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Summary

~ The aim of this research project has been to investigate the
horrional control of germination in light sensitive lettuce seeds.
We have used the classic lettuce seed variety, Grand Rapids which,
given sﬁitable moisture conditions, will readily germinate below a
critical temperature and not above that temperature. This 'thermo-
dormancy' is known to be overcome by red light, mediated through
phytochrome, and by a number of exogenously applied chemicals.
Little information was available in the literature regarding the
endogenous hormonal levels in lettuce seeds. It was decided to
examine the involvement of endogenous hormones. Principally we
have examined the levels of indole acetic acid and abscisic acid
during imbibition at 20°C below the 'critical temperature' and at
30°C above the 'critical temperature’. Abscisic acid ana indole
acetic acid (hereafter ABA and IAA) have both been identified in
fruits of Grand Rapids by combined gas liquid chromatography-mass
spectrometry (GCMS). In the mass spectrum (MS) of any chemical the
fragment occurring in the largest amounts is known as the most
'abundant ion'. It is possible to 'focus' on cne ion instead of
taking a full MS and this technigue allows the measurement of
smaller amounts of material. Using this technique of single ion
monitoring the levels of both ABA and IAA have been measured.
With ABA the levels have also been measured using an electron
capture detector in a gas liquid chromatogram. This detector is
several orders of magnitude more sensitive for ABA than the more
commonly used flame ionisation detector. Using these techniques
we have shown that the levels of both 'free' and 'bound' (released
by base hydrolysis) ABA vary during imbibition at 20°C ox 30°C.
However, it was not possible to correlate these changes with germ-
ination behaviour. FPurthermore, there were differences between
different seed batches. With respect to IAA the data obtained
were difficult to interpret. The major problem in working with '
IAA is that IAA was present in low levels and this necessitated
the use of large quantities of seeds for extraction. Changes do
take place in the endogenous levels of.IAA but as with ABA these

could not be correlated with chénges in germination.

Initially, it was hoped to look at gibberellin levels in lettuce

fruits. It is possible to erect a hypothesis that the control of



photosensitive seeds is under the dual control of promoters and
inhibitors and that seeds cannot.germinate above the critical
temperature because of the presence of inhibitors or the lack of
promoters. Control might reside in either reducing the level of
inhibitors which would allow the promotive forces present to bring
about germination, or in increasing the promotive forces. The
latter could entail either the new formation or release of promoters
to active sites. Of course, the two are not mutually exclusive.
Consequently, we wished to examine the role of gibberellins in
lettuce seed germination. Preliminary studies using bioassays
indicated that there were major difficulties in studying the levels
of gibberellin-like substances during germination. Metabolism of
applied radiocactive gibberellins might yield meaningful results but
in the absence of any information about the gibberellins present in

lettuce this is not feasible.

An indirect approach to this problem was carried out using
exogenous growth retardants. The theory behind this work is that
these growth retardants specifically inhibit gibberellin bio-
synthesis. If this is the case then applied gibberellins should
completely overcome the inhibitory effects of growth retardants,
provided sgturating levels of gibberellins are added. However,
any statistical interaction would be evidence against the proposed
mode of action of growth retardants. In fact it was found that
such an interaction occurred and that cytokinins and red light both
overcame the inhibitory effects of the growth retardants.
Consequently, it was not possible to say whether or not red light

caused the production of gibberellins.

From this work it also became apparent that lettuce seed
germination was promoted by exogenous cytokinins. There is some
bontroversy in the literature about whether cytokinins alone will
break thermodormancy or whether the seeds require small amounts of
radiant eneréy in the red region to respond. Furthermore, no
. comprehensive study of the effect of exogenous cytokinins, absecisic
acid, indole acetic acid, gibberellins and red and far-red light
on Grand Rapids seeds has been reported. In order to clarify this
situation and it was hoped to throw some 'light"' on the control of
seed germination, this study was undertaken. We have found that

cytokinins promote germination in complete darkness at 30°C.



Abscisic acid induced dormancy of lettuce seed can be overcome by

red light, by cytokinins and by gibberellins. The fact that
gibberellins and red light have been reported as incapable of over-
comihg ABA would appear to be a function of the concentrations of
exogenous chemical added and the time scale of counting germination.
In my experiments germination, as assessed by radicle emergence,

was counted after 24 hrs and subsequently.-at 24 hr intervals. - This
allows analysis in terms of both rate and final germination. Red
light was also found to overcome IAA inhibition of germination both
at 20;C and 30°C. The inhibition of lettuce seed germination by IAA
was lost with time as was ABA inhibition at 20°C. For IAA a 'reverse'
escape experiment was conducted where seed was transferred to IAA
from water after 1, 2, 3, —=-—- 24 hrs in water -at 20°C. It waé
found that there was an increasing escape from the inhibitory effect
of IAA after 12 hrs imbibition. This was interpreted as showing

IAA to have a possible role in germination and not merely radicle
growth. A similar experiment with ABA provided more conclusive

evidence in favour of ABA inhibiting germination..

Finally, in an attempt to‘establish what role, if any, either
ABA or IAA’had in germination, the metabolism of [14C} ABA and
[BH] IAA by Grand Rapids lettuce seeds was studied. The results
showed that seeds cartied out metabolic conversions of ABA but
that these changes were not associated with the release from
thermodormancy. Changes in 1&belled IAA indicated that the
conversions although requiring the presence of seeds, could not
be considered to result from metabolic processes. The results

from the IAA metabolism studies do not show a role for IAA.

In summary, we have shown the presence of ABA and IAA for the
first timeﬂin Grand Rapids lettuce seeds, but have been unable to
support the hypotheéis that ABA and IAA.are controlling compounds
-in the release or imposition of thermodormancy. If one or both of
these compounds iméoses,dormancy, it can only be the result of its

presence and not at a more fundamental level.



SECTION I

GENERAL INTRODUCTION



"The obvious truth is that the moment any matter has
passed through the human mind it is finally and for ever
quilt for all purposes of science. It has become a thing
incurably mysteriogs and infinite: this mortal has put on

mortality."

-~

. G. X. Chesterton



The studies reported in this thesis were aimed at gaining a
more complete appreciation of the role of plant growth regulators

in thermodormancy and germination in seeds of Lactuca sativa,

culéivér (cv) Grand Rapids. For convenience the 'fruits' of lettuce
will be referred to as 'seeds' in this thesis. The fruit of lettuce
is technically a cypsella, a one seeded fruit with a dry, leathery

Pericarp.

