cultures grown in darkness interrupted by 200 u'W cm~2 red light for 5 min-
utes every 24 hours. The growth stimulation by this treatment is much increased
by kinetin (chapter 5). Table 3.2 shows that the multiplication rate was de-
creased when a medium containing kinetin had been previously exposed for 8
days or more to 5000 pW cm ™2 fluorescent light colour 55. With kinetin and
folic acid both present, growth inhibition was visible in media pre-irradiated for
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Tapee 3.2. Effect of radiation on destruction of kinetin. Culture tubes without plants with
standard medium ot this with 3 X 10~® M kinetin or folic acid or both were illuminated at
30°C for different periods with 5000 W cm™2 light from fluorescent lamps, colour 55.
Hereafter the tubes were inoculated with Lemna miror; the cultures were illuminated once a
day with 200 W cm~2 red light during 5 minutes. Multiplication rates (at 25°C) were deter-
mined after 21 days.

Time of preparative Muttiplication rate
irradiation in days

' ¥ Standard medium Folic acid Kinetin  Kinetin +
Folic acid

0 50 - 60 -

6 - - 60 53

8 45 47 60 47

15 45 25 48 25

2t - - 33 19

only 6 days. Fronds were smaller and some dead fronds were observed.

These data show that at high light intensities growth inhibiting substances
are formed in media with kinetin. In experiments to be described in chapters 3
and 4, the light intensity was always much lower than 5000 pW cm™~2. With
2000 pW cm~2 fluorescent light, colour 33, the medium became covered with
fronds within 10 days. The medium was then shielded against further irradia-
tion. No indications were found for kinetin destruction by light in these ex-
periments.

3.4, THE INFLUENCE OF CASEIN HYDROLYSATE, CYSTEINE, YEAST EXTRACT AND
THIAMINE ON GROWTH RATE AND LONGEVITY IN DARKNESS

The literature discussed in section 1.5.2 induced us to test the requirement
for casein hydrolysate and some vitamins.

Table 3.3 shows the effects of different substances on the increase in frond
number and longevity in continuous darkness. The plants were harvested after
different periods of growth. In the absence of yeast extract or thiamine dead
fronds appear in the cultures with benzyl-amino-purine (BAP) as well as in those
without. On the basal medium with added BAP dead plants were often found
after 20 days already, confirming the observation of TASSERON-DE JONG and
VELDSTRA (1972). It is not likely that this is due to formation of toxic substances,
as in most experiments the surviving fronds were vigorous. Addition of casein
hydrolysate delayed the appearance of dead fronds in the presence of BAP
(table 3.3). Cysteine, which according to MARTIN (1364) promoted frond multi-
plication in darkness of Spirodela polyrrhiza, was without effect on Lemna minor.
No mortality was observed in the presence of yeast extract or thiamine. A 100
fold increase in frond number (¥ = 2) was obtained with BAP, sucrose and the
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TaBLE 3.3. The effect of various substances on frond production and longevity. Frond pro-
duction (N) expressed as increase in the logarithm of the number of fronds; mortality (M)
expressed in percent dead fronds at time of harvest. Cas. = 130 mg/l casein hydrolysate,
BAP = benzyl-amino-purine. Basal medium = 1.5% sucrose + minerals + EDTA-iron
complex,

Culture period
Substances added to the medium 20 Days 40 Days 80 Days
N M N M N M

Without BAP
Basal medium 0.52 0 1.10 0 1.46 10
Cas. 0.44 0 1.07 0 1.65 5
cysteine 4 mg/l + Cas. 0.42 0 1.05 0 0.85 5
yeast extract 100 mg/l + Cas. 0.37 0 1.01 0 1.73 0
thiamine 5 x 10~°M 0.47 0 - - 1.78 ¢
With 10-°M BAP 20 days 40 days 60 days
Basal medium 0.81 0 1.14 38 1.58 47
Cas. 0.73 0 1.30 2t 1.58 37
Cysteine 4 mg/l + Cas 0.81 0 1.46 12 1.63 47
Yeast extract 130 mg/l + Cas 0.72 0 1.40 0 1.74 5
Thiamine 0.86 0 1.55 0 2.00 0
2-methyl-4-aminopyrimidyl-
5-methanesulfonic acid* 10~5M 0.81 0 1.15 4 1.80 30
4-methyl-5(3 hydroxyethyl)-
thiazole® 10~3M 0.85 0 1.35 0 1.95 0

* The pyridine and thiazole moieties of thiamine were obtained by cleavage of thiamine with
bisulfide (WirL1aMs et al. 1935), The reaction products were purified and identified by W. CH.
MELGER and G. P. LELYVELD, Dept. of Organic Chemistry, Agricultural University Wagenin-
gen, using silica gel thin layer chromatography and infrared spectrophotometry.

TasLE 3.4, The effect of different illumination cycles on longevity of cultures grown on a
medium with minerals, EDTA-iron complex, 1.5%; sugar and 1 x 10-% M benzylamino-
purine with ot without 5 x 10~¢ M thiamine. The duration of a cycle was 48 hours. 2 min
R = 2 minutes 600 oW cm~2 red BC light, 5 min F = 5 minutes 5000 o'W c¢m~2 far red I,
48 hr D = remainder of cycle in darkness, Frond production (¥) and mortality (M) are
expressed as in table 3.3, Total chlorophyll content is given in pg/gram fresh weight.

28 Days 47 Days Chlorophyl
Irradiation schedule content
N M N M pe/e
Basal medium
2minR-483hr D 1.38 0 1.82 0 -
2minR-Smin F-48 hr D 0.94 0 1.22 27 -
S5minF-48 hr D 1.00 0 1.43 17 -
Dark control 0.99 11 1.38 18 C -
Basal medium with thiamine
2min R -48 hr D 1.39 0 2.00 0 0,38
2minR-5min F-48hr D 0.96 0 1.46 0 042
Smin F-43 hr D 1.05 0 1.73 0 0.03
Dark control 1.10 0 1.89 0 0.01
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EDTA iron complex as the only organic additions to the medium. Thiamine
could be substituted by its thiazole moiety, the pyrimidine moiety was inactive,

Further experiments, presented in table 3.4, show that one illumination of
2 minutes red light, given once every 48 hours, was sufficient to make the in-
crease in frond number independent of thiamine supply. The effect of red light
was reverted by far red, peinting to phytochrome control of endogenous
thiamine synthesis. It is not likely that this control was via the development of
the chloroplasts; in the red — far red treated cultures chiorophyll content was
not lower than in those treated with red light alone.

3.5. THE INFLUENCE OF DIFFERENT CONCENTRATIONS OF SOME SUGARS

At low light intensities growth of Lemna minor depends on assimilation of
sugar or other carbon sources. From the survey by HiLLMaN (1961) it appears
that sucrose, glucose and fructose are superior to glycerol, tartrate, succinate
and acetate in sustaining heterotrophic growth of Lemnaceae. Data of Tas-
SERON-DE JONG (1968) on Lemna minor show a preferential uptake of glucose
from a mixture of glucose, fructose and sucrose in concentrations of 0.19%,
whereas at a concentration of 1%, fructose and glucose were taken up at the
same rate. Sucrose was converted to glucose and fructose, but no invertase ac-
tivity was found in the medium. Mannitol was not metabolized.

We confirmed these data; fructose and glucose produced no better growth
than sucrose, mannitol was not utilized, sorbose was toxic. Sucrose was in-
verted for 5-10%; during autoclaving the medium, and further inversion took
place during growth of the cultures. During the incubation of 250 fronds (500
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FiG. 3.6. Multiplication rate (MR) and final size of fronds at different Initial sugar concentra-
tions in the medium (abscissa) and two intensities fluorescent light (colour 34). Medium with
3 x 10-% M Kinetin; () = multiplication rate at 18 pW cm~?; (4} = multiplication rate
at 25 pW cm~?; (@) = final size of fronds at 25 uW cm 2.
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mg fresh weight) for 7.5 hours on 10 mi medium with 1.5%, sucrose at 22°C
under aseptic conditions the amount of reducing sugars increased from 5 to 22
mg, in 24 hours to 28 mg and in 48 hours to 44 mg; thus, after the first 7.5 hours,
the rate of sugar inversion decreased. This experiment showed that in 2 medjium
where initially sucrose had been the only sugar, glucose and fructose soon ap-
peared. Media supplied with sucrose will be indicated therefore as media with
sugars

The effect of different concentrations of sugar is shown in fig. 3.6. Since at
2.5 uW cm™? there was almost no photosynthesis, growth depended on sugar
uptake from the medium. While multiplication rate had its maximum at a con-
centration of 1.5%, the final frond size was smaller the higher the sugar con-
centration.

3.6. PHOTOSYNTHESIS

A number of measurements of photosynthesis were made with the WARBURG
technique, using PARDEE’s buffer for maintaining a constant pressure of CO,.
The results, presented in fig. 3.7, show that photosynthesis, when related to
fresh weight and corrected for respiration, was equal for cultures grown with
or without kinetin. Kinetin did not affect the respiration rate either: with kine-
tin, as well as in its absence, 24 mm?* O, per hour per 100 mg fresh weight was
respired in the presence of sugar, half that value without sugar in the medium.
Cultures grown at 10 and at 2 pW cm™2 had a reduced rate of photosynthesis.
Their chlorophyll content was also deminished; when photosynthesis was re-
lated to chlorophyll content, much of the difference disappeared.

Photosynthesis measurements at CO, pressures similar to those during the
actual growth experiments and at higher light intensities were possible with the
diaferometer technique described by PieTERS (1971). Figure 3.8 shows that at
0.03 % CO, light saturation of photosynthesis was reached at 2000 oW cm~2,
Photosynthesis per unit area of cultures grown without kinetin exceeds that of
kinetin cultures by a factor 1.2. This does not contradict the WARBURG mea-
surements reported above because weight per cm? frond area of cultures with-
out kinetin was also 1.2 times higher than that of the kinetin culiures.

3.7. THE RATE OF SUGAR UPTAKE

The standard deviation of the sugar determinations sets a lower limit of a few
hours to the time pericd over which uptake of sugar from a 1% solution could
be measured. In long term experiments the uptake per frond per day of growing
cultures can be calculated if the number of fronds present at any time during
the observation period is known.
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FIG. 3.7. Oxygen evolution per 100 mg fresh weight, corrected for respiration (24 mm?), at
different intensities of white fluorescent light (colour 33) of Lemna cultures grown at the inten-
sitics indicated below. The medium contained 19 sugar. Measurements with the WarBURG
technique. CO;-content of the air was 0.5%;, temperature 22°C.

{O) = cultures grown at 1400 uW cm~2 without kinetin;

(+) and (w) = cultures grown at 1400 uW cm~? with kinetin;

{ A) and (A) = cultures grown at 10 pW cm~2 with kinetin; ( x) and ( m} = cultures grown
at 2 uW cm~* with kinetin.

(w) and (&) and { m) = O,-production per relative unit of chlorophyil.

60
100 uyw cm 2

F1a. 3.8. COz-consumption per cm? frond area in incandescent light. Intensities pertain to
the wavelength range between A 400 and X 700 nm. The cuitures were grown at 400 pW cm~?
fluorescent light (colour 34), the medium contained 1% sugar. The values are corrected for
respiration. (——) = 5% C0,; (-~ -} = 0.03% CO,; (O) = no kinetin; (+) = 3 x 107¢M
kinetin, Temperature 22°C.
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If the rate of sugar uptake per frond per day is ¥ and y, is the number of
fronds in the culture, then the rate of sugar uptake by the culture is ¥, x W,
and the sugar uptake U over a period of # days is equal to

t

t

U= [Wy, et'dt (an
to

U= W y,/Ge (% - 1} (12)

In this equation G, is the rate constant of growth (see section 2.3).

The decrease of the sugar content of the medium was measured in two experi-
ments at three light intensity levels, the results are given in table 3.5. Sugar up-
take was in the range of 0.03 to 0.06 mg per frond per day. No stimulation of the
uptake by light was found.

The amount taken up per frond per day is greater than the increase of dry
weight per frond per day. The difference is due to respiration and to the differ-
ence in chemical composition of the sugar and that of the resulting dry matter.

In media without sugar an increase in frond number was only observed at 96
and at 960 uW cm~2. At 96 uW cm 2 the number of fronds doubled in 31 days,
thus photosynthesis at that intensity scarcely outweighed respiration.

3.8. DRY MATTER PRODUCTION AND GROWTH LIMITATION ON MEDIA WITH AND
WITHOUT KINETIN

From the preceding section it appeared that carbohydrate uptake per frond
was not influenced by growth rate or light intensity, but, when temperature was
not varied, only by sugar concentraiion, This could mean that the rate of pro-
duction of dry matter per frond or per frond area is constant under conditions
of heterotrophic growth, and that this sets an upper limit to the growth stimula-
tion by light when contribution by photosynthesis to carbohydrate supply is
negligible. The rate of dry matter production of cultures under different light
intensities was calculated from the multiplication rate and the data on frond dry
weight. Since light intensity affects frond size, the data were related to leaf area.

Table 3.6 shows that below 100 uW cm ™2 the rate of dry weight increase per
unit area is rather constant. In the cultures with kinetin the rate is lower than in
those without, notwithstanding a higher multiplication rate. This is due to the
lower dry weight per cm? frond area. This is demonstrated in fig. 3.9.

Figure 3.10 shows the rates of dry matter production at different light in-
tensities in cultures with and without sugar. The figure shows that the additional
dry weight production due to sugar is remarkably independent of light intensity.
Since frond production was limited by morphogenetic effects controlled by
light and kinetin, this incremental dry matter production does not resolt in
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TasLE 3.6, Dry matter production in cultures grown at different light intensities of fuorescent
light colour 34, without or with 3 x 10-¢ M kinetin, on a medium containing 1 % sucrose.
Multiplication rate G; is on base of the natural logarithm (section 2.3.2).

Light intensity Multiplication Dry weight Dry weight
wW em~? rate Gy mgjom? increase
mg/ecm? day

Without kinetin

Darkness 0.04 8.2 0.32

1 0.06 50 .30

3 0.03 4.0 0.32

8 Q.10 10 0.30

30 0.16 2.1 0.34

O 0.20 1.9 0.38

300 0.29 1.9 0.55

1100 0.38 2.5 0.95

2400 0.39 3.0 1.17
With kinetin

Darkness 0.06 3.1 0.19

1 0.12 1.9 0.23

3 0,14 1.6 0.22

8 016 1.5 0.24

30 0.17 1.2 0.20

110 0.22 1.2 0.27

300 0.28 1.5 0.42

1100 0.39 2.0 0.78

2400 0.40 2.5 1.00

TasBLE 3.7, Multiplication rate and dry weight production of cultures on a medium with
3 x 10-¢ M kinetin and 1.5% or 3 % sugars, The cuitures were illuminated with red BC light,
600 tW cm~ 2 during 5 minutes, one, two, four ot eight times per 24 hours. Far red (following
red) was given for 5 minutes at an intensity of 5000 W c¢cm~2,

1.5%; Sugar 3% Sugar
Dry Dry Dry Dry
Irradiation schedule weight weight weight weight
MR production MR production
mg/frond mg/frond
mg/frond per day mgffrond per day
Red
every 3 hours 91 0.14 0.029 83 0.19 0.036
every 6 hours 81 0.15 0.028 73 0.23 0.039
every 12 hours 76 0.18 0.032 59 0.27 0.037
every 24 hours 63 0.20 0.029 53 0.29 0.035
Red followed by far red
every 3 hours 73 0.18 0.030 56 0.29 0.037
every 6 hours 62 0.19 0.027 49 0.32 0.036
every 12 hours 60 0.24 0.033 50 0.34 0.039
every 24 hours 44 0.28 0.029 32 0.43 0.032
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a corresponding increase in rate of frond production at the different light in-
tensities (see fig. 4.1, which gives the multiplication rates in this experiment).

Table 3.7 shows the results of a similar calculation for cultures growing on
two different sugar concentrations and a ¢yclic illumination program that al-
lowed no carbohydrate production by photosynthesis. Whereas the multipli-
cation rate depended upon the light regime as well as upon the sugar concen-
tration, dry weight production was influenced by the sugar concentration only.

The data presented above indicate that sugar uptake per unit frond arca is
constant at constant sugar concentration and temperature, provided that the
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FiG, 3.9. Rate of increase of area and dry weight as a function of light intensity. Data from
table 3.6; (- ~ -) = area increase; (——) = dry weight increase mgfem? day; (O) = no kinetin;
{®) = 3x10-% M kinetin. Insert: Dry weight as a function of light intensity in the presence
{+K) and absence (—K) of kinetin,
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FiG. 3.10. Rate of dry weight production, in mg/cm? frond area per day, at diffcrent inten-
sities. Fluorescent light (colour 33). Temperature 22°C. All cultures are with 0.03%; casein
hydrolysate. (- - -) = without sugar; ( ) = with 1.5% sugar; (O) and (0O) = without
kinetin; (+) and (x) = 3 x 10~*M kinctin.
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structure of the fronds is not altered by differences in kinetin supply. Any in-
crease in multiplication rate is therefore at the expense of the dry weight per
unit frond area. In order to know the maximum rate of area increase possible at
a given dry weight production, one has to know the minimum dry weight per
unit area under a given condition. Since a definite difference in osmotic pres-
sure is required to keep the cells turgescent, an increase in concentration of
sclute in the medium can be expected to induce a corresponding change in os-
motic value of the cell sap. This often means an increase in materials dissolved
in the vacuole which results in an increase in dry weight percentage and dry
weight per unit area. Moreover, increase in sugar concentration increases also
the density of the structure of the fronds and so has an effect opposite to that of
kinetin. The minimum dry weight per unit area depends therefore not only on
the morphogenetic effects of light and kinetin on the structure of the fronds but
also on the osmotic value of the nutrient medium. This means that our data give
no information on the maximum rate of area increase which is possible with the
sugar supply from the medium.
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4. GROWTH OF LEMNA MINOR IN CONTINUOQUS
LIGHT

During growth of Lemna minor at low light intensities an interaction was
observed between light and kinetin. Therefore most of the experiments to be
described in this chapier were carried out simultaneously with two media, one
containing 3 x 10~% M kinetin, the other without kinetin.

4.1. THE INFLUENCE OF LIGHT INTENSITY ON THE
MULTIPLICATION RATE

In figure 4.1 the relation between multiplication rate and light intensity is
shown for cultures growing with or without 1.59, sugar in the medium. In both
cases the medium contained 0.03%, casein hydrolysate. At light intensities
above 100 uW cm~2 the multiplication rates were almost independent of kine-
tin, Addition of kinetin raised the mean area per frond by 209 at all light in-
tensities except the highest (3000 uW cm™~3).

The curve for the multiplication rate in the media without sugars was found
to be very similar to the photosynthesis curve at 0.03 %, CO, (fig. 3.8). Addition
of sugar increased the multiplication rate, especially at low light intensities
when photosynthesis limits growth. The multiplication rate in darkness was
very low, even in the presence of sugar. The stimulation by 100 W c¢m~2 light
was more than can be accounted for by photosynthesis, as appears from a com-
parison with the growth rates of cultures grown with and without sugar at the
same light intensity (fig. 4.1).

MR
160

120

4 8 12 16 20 24 28
100 pWem 2

Fig, 4.1. Multiplication rate as a function of the intensity of fluorescent light colour 33.
(-—-) = no sugar in the medium; (——) = 1.5% sugar; (x}and (4) = 3 x 107* M
kinetin; (O) and (O) = no kinetin.
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4.2. THE INFLUENCE OF LOW INTENSITY RED AND BLUE LIGHT ON THE
MULTIPLICATION RATE

Most plant pigments absorb light predominantly in the red or in the blue
region of the spectrum or in both. Therefore, both wavelength regions were
tested.

For blue light, the lamp and filter combination E was used, red light was
obtained from the BC combination (see section 2.4.3). The relative spectral
energy distribution of the light is given in table 2.2, The results of the experi-
ments are shown in figure 4.2. Red light is more effective than blue light. The
ratio between the effectivities of red and blue decreases with increasing light
intensity. This probably is a combined effect of phytochrome stimulation and
photosynthesis, the latter becoming pronounced at light intensities in excess of
about 100 oW cm ™2 (see section 4.8).

Kinetin increases the multiplication rate by an amount which is independent
of light intensity and colour (fig. 4.2). This indicates that in this range of light
intensities the effects of kinetin and light are additive. Kinetin increases also the
dark value of the multiplication rate; here the increase is smaller than at low
light intensities.

MR
120 R+K
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B+K
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FiG. 4,2. Multiplication rate as a function of the intensity of red and blue light. Culture
medium with 1.5% sugar. — K = no kinetin; + K = 3 x 10-¢ M kinetin; R = red BC
light; B = blue E light; D = dark control. {(#) and () = red BC light; ( m) and ()} = blue
E light, Vertical bars indicate double standard deviation o of the mean.
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4.3. THE INFLUENCE OF DIFFERENT LIGHT INTENSITIES
ON FROND GROWTH

By taking photographs of the cultures, frond elongation was followed from
the moment a ‘daughter’ frond protruded from the reproductive pocket until it
had reached its ultimate size. Only the part protruding from the reproductive
pocket was measured, the inside part remaining the same during the period of
examination. The increase in length in mm/day was linear with time during this
period.

The rate of frond elongation at different light intensities is shown in fig. 4.3,
The ratio of elongation rate to multiplication rate is given in brackets along-
side the points in fig. 4.3. Except for the dark values, they do not differ much,
showing that multiplication rate and frond elongation respond similarly to
light intensity. In fact, when growth of ‘mother’ and ‘daughter” fronds is fol-
lowed, a fixed relation is found between the sizes of the expanding fronds. The
first ‘daughter’ frond appears just before the ‘mother’ frond had attained its
ultimate size.

The effect of light intensity on the final length of the fronds is shown in fig. 4.4,
Light promoted the length of the fronds. Kinetin gave an additional increase in
frond length, this increase was much the same in darkness and in light. The
time required for frond expansion, from protruding from the reproductive
pocket until the frond has reached its ultimate size, is obtained by dividing the
values for final frond length (fig. 4.4) by those for growth rate (fig. 4.3). The
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F1G. 4.3. Increase in length of fronds as a function of the intensity of red light. Sugar con-
centration 1.5%; (O) = no kinetin; (#) = 3 x 10~% M kinetin. In brackets: the rates of
frond growth divided by the multiplication rates. D = dark control; — K = no kinetin;
+ K = kinetin added.

Fia, 4.4. Final length of fronds grown at different intensities of red light. () = no kinetin;
(8) = 3 x 10~% M kinctin; D = dark control; — K = no kinetin; + K — kinetin added.
FiG. 4.5. Duration of elongation phase in growth of fronds at different light intensities.
(C) = no kinetin; (@) =3 x 10-5M kinetin; D + K = 18 days darkness, with kinetin;
D — K = 22 days darkness, no kinetin, The values are obtained by dividing final length by
daily increase in length.
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results, given in fig. 4.5, show that the time of frond expansion was shortened
by a few days by kinetin. The effect of the light is much greater. In darkness, a
frond needed 3 to 4 weeks of expansion growth to reach its final length, with
300 oW cm™ 2 light only 4 to 6 days.

4.4, THE STRUCTURE OF FRONDS GROWN AT DIFFERENT LIGHT INTENSITIES
WITH AND WITHOUT KINETIN

The tissue of fronds grown in darkness consists of spherical cells of about
0.035 mm diameter; intercellular cavities were absent. In light grown fronds
interceliular cavities developed, at the lower side of the fronds they were of
irregular shape, at the upper side they were separated by ridges of tissue ar-
ranged in a honeycomb pattern. The cells of these ridges were about twice as
long as wide. Kinetin increased the intercellular cavities, this gave rise to larger
fronds without much increase in cell number. Diagrams of fronds grown at
different light intensities, without and with kinetin, are presented in fig. 4.6.
The shape of the fronds was hardly influenced by light or by kinetin.
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FiG. 4.6. Diagrams of fronds grown for 21 days under different conditions. Continuous
illumination with red light at the intensities indicated. In black: intercellular cavities. — K =
no kinetin, + K = kinetin added.
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4.5. FRESH WEIGHT, DRY WEIGHT AND CONTENT OF STARCH AND SUGARS OF
CULTURES GROWN AT DIFFERENT LIGHT INTENSITIES

In chapter 3 it was shown that great differences in multiplication rate were
possible with the same rate of dry matter production, and that the dry weight
percentage could give information whether or not growth was limited by carbo-
hydrate supply. Figure 4.7 shows the dry weight per frond of cultures grown on
media with or without sugars, fig. 4.8 the dry weight percentages. In cultures
with sugar the dry weight per frond and the dry weight percentages are lowest
when light intensity is high enough to stimulate the multiplication rate but too
low for compensation of the respiration by photosynthesis. In cultures without
sugar, dry weight per frond and dry weight percentage remain constant as long
as multiplication rate is limited by photosynthesis. The exceptional dry weight
of 8% of cultures grown without sugar at 100 pW em™? is due to the absence
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Fic. 4.7. Dry weight per frond in cultures grown in continuous white fluorescent light colour
34, Kinetin concentration: 3 X 10-5M, — § = no sugar; + S = 1% sugar in the medium;
P = dark control.
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FiG. 4.8. Dry weight, in percent of fresh weight of cultures grown in continuous white
fluorescent light colour 34. — K = no kinetin; + K = 3 x 10~% M kinetin; {A) = no sugar
i1 the medium; () and (8) = 19, sugar in the medium; ID = dark control.
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of small growing fronds. Differences in structure of the fronds were associated
with differences in fresh weight and dry weight per unit area. For fresh weight
this is shown in fig. 4.9. Cultures with kinetin had a higher proportion of air
space in the fronds and, consequently, fresh weight per area was lower. In these
experiments the area and the weight of whole cultures were measured. If only
adult fronds were considered, the difference would have been even greater. Fig.
4.10 shows that at low light intensities the dry weight per unit area of cultures
grown without kinetin was much higher than that for cultures grown with kine-
tin. This was due to the higher starch content of the former. Starch content of
cultures grown at different light intensities is given in fig. 4.11. It was inversely
related to multiplication rate, suggesting a competition between growth and
starch formation for the sugar absorbed by the fronds. When the sugar content
of the medium was increased, the starch content of the fronds was also higher.

FFor the determination of reducing and non-reducing sugars, cultures were
extracted with 80%; ethanol. The glucosides were removed from the extract by
clarification of the ethanol extract with charcoal; in one experiment glucose and
fructose were separated by paper chromatography (VERHOEKS, 1965). Table 4.1
shows that sugars were present in the fronds under all conditions. Evidently
starch accumulation in darkness and at low light intensities was not coupled
with depletion of sugars.

The ethanol-soluble part of the plant constituents is included in table 4.1, This
part contains sugars, plant pigments, nitrogenous substances, organic acids and
many other soluble low molecular weight compounds. At light intensities below
30 uW cm~? the ethanol-soluble part of dry matter was greater in cultures
grown on a medium with kinetin than in those grown without kinetin, even
when dry matter without starch was taken as reference value,
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FiG. 4.9. Fresh weight per cm? frond area of cultures grown at different intensities of white
light. Medium with 1% sugar. () = no kinetin; (o) == 3 x 10-° M kinetin; D = dark
control.
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FiG. 4.10. Dry weight per cm? frond area of cultures grown at different intensities of white
light, Medium with 1% sugar. (O) = no kinetin; (#) =3 x 10-% M kinetin; D = dark
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FIG. 4,11, Starch, in percent of dry weight, of cultures grown at different intensities of white
fluorescent light colour 34. () = no kinetin; (&), (@) and (m) = 3 x 10-% M kinetin,
Sugar concentration in the medium: (4A) = 0.5%; sugar; (O) and (e) = 19 sugar; ( m) =
2% sugar; D = dark control.
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TagLE 4.1. Reducing and non-reducing sugars, starch and ethanol-soluble material in per-
centage of dry matter in cultures of Lemna minor grown without kinetin (—K) or with
3 x 108 M kinetin (+K) at different light intensities, 154 ot 1.5% sugar in the medium.

Sugar Light Sugars Starch Total ethanol
content intensity - - soluble
of in Non-reducing Reducing substance
medium pWcem™?
~K +K -K +K -K 4K -K +K
Darkness - 2.5 - 1.7 64 44 - 15
i - 2.7 - 1.0 34 20 - 20
3 - 30 - 0.8 28 13 - 22
10 - 2.6 - 0.7 18 11 10 25
1.0% 30 1.0 - 0.0 - 12 3 18 26
100 43 2.0 3.0 2.4 8 6 23 43
300 1.6 58 3.0 0.7 3 5 45 43
1000 4.6 4.0 i3 0.5 4 i0 39 32
1600 5.0 4.0 1.2 0.3 is 19 33 31
30 0.7 1.1 1.8 2.2
100 0.6 2.3 1.5 L3
1.5% 300 0.0 0.0 1.5 1.2
1200 1.0 1.8 2.2 1.6
1600 0.4 2.0 4.0%  3.1%*

* Glucose: 1.5, fructose 2.5, glucoside 0.7
** Glucose: 0.9, fructose 2.2, glucoside 0.6

4.6. NITROGEN CONTENT AT DIFFERENT LIGHT INTENSITIES

Nitrogen determinations were made by BONGERS {1956} with the micro-
KIELDAHL method. If we accept that nitrogen in the plant is mainly in proteins,
the average nitrogen content of the nitrogenous substances will be 169, and
multiplication of the nitrogen percentage of the dry weight by 6.25 yields the
percentage of nitrogenous substances. Table 4.2 column 4 shows that nitrog-
enous substances make up for 209, of the starch free dry weight under all con-
ditions. This indicates that, in contrast to the starch, the content of nitrogenous

TabLE 4.2. Nitrogen content of cultures of Lemna minor grown on standard medium with
1%, sugar at different intensitics red light. Medium without kinetin is indicated by —K,
medium with 3 x 10-° M kinetin by +K.

1 2 3 4
Nitrogen (N) Protein Protein % of dry
L . % of dry weight (N x 6.2) weight without starch
Light intensity
uWem—2 —K +K —K +K —K +K
Darkness 1.12 1.98 6.9 12.3 19 22
0,8 2.04 2.14 12.6 13.3 19 17
6 2.49 116 15.5 15.7 20 22
8 2.67 3.08 16.5 19.0 20 20
48
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substances was not influenced by the light treatment nor by the presence of
kinetin.

4.7. CHLOROPHYLI. AND CAROTENOID CONTENT OF CULTURES GROWN AT
DIFFERENT LIGHT INTENSITIES

Figure 4.12 shows that in cultures grown at 1 uW cm~2, chlorophyll content
per cm? frond area was still low; between 1 and 10 uW cm~2 a steep rise was
observed. Cultures grown with kinetin contained less chlorophyll per cm? frond
area than those without. This must be ascribed to the difference in structure of
the fronds (section 4.4). An estimation of the amount of carotenoids is given in
fig. 4.13. The dark level of carotenoids was higher than that of chiorophyll, but
the effect of light on concentration was similar.
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FiG. 4.12. Chlorophyll per cm? frend area of cultures grown at different intensities red light.
(———) = chlorophyli a, (- — -} = chlorophyll b. Medium with 1.5 % sugar. () = no kinetin;
(#) =3 x 107% M kinetin.
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FiG. 4.13. ‘Carotenoids’ per cm? frond area of cultures grown at different intensities red
light. {©) = no kinetin; (@) = 3 x 10~® M Kkinetin. Same experiment as fig. 4.12. Dark
level: without kinetin 0.4 4g cm ™2, with kinetin 1,0 pg cm™2,
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4.8. TISCUSSION OF CHAPTER 3 AND 4

In the relation between growth stimulation and light intensity, two ranges
can be distinguished (fig. 4.2). In continuous darkness growth rate was very
low. A considerable increase in multiplication rate is observed already at light
intensities below 0.1 uW cm™2. Red light was some 100 times more effective
than blue, which points to phytochrome as the photoreceptor pigment in this
response. Further evidence for this is given in section 6.2, where it is shown that
far red admixed to red under specific conditions depresses the effect of red light.

At light intensities above 1 pW cm™2 the chlorophyll content increases rap-
idly (fig. 4.12) and photosynthesis could begin to play a role. Since respiration
is compensated by photosynthesis at 200 pW cm~2 (fig. 3.7), below that inten-
sity the contribution of photosynthesis to the energy supply will still be small.
On the other hand in Chlorella photosynthetic phosphorylation is about 309,
saturated at 200 uW cm ™2 (WINTERMANS, 1955; TANNER, Loos and K ANDELER,
1966). STREHLER (1953) found a maximum ATP content at 15% of the satu-
rating light intensity of photosynthesis in Chlorella. We can not exclude, there-
fore, that photosynthetic formation of ATP and NADP in the intensity range
up to 200 pW cm~2 makes an increasingly important contribution to the energy
supply.

Above 200 uW ¢m™2 the increase in multiplication rate probably is due to
the increase in carbon dioxide assimilation. The intensity dependency of the
multiplication rate in media without sugar shown in fig. 4.1 was very similar
to the photosynthesis curve (fig. 3.8). This is in agreement with the observation
that the dry weight per frond is constant under these conditions (fig. 4.7). Ad-
dition of sugar to the medium increased the multiplication rate. Figure 4.1 shows
that this increase was more pronounced at the lower than at the higher light in-
tensities, whereas the rate of dry matter production was raised with a constant
amount by sugar addition (fig. 3.10).

Kinetin exerted two effects. In the first place, it enhanced the effect of light on
frond expansion and multiplication rate. In the second place, kinetin induced a
change in the structure of the fronds. The intercellular spaces were enlarged, so
that fresh and dry weight per cm? area were depressed. The cultures required
less carbohydrates per em? frond area per day notwithstanding their higher
rate of expansion.

Owing to photosynthesis, dry matter production increased with light inten-
sity (fig. 3.10). Sugar addition to the medium increased dry matter production at
all light intensities with a constant amount. This suggests that sugar absorption
from the medium was the limiting factor for non-photosynthetic dry matter
production of Lemna cultures, and consequently also for the multiplication rate.
However, the multiplication rate was hardly influenced by raising the sugar
concentration above 1% (fig. 3.6), but starch accumulation increased (fig. 4.11).
It appears therefore improbable that sugar absorption as such is a limiting
factor. The bottleneck for sugar utilization in growth appears to be somewhere
else in the metabolic pathways from sugar to cell constituents.
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Apparently at increasing light intensity first phytochrome Pfr, then cyto-
kinins, next intermediates of photosynthetic energy conversion, and finally the
capacity to utilize the carbohydrates supplied by the medium or by photosyn-
thesis limit the multiplication rate on a medium with 1%, sugar,
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5. THE INFLUENCE OF SHORT EXPOSURES TO RED
LIGHT ON THE MULTIPLICATION RATE
OF LEMNA MINOR

Brief illuminations stimulate some aspects of growth in Lemna minor. Since
the stimulation is reversible by far red and the dose response relation for light
of 3 658 nm was of the same order of magnitude as that found by BUTLER et al.
(1964) for phytochrome photoconversion in vitro, it is probably a phytochrome
mediated process. Spectrophotometric measurements of phytochrome in vivo
in Lemna minor have shown that the active form of phytochrome Pfr disappears
stowly during darkness. Therefore is was to be expected that illumination has
to be repeated in order to maintain a certain Pfr level. In this chapter, the effects
of the frequency of illumination and of the light dose on the multiplication rate
are described.