Studies on the physiology of germination in lettuce seeds
started in 1928 when it was shown that certain cultivars of lettuce
produce seeds which show a specific temperature requirement for
Qermination. One of the cultivars included in this stuéy was
Grand Rapids (Borthwick and Robbins, 1928). Nearly fifty years
have passed since this early work, yet the control processes involved
in germination are still poorly understood. The literature dealing
with the diverse aspects of germination and dormancy is too extensive
to be reviewed here and this review will therefore focus its attention
on the role of plant growth regulators in the coﬂtrol'of germination
and dormancy. Germination may be considered as only one of a number.
of profound morphogenetic events, all of which may be controlled in
a similax'yay. It is intended to make use of literature dealing
with other morphogenetic events in an attempt to gain further insight
into the control of derxrmination and dormancy. Use will also be made
of review articles rather than a compilation of .all the available

literature.

It is pertinent, before proceeding, to define what is meant by
the terms germination and dormancy as used in this study. Following
imbibition of water by a whole seed, changes occur in the embryo which
result in the onset of cell enlargement and division in the embryonic
axis. Af some point during the process, the enlarging radicle pen-
etrates the testa or other covering tissue. This first appearance
of the radicle is commonly thought of as representing germination
itself, but it caﬁ also be regarded as being merely the visual evidence
of the previous occurrence of germination. ' If the latter view is
adopted this expansion and division should be regarded as post-
germinational Qrowth and as such cén often be distinguished from
germination itself by differences in responses to given physical and
chemical environments. The concept of germination subscribed to in

this work envisages some controlling activity which occurs prior to,



and results in, the onset of cell enlargement . At present,
however, the proximity in time of this germination step to the
initial sﬁages of growth makes the study of germination in isolation

very difficult.

An adaptive feature of many plant species is the ability of their
seeds to remain ungerminated or dormant under conditions which are
favourable for growth, and would allow germination of non-dormant seeds
of the same species. Dormancy is often manifest as a restriction
of the range of conditions permitting germination rather than a total
suppression of gexrmination. This is true of Grand Rapids lettuce
seeds where germination is temperature sensitive. It is probably
not unreascnable to state that the majority of seeds show some form
of dormancy, particularly with respect to small seedé and seeds of
woody species. Perhaps uniform, rapid germination will be found
only in the case of cultivated species where man has exerted a
selection pressure. It is important to understand the function of
dormancy in seeds.A Cohen (1968)has attempted to analyse the
optimisation of reproduction of a population, in order to achieve
survival of the species and long-term optimal growth. He concluded
that unif?rm germination in wild species is not a desirable character.

Baskin and Baskin (1973a) have shown that in Phacelia dubia the ability

of seeds to germinate can be correlated with the ability of the seed-
lings to survive. It is intuitively obvious why dormancy should be
essential for the survival of a species. In a cold climate a seedling
produced in the Autumn would have little chance of surviving the
Winter months to complete its life cycle. The seed must have some
means of remaining dormant until the.prevailing climatic conditions

are suitable for the survival of the young plant.

This‘immediately raises the question of what factors determine
whether a seed is dormant or non-dormant, and to what degree the
seed exhibiﬁs dormancy. In Grand Rapids lettuce seeds different seed
batches show quantitative differences in germination behaviour. ‘Table
1 shows that the level of germination attained at 20°C and 30°C varies
amongst seed batches. It can alsc be seen from this tablé that
little germination ocecurs at 30°C. However, at this temperature
germination is promoted by irradiation at a wavelength of 650 nm in
the electromagnetic spectrum, 'red light' (Borthwick et al., 1952).
In a seed batch obtained in 196§, a twenty second exposure to red

light, after 2 hours imbibition, gave the same xesponse as a two



minute exposure given to a 1972 seed batch (Robertéon, unpublished) .
Different batches of Grand Rapids seeds exhibit quantitatively diff-
erent responses to treatments given to overcome thermodormancy.
Indeed, it would appear that photosensitivity is manifest only in
Grand Rapids seeds grown in the United States. The seeds used in
this study were purchased from the Page Seed Company, New York, but
Were grown in the Boise valley in Idaho. This area has low humidity,
long day length and a wide diurnal tempasrature fluctuation during the
summexy months. In considering What factors may be involved in
detérmining whether a seed is dommant, or to what degree a seed is
dormant, we should take into account the contribution of both heredity
and environment. Germination ecotypes have been based on differences
in germination performance of seeds cgllected from natural popdlations.
Clearly, before genecological significance can be assigned to these
differences the contribution of the environment must be considered

(Baskin and Baskin, 1973b).

Before examining the contributions of environment and genetical
background it may be worthwhile to consider the-difference between
a dormant and non—dormant seed. Amen (1968) has proposed the

following four developmental phases for seed dormancy:-

»

1) An inductive phase, characterized by a marked decline

in hormone levels.

2) Maintenatice phase, constituting. an indefinite period

of partial metabolic arrest.

~ 3) Trigger phase, representing a period of sensitivity

to specific environmental cues.

4) Germination phase, marked by increased hormone and
"énzyme activity consummating in the resumption of

growth of the latent embryonic axis.

It can be proposed that the difference between non-dormant and
dormant seeds may be that a trigger phase is not required in non-
dormant seeds. In seeds showing some form of dormancy mechanism
the requirement for a 'trigger' mechanism to overcome dormancf may be
initiated during the inductive phase. The events which take place
during the inductive phase could alsoc determine the degree of dormancy
found in any one seed ¢rop. The absolute presence or absence of

dormancy could depend on the genetic composition of the mother plant.



The inductive phase will here be considered as an unspecified
period of time prioxr to the dispersal of seeds from the mature
mother plant. It would be valuable to be able to distinguish
- between the effect of the environment on the mother plant and on
the seed. This ideal cannot often be met, although woxk by
Karssen (1970) indicates that the concept of differential effects
may be valid. He demonstrated thée existence of two types of

dormancy in Chenopodium album, affected by the photoperiod given

during the growth of the mother plant. The first disappears after
abouf three months' dry storage and is thougﬁt to depend on the level
of active phytochrcme in the seeds. The second seems to depend on
the effect of daylength on photosynthesis and is related to the thick-
ness of the seed coat. A similar situation is found in Chenogbdium

amaranticolor where the seeds produced under long days possessed

unusually thick seed coats, which hindered germination by offering
resistance to the radicle emerging (Lona, 1947). Juntilla (1973a)

has shown that in Syringa vulgaris and Svringa reflexa, seeds

“exhibit two types of dormancy, true embryo dormancy and mechanical
resistance of the endosperm. - Using vegetatively propagated mother
plants to eliminate genetic variability, it was shown that the
temperature during maturation could affect the mechanical resistance
of the endosperm, alﬁhough not appearing to affect embryo dormancy.
Although Karssen interprets his results in terms of an effect on

the mother plant, it is conceivable that changes in the thickness or :
mechanical resistance of restraining layers, are affected by factors
affecting the seed rather than the mother plant. There is good
evidence that environmental factors, during the latter part of seed
maturation, do have an effect on the subsequent germination of the
mature sgeds, irrespective of whether the effect is on the seed or
the mother plant. Koller (1962) has reported that in Grand Rapids
lettuce seeds, quantitative changes in the germination responses could
be shown in plants harvested under different temperatures or light
conditions. The critical factors would appear to be temperature and
humidity some 10-30 days preceding harvest (Harrington and Thomson,
1952). As previously mentioned, the lettuce seeds used in this
study were grown in an area with wide diurnal temperature fluctuation
and low humidity. Temperature during a thirty day period preceding
harvest of rose seed populations appeared critical in determining

the degree of dormany found (Von Abrams and Hand, 1966). During

the later stages of maturation of seeds on the mother plant there
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is a rapid loss 6f water. This occurs in seeds ﬁhich show sub-
sequent dormancy or not (Mathews, 1973). This loss of water is
accompanied by changes at the ultrastructural level. Polysomes
disappear and ribosomes are found free in the cytoplasm (Klein and
Pollock, 1968). These changes are necessary to prepare the cells
to withstand desiccation. The breakdown of polyribosomes, as
indicated by an increase in monosomes, is a general result of water
stress. Nir et al. (1970) showed that water stress had this effect
in maize root tips. These changes appear to be partially revers-
ible during germination (Barker and Rieber, 1967; Sturani et al.,
1968) . The loss of water is accompanied by an increase in the
resistance of the seed to adverse external conditions. During
seed maturation there is the formation of large amounts of storage
materials, fats, carbohydrates, protein, etc. The process of
switching off the seed's metabolism is at present only poorly under-
stood but would appear to be an organised series of events, since
not all metabolic activities texminate abruptly and simultaneously
(Mayer, 1973). It is well documented that hormone levels in seeds
change after the seeds are removed from the mother plant, for example
in seeds requiring stratification, but there is_also evidence of
changes in endogenous hormones during the maturation process'
(Stoddart, 1965; Curtis and Cantlan, 1968; Thomas et al., 1973).
Furthermore, Black and Naylor (1959) found that the application of
GA3 to Avena fatua plants whilst the seeds were maturing resulted
in the production of non-dormant seeds.  They hypothesised that

the GA3 was transported to the seeds during development, increasing
the levels of naturally present GAs. A similar situation was
reported by Morgan and Berrie (1970) using the winter wild oat

Avena ludoviciana. Furthermore they found that the metabolic

inhibitors sodium p-chloromercuribenzoate, sodium iodoacetate and
coumarin reduced the development of dormany in ripening seeds of
this species. The situation is further complicated by the presence
of inhibitors. A new class of 'dormancy inducing'inhibitors, '
identified as short-chain fatty acids, have recently been found in
wild cats (personal communication, A.M.M. Berrie). At present the
levels of these fatty acids during maturation are being examined
(Don and Buller, personal communication). Black and Naylor . (1959)
presented no evidence for GA transport to the seed. Treatment of

seedlings of Lactuca scariola L. with 100 mg/l GA, or 5,000 mg/l C.C.C.
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were all shown to result in increases in the level of GaA-like
compounds in the resulting seed progeny. It was suggested that

the effect of daylength on plant performance is mediated by the

level of growth regulating substances within the plant and that

the behaviour of seed can be modified by the parental environment
via the accumulation of different levels of certain growth factors

in the seeds (Gutterman et al., 1975). The authors correctly
pointed out that an increase in one growth substance in the parent
plant can result in the accumulation of a different one in the

seeds. We could propose that the endogenous hormone balance of
mature seeds will depend on environmental conditions during the final
reriod of seed maturation. © A period of drought during this critical
period would not only affect the endogenous hormones of the mother
plant but could conceivably hinder the movement of these hormones

into the seeds.

A second important effect of the environment during the maturation.
of seeds relates to the endogenous phytochrome status éf mature seeds.
Many, but not all seeds are light-sensitive, and.phytochrome is active. .
in many apparently non-photoblastic seeds. However, the type of
seed which is non—-photoblastic is often large or belonging to a
woody pléht species, where the seeds show a dormancy which is over-
come by after ripening (Wareing and Saundexws 1971; Chen and Varner, .
1973). It is my opinion that the control mechanism in this type
of dormancy need be no more subtle than a change in the endogenous
hormone balance of méture seeds (which was determined by the environ-
ment under which mother plants were matured) in response to subsequent
extérnal environmental factors. However, lettuce seeds belong to a
~group of species with small seeds which often exhibit phytochrome-
controlled dormancy. There is considerable evidence that the phyto-
chrome status of mature seeds is affected by the environment under
which the mother plants were grown. Koller (1970), studying the

action of white light on the germination of Atriplex dimorvhostegia,

came to the conclusion that the quantitative differences in the
photoresponses of 'flat' and 'humped' seeds of this species, resulted
from differences in the degree to which their phytochrome system was
desensitized by a factor which was susceptible to inactivation by
supra-optimal temperature and water sﬁress. During the rapid
desiccation encountered in maturing seeds changes may take place in

phytochrome, when present. What these changes are remains speculative,



but recent evidence from work carried out with pea epicotyl tissue

has shown the presence of a number of intermediates in phytochrome
phototransformations (Kendrick and Spruit, 1973a, b and c¢). It is
-possible that phytochrome in the dry seed exists as one or more of

these intermediates, and that the light conditions at critical times
during the maturation process may affect the composition of intermediates
present. Furthermore, phytochrome molecules may be present in diff-
erent cellular compartments, a factor which may be influenced by the
external conditions. Kendrick and Spruit (1973d) propose that only

phytochrome in certain sites will be active.

Tenperature during the period of seed maturation on the mother
plant was also found to be critical in determining the subsequent

photoresponse of seeds of the species Anagallis arvensis (Grant

Lipp and Ballard, 1963). We have previously mentioned the effect of

photoperiod on the dormancy of Chenopodium album (Karssen, 1970).

Photoperiod has been shown to affect the. dormancy of Chenopodium
polyspermum (Tacques, 1968), whilst in Diplotaxis harra, seeds showed

much higher percentage gerxrmination when..obtained from plants grown in .
short day conditions than from long day ones (Evenari, 1965-66) .

In Arabidopsis thaliana, plants grown under light rich in far-red

wavelengtﬁs produce light requiring seeds, whilst if the ratio of
red/far-red light is high, seeds will germinate in darkness
(McCullough, 1969; McCullough and Shropshire, 1970). This effect
has been shown to be localised within the seeds and is not an effect
on the mother plant. The developing seeds were found to be sensitive
to spectral changes throughout embryogenesis until the seeds began to
dehydrate, just prior to full maturation. At that point the phyto-
chrome is stabilised in the form photoinduced before dehydration

(Hayes and Klein, 1974).