5.I. THE INFLUENCE OF THE FREQUENCY OF ILLUMINATION

Lemna minor cultures were grown in the cabinets described in section 2.4.1
on standard medium with or without kinetin. The plants were illuminated for
470 seconds with red light once every 48 hours, once every 24 hours and once
every & hours. Each illumination was preceded by a far red radiation of the
same duration in order to remove Pfr if remnant from the previous illumina-
tion. Light was given at three intensities. The growth rate in continuous dark-
ness was substracted from that in the light treatments; the resulting difference
will be called ‘light effect’ (LE). In fig. 5.1 the LE of the different regimes of
repetition of illumination are presenied.
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FiG. 5.1. Relation between the light effect LE (MR of light treated cultures minus MR of
dark controls} and the number of illuminations per day (!/, = 1 illumination in 2 days).
Each exposure to red BC (470 seconds) was preceded by an exposure of 470 seconds to far
red II of 5000 oW cm~2 The medium contained [.5% sugar. a = without kinetin, dark
value of MR = 21; b = with 3 % 10-° M Kinetin, dark value of MR = 38.(+) = 6 x 10°
uW sec cm™2; (x) =7 X 10* pW sec em™2; (O) = 4 x 10% uW sec cm ™2,
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Comparison of fig. 5.1b with fig. 5.1a shows that the effect of light is much
increased by kinetin. Under both conditions the growth rate is higher the more
frequent the illuminations and the higher the light intensity, An increase in
frequency was more effective than an increase in light intensity.

5.2. THE EFFECT OF FAR RED PRECEDING A RED RADIATION

As mentioned above, in these experiments the red radiation was always
preceded by far red. It appeared desirable to ¢xamine the possible effect of this
far red dose separately. A typical experiment is shown in fig. 5.2 and 5.3. No
consistent effect of far red was found when the amount of red light per illumi-
nation was sufficient to saturate phytochrome conversion (6 x 10° pW sec
cm ~2, upper two curves in figs. 5.2 and 5.3). Far red, given before a non-saturat-
ing dose of red (4 x 10 uW sec cm~2, converting 30% of the Pr to Pfr) in a
regime with dark periods of 6 hours or less, always resulted in a small reduc-
tion in multiplication rate. We attribute this reduction to removal of Pfr re-
maining from the previous red illumination. After dark periods longer than 6
hours, Pfr apparently had decreased to a very low level as a consequence of
reversion and decay. Its concentration after a subsequent red illumination was,
therefore, determined by the dose of red only.
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FiG. 5.2, The effect of far red 11, 2,4 x 105 uW sec cm~2 in 470 seconds, given before each
exposure to red BC light of 470 seconds in different c¢yclic regimes. Medium with 1.5%
sugar. R = red light; F-R = red preceded by far red; {(+) and {1} = 6 x 10% uW seccm 2
red light dose, phytochrome conversion 80%5;; (A) and (Q) = 4 x 10° pW sec cm™?,
phytochrome conversion 30 %.
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FiG. 5.4. Relation between amount of red BC light per illumination of 470 seconds and the
relative light effect LE 9 (= MR of light treated cultures minus MR of dark controls ex-
pressed as percentage of LE value obtained with illuminations once every 24 hours at a dose
of 6 x 10° W sec cm~2) at different light regimes. Every red iflumination was preceded by
470 seconds far red II 5000 wW cm 2, The medium contained 1.5% sugar and 3 x 107 M
kinetin. Fis a proportionality factor, converting the curves to the one with the 24 hour cycle,
see fig. 5.5. The illuminations were given in cycles of ( W) = & hours; (4A) = 12 hours; (®) =
24 hours; (w) = 48 hours.
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5.3. THE RELATION BETWEEN LIGHT DOSE AND EFFECT

The data of fig. 5.1 have been converted to percentages of the value observed
at the highest dose of light in the 24 hours regime. These relative light effects,
together with similar data from other experiments, are plotted against the log
dose per illumination cycle in fig. 5.4. The curves for the different regimes of
illumination obtained this way could be transformed into the 24 hours curve
by multiplication of the values with a factor F = LE,,(LE, in which LE,,
is the light effect at the highest intensity with a cycle length of 24 hours and LE,
that at the light regime in question. The results of these transformations are
shown in fig. 5.5.

Figure 5.6 shows the relative light effect on the multiplication rate of cultures
without kinetin as a function of dose per illumination. It differs from fig. 5.4 in
that reduction of the cycle length below 12 hours had no effect.
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FIG. 5.5. Legend see fig. 5.4. but LE values are multiplied by the proportionality factors F.
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FIG. 5.6. Same as fig. 5.4, but without kinetin in the medium. Hlumination cycles: (1) = 6
hours; (A) = 12 hours; (O} = 24 hours; (V) = 48 hours.
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5.4. COMPARISON OF THE EFFECTIVITY OF RED BC LIGHT WITH THAT OF
658 NM LIGHT

Comparison, in fig. 5.7, of the effect of red light of the BC lamp - filter com-
bination with that of light transmitted by an interference filter of A 658 nm
(characterization of the light sources in table 2.2) shows that at light doses
below about 10* uW sec cm™2, the ratio of the efficiencies of the two light
sources is constant (g 658/¢ BC = 2.4). The ratio of the efficiencies in phyto-
chrome photoconversion, as calculated in section 2.4.3 (table 2.3) and mea-
sured with spectrophotometer (fig. 2.4), is lower (p 658/ BC = 1.6). In view of
the large standard deviation of the averages in figure 5.7 not much attention is
given to this difference.

At doses of 10° pW sec cm™2 of BC light, phytochrome conversion is light
saturated (fig. 2.4). Fig. 5.7 shows, however, that the light effect is not satu-
rated at this dose, and that the difference in efficiency between the two light
sources diminishes as the dose of light is higher. This suggests that at high doses
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FiG. 5.7. Multiplication rate as a function of red light dose. In contrast to figs. 5.4 and 5.6,
the multiplication rates are absolute values. (e — — @) light source 6358 (interference filter
658 nm), average of 5 experiments, medium with kinetin; (e — @) light source BC, average of
9 experiments, medium with kinetin; (O — ) light source BC, average of 9 experiments,
medium without kinetin. Vertical bars indicate the double standard deviation o.
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light stimulation is no longer a function of Pfr concentration only, and that
another photoreaction, wether of phytochrome or of some other red absorbing
pigment, is involved additionally.

5.5. DISCUSSION

In an earlier publication (RoMBACH, 1965), we have presented evidence that
in cultures illuminated once every 24 hours, the stimulating effect of red light
was a function of the amount of Pfr generated by the illumination. Since the
dose-response curves in fig. 5.4 are very similar in slope to the 24 hours curve,
differing only by a proportionality factor, it appears reasonable to assume that
the same holds for cultures illuminated in cycles of 6, 12 or 48 hours. In view of
the observation, however, that the light effect on the multiplication rate is not
saturated at an energy dose which saturates phytochrome conversion, other
light dependent reactions, the nature of which is still obscure, may be involved
in addition. In this context we may point to chapter 6, where it is demonstrated
that part of the light effect is not reversible by far red, to section 6.2 and to the
discussion in chapter 4, where it is suggested that intermediates of photosyn-
thesis may cooperate with Pfr.

The multiplication rate is increased by illuminating the cultures more fre-
quently. This could be related to Pfr decay and reversion. The effect of far red
preceding the red illumination (figs. 5.2 and 5.3) favours such an explanation
since it demonstrates a decrease of physiological active phytochrome in the
plants as the dark period proceeds.
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6. REVERSIBILITY OF THE LIGHT EFFECT
BY FAR RED

6.1. INTRODUCTION

Far red has two kinds of effects on photomorphogenesis of plants: a brief
irradiation following a red light exposure antagonizes the effect of the red, but
in several cases an extended irradiation with far red alone has an effect in the
same direction as a brief red illumination (see section 1.4.2).

Three types of far red were used in the experiments described in this chapter;
called far red I, Il and III. Far red I contains about 1.59 of its radiation in
the wavelength band 690-710 nm, with far red II and IT1I this percentage is only
0.3 (table 2.2). With far red 1 the photostationary state of phytochrome con-
version gives 59 Pfr, with far red II this is 0.5 % (table 2.3).

Since in the spectral regions concerned reactions involved in photosynthesis
may take place, the following facts may be briefly recalled in mind. DELRIEU
(1969) reported that at 700 nm the quantum efficiency for photosynthesis sys-
tem I is about 309, of that at the maximum at 680 nm. In far red I, LINDEMAN
(1972) measured 1.3 %, of the photosynthesis found in white light, and in far red
II Van RenseN (1971) measured 109, of the photosynthesis obtained with in-
candescent light transmitted by a filter RG 8 (comparable with far red I). Light
dependent phosphate fixation in far red II was, however, still 209, of that in
white light. Although these data indicate that in green plants photosynthesis in
far red II is only 0.139% of that in white light, photophosphorylation is much
less reduced. As is mentioned in section 1.4.2, in etiolated beans photophospho-
rylation has been demonstrated after 12 hours of irradiation with far red (OgL-
ZB-KAROW and BUTLER, 1971). We have to keep in mind, therefore, that photo-
synthetic phosphorylation may contribute to the effects of red and far red irra-
diation on growth of Lemna minor.

6.2. THE EFFECT OF CONTINUQUS FAR RED AND MIXTURES
OF RED AND FAR RED LIGHT

The effect of continuous far red II is presented in fig. 6.1b, ciosed and open
circles, with and without kinetin respectively. The effect is greater, the greater
the intensity of the far red. The same was found with continuous red (fig. 6.
1a; fig. 4.2) or blue light (fig. 4.2) but with a higher efficiency than with far red.

When red light of the intensities of fig. 6.1a is admixed to the far red, the
effect is higher than with the far red alone, but, in the absence of kinetin at least,
lower than with the red light alone. This means that the effect of the red com-
ponent is reduced by the far red component, which points to phytochrome Pfr
as the effector of the photostimulation in red light. The reduction is still more
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Fi6. 6.1. a: Light ¢ffect LE (= MR of irradiated cultures minus MR of dark controls) as
a function of the intensity of continuous red BC light. b: The same, but as a function of the
intensity of far red IT with or without admixtures of constant amounts of red BC light. Culture
medium: with 1.5%; sugar and § x 10~¢ M thiamine. Open marks = without kinetin; closed
marks = with 3 x 10~¢ M kinetin. Red light, in fig. b in admixture to far red: (A) and
(A)=1uyWcm~2red; (D) and (@) = 5puW cm~? red; (V} and () = 18 uW cm~?
red, (O) and () = far red 1I alone. Numbers near the marks are percentages: see the text.
Vertical bars indicate the double standard deviation & of the mean, MR of dark controls:
with kinetin 30; without kinetin 22,

evident when the increase in the multiplication rate brought about by mixing
the red to the far red is examined. It then appears that only some 309, of the
effect of the red alone is added to the effect of the far red component of the
mixture, both in the absence and in the presence of kinetin. The actual per-
centages are indicated alongside the points in figure 6.1b. We may say that the
cffect of the red is reduced to about 30 % by the far red component of the mix-
ture,

Evidently, far red has an effect in the same direction as red, stimulating the
multiplication rate, and at the same time a red antagonizing effect, much in the
same way as found by pE LINT (1957) in inhibition of growth of the Avena
coleoptile. The effect in the same direction as red, increasing as the far red in-
tensity increases, can not be attributed to an increase of the Pfr fraction of the
total phytochrome present, the photostationary Pir level being independent of
the radiation intensity at the far red intensities applied. As already mentioned,
an effect via photosynthesis or via activation of phytochrome as suggested by
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HARTMANN (1966) is more likely. On the other hand, adding red light to the far
red results in a higher multiplication rate which, no doubt, is due to the fraction
of phytochrome in Pfr being higher. The Pfr/P . ratio in the light mixture is
however still much lower than in the red alone, therefore only part of the effect
of red alone is added to that of the far red.

The fraction of phytochrome in Pfr in plants illuminated continuously with
mixtures of red and far red light can be calculated with equation 10, p. 24, or
can be measured with a dual wavelength spectrophotometer. Both methods
were applied and yielded about the same results. For practical reasons the
measurements were made in plumules of Pisum sativum instead of in Lemna
minor. In fig. 6.2b the Pfr fractions are noted alongside the fronds. Figure 6.2
contains the same points as fig. 6.1, but in view of the possibility that the Pfr
fraction could be of more relevance to the physiological response than the ad-
dition of a constant amount of red light, the curves connect points of equal Pfr
fractions instead of equal red admixtures. Figure 6.2b shows that in the pres-
ence of kinetin an increase in the Pfr fraction increases the steepness of the curve
relating the light effect with far red intensity. This suggests a synergism between
Pfr and the far red intensity effect in promotion of the multiplication rate in
Lemna minor.

Measurements of the final size of the fronds in experiments with kinetin
showed that in the mixtures of red and far red light the fronds were always
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FiG. 6.2. The same as fig. 6.1, but the numbers near the marks indicate the photostationary
Pir level in percentage of total phytochrome,
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smaller than in the red light alone. In the treatments with far red alone the
frond size was only slightly larger than in darkness and was not promoted by
an increase of the intensity of far red. Apparently this aspect was controlled by
Pfr alone, it demonstrates once more phytochrome activity during continuous
illumination.

6.3. THE EFFECT OF FAR RED GIVEN DIRECTLY AFTER RED LIGHT

When far red was given directly after a brief illumination, the effect of the red
illumination was partly reversed. The dose-response relation of this reversion
(fig. 6.3) was obtained by exposing cultures to a saturating amount of red light
once in 24 hours, and thereafter to various amounts of far red I or far red III.
The effect of this radiation sequence is expressed as percentage of the effect of
red light only. Far red TIT is 3 times more effective than far red I.
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FiG. 6.3. Reduction of the relative light effect (%} LE), in % of the LE of the red light alone,
by different amounts of far red I or far red III applied immediately after a saturating amount
of red light (10 minutes 500 uW cm ™2 red BC once a day). Far red exposures 180 seconds or
less at different intensities. Medium with 3 x 10-¢ M kinetin and 1.5%, sugar ( m) = red
followed by far red I; {+) = red followed by far red III; (mm) = far red [ only; (C) = far
red 111 only.

Figure 6.3 shows that far red I without preceding red illumination also has an
effect on the multiplication rate. This is due to the photostationary state Pfr
fraction in the far red. With far red I, this effect was 25% of the effect of a
saturating brief red illumination, with far red 1II only 3%;.
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6.4. THE FAR RED NON-REVERSIBLE PART OF THE LIGHT EFFECT

Reversion of the light effect by far red II (shown in figures 6.4 a and b, 6.9 and
6.10) or far red III (fig. 6.3) in experiments receiving one radiation treatment
per day was never to a value below 189, not even when the energy of the far
red was increased. This is not due to the brief irradiations with far red itself,
because far red I and III hardly stimulated growth when given alone. Evidently,
this effect is due to the red light preceding the far red.

Thus, the light effect consists of a part which is reversible by far red, and of
an irreversible part. The reversible part represents the ‘classical’ phytochrome
effect. We cannot exclude that the far red non-reversible part is mediated by
phytochrome too, as will be discussed in the sections 6.7.2 and 8.3. In the fig-
ures the far red non-reversible part is denoted by ‘non- far red reversible part of
the light effect’.

6.4.1. The effect of the duration of the red illumination on the reversibility by far
red

If we assume that phytochrome in the form Pfr is active as soon it is formed
by the absorption of light by Pr, part of the Pfr effect may have escaped from

T T T T T T T T ! |
i — kinetin
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Light efiect

oS\ 20 60 100 140 180
5 minutes red light

FiG. 6.4. The light effect {= MR of irradiated cultures minus MR of dark controls) as a
function of the duration of exposures, given once a day, foltowed or not followed by far red
I1. Red BC light: 450 uW cm 2, except for the exposures of 0.5 minute, when the intensity
was 1000 uW cm~2, Far red II: 10 minutes 1400 pW cm~2. Medium with 1.5%; sugar; a:
without kinetin; b: with 3 x 10-% M kinetin; (—— R}—= red light only; (--R - F)=red
followed by far red. The different marks refer to different experiments.
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far red reversion because the subsequent process, triggered by it, had already
started before the end of the illumination. In that case, it can be expected that
the far red non-reversible part will increase when the duration of the brief illu-
mination is extended.

Experiments without kinetin (fig. 6.4a) as well as with kinetin (fig. 6.4b) show
that the red light effect increases with the duration of the illumination.

In the absence of kinetin, the percentage of reversion by far red was almost
the same after 5 or 180 minutes of red light (fig. 6.5a), so both the far red revers-
ible and the far red non-reversible parts of the light effect were increased in the
same proportion by the extension of the red illumination. This suggests that at
irradiation periods longer than 5 minutes the increase in the light effect in plants
growing without kinetin addition is due to the formation of a substrate essential
for both the reversible and the irreversible parts of the red light effect.

With kinetin added, the increase in light effect resulting from extension of the
exposure time was mainly due to an increase of the far red non-reversible part
of the light effect (figs. 6.4b and 6.5b).

When the light intensity of the 180 minutes illuminations was so much re-
duced that the total amount of light per illumination was equal to that of the
5 minutes illuminations, the light effect and the far red non-reversible part of it
were both reduced to the level found in the cultures illuminated 5 minutes a day,
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Fic. 6.5. The far red reversible part of the light effect (= MR of the red treated cultures
minus MR of the red followed by far red treated cultures) and the far red non-reversible part
of the light effect (= MR of the red followed by far red ireated cultures minus the MR of the
dark controls), expressed as percentage of the light effect of the red light atone. Same experi-
ment as in figure 6.4. a: without kinetin, b: with kinetin.
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Tasik 6.1, Effect of intensity and duration of daily repeated illuminations on the far red
non-reversible part of the light effect on multiplication rate of Lemna minor cultures grown
without (—K) or with 3 > 10~% M kinetin (+K), with 1.5%; sugar (1.5% S) or 3% sugar
(3% S). Intensity of the red light: 1800 pW cm 2 (HR) or 50 pW cm~2 (1/36 R). The illum-
ination times are indicated in minutes. When the red illuminations were followed by far red IT
{5 minutes, 5000 £W cm~?), this was indicated by 5 min F.