So far we have examined the effect of a number of environmental
treatments given to maturing plants, on the subsequent germination
response of mature seeds. In some cases genetically identical plants
. were investigated. It is important to examine the influence of the
origin of the mother plant on subsequent germination behaviour. Datta
et al.,(1972) have shown that the genetic origin of the mother plant

in Aegilops ovata, has an effect on the germination qualities of its

offspring. Seeds of Nicotiana tabacum have been reported to require

light in order to germinate (Kinbaid,1935). Accoiding to Kasperbauver

(1968) the light requirement varies among lots of the same commercial
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variety, from seeds which show no light requirement, to seeds which
have an obligate light regquirement. He selected lines of initially
light-requring lots and carried out a series of self pollinations and
reciprocal crosses. Seeds resulting from reciprocal crosses differed
in dark germinability from the parents. Both parents were found to
contribute towards-the light sensitivity of the seed; however, the
contribution of the maternal parent was greater than that of the
pollen parent. Similar observations have been made in seeds of

Cucumis sativa by Suyuki and Takahashi (1969), who present clear

evidence for the importance of the maternal parent. Recently,
.Globerson et al. (1973) isolated two lines of Grand Rapids lettuce
seeds which varied greatly in their light requirements, showing that
the response of mature seeds to subsequent irradiations was in part
of genetic origin. This proposal has been reinforced using three
pure lines of Grand Rapids lettuce and studying their F2 and F3
progeny. This work indicated that the factors controlling germ-
ination could be transmitted in a normal Mendelian manner. The
authors showed that the differences in germinability of these lines
could not be caused by the seed and fruit coats (Globerson et al.,
1974).

To s%mmarise, evidence has been presented that the germination
of seeds is dependent on the mother plant from which the seeds were
obtained. The genetic composition of the parents, particularly the
maternal parent, has been shown to be critical and this genetic
potential may be influenced by the external environment in which
the parent plants were matured. Of the many environmental factors
which could be inéolved, temperature and radiation seem to be .
important in determining the guantitative aspect of an inherently
dormant population. The period during which maturing seeds appear
most susceptible to environmental influence is just before rapid
desiccation, prior to the dispersal or fall of the seeds from the
mother plant. Exactly how these environmental factors influence
the subsequent germination pattern of maturing seeds is uncertain,
but there is evidence that the endogenous hormone and phytochrome
balance of mature seeds is influenced. I have invoked the 'trigger'
suggested in Amen's (1968) theory to explain seed dormancy and how
this 'trigger' may operate will be discussed in more detail when
dealing with the possible mode of action of plant hormones and

phytochrome in overcoming dormancy.



The role of pﬁytochrome in the germination of

Grand Rapids lettuce seeds

Mature plants produce seeds which show dormancy, this being of
adaptive value in ensuring the continued survival of the species.
The first study oh the physiology of germination in Grand Rapids
lettuce seeds was carried out, as has been mentioned, by Borthwick
and Robbins (1928). This study was prompted by the difficulty
encountered by Californian lettuce growers, in germinating lettuce
seeds at certain times of the year. It was found that in a large
number of cultivars of lettuce, including Grand Rapids, germination
was inhibited above a certain temperature. The adaptive significance
of this is immediately apparent. If the seeds were to germinate
at a temperature above the cardinal point for érowth of seedlings,
then their chances of survival would be slim. This temperature
determined dormancy has been well described by Berrie (1966) where
it was shown that Grand Rapids lettuce seeds would germinate below a
certain ‘critical temperature', in this case about 26.5°C (see Fig. 1)
but not above this temperaturé. The seeds can be said to exhibit

'thermodormancy’ .

Since the early work of Borthwick and Robbins (1928) a large
nunber of factors has been shown capable of inducing germination in
Grand Rapids lettucé seeds, held at a temperature where germination
would otherwise not take place. These will be discussed in the
relevant sections of this review. The first factor which was shown
to influence thermodormancy was white light. Flint and McAlister
(1935, 1937), using the cultivar Arlington Fancy, showed that
temperature-induced dormancy could be overcome by exposure to white
light. The most effective wavelengths in breaking °‘thermodormancy'
were fouﬁd to lie in the range 580~-700 nm, with a maximum promotion
of germination at 670 nm, Maximum inhibition of this promoted
germination was found to lie in the bands above 700 nm or at 440-480
nm. Later Borthwick et al. (1952, 1954) demonstrated an identical
situation in Grand Rapids lettuce seeds with an action spectrum
showing maximum promotion at 650 nm and maximum inhibition at 730 nm.
Furthermore, at a temperature above the critical temperature,
irradiation at 650 nm (red 1light) had no effect in promoting germin-
ation if imﬁediately followed by an exposure to radiation at 730 nm

(far-red light}. If this cycle was followed by red light then

10



Figure 1

The effect of temperature on the germination of seeds of
Grand Rapids lettuce.
(bata from Bexrie, 1966)
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visible radicle emergence occurred after a specified time; germin-
ation was seen to have taken place. Multiple red, far-red reversal
could be shown, the germination response being dependent on the last

B . ¥ .n . .
given irradiation.

It is now recognised that this red, far-red reversible photo-
system operates through the plant chromoprotein, phytochrome. The
term "phytochrome" has been attributed to Warren Butler {(Borthwick,
1972) who orxiginally "half jokingly" used the term shortly aftex
the first successful spectrophotometric detection of phytochrome
(Butler et al., 1959). Phytochrome in the red—-absorbing form is
'designated Pr whilst phytoéhrome in the far-red absorbing form is

designated Pfr' These forms are interconvertible by giving red

or far-red light. )

650 nm

_é
Py == Per
730 nm

The process of interconversion involves a large number of inter-
mediates. It is beyond the scope of this review to give these in
detail. LHowevg}, mention of intermediates will be made later.
Consequently, I present the most recent thoughts on the intermediates

involved in this phototransformation below.

dark dark

F 698 = P 710 ~—> Fp1

light light dark

4

Pr € | Pfr

darj)?N ' light
dark VZ/

Px é—-—.p690~é-;_ P

dark

650

’

(Kendrick and Spruit, 1973a, b, c¢ and d.)

It has been shown that phytochrome is involved in the control
_of thermodormancy in Grand Rapids lettuce seeds (Borthwick and
Hendricks, 1952). Further work has revealed many of the details
on how phytochrome is involved in the control of dormancy. Several

lines of investigation have been used. Prior to the naming of
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phytochrome and its physical detection, measurement of germination,
some time after a particular light treatment, was the only method of
showing the involvement of a photomorphogenetic pigment in germination.
-FPor reasons which will become apparent, physiological studies are
often still the only way of examining phytochrome in seeds. A second
approach in studying phytochrome is the use of spectrophotometric
assay, using in vivo or in vitro samples, where phytochrome is
extracted and highly purified. As yet no in vitro measurements of
'seed' phytochrome have been made. A third approach is the use of
* immunocytochemical assay using an indirect antibody labelling method

employing peroxidase as the ultimate label (Pratt and Coleman, 1971).