MR illuminated minuys MR dark cultures*
~K,15%S +K,15%8 +K,3%S

Radiation treatment

180 min HR 40 L 2%* 47 2% 51 £1%
180 min HR S5 min F 15 41 27 42 21 42
180 min 1/36 R 25 £2 37 £1 37 41
180 min /36R 5 min F 543 42 12 42
5 min HR 20 +3 33 11 34 42
SmnHR 5SminF 6 41 9 +1 12 42

* Muyltiplication rate in darkness: -K 1.5%S:21 +1; +K 1.5%S:31 +3; +K3%5:26 + |
** Standard deviation ¢ of the mean.

as is shown in table 6.1. The low intensity red light saturates phytochrome con-
version in 20 minutes, so during the remaining 160 minutes of the light period
and during the subsequent dark period the Pfr level in cultures exposed to the
low intensity light periods should be equal to that in cultures exposed to the
high intensity light periods of 180 minutes. The increase in the far red non-
reversible light effect in the high intensity treatment is therefore not ascribed to
a difference in the Pfr level but to an other reaction which shows dependency on
light intensity.

6.4.2. The effect of temperature on the reversibility of the red light effect
As discussed above, the non-reversibility of the red light effect by far red
might be due to rapid action of Pfr. Low temperatures during the red light
period might slow down this reaction resulting in a more complete reversibility.
Cultures were cooled to 4°C with ice water before and during the red irra-
diation. Cooling down before, and warming up after each daily radiation
treatment took 4 minutes each. The total radiation time for red 4 far red was

TaBLE 6.2, Effect of temperature during irradiation on the far red non-reversible part of the
red light effect. Cultures grown with 3 x 10~% M kinetin and 1.5% sugar. Light treatment
once a day with 600 oW cm~2 red BC light, followed, when indicated, by far red (guality 1)
1400 pW cm 2,

Multiplication rate

Light treatment

23°C 5°C
7 min red 70 65
7 min red, 10 min far red 18 37
10 min far red 30 -
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17 minutes per day (table 6.2), so that during 25 minutes per day the plants
were at a lower temperature than the 23 °C controls. The data of table 6.2 show
that reversion of the red light effect by far red was not increased by the cold
treatment. Therefore, no indication was obtained for a temperature controlled
phytochrome reaction during illumination in this experiment.

6.4.3. The effect of repetition of the red radiation on the reversion of the red light
effect

In table 6.3 the results of an experiment of far red reversion after 1 and after 4
times switching the phytochrome with red and far red radiation are given. These
two treatments gave the same percent reversion. There appears to be no simple
relation, therefore, between the far red non-reversible part of the light effect and
the photoconversion as such.

TasLE 6.3. Effect of alternate red and far red irradiations on the far red non-reversible part
of the red light effect on multiplication rate MR. The non-reversible part of the red light
effect is expressed as percentage of the light effect obtained with 5 minutes red BC light. Red
intensity: 260 uW cm™?%; far red Il intensity: 1000 uW cm™?2. The light treatment was given
once a day. The medium contained 1.5 %, sugar and 3 x 10~% M kinetin. Hlumination times in
minutes, R = red BC light, F = far red 1I light,

*” L L

Radiation treatment ME LE IPI’;}E

(]
Smin R &G 37
S min R 10 min ¥ 30 7 19
4 x {1 min R 1 min F} 5 min R 50 37
4 x {1 min R 1 min F) 5 min R 10 min F 27 4 11
Darkness 23 -

¥ LE = MR of the light treated cultures minus MR in the dark
**IPLE — far red non-reversible part of the light effect

A different result was obtained if the red and the red- far red treatments were
given with dark intervals of several hours. Then an increase of the far red non-
reversible part of the light effect was obtained by increasing the number of light
treatments per day. This is shown in figure 6.6. The total effect of the red light
treatments increased with the number of illuminations per day (fig. 6.6 a and b);
with 8 illuminations per day on a medium with kinetin and 1.5%] sucrose, the
multiplication rate reached the maximum of what was considered possible for
heterotrophic growth {chapter 3, section 6). It therefore could be that under
these conditions the multiplication rate of the cultures receiving red alone was
limited by the carbohydrate metabolism, whereas the multiplication rate of the
cultures receiving far red after red was not. This would reduce the difference in
multiplication rate between cultures treated with red and with red followed by
far red radiation and thus reduce the far red reversible part of the light effect.
That in figure 6.6¢ in the presence of kinetin the far red reversibility is seen to
decrease with increasing number of light treatments per day may be due to this
limitation. To avoid this, the sucrose content of the medium was increased to
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FIG. 6.6. a, b, e, f: Multiplication rate (MR) of cultures receiving cyclic treatments with
red BC or red followed by far red IL Irradiations applied with different frequency of
repetition. Red light 5 minutes 500 uW cm™2; far red 10 minutes 1400 pW cm~2; D = dark
control; a, b, ¢ and d with 1.5% sugar in the medium, e, f, g and h with 3%, sugar in the
medivm; ¢ and g: far red reversible part of the light effect (— MR of the red treated cultures
minus MR of the red followed by far red treated cultures); d and h; far red non-reversible
part of the light effect in percentage of the light effect of cultures treated with red only; (Q) =
without kinetin; {(®) = with 3 x 10~ M kinetin; (—R) = red light only; (- - - R-F) = red
followed by far red. Vertical bars indicate twice the standard deviation & of the mean.
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39%. At this concentration a general reduction of growth rate is brought about
which is due to the increase in osmotic value (the same result was obtained if
mannitol or carbowax 6000 was added to the medium). Under this condition
it is likely that growth rate at 8 illuminations per day was limited by the light
treatment alone, but nevertheless almost no increase of the far red reversible
part of the light effect was obtained when the number of illurrinations per day
was increased from 2 to 8 (fig. 6.6g).

In the figures 6.6d and h the far red non-reversible part of the light effect
(= MR of red-far red treated cultures minus MR of cultures in continuous
darkness) is expressed as percentage of the light effect of red illuminations only
(= MR of red treated cultures minus MR in darkness). These figures show
that the far red non-reversible part of the light effect increased with the number
of illuminations per day. Relatively (figs. 6.6 d and h) and also in absolute sense
(fig. 6.6 a compared with b and e with f) this increase was greater in cultures
grown with kinetin than in those without.

The far red reversible part of the light effect (figs. 6.6¢ and g} was only in the
absence of kinetin somewhat increased when the number of illuminations per
day was increased. With kinetin added, the far red reversible effect was nearly
optimal with one illumination per day.

The effect of far red alone, without preceding red, was 79} of the effect of red
light alone when 8 irradiations per day were given.

6.4.4. The effect of blue light on the far red non-reversible part of the light effect
Phytochrome is an unusual plant pigment, in that its red absorption peak is
much higher than its absorption maximum in the blue. Most plant pigments,
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Fi1G. 6.7. Light effect (LE) (= MR of the light treated cultures minus MR of the dark controls)
of cyclic treatments (cycle length 3 hours) with 285 or 660 seconds 640 W cm ™2 red light BC
or 380 uW cm™? blue E light. The energy content of these blue and red illuminations is
indicated on the abscissa. The red and the blue illuminations were either preceded by 5
minutes of 2000 +W cm ™2 far red II (F-R or F-B), or followed by 5 minutes of 3 000 pW cm~2
far red II {R-F or B-F). a: without kinetin, 1.5% sugar: dark value MR = 20, far red only
MR = 23. b: with 3 x 10~° M kinctin, 3% sugar; dark valuc MR = 25, far red only MR =
28. Vertical bars indicate twice the standard deviation o of the mean.
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F1G. 6.8, The far red non-reversible part of the light effect (= LE of the cultures treated with
red or blug light followed by far red) in percentage of the LE of the treatment with either red
ot blue, both preceded by far red II. Values are derived from fig. 6.7; a: without kinetin, 1.5%,
sugar; b: with 3 x 10~% M kinetin, 3% sugar. Vertical bars indicate twice the standard
deviations following from the & values in fig. 6.7,

like the carotenoids, flavonoids, flavins etc. have their main absorption band at
short wavelengths, even if they have additional bands in the red. If the far red
non-reversible part of the light effect is mediated by a pigment other than phyto-
chrome, there is the possibility that blue light is more effective than red light.
Since the far red non-reversible part was expected to depend on the duration of
the illuminations, exposures of 285 and 660 seconds were given. Figure 6,7 shows
that the longer illuminations resulted in a larger light effect, but the far red non-
reversible part remained the same in proportion (fig. 6.8). Figure 6.7 shows
further that the light effect of the blue was much smaller than that of the red,
but when far red followed the red or blue exposures, the effects of red and blue
were almost equal. Figure 6.8 shows that without kinetin the total effect of the
blue light was due for 509 to the far red non-reversible part of the light effect,
that by red light for 25%. In an average of 4 experiments, the far red non-re-
versible part of the light effect with blue light was 21 + 7.49 higher than with
red light. In the presence of kinetin this difference was only 9.3 4 5.8% (7 ex-
periments). Evidently blue light favours the far red non-reversible part and red
light the far red reversible part of the light effect. In the presence of kinetin the
difference is less, mainly because the far red reversible part in the blue treated
cultures is increased.

6.5 THE EFFECT OF FAR RED GIVEN AT DIFFERENT TIMES AFTER A
RED ILLUMINATION

The increase in the multiplication rate by a brief red illumination of cultures
otherwise kept in darkness was shown to be partly due to the formation of Pfr
(chapter 5). If Pfr is removed by far red radiation before it has completed its
action, the red light effect is reduced. In order to investigate the escape from
control by phytochrome Pfr, several experiments were performed with a far red
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irradiation at different moments after the red illumination, thus confining the
action of phytochrome Pfr to dark intervals of different durations.

In these experiments red light was given for 5 minutes once every 24 hours;
by varying the light intensity, different levels of Pfr were established. At dif-
ferent times after the red light, a saturating amount of far red radiation was
given, removing the Pfr left over from the red illumination. The multiplication
rate was measured after three weeks of growth in these regimes. The results of
four experiments without kinetin are shown in figure 6.9, those of five experi-
ments with kinetin in figure 6.10. The Pfr values given in these figures are derived
from spectrophotometric measurements of phytochrome conversion in Lemna
minor cultures grown for 7 days in continuous darkness. The data are discussed
in the sections 6.5.1 and 6.5.2.
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Fic. 6.9. The effect of the dark interval between red and far red on escape from far red rever-
sion. The relative light effect, expressed as percentage of the light effect with the maximum
red dose, of different amounts of red BC light, applied during 5 minutes once a day, followed
by 5 minutes far red II, 1400 uW cm~? after the dark periods indicated on the abscissa.
Medium with 1.59% sugar, without kinetin. The percentages phytochrome conversion ( %, Pfr)
are indicated alongside the curve, Doses of red light: () = 20 x 10* pW secem~2; (O) =
1.0 x 10* uW sec cm™2; (¥ ) = 0.3 X 10* pWisec cm ™2, Vertical bars indicate twice the
standard deviation c.
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FiG. 6.10. Same as fig. 6.9, but cultures with 3 x 105 M kinetin. Doses of red light: { m) =
20 x 10* pW sec cm™2; (8) = 1,0 x 10* nW sec cm~2; (w) = 0.3 x 10% uW sec cm~2,
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6.5.1. Treatments with saturating amounts of red light

The upper curves of figures 6.9 and 6.10 represent treatments with doses of
red light that saturate phytochrome photoconversion. In both figures the light
effect increased with the length of the time interval between the red and the far
red illuminations. This could be expected when the red light effect has proceeded
further the later the far red is applied. In this way the red light effect escapes
from reversion by far red. In the cultures without kinetin this increase was al-
most [inear up to 20 hours after the red illumination.

In cultures with kinetin 4 hours after illumination the reversibility was the
same as immediately after illumination. A far red irradiation 20 hours after the
red illumination had no effect on the multiplication rate in experiments with a
24 hours periodicity of illumination, but had a small effect when the period-
icity of the illumination was increased to 32 hours (fig. 6.11). The latter obser-
vation indicates that 20 hours after an illumination, Pfr is still present and ac-
tive in growth stimulation. This effect may be concealed in the 24 hours series
by that of the next red illumination.
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Fic. 6.11. Same as fig. 6.9, but cultures with 3 x 10~° M kinetin and red light given with
intervals of 32 hours. Doses of red light: () = 50 x 10* nW sec cm~™?; (&) = 4.2 x 104
uW seccm ™2 (w) = 0.4 x 10* oW sec cm~2,

6.5.2. Treatments with non-saturating amounts of light

The lower curves of figures 6.9, 6.10- and 6.11 represeni treatments with
amounts of red light not giving maximum conversion of phytochrome. The
percentage of Pfr obtained with the different energy doses at the end of the
illumination is indicated in the figures.

The figures show that the light effect depends on the period during which
Pfr is present as well as on the Pfr level established by the illumination. Obvi-
ously, the magnitude of the light effect was always limited by the concentration
of Pfr present, even during the first hours following the red illumination when
Pfr content, as measured by RomeacH and SprRUIT (1968), was highest.
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6.6. CONTENT OF CHLOROPHYLLS AND CAROTENOIDS OF PLANTS
EXPOSED TO BRIEF ILLUMINATIONS

In the foregoing sections of this chapter it has been shown that the far red
non-reversible part of the light effect increases as the exposures to red light are
longer or more frequent. In view of the possibility that other photoprocesses
participate in the stimulation of the multiplication rate, the contents of chloro-
phyll and carotenoids were measured. In cultures exposed once a day to illu-
minations of different duration, the chlorophyll content increased as soon as
the exposure time was longer than 20 minutes (fig. 6.12). Far red after red
reduced the chlorophyll content at the longer exposure times. Carotenoids
responded in the same way as chlorophyll but the difference in content between
dark grown and illuminated cultures was not as large (fig. 6.13),

For experiments with brief illuminations in different periodicity, the exposure
times were adjusted so that the total cxposure per day was 10 minutes for each
treatment. To ensure maximum phytochrome photoconversion within the
shortest exposures (25 seconds) white fluorescent light (Osram 25 Sa) was
used, the intensity of the red light being too low. The photostationary Pfr level
of this white light was found to be equal to that of the red.
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Fic. 6.12. Chlorophyll in cultures grown for 14 days in a regime of one exposure per day to
red during the periods indicated, or to red followed by 10 minutes far red IT, Light intensities:
red 1800 W cm 3, far red 5000 oW cm~2. Fresh weight 26 mg/cm? for plants exposed to red
light only, 27 mg/cm? for plants treated with red followed by far red. Culture medium with
1.5% sugarand 3 x 10—¢ M kinetin. (+) = chlorophyll a; (X ) = chlorophyll b; (—R) = red
light only; (- — — F-R) = red followed by far red.
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FiG. 6.13. Carotenoids, same experiment as that of fig, 6.12,
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In these experiments the chlorophyll content increased proportionally to
the number of illuminations per day (fig. 6.14). In contrast to what was found
for the lenger exposures to red light applied once per day, the chlorophyll content
was not reduced by far red applied after each white illumination. Since experi-
ments with red light had given a similar result, the non-reversibility is not due
to the wavelength components below 600 nm in the white light. In these experi-
ments the protochlorophyll content at the end of the dark periods was very low
and hardly influenced by the ii ght regime. An explanation for the difference in
response to far red applied after long exposures (fig. 6.12) or after short expo-
sures (fig. 6.14) could be that protochlorophyll synthesis during the longer
exposures is limited by processes which are reinforced by Pfr presence during
each preceding dark period. With short exposures almost no synthesis of
protochlorophyll during each light period occurs, and each dark period is long
enough for restoration of the low protochlorophyll level in spite of the absence
of Pfr.

The content of carotenoids (fig. 6.15) also increased with the number of
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F1G. 6.14. Chlorophyll in cultures grown under cyclic illuminations with white light preceded
or followed by far red. Light intensities: white (Osram L 140 W/25 5a fluorescent lamps)
4500 uW cm—2; far red IT 5 minutes 5000 pW cm ~2. White exposures: 253 sec for illuminations
once per hour, 50 sec for once per 2 hours, 115 sec for once per 4 hours and 250 sec for once
per 8 hours. Culture medium with 3 %, sugar and 3 x 10~° M kinetin. Fresh weight: 24 mg/
cm? for plants exposed to white light only, 30 mgfem? for plants treated with white followed by
far red. (1) = chlorophyll a; (x) = chlorophyll b; (—W) = white light preceded by far
red IT; (- - W-F) = white light followed by far red IL.
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FiG. 6.15. Carotenotds, same experiment as that of fig. 6.14.
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illuminations per day, but less than chlorophyll. Far red treatments subsequent
to the white illuminations did increase the carotenoid level slightly, similar
to what was found with the chlorophyll; this is due to a more dense structure
of the fronds and is not found when the pigment content is expressed on fresh
weight basis.

6.7. CONCLUSIONS AND DISCUSSION

The experiments described in this chapter lead to the following conclusions:
1. Far red, applied continuousiy, has a stimulating effect on the multiplication
rate, dependent upon the intensity.
2, Brief irradiations with far red, on the other hand, have almost no effect on
the multiplication rate.
3. The stimulating effect on multiplication rate of low intensity red light is
antagonized by simultaneous irradiation with far red.
4. Brief exposures to red light stimulate the multiplication rate, this effect can
be reversed partly by far red applied immediately after the exposures to
red light (fig. 6.3).
5. Reversion by far red of a brief red exposure was not complete, it appears
that during 5 minutes red the process Jeading uitimately to an increased
multiplication rate had made already some progress.
6. The total light effect increases with the number of illuminations per day.
This is mainly due to an increase of the far red non-reversible part of the light
effect, the reversible part of the light effect being much less influenced (fig. 6.6).
7. Blue light, in brief illuminations separated by dark periods of 3 hours,
resulted in a light effect which was much smaller than that of a similar
treatment with red light, the far red non-reversible part, however, was equal to
that of the red illuminations (fig. 6.7).
8. Increasing the duration of each red illumination results in an increase in the
far red non-reversible part of the light effect from 259 with light periods
of 5 minutes to 459, with light periods of 90 minutes (fig. 6.5).
9. During darkness following a short red irradiation, the red light effect gradu-
ally ‘escapes’ from Pfr control. After the first 4 hours in darkness, this
escape is not significantly different from that after 5 minutes; it increases almost
linearly with time during the next 12 hours.
10. If the far red non-reversible part of the light effect is also considered as an
escape from Pfr control, the experiments with different durations of illumi-
nation show that escape in light is much faster than in darkness. In red light,
45% of the effect becomes irreversible in 90 minutes (fig. 6.5); in darkness 8
hours are required to reach the same percentage (figs. 6.9 and 6.10).
11. From the escape experiments it was concluded that 20 hours after illumina-
tion Pfr was still active (fig. 6.11).
12. If the escape experiments were carried out with energy levels of red light
converting less than 809 of the phytochrome to Pfr, the phytochrome
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effect was reduced, no matter whether the Pfr was present for a short time or for

a long time after the illumination.

13. Kinetin gives an increase of the light effect, mainly due to an increase of
the far red non-reversible part (figs. 6.4 and 6.6).

The above observations lead to the conclusion that the stimulation of growth
by light consists of two parts: one part is reversible by far red immediately
after the illumination, the other part is not reversible by far red. The two parts
will be discussed separately below.

6.7.1. The reversible part of the light effect

The far red reversible part of the increase of the multiplication rate by light
most likely is due to Pfr, which stays active in the plants for at least 20 hours, in
spite of the disappearance of Pfr by dark reversion and destruction observed
spectrophotometrically. RoMBACH (1966) suggested this to be an indication for
the existence of two Pfr fractions of different stability, of which the more
stable fraction would be the physiologically active one, and the less stable would
be the more abundant one.

Later measurements, with Lemna minor enriched in phytochrome by growing
in continuous darkness for 3 or more days, showed that disappearance of Pfr
was slower than originally estimated, the half life time of Pfr at 23°C being
2.5 hours. If disappearance of Pfr continues at the same rate during 15 hours,
its concentration after that period would be 1% of the initial phytochrome con-
centration. According to figure 6.10, 209 of the red light effect is still reversible
by far red after a dark period of 15 hours. During the last 9 hours of a 24 hour
cyclus 20%, of the total effect is therefore accomplished with the Pfr present
during that period, i.e. 19 or less of the amount present at time zero.

RomeacH (1963) has derived a relation between the phytochrome conversion
by light and the physiological effect of repeated illuminations on the multiplica-
tion rate of Lemna minor. He demonstrated that at very low Pfr levels the phys-
iological effect increases sharply with the Pfr fraction of phytochrome, so that
about 259, of the effect of a saturating amount of light is obtained with an
amount of red forming only 39 Pfr. The effect of brief irradiations with far
red I and II indicates the same: according to table 2.3 far red 1 gives 59 Pfr;
the light effect is 25 % (fig. 6.3); far red I yields 0.5% Pfr which gives 3-5%
light effect (fig. 6.3). Therefore, RoMBACH’s {1966) conclusion that in L. minor
there are two Pfr fractions with different stability does not necessarily follow
from our data,

The following data point in the same direction, In section 5.3 it was shown
that far red applied before the red reduced the multiplication rate when photo-
conversion of phytochrome by the red light was partial and the dark periods
were not much longer than 6 hours (in later experiments it was found that the
dark periods had to be shorter than 8 hours). This indicates that at the end of
a dark period of 6 hours sufficient Pfr is left to give, when added to the Pfr
content established by the following red illumination, a for the plant sensible
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higher Pfr level. After dark periods longer than 8 hours the Pfr level has de-
creased too much to produce this effect. This indicates that the decrease in Pfr
level after an illumination is not a feature of spectrophotometry only, but can
be observed in physiological experiments also. This means that from our
experiments on multiplication rate in Lemna minor no significant indication
could be obtained for a difference in stability between the physiologically
active and the with spectrophotometer measured phytochrome.

The data with non-saturating light doses in figures 6.9, 6.10 and 6.11 show
that there is no surplus of physiologically active Pfr in the plants, not even
during the first hours after the illumination. According to fig, 6.10, a light dose of
10* pW sec cm™2, giving 609, Pfr, results in 709, of the effect obtained with
809/ Pfr, irrespective of the duration of the Pfr presence. This means that
either all phytochrome is active, or that, if part of the phytochrome is inactive,
it is not in free exchange with the part that is active in promoting multiplication
rate (ROMBACH, 1966).

In most cases we have related the physiological response to the fraction of
phytochrome in the Pfr form. The question whether a response is related to the
Pfr/P,,..; ratio or to the Pfr concentration and the relation of this question to
that of the active and the bulk phytochrome is discussed in section 8.3.

Figure 6.10 shows that the escape from far red reversion was often delayed
for 4 hours, This implies that the Pfr present during the first 4 hours after the
iltumination gives no effect in addition to the far red non-reversible part of the
. light effect. It may be that substrates in the processes initiated by Pfr are ex-
hausted by the far red non-reversible reaction and that Pfr has to be present for
4 hours for the initiation of the production of these substrates.

6.7.2. The far red non-reversible part of the light effect

A criterium for phytochrome involvement is the reversibility of a light reac-
tion by far red. When an effect, or as in our case, part of a response is not revers-
ible by far red, the probability of another pigment as a photoreceptor has to be
considered. HARTMANN (1966), however, has developed a hypothesis according
to which energy absorbed by phytochrome, aside from causing interconversion
of the two forms of phytochrome, could be used in a reaction of Pfr with a sub-
strate, leading to the response. Since the reaction supposed by HARTMANN (1966)
depends on the intensity of the light and takes place during illumination, it is
not reversible by far red at the end of the light period, only reactions controlled
by Pfr during the dark period being reversible. Increase of the multiplication
rate by continuous irradiation with far red II, as shown in fig. 6.1b, may point
to such a reaction.

Whatever the photoreceptor pigment may be that brings about the far red
non-reversible part of the light effect, it is likely that the effect is due to reactions
with the pigment and catalysed by the pigment during illumination. In these
reactions substrates, in the form of precursors in reaction chains and carriers of
chemical energy, may be limiting factors.

In a 24 hours illumination cycle, processes leading to 259, of the total light
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effect did proceed to a phase beyond Pfr control within a period of 5 minutes
of red illumination. Substrate limitation may be the reason that during illumina-
tions longer than 5 minutes further progress of the escape from phytochrome
control is slowed down. If we follow this reasoning and look after the condition
required for bringing about a far red non-reversible part of the light effect of
about 43%, in the presence of kinetin, we see from figure 6.5b that 90 minutes
red light are required. Substrate production during 90 minutes red light is
therefore sufficient for that part of the response. If the light is given in brief
exposures, the substrate required for reactions during illumination has to be
produced and accumulated during the dark periods. It then appears that, when
Pfr is removed at the beginning of each dark period by an exposure to far red,
a period of darkness of & times 3 hours is required for a far red non-reversible
effect of 459%. If the process during the light period uses the same substrate as
in darkness in the presence of Pfr, then the rate of escape from phytochrome
control during the dark period may be determined by the rate of substrate
production in darkness in the presence of Pfr. In that case, fig. 6.10 shows that
a period of 8 hours is required to produce a sufficient amount for a far red non-
reversibility of 45%;,. From thesc data the relative rate of substrate production
per hour can be derived to be !/,, in darkness in the absence of Pir, /g in
darkness in the presence of Pfr, and /; in red light, all with kinetin in the me-
dium.

The experiments with blue light in table 6.4 and figure 6.7 show that, when
followed by far red, equal doses of blue and red light bring about equal far
red non-reversible light effects. When, however, the Pfr is not removed at the
beginning of the dark periods, the light effect of the red is much higher than
that of the blue, in accordance with the higher fraction of phytochrome present
as Pfr at the end of the red illumination. This means that the processes leading
to the response to light are much more dependent on Pir level in the dark than
during the light period, the photostationary Pfr fraction in blue light (459%)
being not limiting the processes during the light period. Apparently, during the
illumination, a second activity of the light is involved. The effect of continuous
far red, described in section 6.2 is perhaps caused by this activity also. Since
the effect is intensity dependent in contrast to effects, like phytochrome photo-
conversion, dependent on the dose of light, an appropriate name could be:
intensity effect.

Kinetin always results in an increase of the far red non-reversible part of the
light effect. This may also be due to an increased supply of substrate during
illumination.

The amount of chlorophyll in cultures receiving brief illuminations is pro-
portional to the number of illuminations per day (fig. 6.14). With 8 illuminations
per day the chlorophyll content was about 8 % of the highest level in continuous
light (fig. 4.12). With one illumination per day and exposure times longer than
20 minutes, the chlorophyll content increased with further extension of the illu-
mination time. With an illumination of three hours red light per day the content
was 30%; of the highest level in continuous light.
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Preliminary measurements of photosynthesis showed that as soon as chloro-
phyll was present in the Lemna cultures, they were capable of photosynthesis,
as evidenced by an apparent decrease of the carbon dioxide output upon illumi-
nation. On the other hand, a concentration of [0~3 M N-(3,4-dichloro-
phenyl-N,N-dimethylurea (DCMU), reducing photosynthesis of green Lemna
cultures to 10% of the controls, had almost no effect on the far red non-
reversible part of the light effect. A concentration of 2 x 10~ M carbonyl-
cyanide-N-chlorophenyl-hydrazon (CCCP), an uncoupler of phosphorylation
in mitochondria as well as in chloroplasts, inhibited photosynthesis in Lemna
by 509%;, but was less effective on growth rate, reducing both the far red non-
reversible and the far red reversible part of the light effect to 75%,. The two
inhibitors together, 10-5M CCCP + 4 x 107°* M DCMU, reduced photo-
synthesis to 20% and both the far red reversible and far red non-reversible
parts to 75%,.

Although there can be little doubt that light is absorbed in chlorophyll and
that light dependent reactions in the chloroplasts take place, the low sensitivity
of the far red non-reversible growth stimulation to DCMU and CCCP renders
it unlikely that photosynthesis system I is involved, or that the rate of phospho-
rylation is very critical. This suggests that, if photosynthesis is involved, it
would be via the electron transport chain of photosystem 1.

Meded. Landbouwhogeschool Wageningen 76-1 (1976) 77



7. THE RATE OF CELL MULTIPLICATION AND
THE SYNCHRONIZATION OF CELL DIVISION
IN LEMNA MINOR TREATED WITH
PERIODIC BRIEF ILLUMINATIONS

7.1. INTRODUCTION

In the preceding chapters it has been shown that brief illuminations increase
the multiplication rate of Lemna minor, and thatin light - dark cycles of 24 hours
and longer the effect mainly was through Pfr. RoMBAcH (1965, 1971) demon-
strated that the light dose-response relation and the reversibility by far red
for stimulation of the rate of frond expansion was similar to that of the multi-
plication rate. In chapter 4 it has been shown that this also holds for continuous
light.

On the other hand, the main difference between fronds grown in darkness and
in light was in their structure (section 4.3 fig. 4.6). From the literature it appeared
that inhibition of leaf growth in dark grown plants was mainly by inhibition of
expansion (sections 1.2.1 and [.2.2), In this chapter it will be shown that in
Lemna minor the rate of increase in cell number is also under control of light,

7.2. THE COLCHICINE METHCD

When in a population of cells with equal duration of the mitotic cycle the
cells are arrested in mitosis by an agent without any inhibitory effect on other
cell processes, the percentage of mitotic cells will increase until all cells are
trapped in the mitotic phase. If the duration of the mitotic cycle is the same for
every cell in a sample and cell division is not synchronized, every cell of the
sample will divide once in a time interval equal to the length of the mitotic
cycle 7. If M is the percentage of cells in mitosis per hour, all cells (= 100%)
will have divided in 7 = 100/M hours, so a mean value of 7" can be calculated
if M is known. In tissues with partly synchronized cell division, mitotic activity
is periodic: depending on the moment of observation, either a high or a low
value for M will be found. To obtain a mean value from which 7 can be cal-
culated M must be determined over a period containing maxima as well as
minima in mitotic activity.

No inhibitor of mitosis is completely without action on other cellular pro-
cesses. Evans, NEARY and TonkinNsoN (1957) demonstrated that colchicing,
which is very active in arresting mitosis, decreased the rate of accumulation of
cells in metaphase after six hours of incubation, showing that processes in
the cell division cycle prior to the metaphase also became affected. During
these six hours, however, accumulation of cells in metaphase was proportional
to time in colchicine treated plants. From the rate of accumulation during this
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period the duration of the mitotic cycle was calculated.

Another technique for measuring the rate of cell division is by labeling the
nuclei with tritiated thymidine, which is incorporated in DNA, and counting
the labeled nuclei after autoradiography from high resolution stripping film
(CLowes, 1961). The colchicine method and the labeling method were compared
by CrowEs (1961, 1962). With the labeling method the percentage of labeled
nuclei increased linearly with time until 80 9, of the cells were labeled. The in-
cubation with radioactive thymidine, however, influenced the rate of cell
multiplication also, as showed up when the incubation with thymidine 3H was
extended for longer than 36 hours. Up to that time the cells of the requiescent
centre hardly incorporated the label, but thereafter the rate of labeling increased,
the cells being induced to divide by the prolonged treatment.

With the colchicine method (0.05%, colchicine) accumulation of metaphase
cells was linear with time for 6 hours. The length of the mitotic cycle, calculated
from the rate of accumulation of metaphase cells during this period, agreed
well with the results of the labeling method. In the present investigation the
colchicine method was applied because the labeling technique requires very
thin slicing or maceration of the meristem; slicing the primordia is difficuit
because of the smallness of the fronds, and maceration renders it impossible
to stody the meristematic growth of the tissue in situ. With the colchicine
method the primordial fronds could be kept intact.

In preliminary experiments we observed that during the first 2 hours of
colchicine treatment some cell division still took place. After that time no
cells in anaphase could be found. The increase of cells in metaphase started
already one hour after application of colchicine and was proportional with time
during the subsequent 3 hours; after 7 hours no further increase did occur. In
most experiments the accumulation in metaphase was measured between 2
and 6 hours of colchicine treatment.

The results obtained with colchicine concentrations of 0.025, 0.05 and 0.19;
in water did not differ significantly. At the highest concentration chromosomes
were somewhat more contracted and staining yielded more contrast and the
response to colchicine appeared somewhat faster. Subsequent experiments
were therefore made with 0.1 9, colchicine. Plants treated with this concentra-
tion for 24 hours did not show any lesions and resumed growth after being
washed with water,

Cultures of Lemna minor were grown for 2-3 weeks on standard medium with
kinetin in the cabinets described in section 2.4. The cultures received no light
during this period, except for the illuminations with red light mentioned in the
description of the experiments and for 10 minutes of very low intensity green
safelight during sampling. At the end of this period, samples were transferred
to the colchicine solution. After the incubation times indicated in the tables,
parts of each sample were fixed,

Plants were fixed for 24 hours at 0°C in a mixture containing 75%, cthanol
and 259 glacial acetic acid; thereafter they were washed with and stored in
70% ethanolfwater. For staining the chromosomes, whole plants were heated
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during 1 minute to 80°C in a saturated solution of carmine (MERCK, Darmstadt)
in 509% acetic acid, thereafter the very young fronds of 0.17-0.47 mm were
isolated from the reproductive pockets of adult fronds and mounted in a solu-
tion of 10 g gelatin, 10 g sorbitol, 50 ml acetic acid with carmine and 60 mi
water (staining techniques taken from DARLINGTON and Lacour, 1962).

Cells in mitosis were counted under the microscope in field areas of 0.14 x
0.09 mm? in the upper epidermis of the meristematic parts of the fronds. The
number of cells in mitosis is expressed as percentage of the number of cells in
the examined area. Fronds smaller than 0.5 mm were completely meristematic,
in larger fronds the meristematic part is confined to the basal area (fig. 7.1).
In some experiments, cell numbers were counted from photomicrographs.
The average number of cells in an area of 0.14 x 0.09 mm? was 490 + 50;

Fic. 7.1. Location of the meristematic fronds A and B in an aduit frond. The epidermis of

frond A has rapidly expanding cells, cell division being restricted to small areas around the

second order fronds C. Frond B consists entirely of dividing cells and is at the maximum size
used for counting mitotic cells.

mm

0.5

Fic. 7.2. Frond B of fig. 7.1. The rectangle F gives the site of the maximum number of epider-
mis cells per unit of area, this site was selected for counting. The number of epidermal cells
per arca of (.01 mm?* at different sites at the upper side of the fronds are indicated in the
figure.
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with fronds larger than 0.3 mm the location influences cell number per area
(fig. 7.2). No dividing cells were found in fronds protruding from the repro-
ductive pockets.

7.3. THE MITOTIC ACTIVITY

7.3.1. The mitotic activity in fronds exposed to periodic brief illuminations

7.3.1.1. 24 hours periodicity

Cultures were divided in two groups, one group received a red illumination
every day at 8.40 h, the other group 12 hours later. After 20 days, samples from
both groups were put on colchicine at regularly spaced moments over a period of
30 hours. The percentages of cells in mitosis are presented in tables 7.1 and 7.2

Time of the day
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Fia. 7.3, Metaphase accurmulation per hour at different moments during an illumination cycle
in Lemna minor treated with colchicine. The plants received 470 seconds 600 pW cm 2 red
BC light with a periodicity of 24 hours, Moment of illumination: indicated by arrow. Numbers
within the bars refer to numbers in column 1 of table 7.1. The width of the bars indicates the
time lapse between fixation of part 1 and part 2 of the sample.
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Fi. 7.4. Same as fig. 7.3 except for the moment of illumination which was 12 hours later.
Data of table 7.2.
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TagtE 7.1, Accumulation of cells in metaphase in colchicine treated Lemna minor in a 24
hours illumination cycle. Cultures were grown with 1.5% sugar and 3 X 10-¢ M kinetin,
they obtained at 8.40 each morning 500 uW ¢m ™2 red BC light for 470 seconds. After 2 weeks,
samples were taken at different moments in the 24 hours cycle and fixed in 3 parts, after 0,
2 and 4 hours colchicine treatment.