In the following discussion we shall describe in more detail the
‘ situation with respect to Grand Rapids lettuce seeds, and attempt

to interpret these results with reference to other woxrk on seeds and
other plant tissue. With Grand Rapids lettuce seeds no direct
measurements of phytochrome have been reported: all the available

information has been obtained using physioclogical studies.

Grand Rapids lettuce seeds are positively photoblastic above :
the critical temperature; that is, they require an exposure to
light in order to germinate. Seeds are classified, with respect to
light requirements, as positively photoblastic, negatively photo-
blastic or non~photoblastic. Negatively photoblastic seeds germinate
in darkness, their germination being inhibited by exposure to light,
whilst non photoblastic seeds appear to be unaffected by the presence
or absence of light. The number of studies showing germination to
be affected by 1ight, and in later work specifically under phytochrome
control is vast; suffice to say that amongst 'small' seeds phyto-
‘chrome control may be almost ubiguitous (see, for example, Kinzel,
refs. cited in Gargner, 1921} Evenari; 1961; Toole, 1961; Rooden
et al., 1970). Grand Rapids lettuce seeds have been used to
demonstrate a classic phytochrome-mediated germination response.
However, all available evidence would suggest that it is in no way
unique, and that the principles derived from studying this seed in

detail can be applied to other similar seeds.

We have shown that Grand Rapids lettuce seeds respond to red
light given to seeds held above the critical temperature. Implicit
in this is that the seeds are in water where imbibition can occur.

It has been shown that the response of lettuce seeds to irradiation
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with red light depends on the water content of the seeds at the time
of irradiation (Borthwick et al., 1954; Ikuma and Thimann, 1960}.
Berrie et"al. (1974) have shown that Grand Rapids seeds are capable
of responding to red light if the seed moisture content exceeds 6%.
It would appear that a slightly higher water content is required for
maximum far-red light repression than for red light stimulation of
germination (Hsiao and Vidaver, 197l1la). -After a prolonged period in
water lettuce seeds lose their sensitivity to red lighf (Borthwick
et al., 1954; TIkuma and Thimann, 1960), and from physiological
studies Hsiao and Vidaver (1973) have interpreted this as being the
result of dark reversion of phytochrome in the far-red absorbing
form Pfr' Although the action of phytochrome is not obvious until
visible radicle emergence, some 14 hrs after imbibition, this does
not mean -that the phytochrome is not immediately active. Bewley

et al. (1968) have interpreted a series of experiments as showing
Pfr to be active within 5 minutes of its formation in Grand Rapids
seeds. If the lettuce seeds are given red light and then left for

a period of time in darkness before being exposed to far-red

light, there comes a time when far-red light is no longer capable of
reversing the germination promotion elicited by the red exposure (Borth-
wick et ail., 1954; Ikuma and Thimann, 1960; Black et al., 1967) .
This 'escape time' varies between seed batches, but is always of
several hours duration. The interval between red, far-red irradiations
is used for a temperature-dependent reaction which is prcbably

biochemical (Berrie, 1966; A. Kadman—-Zahavi, 1960).

If seeds held above the critical temperature are given red
light and subsequéntly dried prior to radicle emergence, then omn
reh¥dration the seedScan be shown to respond to the red light given
before desiccation (Hsiao and Vidaver, 1971b; Loercher, 1974;
Berrie et al., 1974). This ﬁersistance of a potentiated photo-
responée is not unigque to lettuce seeds. Kincaid (1935) reported
that tobacco seeds retain their capacity to germinate when given '
light whilst imbibed, and then dried, and a similar situation is

reported in seeds of Artemisia monosperma (Koller et al., 1964).

Such desiccation of seeds has been shown to do little harm provided
it is carried out prior to cell division and enlargment (Berrie and
Drennan, 1971). The importance of such a ‘potentiated' response is
obvious. Vidaver and Hsiao (1972) showed that the effects of red

or far-red irradiation on partially hydrated seeds were undiminished
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by subsequent dry storage for more ithan one year before germination.

The pigment appears to be extremely stable when dehydrated. Previously
it was indicated that rapid dessiccation occurs in the final stages of
seed maturation. The form of phytochrome (trapped) during such

d esiccation would then determine the photoresponse of mature seeds.

- When referring to exposures to red or far-red light no mention
_has yet been made of the duration of these exposures. It is generally
accepted that phytochrome control should require only short exposures,
of several minutes duration, to red or far-red light. If, after the
'escape period! far-red is given for several hours, a second inhibition

‘'of germination cén be obtained (Negbi et al., 1968). A reguirement
for long exposures to far-red is generally considered to indicaﬁe the
presence of 'high energy reactions' (HER). HER phenomena show action

spectra maxima in the blue and far-red regions of the spectrum
(Héndricks and Borthwick, 1965). The level of inhibition also
depends on the intensity of light, and for this reason the phenomenon
was given the name "high energy reaction". Probably the most
important question with respect to HER involvement in the control of.
seed germination is whether or not it operates through phytochrome.
For lettuce seeds, an action spectrum for the inhibition of germin-
ation has“been given by Gwynn and Scheibe (1972) and along with
earlier work (Wareing and Black, 1958) indicates that blue wave-
bands are inhibitory to germinatiocn. It should be noted that
Evenari et al. (1957a) showed that blue light inhibits the germin-
ation of lettuce seeds when given during the first six hours of
imbibition, but promotes when given at later times. Can these
resuits be explained in terms of phytochrome as the photoreceptor?
Certainly, a model has been put forward (Hartmann, 1966) and extended
(Borthwick et al., 1969) to explain HER effects in the far-red
region as being solely mediated by phytochrome. This model is
supported by experiments, including lettuce seed germination
(Hartmann, 1966).. The fact that blue wavelengths are inhibitory to
lettuce seed germinatidon need not exclude phytochrome as the pigment
involved in HER phenomena. It is possible; however, that inter-
mediate pigments may transfer energy to phytochrome (Malcoste et al.,
1972b) . Furthermore, it has been suggested that the photoreceptor
for the HER reactions may be localised in a different part of the
seed (Schiebe and Lang, 1969). The site of photoreception in

photosensitive lettuce seeds has been shown to be the hypocotyl
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(Klein and Preiss, 1958; Ikuma and Thimann, 1958 and 1959). In
Cucurbita pepo embryos, Boisard and Malcoste (1970a), using a red
light beam of diameter 1 nm, have shown the photosensitivity of the
seeds to be localized in the embryonic axis only. These authors
propose that phytochrome in the cotyledons is not involved in germin-
ation. In a number of seeds in vivo, spectrophotometry has revealed
a gradient in phytochrome concentration along the embryonic axis,
decreasing from the radicle end towards the cotyledons (Boisard and
Malcoste, 1970b; Malcoste et al., 1970). Scheibe and Lang (1969)
point out that whilst the Pfr/Pr ratio maintained in the radicle end
may predominate, the HER reaction may be localised in a different
part of the seed. It should be noted that these workers used excised
axile portions of seeds and inhibited their germination by bathing
them in osmotica. It has recently been indic#ted that the osmotica
used in this work may not be, as thoughf, wholly inert, and may exert:
an influence themselves (Berrie et al., 1974). The point still
stands that nobody has examined the site of the photoreceptor for

the HER! Whilst there is good evidence that phftochrome is the
pigment involved in HER phenomena, evidence to the contrary also
exists (Rollin, 1966; Negbi and Koller, 1966; Larpert—-Gourgand

et al., 1974).

The literature dealt with has been concerned with thermodormancy

in Grand Rapids lettuce seeds, where P_ must be present in order for

the seeds to overcome thermodormancy. frWe have not considered what

is the active form of phytochrome in bringing about germination, nor
have we determined whether or not the seed requires phytochrome in the
absence of thermodormancy. If we exXxamine the situation found in an
épparently photoblastically neutral cultivar of lettuce, Great Lakes,
it can be shown that phytochrome is present (Hendricks et al., 1959).
Germination of Great Lakes lettuce seeds can be inhibited by exposing
the seeds to 24 hrs of light at 400 nm. Red, far-red reversibility
could then be displayed which had previously been missing. Obviously
pPhytochrome must be present in the seeds of Great Lakes. It can

be shown that in Grand Rapids lettuce seeds, germination can be
accelerated (see Tables 36, 45 in this thesis) by irradiating seeds
with red 1ight.at 20°C, i.e. below the critical temperature. Thus,
phytochrome must be present in the seeds even below the critical
temperature. This does not prove that the phytochrome present plays

a necessary role in germination in the absence of thermodormancy.
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However, it can be proposed that under conditions where germination
normally takes place there is a balance between the 'promotive' and
‘'inhibitory' force(s) present. If phytochrome control is primary,

as its épeed of action would suggest, then it can be proposed that
sufficient 'active' phytochrome is present to overcome any inhibitory
force(s). When an additional inhibitory force is exerted, viz. ‘
temperature, then more 'active' phytochrome is required. The suggest-
ion by Toole (1961) and Roth Bejerano et al. (1966) that the germin-
ation of Grand Rapids lettuce seeds, at temperatures where no light
requifement is shown, is due to the pre-~existence of the ‘active!’

form of phytochrome may be valid.

Further evidence will be presented, when considerxring spectrophoto-
metric work, to show the presence of phytochrome in seeds as Pfr'
The 'active' form of phytochrome mentioned is generally accepted

as the far-red absorbing form, P The implication is that P

fr’ fr
leads to the production of some factor which brings about germination...

Alternatively, P could remove an inhibitor of germination. This

need'not be at tﬁz level of synthesis and could well operate by
compartmentalising promoters or inhibitors. The same argument can
also be asgigned to Pr’ where the Pr produces an inhibitor or stops a
promotexr from being active. The removal of Pr by red light would
then cause gerxrmination. Borthwick (1972) f£inds this unattractive,
arguing that a slight reduction in one form £from near saturation is
relatively insignificant in comparison to the raising in concentration
of the other from near zexo to even a few percent. The possibility

that either Pr or P_._ is the active form should be borne in mind in

considering relevanirliterature.

Many questions remain unanswered from the literature dealing
with physiélogical studies. In an attempt to clarify the position
the literature concerned with spectrophotometric measurement will
-be considered, although phytochrome has not been measured by spectro-
Photometric assay in Grand Rapids lettuce seeds. In order to inter-
pret the results obtained by spectrophotometry it is necessary to
understand both the theory underlying such measurements, and the
problems .which are met as a result of shortcomings in this physical

assay system.

With the discovery of phytochrome photoreversibility it became

apparent that changes in optical density of an appropriate sample of
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plant material should be produced by alternately irradiating it with

red and far-red wavelengths. Using an instrument built by Norris and
Butler (1961) the optical density difference of a sample of dark grown
maizé seedlings at 660 nm and 730 nm, with the pigment predominantly

in one form and then in the other, was measured (Butler et al., 1959).
The difference between two such measurements is a visible indication

of the presence and reversibility of the pigment. This basic principle,
on which all spectrophotometric measurements of phytochrome depend,

should not be forgotten.

There are two basic sample materials used in spectrophotometric
measurements of phytochrome:' in vivo measurements, using plant
material packed into a cuvette, and in vitro measurements, using,
extracted and highly purified phytochrome solutions. Neither sample
type is idéal. With in vivo spectrophotometry many of the problems
which have arisen, have been caused by the fact that samples of plant
material contain very little absorbing phytochrome but are highly
light scattering. Because real absorption contributes only a few
percent to the total attenuation of light in a sample, the use of
conventional spectrophotometers is impracticable. To compensate
for the low (real) absorption one attempts to measure, not the total
optical deésity but the density difference between a sample and a
similar one that has the same scattering properties but no absorpticn
due to the component under study. Two instrument designs have
evolved - (a) the double beam and (b) the dual wavelength method.
(Figure 2 ). In (a) comparison is made between two samples that
are supposed to be identical, except that one contains the absorbing
pigment, while the other does not. In (b) comparison is between
two wavelengths of light traversing the same sample in rapid succession.
One wavelength is close.to an absorption maximum of the substance
under study, for phytochrome 730 nm and the other at a wavelength
where its absorption coefficient is negligible, 800 nm. By '
repeating such measurements, at a great number of measuring wavelengths,
a difference spectrum of the’photoreaction can be obtained. It is
beyond the scope of this review to deal with all aspects of phytochrome
or eveﬁ, all the problems associated with the interpretation of in wvivo
or in vitro measurements of phytochrome. The reason for examining
spectrophotometry is in an attempt to interpret some of the results
obtained in physiological events. If this is to be meaningful

then the problems in making such correlations, indeed if such correlations
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Figure 2
Double beam A and dual wavelength B spectrophotometry.
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are valid, must be considered. Hillman (1972) has gone z2s far as

to say, "in any system examined with rigour, no rational analytically
useful relationship has yet been established between a physiological
respénsé and the state and content of phytochrome as measured
spectrophotometrically.” Hillman has called failures in showing a
correlation, phytochrome “"paradoxes", and has attempted to explain

such paradoxes in terms of more than one type of phytochrome, a small
active fraction and a bulk fraction, with different physical properties.
Can these paradoxes be explained, either in texms of non-homogenous
Pigment populations or in some other way? Certainly, Eg_gizg
measurements of phytochrome have given kinetic curves which deviate
from a straight line, which would be the expected for a single type

of phytochrome (Boisard et al., 1971; Purves and Briggs, 1968).