1 2 3 4 5 6
Sample number Partof Time of Number Cells in Accumulation of

and time of sample  fixation of metaphase metaphases
colchicine observa-
application tions % o %% /hour o
1 6.50 2 9.00 11 4.3 0.8

3 11.07 13 10.4 1.6 29 0.45
2 9.00 1 11.17 9 2.7 1.1

2 11.10 13 5.1 1.3

3 13.03 11 11.6 32 3.5 0.85
3 13.10 1 13.06 8 1.8 0.7

2 £5.04 10 4.0 1.2

3 17.03 14 7.7 1.5 1.9 0.5
4 15.07 1 17.09 11 1.5 0.6

2 17.06 17 3.3 1.0

3 19.03 14 9.8 1.3 32 0.5
5 19.09 2 21.04 g 38 0.9

3 23.05 10 6.9 1.4 1.6 0.5
6 21.09 1 23.11 9 2.1 0.5

2 23.08 11 15 0.7

3 1.51 13 8.2 09 1.8 0.2
7 1.59 1 1.54 10 1.9 0.7

2 301 12 1.5 0.5

3 5.07 18 6.5 1.3 24 0.3
8 3.15 1 5.12 10 1.9 0.5

2 5.10 14 4.2 0.7

3 7.02 13 3.6 1.6 29 0.4

1 7.06 10 2.6 0.9
9 8.50 1 9.12 12 2.2 0.7

2 11.10 12 5.1 1.0

3 13.00 10 101 2.1 27 0.5

[ 13.03 15 22 0.5

column 5. In planis not treated with colchicine (part | of the samples indicated
in column 2) one half of the mitotic cells were in metaphase, the other half in
anaphase, After 2 hours colchicine treatment only very few cells in anaphase
were found. The rate of accumulation of metaphases at different moments of
the illumination cycle is given in figures 7.3 and 7.4. The figures show minima
at the 5th and 13th hour after illumination in both series. If the time scales of
figs. 7.3 and 7.4 are shifted so that the times of illumination coincide, the posi-
tion of the maxima and minima in the two figures coincide also. Probably, the
positions of the maxima and minima were set by the brief illumination. In
fig. 7.5 the data of figs. 7.3 and 7.4 are combined.
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FiG. 7.5. Combination of the data from fig. 7.3 and 7.4.

7.3.1.2. 48 hours periodicity

The treatment was similar to that with the 24 hours series, except that the
incubation time with colchicine was longer.

The results are presented in table 7.3 and fig. 7.6. Following illumination
the number of cells in mitosis first increased somewhat, but fell considerably
after 13 hours, like in the 24 hours experiments. Approximately 24 hours after
illumination a maximum was found in the accumulation rate of cells arrested
in mitosis. This maximum was followed by a gradual decrease, suggesting the
exhaustion of a growth factor which was restored by illumination.

Time of the day
] ] 16 24 B 18 24 8
I T I i 1 3 T T

i 1 T 1 T T T T
9 & 18 24 32 40 48 5
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FiG. 7.6. The same as figure 7.3 but the plants received 470 seconds redlBC light once in
48 hours. The numbers within the bars refer to the numbers in column ! of table 3.

7.3.1.3. 32 hours periodicity

In this experiment the illumination regime of one part of the cultures differed
half a cycle with the other part, like the two series given the 24 hours periodicity
of illumination, but in the present experiment is was assumed beforehand, that
they could be treated as one population. In this way data from the second
half of the illumination cycle were obtained at the same time as from the first
half, thus reducing a 36 hours working day to 20 hours.
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TaeLe 7.2. Accumulation of cells in metaphase in colchicine treated Lemna minor in a 24
hours illumination cycle. Cultures were grown with 1.5% sugar and 3 > 10~ ¢ M kinetin, they
obtained at 20.40 p.m. 500 uW cm~2 red BC light for 470 seconds. Sampling as in table 7.1.

1 2 3 4 5 6
Sample number Part of Timeof Number Cells in Accumulation of
and time of sample  fixation of metaphase metaphases

celchicine observa-
application tions % G Sa/hour 6
1 17.13 2 19.12 9 6.6 i3
3 21.13 13 12.3 1.7 2.8 0.5
2 19.16 1 21.20 13 2.6 0.8
2 21.16 9 55 .2
3 2316 13 10.5 35 25 11
3 23.24 1 23.20 10 1.3 0.4
2 2.02 9 6.4 1.1
3 3.04 12 7.8 1.2 1.4 0.9
4 2.05 1 13 12 2.t 0.7
2 3.10 15 2.2 0.7
3 5.16 14 7.1 1.0 23 0.5
s 5.23 i 5.20 11 2.1 0.7
2 7.10 14 2.7 0.6
3 9.02 12 1.7 2.2 2.6 0.4
6 7.14 1 9.08 10 1.5 0.5
2 9.05 25 33 1.2
3 11.14 13 6.6 2.4 1.5 0.2
7 11.21 1 11,17 10 1.7 0.5
2 13.06 15 24 0.5
3 15.12 11 6.7 1.1 2.2 0.3
8 13.10 1 15.17 13 1.7 0.5
2 15.15 12 34 1.1
3 17.06 14 84 1.6 2.7 0.5
9 17.12 1 17.09 11 2.7 1.1
2 19.03 14 36 0.9
3 20.59 13 8.4 1.4 2.5 0.4
1o 1%.09 1 21.05 15 2.5 Q.5
2 21.01 12 38 0.9
3 23.03 14 10.3 2.0 3.2 0.5
i1 21.08 2 23.06 12 35 1.1
3 Q.55 15 8.8 1.3 2.9 0.4
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TaBLE 7.3. Accumulation of cefls in metaphase in colchicine treated Lemna minor in a 48
hours ilumination cycle. Cultures were grown with 1.5% sugarand 3 x 10~% M Kkinetin, they
obtained at 1.00 a.m. on alternate days 500 uW cm~2 red BC light for 470 seconds. After 3
weeks, samples were taken at different moments in the 48 hours cycle and fixed in three parts,
after 0, 2 and 6 hours colchicine treatment.

1 2 3 4 5 6
Sample number Part of Timeof Number Cells in Accumulation of
and time of sample fixation of metaphase metaphases
colchicine observa-
application tions % o % /hour G
1 23.00 2 1.01 10 2.8 0.7
28-7-63 3 5.06 6 92 0.9 1.6 0.2
2 5.00 1 5.03 9 1.9 0.9
29-7-63 2 7.01 12 35 1.5
3 11.22 12 13.5 35 2.3 0.4
3 11.26 1 11.29 11 20 0.6
2 1313 10 2.5 0.7
3 17.16 14 55 2.6 0.7 0.3
4 17,23 1 17.20 12 1.3 0.5
2 19.17 9 38 1.3
3 23.27 12 13.7 30 24 0.4
5 23.35 1 23.32 11 2.6 0.5
2 2.10 11 5.7 1.6
3 527 12 14.8 2.3 238 0.4
6 5.33 1 5.30 12 21 0.5
30-7-63 2 7.17 14 28 0.9
3 11.14 19 11.7 1.8 2.2 0.2
7 11.31 1 11.28 11 1.5 0.5
2 13.12 12 3.0 11
3 17.15 12 10.6 22 1.9 0.3
g 17.23 1 17.21 11 1.6 0.5
2 19.12 9 2.5 0.7
3 J23.11 10 7.7 2.6 1.3 0.4
9 23.17 1 23.14 11 1.7 0.6
2 0.59 11 1.9 0.7
3 5.03 11 10.7 20 2.2 0.3

As appears from the first two sample numbers, after one hour colchicine
treatment the percentage of cells in metaphase was doubled (table 7.4, column 6)
but also the number of cells in anaphase was increased (column 3). This shows
that an incubation time in colchicine of one hour was not yet sufficient for a
complete arrest of mitosis in the metaphase, so that some escape to the anaphase
occurred. Furthermore also the anaphase was arrested to some degree. The
accumulation rate of mitotic cells was calculated from cells in metaphase
only,
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TABLE 7.4. Accumulation of metaphase cells in colchicine treated Lemna minor in a 32 hours
illumination cycle. Cultures grown 21 days with 1.5% sugar and 3 x 10-% M kinetin. They
obtained 500 uW cm~2 red BC light for 230 seconds. On day of sampling numbers 1-6
{column 1) received the illumination at 10.10 a.m., the numbers 7-12 16 hours later. After
3 weeks, samples were taken at different moments in the 32 hours cycle and fixed after 0,
1 and 4 hours colchicine treatment,

1 2 3 4 5 6 7
Sample number Partof Time of Number Cellsin Cellsin  Accumulation of
and time of sample fixation of  anaphase metaphase metaphases

colchicine observa-
apptication tipns A % %./hour G
1 6.25 1 6.25 17 0.6 0.7
2 7.40 13 0.8 1.5
3 10.03 15 0.0 6.2 20 0.3
2 9.15 1 9,15 17 0.4 0.4
2 10.13 14 0.6 0.8
3 13.09 17 0.0 53 1.6 0.2
3 12.10 2 13.15 | A 0.6 1.0
3 16.10 16 0.0 54 1.6 0.2
4 15.08 2 16.20 11 0.5 1.2
3 19.07 18 0.0 58 1.8 03
5 18.12 2 19.16 14 0.6 0.9
3 22,10 18 0.0 6.7 2.0 0.3
6 21.09 2 22.16 i5 1.2 1.5
3 1.14 16 0.0 10.2 29 03
7 6.25 2 7.35 14 09 1.3
3 10.05 12 0.0 9.3 3. 0.3
8 9.10 2 10.20 13 0.7 1.4
3 13.04 I 0.0 10.3 33 0.4
9 12.05 2 13.13 16 0.8 1.4
3 16.07 13 0.0 10.6 3.2 0.3
10 15.04 2 16.15 11 1.5 1.5
3 19.04 32 0.0 8.2 24 0.3
11 18,07 2 19.11 16 1.3 1.5
3 22.10 18 0.0 6.7 2.0 0.3
12 21.04 2 22.24 15 1.0 1.8
3 1.11 13 0.0 6.5 1.7 0.3
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FiG. 7.7. The same as figure 7.3 but the plants received 230 scconds red BC light with a peri-
odicity of 32 hours. The numbers in the bars refer to sample numbers in column 1 of table 7.4.

Fig. 7.7 shows the percentage of celis trapped per hour in metaphase in
samples taken at different moments during the illumination cycle. A broad
maximum of mitotic activity appears in the middle of the dark period. The
minimum at 13 hours after the illumination, observed in the experiments with
a periodicity of illumination of 24 hours or 48 hours, did not show up here.

7.4, THE CELLULAR. MULTIPLICATION RATE ,

In the meristematic tissues growth proceeds by multiplication of cell number
for which the same relation holds as for the increase in frond number:

dr/dt = G, (13)
1, = n,ele’
G, = (1/t) In (n,fn,) (14

Herein #, = number of cells at time ¢,, n, = number of cells at time 7, G, = the
rate constant for cell multiplication. The cellular multiplication rate MR, is
defined, in analogy of the multiplication rate of fronds (section 2.3.1) as
434 X G, with the time ¢ expressed in days. The cell numbers #, and », have
not been determined directly, but the time required for doubling the cells
{generation time 1) was derived from the rate of accumulation of cells arrested
in mitosis (section 7.2): T = 100/M. Since T is expressed in hours and G,
in equation 14 in days, 7 must be divided by 24. This substituted in equation 14
gives:

G, = (M/4.16)In 2; G, = 0.166 M; MR.ys = T2 M. (15)

The figures 7.3, 7.4 and 7.5 show that cell division was partly synchronized.
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TaBLE 7.5. The effect of different periodicities of illumination on the rate of cell division and
the multiplication rate of fronds. Experiments of tables 7.1, 7.2, 7.3 and 7.4. Rate of cell
division expressed in multiplication rate of cells and in duration of mitotic cycle T.

1 2 3 4 5 6 7
Lenght of Increase in ~ Duration of  Cells passing  MR... MPReones Ratio
illumination metaphases  the mitotic  through mitosis MR o11ef
cycle inhours  %fhour cycle T in during one MRirongs
hours illumination

cycle in %
24 2.43 41.2 58.3 175 61 2.9
32 2.27 440 72.6 163 57 29
48 1.98 50.8 95.0 143 52 27

Since the values of M varied considerably, it was necessary to derive a mean
value representative for the mitotic cycle from the different values observed.

From the similarity of figs. 7.3 and 7.4 and from the good agreement of the
overlapping data from the two separate phases of the 32 hours illumination
cycle (fig. 7.6) it is likely that the time course of mitotic activity and therefore
also the mean value of M, in each subsequent illumination ¢ycle was the same.
The values for the different illumination cycles were calculated from the figures
7.5, 7.6 and 7.7 by dividing the area between the abscissa from the first to
the second illumination and a smooth line connecting the tops of the bars by
the length of the illumination cycle. The results are given in table 7.5, column 2.
The values in column 3, 4 and 5 are derived from column 2. Column 4 shows
that an increase of the interval between the illuminations resulted in a lower
rate of cell division. It can be expecied that there is some relation between the
multiplication rate of fronds and the multiplication rate of cells in the meristerns.
Therefore, the ratio between celtular multiplication rate and frond multiplica-
tion rate is given in column 7.

7.5. THE INFLUENCE OF THE PHYTOCHROME SYSTEM ON
THE CELLULAR MULTIPLICATION RATE

In two experiments, the influence of different intensities of red and far red
radiation on the accumulation rate of metaphase cells in colchicine treated
plants was studied. The first experiment was made with an illumination perio-
dicity of 32 hours. According to fig. 7.7 the mitotic activity under this perio-
dicity of illumination was much lower during the first 12 hours after illumina-
tion than it was in the period from 12 to 22 hours after illumination. Therefore,
a determination of mitotic activity was carried out in both periods.

Table 7.6 shows that stimulation by red light was greater as the energy was
increased, and also that far red counteracted the effect of a preceding red
illumination, In column 4 of table 7.6 an estimate is given of the generation
time using the values of column 3. In view of the great differences in accumula-
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TaeLE 7.6. The effect of different illumination conditions on the accumulation rate of cells in
metaphase in colchicine treated Lemna minor fronds. Before sampling: cultures grown 2
weeks with 1.5% sugar and 3 x 10-°M kinetin in a 32 hours illumination cycle with red
BC light for 400 seconds. Sampling and colchicine treatment in two intervals: group I from
8 to 12 hours after illumination, group II from 13 to 18 hours after illumination. For the
calculation of the rate of cell division the accumulation rates in the two groups are averaged.
The standard deviation of the values in column 3:6 = 0.3.

1 : 2 3 4 5 6 7
INlumination schedule Time Increase in Genera- MR.,,. MR Ratio
and group metaphases tion tronds  MBeensf
light dose in %/hour  time T MR rongs
10° pW cm~2 in hours
500 red I 2.0 50 14 53 2.7
1 2.1
6.6 red 1 1.4 60 120 48 2.5
II L9
0.25 red I 1.0 85 85 31 27
11 1.3
500 red, directly followed by 1 1.1 0 80 30 2.7
2000 far red IT 1 1.1
500 red, 4 hrs later followed I i4 75 97 32 3.0
by 2000 far red II
500 red, 10 hrs later followed IT 1.7 60 120 43 2.8
by 2000 far red
2000 far red IT II 0.9 110 60 25 2.4

tion rate at different moments of the illumination cycle it is not possibic
to obtain a good approximation of the generation time from only one or two
values, Nevertheless the ratio of cellular multiplication rate and of frond
multiplication rate is roughly the same as in table 7.5.

A second experiment was performed with plants illuminated once per day
with red or far red radiation with interference filters. The colchicine treatment
started directly after the last illumination and lasted 6 hours in total, the
lapse between the second and the third sampling being 4 hours. According to
fig, 7.5, this time interval comprises a maximum as well as a minimum in
mitotic activity, -

Table 7.7 gives the values resulting from the different treatments. They
show the same trend as those in table 7.6: the percentage of cells trapped in
metaphase was greater the greater the amount of light, and this effect was
reduced by far red to an’'extent determined by the amount of far red energy.
The estimation of the generation times (column 3) was made in the same way
and is subject to the samé objections as the corresponding values in table 7.6.
The values for the ratio of cellular multiplication rate to frond multiplication
rate (column 6) in this experiment were smaller than in the other experiments,
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TasLE 7.7. The effect of different energy doses, applied in a periodicity of 24 hours, on the
rate of cell division, and the elongation and the multiplication rate of fronds in Lemna minor
grown with 1.5% sugar and 3 x 10-® M kinetin. Sampling and colchicine treatment for the
measurements of cell division during a period of 6 hours afier the last illumination. Red light:
lamp-filter combination 658, far red light: lamp filter combination IIL.

1 2 3 4 5 6 7 8
Mumination  Increase Estimated MR... MR Ratio Increase 103 x ratio
schedule in meta- genera- MR,/ inlength increase
and phases tion time MPRyonas  of fronds in lengthf
light dose in % hour inhours mmfday MRegnas
10° pWsecem™2 o = 0.3 T 6=35%
10 far red, followed by
79 red 1.8 55 132 54 2.4 0.44 8.1
3red 1.4 71 102 49 2.1 0.41 8.3
0.3 red 1.2 83 87 37 23 0.28 7.6
79 red, followed by
7.5 far red 1.2 83 37 43 20 0.38 88
1.9 far red 1.3 77 a3 51 1.8 0.42 8.2
10 far red only 0.8 125 57 22 2.6 0.18 8.2

except for the cultures receiving far red only, so perhaps the fraction of
cells entering mitosis during the colchicine treatment was below the mean
value.

In this experiment also the daily increase in length of the expanding fronds
was measured, the results are given in column 7 of table 7.7. In column 8,
the ratio of the daily increase in length of the fronds over the multiplication
rate is given, yielding values similar to those of figure 4.3.

7.6. DURATION OF THE GROWTH PHASES OF A FROND

The growth of a frond consists of cell multiplication annex with plasmatic
growth, followed by cell expansion, the latter two phenomena being accom-
panied by dry weight increase. In this section we have tried to analize the in-
crease of a single frond from initial stages to its ultimate size. It turned out
that in cultures receiving 5 minutes red light once a day, growing with a multi-
plication rate MR (.4, of 70, it takes 14 days for a frond to grow out from
0.05 mm to 1 mm (this is the size of a frond just protruding from the repro-
ductive pocket) and an additional 8 days to reach its ultimate size. This out-
come will be explained below.

7.6.1. The rate of meristematic growth and the rate of expansion of fronds
Area increase of a meristematic frond is due to cell multiplication and for
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a small part to a gradual increase in cell diameter, the cells of a frond of 0.5 mm
diameter being 20 % larger than those of a frond of 0.05 mm (fig. 7.2). Since this
increase in cell diameter is spread over many days, its contribution to the
relative rate of area increase will be neglected. Then the relative rate of area
increase is equal to the relative increase in the number of epidermal cells:

GA:GC

Since the frond area is proportional to the number of epidermal cells, equation
4 changes into:

Gs = (/) In (444,) (16)

In the tables 7.5, 7.6 and 7.7 the cellular multiplication rates are given as MR 1.,
for obtaining G, or G, these values must be divided by 434 (see section 7.4).

Growth of fronds protruding from the reproductive pockets proceeds by
cell extension and by the development of intercellular cavities; in these aspects it
differs from growth during the meristematic phase. To distinguish it from the
G, of the meristematic frond, the relative rate of area increase of the expanding
frond will be indicated by G,..

Young fronds, until they have attained half the final length, have the form of
circular discs. The increase in length of the expanding fronds is linear with time
until the fronds are fullgrown. This implies that over a period of time ¢, the
radius R of a frond increases from R, to R, + k¢, in which k, is the increase
in radius per unit of time. The area of the expanding frond at the beginning of
the growth period is:

Ae, = =R, (17
at the end of the growth period of ¢ days the area will be
Ae, = =(R, + k.1)? (18)

It follows that the increase in frond area is neither exponential nor linear with
time, but follows an intermediate course, Therefore the refative rate of area
increase

Gae = (1/Ac)(dAejds) (19)

cannot be constant and will be lower the larger the area of the growing frond.
The value of d4de/d¢ follows from equation 18:

dAe/dt = 2nk (R, + k.f) 20)
substitution gives

Gue = 2k (R, + k1) 210
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it follows that the relative rate of area increase of a frond with radius R, is:
GAE(RO) = 2kr/R0 (22)

Table 7.8 repeates in columns 2 and 3 the data of table 7.7 on frond elonga-
tion and cellular multiplication rate. From the data on frond elongation the
relative rate of area increase of a frond with a radius of 0.75 mm is derived
(column 4). The cellular multiplication rates are corrected in such a way that
the ratio of MR .1, over MRy .a5 i5 2.7, this ratio being found in the tables 7.5
and 7.6 for different treatments. In column 5 these multiplication rates, divided
by 434, are presented as the relative rate of area increase of the meristematic
fronds.

TasLe 7.8, Relative rate of increase in area of meristematic and of expanding fronds under
different conditions of illumination, derived from data on cell multiplication and frond elonga-
tion in table 7.7. Medium with 1.5% sugar and 3 x 10~% M Kinetin. Light treatments once
per day red 658 light (interference filter 658 nm) in 3 minutes, far red: ITI {interference filter
740 nm) in 1 minute. 2%, = Increase in diameter of fronds larger than 1 mm; MR, = value
of table 7.7, corrected as described in the text, Gae.75, = relative rate of area increase of
fronds of 1.5 mm diameter; &, = relative rate of area increase of the meristematic frond =
MR, 1.{434,

i 2 3 4 5
Tllumination schedule, 2%, MR.ons Gac.75) Ga
light dose in 10° W seccm ™2 mm/day

10 far red — 79 red 0.44 145 0.59 0.33
10 far red - 3 red 0.41 132 0.55 0.30
10 far red — 0.3 red 0.28 100 0.37 0.23
79 red - 7.5 far red 0.38 116 0.51 0.26
79 red — 1.9 far red 0.42 137 0.56 0.32
10 far red only 0.18 59 0.24 0.14

When the values for the increase in area of the expanding fronds in column 3
are compared with those of the meristematic fronds in column 4 it turns out
that the relative rate of area increase at the beginning of the phase of frond
expansion is much greater than that of fronds in the phase of meristematic
growth. The thickness of the fronds does not change much, the fronds being
10 to 13 layers thick in the phase of meristematic growth as well as in the phase
of expansion growth, when the intercellular cavities are formed. The rates of
arca increase, therefore, can be considered equal to the rates of increase in cell
volume and to the rates of increase in fresh weight of the fronds. It would be
interesting to know whether the increase in rate of growth at the beginning of
frond expansion is accompanied by a proportional increase in metabolic acti-
vity and protein synthesis or that it is due to an increased uptake of water and
to cell wall extension only.
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7.6.2. The duration of the meristematic phase and the elongation phase of frond
growth

The time it takes for a meristematic frond to grow out from one size to the
other can be calculated from equation 16. For a culture receiving a brief
illumination once a day, table 7.5 gives a cellular multiplication rate MR, =
180, for fronds of this culture G, = 180/434 = 0.414. The time ¢ required for
growth of these fronds from 0.05 mm to 0.5 mm diameter is:

0.414 ¢ = In (0.5/0.05)2
t = 11.1 days

During the time that the diameter of the frond increases from 0.5 to 1.0 mm,
the cells of the epidermis increase in width, the intercellular cavities in the
mesophyll begin to develop, and the rate of increase changes to that of the
expanding frond. Fronds smaller than 1 mm diameter do not protrude from
the reproductive pockets and could therefore not be measured directly. We
had to satisfy ourselves with an estimation and assumed that over this period
the relative rate of area increase will be intermediate between that of the meriste-
matic frond and that of an expanding frond of 1.5 mm. In cultures receiving a
brief illumination once a day an increase of 0.5 mm per day was found in
several experiments, for a frond of 1.5 mm diameter this gives a rate of area
increase G,, = 0.66 mm?/mm? day; since the G, of the meristematic frond is
0.414 mm?/mm? day, we have chosen an intermediate value of 0.54 mm?/mm?
day. Assuming a nearly exponential growth during this phase of frond expan-
sion, we find for the time required for growth from 0.5 to 1.0 mm diameter:

0.54 ¢ = In (0.25/0.0625)
t = 2.6 days.

These calculations show that a frond primordium of 0.05 mm diameter
requires 11 4 2.6 days before it protrudes from the reproductive pocket.
With a daily increase in length of 0.5 mm it takes 8 days before a frond of | mm
has attained the length of a fullgrown frond (5 mm), so the total period of
growth from 0.05 to 5 mm takes 22 days in cultures illuminated 5 minutes once
a day.

The time course of growth of a frond, as calculated above for sizes below
i mm and measured directly above 1 mm length, is shown in fig. 7.8. The length
is on a logarithmic scale, so linearity in the figure means a constant growth rate
factor G,. During the first days of expansion growth there is a temporary
increase in growth rate, during that period G, is larger than G, during the
preceding period. Above 1 mm the length of the frond increases in direct
proportion to time, which leads to a decrease in the growth rate factor G,..

The ratio between multiplication rate and increase in length per day was
found to be constant in most cases (fig. 4.3, table 7.7) as well as the ratio
between the relative rate of cell multiplication over frond multiplication (tables
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FiG. 7.8. Growth in length of a frond of Lemna minor iilluminated once a day during 5 minutes
with 500 W cm~2 red BC light. Medium with 1,5% sugar and 3 x 10~® M kinetin. The
values below 0.5 mm are derived from the cellular multiplication rate, the values above 1 mm
from direct measurements,

7.5 and 7.6); the time it takes for a frond to grow from one size to the other is
inversely proportional to the multiplication rate.

The multiplication rate of cultures grown in continuous darkness in the
presence of kinetin is half that of plants illuminated once per day, so the time
required for growth from 0.05 to 5 mm is twice that in the repeatedly illuminated
cultures, viz. 43 days. This means that the period of growth of a frond is long
in comparison with the duration of an experiment, which was in most cases
3 weeks.

7.7. DISCUSSION

In section 7.3.1.1 it has been shown that during an illumination cycle
maxima in mitotic activity alternate with minima. The correspondence
between the figures 7.3 and 7.4 indicates that the timing of mitosis was in-
fluenced by the illumination programme, but an absolute synchronization of
mitosis was not observed. In the three periodicities of illumination applied,
the length of the mitotic cycle always exceeded the length of the illumination
cycle; it is possible that this inequality influences the position of the maxima
and minima of mitotic acitivity. How timing of cell division was influenced by
the illumination programme is not clear: some part of the cell division cycle
must have been more susceptible to the processes induced by the illumination
than other parts. The participation of phytochrome in the induction of these
processes is evident : Pfr shortens the duration of the division cycle and increases
the rate of cell multiplication to the same degree as it accelerates frond multi-
plication and frond expansion.
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Tables 7.5 and 7.6 show a cellular multiplication rate 2.7-3.0 times higher
than the multiplication rate of fronds. Since the phase of cell division comprises
only part of the generation time of a complete frond, the muitiplication rate
of cells in the meristematic parts is much higher than the multiplication rate
of fronds. In cultures under optimal conditicns (continuous illumination with
3000 pW cm~?2 white light) a multiplication rate MRy .4, = 180 was found.
This value, multiplied by 2.7 gives MR . == 500, which corresponds with a
generation time of 14 hours for the meristematic cells. This value is of the same
magnitude as that found by WRIGHT (1961} for cell multiplication in the wheat
coleoptile 30 hours after germination, and is among the highest found in the
literature for the cellular multiplication rates in meristems. When the difference
in distance between roots, photosynthesizing organs and the meristem is con-
sidered, the transport system in the land plants must be remarkable effective to
enable a meristernatic growth rate as high as that in Lemna minor.

In completely heterotrophic light - stimulated cultures of Lemna minor
a multiplication rate MR .4, = 70 was found. This would correspond with
a cellular multiplication rate of 190 and with a cellular generation time of
39 hours. Rates of AR = 140 (suspension culture of Dawucus carota, WETHERELL,
1969) and MR = 220 (suspension culture of roots and cotyledons of Phaseolus
vulgaris, DENG FonGg Liau and Bovri, 1970) are reported for heterotrophic
tissue cultures. Apparently meristematic growth rate in light stimulated
heterotrophic cultures of Lemna minor does not differ much from that in tissue
cultures in the best conditions, This could be an indication that the absence of
roots, stems and leaves in the tissue cultures has no great influence on the growth
potentialities.
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8. GENERAL DISCUSSION

8.1. ASPECTS OF NUTRITION

In autotrophic plants the main effect of light on growth is by photosynthetic
carbon assimilation. By feeding the plants with sugar, growth of Lemna cultures
can be made independent of photosynthesis, so that the photostimulus effects
of light become apparent. By photostimulation the multiplication rate and the
fresh weight production were increased to the limit of the capacity of carbo-
hydrate assimilation from the mediem, but dry weight production was not
stimulated. This indicates a constant rate of sugar uptake from the medium
independent of both light intensity and fresh weight production. The sugar
uptake from the medium remained essentially the same, even at higher light
intensities, when photosynthesis contributed to the energy balance.

The constant rate of sugar consumption per frond suggests that sugar uptake
from the medium is always at full capacity. Sugar uptake by carbohydrate-
starved cultures during the first hours of incubation on a sucrose medium is
much higher than the sugar uptake of sucrose - grown cultures. Therefore it is
unlikely that the capacity of the sugar transport mechanism from the outside
to the inside limits the rate of sugar uptake. Apparently sugar utilization is
limited by processes of basal sugar metabolism and is not influenced by photo-
stimulation or photosynthesis.

The sugar taken up from the medium was used for frond multiplication and
for dry weight accumulation in the fronds. Both illumination and addition of
kinetin caused a shift of the sugar utilization in the direction of frond multi-
plication.

Addition of kinetin stimulated the multiplication rate to about 170%, of
the control, both in darkness and in cultures receiving brief illuminations at
regular intervals of time. Probably the effect is due to an overall stimulation
of metabolic processes. Evidence for such a stimulation in Lemna minor in the
light is provided by TREWAVAS (1970, 1972), who reported stimulation of RNA
turnover and of protein synthesis by benzyl-amino-purine.

In continuous light, the effect of kinetin on the multiplication rate is smaller
the higher the light intensity, disappearing at intensities above 200 pW cm~2,
It might be supposed that cytokinin production in Lemna minor is correlated
with light intensity, and that above 200 pW cm~2 the endogenous cytokinin
production saturates the requirement for frond multiplication, but this is
contradicted by the observations presented in the figures 3.5, 4.4 and 4.8,
showing that above 200 uW cm~2 the effect of kinetin on frond size and dry
weight percentage is not smaller than at the lower light intensities.

On the other hand, BEZEMER-SYBRANDY (1969) reported that, while the
natural cytokinin isopentenyl-adenosine isolated from a hydrolysate of tRNA
from yeast had the same effect as kinetin, the hydrolysate of tRNA isolated
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from Lemna minor stimulated frond multiplication without having any influence
on frond size, dry weight percentage or root growth. Therefore, it might be
that the effect of added kinetin on the multiplication rate is similar to that of
the endogenous cytokinin but that it acts more strongly on frond size, dry
weight percentage and inhibition of root growth. The endogenous cytokinins
of Lemna minor, however, have not yet been identified. According to KENDE
and SitToN (1967), in Helianthus annuus the growing root tips are sites of cyto-
kinin production, the cytokinins being transported with bleeding sap. SHY-
BAOKA and THIMANN (1970} reported that in Pisum seedlings only the bleeding
sap of light grown plants contained cytokinins. This may also be the case with
Lemna minor. Root growth was not evaluated in our experiments, but incidental
observations indicated that in Lemna minor cultures on a medium with sugar
at light intensities below the compensation point the rate of root elongation
was very low; it increased in proportion to the light intensity, A relation of
the endogenous cytokinin level to root growth is therefore worth studying.

In trees an indirect relation between the growth of roots and light intensity
was demonstrated by WassINK and RICHARDSON (1951) but the relation between
the growth of roots and that of leaves is complex as was shown by vaN DER LEK
{1934) and RICHARDSON (1957). In our experiments the decrease in the effect
of kinetin at light intensities above 100 @ W cm ™2 is less pronounced in blue than
in red light, which would mean that the production of endogenous cytokinin
is not simply a function of photosynthesis,

In GorHAM’s (1950) experiments yeast extract proved to be indispensable for
growth in long periods of darkness. HiLLMAN (1957) found that kinetin stimulated
the growth rate in darkness and suggested that the growth stimulation by
yeast extract was due to kinetin analogs liberated from the nucleic acids of the
yeast extract during autoclaving. TAsSERON-DE JONG and VELDSTRA (1971) on
the other hand observed that addition of cytokinins reduced the longevity of
Lemna minor in darkness. We found that this reduction could be counteracted
by the yeast extract or by thiamine. The thiazole component of thiamine, 4-
methyl-3-(B hydroxyethyl)-thiazole could substitute completely for the thiamine.

In the presence of thiamine, casein hydrolysate could be omitted from the
medium, but in the absence of thiamine casein hydrolysate promoted the
multiplication rate and the longevity of the cultures. This ties in with the con-
clusion of BoRNKAMM {1970) that yeast extract is required for nitrate assimila-
tion in Lemna miror in continuous darkness. From our experiments it appears
that thiamine is the active factor, whose synthesis is impaired in darkness. The
endogenous concentration of thiamine in cultures transferred from the light to
continuous darkness is sufficient for at most a ninefold increase in plant number.

A brief illumination once a day prevents the onset of thiamine deficiency.
This effect is reversible by far red, which points to control by Pfr.
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8.2. QUANTITATIVE ASPECTS OF THE DEVELOPMENT OF A FROND

In chapter 4 we described the relation between the muliiplication rate of
fronds and frond expansion. A new frond appeared when the mother frond
had attained a specific size. The values of fig. 4.4 show that the ratio between
the rate of frond elongation and the multiplication rate under different condi-
tions varies between 8 and 12 and is therefore fairly constant. The same ratio
appears again in table 7.7. This ratio was determined in several experiments with
and without kinetin, under continuous light as well as with brief illuminations.
No effect of variations between the experiments was found; in most cases the
variation between experiments was greater than that between different treat-
ments within the same experiment. A much lower value was found only in
plant material previously kept in darkness for a long time, so that apparently
the ratio could be altered at least temporarily by the previous conditions of the
cultures.