These studies overlooked one problem of in vivo assay, that is, samples
for spectrophotometric measurement are not optically thin. For a
reaction, driven by light, the rate should be proportional to the light
intensity, provided there is no accumulation of intermediates. In
tissue samples, there is a light intensity gradient due to scattexr and.
the actual light intensity affecting the phototransformation is a
function of the depth of penetration. For different cross sections

of the saméie the rate constant of a photochemical reaction will,
therefore, have different values. Two groups of workers have .
presented mathematical models which show phytochrome photoconversion

to be first order, assuming the light intensity gradient within the
sample to be either exponential (Spruit and Kendrick, 1972), or to
approach a gradient.predicted by the 'Kubelka-Munk theory of light
scatter in turbid materials' (Schmidt et al., 1973). The existence

of one population of phytochrome is consistent with the photoreaction
being first order with :aspect to time. A second complicating factor
in measuring reaction rates ig_zizg>is that it is assumed that there

is no accumulation of intermediates. Kendrick and Spruit (1972a and b)
have shown that under certain light conditions, high levels of inter-
mediates are maintained in Amaranthus seedlings. Decay of phytochrome
in Amaranthus seedlings deviated from first order rates only under

high intensity incandescent light. Pisum epicotyl hocks show no inter-
mediate accumulation and do not deviate from the observed first order
phytochrome decay. Evidence from studies on the rate of phytochrome

decay is in favour of there being only one type of phytochrome.

A second line of investigation which has been used to indicate
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the occurrence of more than one type of phytochrome, is to show
deviation of the difference spectra in vivo from the shape expected
for a single phytochrome. Grill and Spruit (1972) have shown in
Pinus species absorption maxima at 656 nm and 710~715 nm and in

Gingko biloba maxima at 655 nm and 725 nmn, It was concluded that

the phytochrome of the Gymnospermae differed from that of the
Mngiospermae and also the Coniferales from the Gingkoales. Spectro-
photometric estimation of phytochrome in vivo gives information in
terms of optical density values. A comparison of optical density
values made on different samples is only possibkle as long as we can

be certain that their scattering properties are identical. The
effect of scattering is to increase the effective length of the light
path in the sample and result in a concominant intensification of
absorption bands (Butler and Norris, 1960). ‘Consequently, comparison
of 'phytochrome' content of different parts of the same plant or of
different samples, must be regarded with caution. Difference spectra
may vary considerably in shape, peak position and,in the ratio of
heights of red to far-red peaks as a result of the presence in the
sample tissue of photostable pigments (Spruit and Spruit, 1972;
Spruit, 1967). Spruit (1967) concluded that phytochrome in pea
leaves was*a form of the pigment with abnormal spectroscopic prop-
erties. These conclusions are unwarranted in the light of models
later proposed (Spruit and Spruit, 1972). It is clear that the

study of difference spectra in the search for different forms of

phytochrome is of doubtful use if there are other pigments present.

It would seem to be unwarranted to propose the existence of
different populations of.phytochrome on the basis of in vivo spectro-
scoP§1 In vitro studies of extracted phytochrone do not prove the
existence of more than one type of phytochrome, although it should be
borne in mind that the evidence is still open to debate (Gardner et al.,
1971; Biiggs et al, 1972). Immuno~cytochemical studies of phyto-
chrome extracted from various plant sources shows no major differences
(Pratt, 1973; Rice and Briggs, 1973). If these 'paradoxes' cannot be
explained on the basis of different populations, active and bulk
phytochrome, are there alternative theories. Recently, Oelze-Karrow
and Mohr (1973) have studied 'apparent' synthesis of lipoxygenase in

mustard cotyledons, which is suppressed by P r at a threshold level,

£
in an attempt to show a quantitative correlation between spectro-

photometrically detectable P and the physiological response. It

fr
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has, in previous papers (Oelze-Karrow et al., 1970; Wagner and Mohr,
1966) been suggested that in mustard no 'paradox' exists, but this
work has been open to severe criticism. Pfr reverxsion could not be
shown (Oelze-Karrow et al., 1970) in Sinapis, in spite of the fact
that other workers have demonstrated reversion (Kendrick and Hillman,
1971). Secondly, almost all the Sinapis work has involved prolonged
far-red illumination. These criticisms remain unanswered, except in
that Mohr appears to have changed his thoughts about the presence of

a paradoxical situation! In two recent papers, one dealing with phys-
iological evidence (Oelze-Karrow and Mohr, 1973) and the other with
spectrophotometric assay (Sché&fer et al., 1973) it was concluded that
apparent lipoxygenase synthesis in the COTYLEDONS of the mustard
seedlings was controlled by phytochrome (Pfr) located in the Hook.
Raven and Spruit studied the induction of rapid (Raven and Spruit,
1972a,b; 1973) chlorophyll accumulation in dark grown pea seedlings. .
They first showed that phytochrome control was active both in
increasing the biosynthetic capacity to form protochlorophyllide,

and in initiating the development of a mechanism which protects
chlorophyllous pigments from photodestruction (Raven and Spruit,
1972a). Several results which became apparent during studies of
photoreveréibility (Raven and Spruit, 1972b) were difficult to explain
in conventional theorjes. Far-red irradiation of completely dark
grown seedlings gave a relaﬁively high induction of chlorophyll as
compared to red. This inductive capacity was progressively lost -
upon de-etiolation of the tissue. Concomitantly, red, far-red
reversibility became more pronounced. The authors have attempted

to exﬁlain the difference in photoreversibility between dark grown

and de-etiolated tissue, to an extremely low Pfr requirement for the
induction reaction, in addition to transport of phytochrome during

the process of de~etiolation (Raven and Spruit, 1973).

Thus it would appear that some of the paradoxes may be explained
in terms of phytochrome being active by virtue of its location. In
vivo spectrophotometric’assays measure an average of the properties of
phytochrome in different cellular environments (Kendrick and Spruit,
19734) . The idea of more than one type of phytochrome in a physical
or chemical sense appears untenable, but the idea of ‘bulk' and ‘active'
phytochrome, by virtue of localisation may be a useful one in attempting

to interpret the data produced by in vivo assay. It must be accepted

that there are severe limitations in the in vivo assay of phytochrome,
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In using a number of different plant tissues, all of which will have
different problems of interpretation, great caution should be exercised

in speculating about the correlation with physiological studies.

With this background the literature dealing with in vivo
spectrophotometric measurement of phytochrome will be considered
and an attempt made to interpret what takes place during lettuce

seed germination.