CirianD and BrigGs (1967) found that in Lemna gibba strain G3 only
fronds smaller than 0.07 mm could be induced to flower by photoperiodic
treatment. Apparently the environmental conditions during an early phase of
growth determine subsequent development; this may be the same with Lemna
minor. In section 7.6.2 it has been shown that the period of meristematic
growth of a frond is long (about 2 weeks in plants illuminated 3 minutes once
a day) compared with the duration of the experiment (3 wecks). Therefore part
of the fronds existing at the end of the experiment were initiated under condi-
tions different from those during the experiment. In our experiments, the effect
of light on the multiplication rate was not influenced by the condition under
which the plants of the inoculum were grown. The rates of frond elongation,
however, are more likely to be influenced by the pre-experimental condition,
the multiplication rate being measured over a long period of time, whereas frond
elongation was measured over a period of 6 days and, therefore, concerned
fronds which in some of the treatments may have been in a specific, perhaps
especially sensitive phase of meristematic growth before or at the moment of
transfer to the experimental conditions.

From the experiments on the rate of cell division described in chapter 7 it
appears that the ratio of the cellular multiplication rate to the multiplication
rate of fronds is also constant. Thus it would seem that if the multiplication rate
of a culture is given, the cellular multiplication rate and the rate of frond expan-
sion can be estimated,

Apparently photostimulation affects all these growth processes more or less
to the same degree. In experiments to be published elsewhere we found that
photostimulation of frond elongation could be prevented by actinomycin D,
indicating that here transcription of DNA is involved. From the above it
would appear, however, that no special gene is involved unless this gene were
to activale all the other genes involved in the process of frond development and
multiplication. Also in Populus americana, grown under different light inten-
sities and temperatures, the whole pattern of development, and not only parts
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of it, proved to be accelerated or retarded by changing the environmental
conditions (PIETERS, 1974).

8.3. THE PHOTOSTIMULATION OF GROWTH

Rates of cell division, frond elongation, and frond multiplication were
stimulated by light intensities far below the level of compensation of respiration
by photosynthesis, and also under light regimes consisting of brief exposures
allowing the formation of only small quantities of chlorophyll.

The participation of phytochrome in the stimulation by brief red light expo-
sures is indicated by the reversion of the stimulation by far red in short expo-
sures subsequent to the red ones. That phytochrome is also involved in the
photostimulation by continuous red light of low intensity is concluded from
the observation that blue light has much less effect (fig. 4.2) and that farred in
admixture to red reduced the stimulation of the multiplication rate brought
about by the red component when given alone (fig. 6.1).

Spectrophotometric determinations, however, showed that in continuous
red light of 1 pWecm=™2 or higher the phytochrome content is below the
detection level, whereas in plants grown in continuous far red I, establishing
a photostationary state of 59 Pfr (table 2.3), the total phytochrome concentra-
tion is 7 times that level. Thersfore it is questionable whether the Pfr concentra-
tion in continuous red light is higher than in alight mixture where 5% of the
phytochrome is Pfr. This means that in photostimulation of the multiplication
rate in Lemna minor it is very probably not the concentration that is decisive but
the Pfr/P,,., ratio established by the illumination. A similar conclusion was
reached in many other investigations with plants in which the phytochrome
level had been manipulated by a suitable pre-treatment, e.g. those by KLEIN et
al. (1967), by Fox and HiLLmAN (1968 a and b), KenDrick and HiLLMAN (1972)
and by RAVEN and SHROPSHIRE (1975).

The Pfr/Py. ratio is found to decline rapidly during darkness after an
illumination, owing to reversion and to decay of Pfr as well as to de novo
synthesis of Pr. The physiological activity of Pfr, however, is not found to
decline rapidly. In pea stem sections of pre-illuminated plants, by applying,
8 hours after the first, a second illumination consisting of light establishing
various photostationary states, HILLMAN (1965) could demonstrate that the
plant responded in a way that could only be understood when the Pfr/P,..;
ratio of the phytochrome active in the response was much higher than the ratio
measured with the spectrophotometer (the Pisum paradox).

These experiments suggest that etiolated plants contain a high amount of
inactive phytochrome, decaying, when in the Pfr form, at the rate observed in
the spectrophotometer (bulk phytochrome) and a small amount of physiologi-
cally active phytochrome, when in the Pfr form decaying at the rate obser-
ved in physiological experiments.
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The rate of decay of the physiologically active form of Pfr is not always
found to be slower than the rate measured with the spectrophotometer. An
example of exact correspondence of the spectrophotometrically and the physiol-
ogically observed rates of decay is found by Oecze-KArow and Mosr (1973)
in the threshold response of the lipoxygenase synthesis to the Pfr/P,,,; ratio (or
to Pfr concentration?). The experiments described in section 6.7.1 suggest that
in Lemna minor the rate of decay of physiologically active Pfr is also not very
different from that measured with the spectrophotometer.

These data from the literature suggest that the Pfr/P,,,, ratio of a separate
part of phytochrome is responsible for the physiofogical effects of the red - far -
red - reaction - system, Raven and Spruit (1973), e.g., have proposed the idea of
the migration of Pfr to small compartments to explain the very high light sen-
sitivity of de-etiolation phenomena in chlorophyll synthesis.

If the Pfr/P .., ratio controls a physioclogical reaction, the primary reaction
in which Pfr is involved would resemble reactions conirolied by the redox
potential or by acidity.

It is conceivable, however, that the amount of physiologically active phyto-
chrome in the plants rich in spectrophotometric phytochrome might be the
same as in plants pretreated so as to be low in phytochrome. Then the concen-
tration of active phytochrome in Lemna minor grown in continuous red light
might be the same as that in continuous far red. If this holds, the relative
concentration of the physiologically active Pfr does not differ from the Pfr/
Pyoiar ratio. Therefore, on the basis of the data either from own experiments or
from those reported in literature it is pot possible to decide whether phyto-
chrome control is exerted by the Pfr/P,,,,, ratio in the physiologically active
part of phytochrome or by the phytochrome concentration in this part. Further
analysis must wait until the amount of physiologically active phytochrome can
be determined directly.

In light regimes consisting of brief illuminations, reversibility of the light
stimulation by far red depends on the light regime. The reversibility was greater
the longer the dark periods between the red illuminations and the shorter the
illumination time.

With periods of 3 hours once a day, the reversibility of the light effect de-
creased as the light intensity was increased (table 6.1): the far red non-reversible
part of the light effect proved to be dependent on the light intensity. As ex-
plained in section 6.4.1, this is not due to an increase in Pfr level. The light
reactions involved in this reaction are probably active during the light periods
only, whereas the far red reversible responses continue during the whole period
that phytochrome Pfr is present. To decide, the photoproducts would have to
be identified and measured, or else, changes in absorption spectra of the pig-
ments involved would have to be demonstrated. This we have not yet done.

Addition of kinetin especially increased the far red non-reversible part of
the light effect on the multiplication rate. This may be due to an increase in the
availability of substrate during the illuminations, either by stimulation of
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overall metabolism (TrRewAvas, 1970, 1972) or by a more rapid transport of
substrates, a supposition resulting from the observations of LivNe and GRraz1-
ANI (1972) on the increase in water permeability of leaf discs by addition of
kinetin.

Continuous far red light antagonizes the red when given in admixture, but
when given alone, it stimulates the multiplication rate in relation to darkness
(section 6.2). This stimulation is stronger the higher the far red intensity. Since
photoconversion of phytochrome at the light intensities applied is rapid, this
far red effect cannot be ascribed to a higher photostationary Pfr level; its
dependence on radiation intensity suggests a relation to the far red non-rever-
sible effect of red illumination,

The photoreceptors of the far red non-reversible processes leading to stimula-
tion of the multiplication rate are so far unknown. The experiments described
in section 6.4.4 demonstrate that blue light is more effective in the far red
non-reversible part of the light effect than in the far red reversible part; this
suggests a pigment with more absorption in the blue than is found in phyto-
chrome. An action spectrum of the far red non-reversible part of the light
stimulation could give considerable information. Since the phytochrome photo-
stationary state has an influence (section 6.2), the plants would have to be
irradiated simultaneously with the wavelength band to be tested and with
a sufficient intensity of red or far red light to maintain the Pfr at the desired
level. A similar process was followed by HARTMANN (1966), Since the intensity
of these admixtures has to be kept low as compared with that of the monochro-
matic light whose action is being tested, action spectra can best be obtained in
wavelength regions which yield a photostationary state of Pfr not too far from
the one desired or regions of low absorption of phytochrome.

The intensity dependency of the far red non-reversible part of the light effect
suggests a high energy reaction, as has been found for many morphogenetic
processes in various plants. In most cases the action spectra of high energy
reactions show peaks in the blue and the far red part of the spectrum (WASSINK
et al., 1950; CURRY and WASSINK, 1956; MoHR and WEHRUNG, 1960; DE LINT,
1961 ; Evans et al., 1965; HARTMANN, 1967).

Differences between the far red and the blue effects have been found by
many investigators. Evans et al. (1965) showed that the far red peak disappears
with age in the growth inhibition of hypocotyl elongation of seedlings of Lactuca
sativa. ELLIOT (1975), giving an action spectrum of leaf expansion in Pisum
sativum seedlings pre-illuminated in such a way that these were insensitive to
red light, found a peak only in the blue (maximum effect was obtained when
the blue light was combined with yellow light). Further evidence for the exis-
tence of at least two pigment systems in the intensity dependent light reaction is
given by GRILL and VINCE (1966) and by ENGELSMA (1967a and b) for processes
leading to anthocyanin synthesis, and by MzeYEr (1968) for inhibition of hypo-
cotyl growth of gherkin seedlings.
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Photostimulation of various physiological processes via blue light absorbing
pigments without effects in the red or far red was observed long before the
effects of red and far red were recognized (e.g. KONINGSBERGER, 1922). Action
spectra are often similar to that of phototropism; the light requirement is
often low. Recent examples are the action spectra for decrease in protoplasmic
viscosity in Elodea densa (VIRGIN, 1954), the acceleration of protoplasma strea-
ming in Elodea canadensis (SETz, 1964), the low- and the high-intensity chloro-
plast movements in Lemna trisulca (ZURZvcCki, 1962), the high-intensity
chloroplast movement in Vawucheria sessilis (Haupt and ScHONFELD, 1962) and
the stimulation of endogenous respiration in Chlorella (KowaLLIk, 1967). The
action spectrum of the high energy inhibition of elongation of the hypocotyl
of Lactuca sativa seedlings (HARTMANN, 1967) was very similar to these spectra
in the blue part of the spectrum. A somewhat different action spectrum, with
peaks at about 420 and 380 nm, was found for cell division in root cultures of
wheat by B1orN et al. (1963) and for light stimulation of the heterotrophic
growth of Chlorella by KARLANDER and KRAUSS (1966).

These action spectra show that blue light absorbing pigments in plants may
have a profound influence on metabolism and photomorphogenesis. Much
progress has recently been made by PorF and Burtier (1974) and by Mufoz
and BUTLER (1975) in the analysis of photomorphogenetic responses in fungi
with action spectra similar to that of phototropism in plants. They showed that
the primary reaction here is probably the interaction of a photo-activated
flavin with a cytochrome. We foresee that this finding will be followed in the
near future by an analysis of the blue sensitive reactions in higher plants as
well.

Not alone interactions of processes induced by light absorbed in different
pigments may complicate the evaluation of a light treatment. Also the possible
effects on leaf development by radiation received by the stem and petiole
tissue must be taken into account, as was found by De GrEeer and Cau-
BERGS (1972) and OrLze-KAarow and MoHR (1974). Such effects might in-
fluence the results even in Lemna minor fed via the nutrient medium and with
only a few cell layers of connective tissue between the mother and daughter
fronds. :

The far red non-reversible light process may act by increasing the concentra-
tion of a substrate for areaction regulated by phytochrome, as was demonstrated
by GrILL (1967) for the effect of blue light on the accumulation of anthocyanin
in turnip seedlings, or by increasing the rate of a primary reaction of Pfr, as
proposed by HARTMANN (1966) and ScHAFER (1974).

With regard to Lemna minor, substrate production in light and darkness
and a possible involvement of photosynthesis herein is discussed in section
6.7.3. An effect of light intensity on the rate of phytochrome reactions cannot
be excluded; to distinguish between these reactions identification of the
photo products and measurement of the kinetics of their behaviour during
illumination is required.
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SUMMARY

Axenic cultures of Lemna minor L. were grown on a medium containing
sugars and amino acids. In continuous darkness the growth rate was one-tenth
of the maximum in continuous light. In darkness early death revealed a thia-
mine deficiency; this deficiency was counteracted, without increasing the
multiplication rate, by feeding the plants thiamine or its thiazole component,
The rate of cell division, the rate of frond expansion, and the frond multiplica-
tion rate were increased by illumination; at low intensities this increase was in
the nature of a photostimulus effect. The increase in growth rate was accom-
panied by a decrease in dry weight. The sugar uptake from the medium per
frond per day was constant, independent of the light intensity and multiplica-
tion rate. At intensities of above 100 pW cm ™2 continuous red light, the multi-
plication rate increased in proportion to the rate of photosynthesis.

Periodic brief illuminations vielded a stimulation of the frond multiplication
rate of up to 4 times the dark value. Red illuminations of 2 minutes every 48
hours were sufficient to prevent thiamine deficiency; this effect of the red illu-
minations was reversible by far red. Stimulation of the multiplication rate was
likewise reversible by far red; the effect of continuous low intensity red light
was reduced by a simultaneous far red irradiation, while the effect of brief
illuminations was reduced by far red following the red. From this it was
concluded that phytochrome is a photoreceptor for these light effects. The
results of experiments with different far red and red illumination schedules
suggested that in plants with much phytochrome only a small part of it is
active but that the Pfr level in this part decreases at a rate not very different
from that of the bulk phytochrome as measured by the spectrophotometer.

Part of the light effect was not reversible by far red. This part increased by
increasing the length of the illumination periods, the light intensity, and the
number of illuminations per day. In this increase blue light was much more
effective than it was in the far red reversible part of the light effect. This indicates
a photoreaction different from phyvtochrome photoconversion.

Kinetin specially increased the far red non-reversible part of the photo-
stimulation. Together with the intensity dependency of this part of the stimula-
tion, this gave rise to the supposition that the non-reversible part of the light
effect was limited by the supply of substrates in phytochrome controlled
reactions during the light periods. Thus it would seem plausible to assume that
the far red non-reversible part is built up during the red and the blue light peri-
ods, whereas the reversible part is developed during the intervening dark
periods.
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SAMENVATTING

De groeisnelheid van aseptisch op een medium met mineralen, suikers en
aminozuren heterotroof gekweekt eendekroos is in continu donker slechts een
tiende van de maximale groeisnelheid in licht. In het donker vertonen de plan-
ten thiamine deficientie, zij sterven voortijdig af. Door het toedienen van de
thiazool-component van thiamine is dit te voorkemen, de groeisnelheid in het
donker neemt hierdoor niet toe. Belichting leidt tot verhoging van de groei-
snelheid, gemeten als snelheid van celdeling, lengtegroei en vermenigvuldiging
der plantjes. Bij lage lichtintensiteit heeft deze verhoging een fotostimulus-
karakter: de verhoging gaat ten koste van het drooggewicht van de plant. De
suikeropname vit het medium per plant en per tijdseenheid wordt niet door de
belichting en evenmin door de groeisnelheid beinvloed. Bij een intensiteit van
meer dan 100 pW em™? is verdere toename van de groeisnelheid evenredig aan
de snetheid van de fotosynthese.

Een fotostimulering van de groei, tot 4 keer de donkerwaarde, of tot 409
van die in continu licht, treedt ook op wanneer periodick korte tijd belicht
wordt. De thiamine deficientie in het donker is reeds met een periodicke be-
lichting van 2 minuten rood licht eens in de 48 wur op te heffen. Dit effect blijft
achterwege als iedere belichting gevolgd wordt door ver-rood; het rood effect
is dus omkeerbaar met ver-rood. Dit is ook met de groeistimulering het geval:
bij continue belichting met rood van geringe intensiteit vermindert een gelijk-
tijdige bestraling met ver-rood de groeibevordering door het rode licht, bij
kort durende rode belichtingen gebeurt dit wanneer een korte bestraling met
ver-rood op de rode belichting volgt. Uit het rood — ver-rood antagonisme
wordt geconcludeerd dat het effect is toe te schrijven aan phytochroom; deze
conclusie wordt gesteund door de waarneming dat de werkzaamheid van rood
licht van de golflengte 660 nm belangrijk groter is dan die van rood licht meteen
bredere spectrale samenstelling of dan die van blauw licht.

Uit proeven met verschillende belichtingsregimes met rood en ver-rood
werden aanwijzingen verkregen dat slechts een zeer gering gedeelte van het
phytochroom werkzaam is en dat in het donker de Pfr fractie van dit werkzame
gedeelte afneemt met een snelheid die niet veel verschilt van die welke bekend is
uit spectrofotometrische bepalingen, die betrekking hebben op de grote massa
van het aanwezige phytochroom.

De reductie van het lichteffect door ver-rood is geringer naarmate de donker-
perioden tussen de belichtingen korter zijn of naarmate de belichtingen langer
duren en de lichtintensiteit hoger is. Hieruit wordt afgeleid dat het totale effect
van een belichting uit een met ver-rood omkeerbaar deel en een met ver-rood
niet omkeerbaar deel bestaat. Aannemelijk is dat het niet omkeerbare deel
tijdens de belichting ontstaat en het door ver-rood omkeerbare deel tijdens de
donkerperioden tot stand komt.

Wij hebben aanwijzingen dat blauw licht ten aanzien van het niet omkeerbare
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deel vrijwel even werkzaam is als rood licht. Ingegaan is op de vraag of het niet
omkeerbare deel eveneens door phytochroom wordt bewerkstelligd en in hoe-
verre andere fotoreacties, wellicht behorende tot de fotosynthese, erbij zijn
betrokken. Door toedienen van kinetine neemt speciaal het niet omkeerbare
gedeelte van het lichteffect sterk toe. Het effect van kinetine en de afhankelijk-
heid van de lichtintensiteit doen vermoeden dat het niet met ver-rood omkeer-
bare deel van de lichtwerking gelimiteerd is door de voorziening met stoffen
die tijdens de belichting aan phytochroom-reacties deelnemen als substraten.
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