In vivo measurements of seed phytochrome have shown its presence
in a number of seeds, including one cultivar of lettuce, 'May Queen',

and Nemophila insignis (Boisard -et al., 1968), Sinapis alba,

Rhaphanus sativus, Phacelia tanacetifolia, Nigella damascena

(Malcoste, 1969), a number of species belonging to -the family
Cucurbitaceae (Malcoste, 1969; Boisard and Malcoste, 1970b;
Mancinelli and Tolkowsky, 1968; Spruit and Mancinelli, 1969;

Malcoste et al., 1970; Zouaghi et al., 1972), several species of .
Amaranthus (Kendrick and Frankland, 1969; Kendrick et al., 1969),
tomato (Mancinelli et al., 1968), and in a number.of Gymnosperms

(Tobin ;hd Briggs, 1969; Orlandini and Malcoste, 1972; Orlandini

and Bulard, 1972; Grill and Spruit, 1972).

L3

We noted that lettuce seeds were unresponsive to red light until
they reach a certain moisture content. In Grand Rapids this moisture
content was shown to be 6% (Berrie et al., 1974). As the period of
imbibition is increased, in conditions unsuitable for germination, the
seeds lose their ability to respond to red light. Is it possible to
explain the increase in sensitivity to red irradiation and the sub-
sequent loss of sensitivity from data obtained by measurements of

endogenous phytochrome?

Several hypotheses have been offered to explain the increase
in sensitivity during imbibition.
'(a) The increase in sensitivity could be due to a gradual activation

of Pr from an inactive domplex or by synthesis (Negbi and Koller, 1966).

In vivo assay has shown that in several different seeds there is
a significant increase in phytochrome content during germination
(Boisard, 1969; Boisard et al., 1968; Boisard and Malcoste, 1970b;
Mancinelli and Tolkowsky, '1968; Spruit and Mancinelli, 1969;
Malcoste et al., 1970; Zouaghi et al., 1972; Kendrick et al., 1969;
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Tobin and Briggs, 1969; Orlandini and Malcoste, 1972; Orlandini

and Bularxd, 1972; Grill and Sprﬁit, 1972). The same time course

of appearance of phytochrome has been observed in sSeveral seeds,

with an initial‘rapid rehydration phase, a plateau, a second increase,
which precedes radicle protrusion, a second platéau and then a rapid
increase in detectable phytochrome (see Figure 3). The initial
increase in detectable phytochrome, as measured by optical density
differences/\/\op), is thought to be a rapid rehydration of pre-
existing seed phytochrome. The second increase in phytochrome is
unaffected by inhibitors of protein synthesis, cycloheximide or
actinomycin D (Zouaghi et al., 1972), which would suggest a release
of Pr from an inactive complex. The second ‘plateau' is not universal
and is absent in lettuce seeds cv 'May Queen' (Boisard, 1969). This
may result from the variation in measurements of A(A 0.D}which is
larger than in work carried out on a single exqised embryo of pumpkin
(Malcoste et al., 1970). With lettuce, seeds were packed into the
cuvette for measurément of optical density.> This means that the
measurements obtained were an average of several individuals. The
second increase in phytochrome in lettuce seed was observed after

16 hrs wh%lst radicle protrusion was observed after 24 hrs (Boisard,
1969) . The increase was due to the appearance of Pr' The ratio
of Pfr to P total continuously fell. Following protrusion of the
radicle there was a further increase in phytochrome which was found
to be sensitive to inhibitors of protein synthesié (Malcoste et al.,
1972a). Quail et al. (1973a) found that phytochrome present in

Zucchini squash seedlings, hydrated and germinated in D_.0, was

heavily labelled.with the isotope as. determined by isopicnic
centrifugation, indicating the protein moiety of phytochrome was
synthesised de novo. This de novo synthesised phytochrome has
probably no role in germination and has been referred to as 'seed-
ling' phytochrome (Boisard, 1969). Thus, the increase in detectable
phytochrome could explain the physiological studies. The seeds would
not be able to respond to red light until a certain water content had
been attained, as a result of the need for initial hydration of
phytoéhrome molecules. The increase in sensitivity would be'due to

the increase in phytochrome after the first plateau.
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Figure 3

Time course of phytochrome content during the germination

of pumpkin seeds (after Malcoste et al., 1970).

&
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(b) A second theory to explain the increase in sensitivity is that

a substance or co-factor for Pfr is produced Koller et al., 1964).

In vivo assay cannot rule out this possibility.

(¢) The increase in sensitivity could be as a result of a decrease in
inhibitor levels in the seeds. This idea has been suggested by

Burkart and Sanchez (1969). In Datura ferox seeds the response to

red light increases with imbibition up to 48 hours. This increase
is interpreted as a preparatory phase during which some processes
take place which are necessary for the induction of germination by

P The seed contains an endogenous inhibitor, the level of which

dzzreases after 24 hours incubation and rapidly falls after 48 h;s.
Furthermore, the level of the inhibitor, immediately following
harvest, is higher than after several months of dry storage.
Typically light sensitive seeds become less light sensitive after

storage.
(d) Remobilisation of'phytochrome.

These hypotheses to account for increased sensitivity to red
light need not be mutually exclusive. They do underline the
difficulties in interpreting a physiological event in terms of any

one specific hypothesis until other possibilities are excluded.

The decrease in sensitivity to red light which takes place
when seeds are held, imbibed in conditions unsuitable for germination
cannot be explained readily by the in vivo assay. However, it has
been shown that Pfr present in the embryonic axis of seeds of
Cucurbita pepo begins to 'disappear' after 25 hrs in darkness and
after 70-80 hrs cannot be detected (Malcoste et al., 1970a). This
may be phytochrome 'destruction'. Phytochrome destruction results
. in loss of photoreversibility and consequently, detectability.
This reaction differs ffom the dark reversion of Pfr to Pr ag it is
temperature independent (Sché&fer and Schmidt, 1974). The mechanism

and physiological significance of destruction in vivo are unknown.

We have previously mentioned that far-red light, given after
the 'escape period' can cause a second inhibition of germination.
The exposure to far-red light requires to be of long duration, several

hours, and it may be considered to operate through the high energy re-
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actions or HER (Negbi et al., 1968). Attempts have been made to
explain the HER iﬂ terms of phytochrome. Does in vivo assay of
phytochrone help in supporting this hypothesis? If HER phenomena
are to be explained in terms of phytochrome one of the main properties
of HER that requires explanation is that of time dependence. The
necessity for continuous or intermittent far~red irradiation over a

long period for inhibition indicates that P r is constantly reappearing

during such a period. Mancinelli and Bortiwick (1964) and Mancinelli
et al.,(1966) assumed that Pfr could either be reappearing from
rehydration of a reserve pool or by de novo synthesis. However, we
have seen that de novo synthesis of 'seedling' phytochrome is in the
form of Pr! There is evidence that initially some of the phytochrome

present in seeds is in the form of P In dry gourd seeds all the

fr®
measurable phytochrome was in the Pfr form (Zoulaghi et al., 197p)
whilst an undetermined amount of Pfr was found to be present in

Amaranthus caydatus (Kendrick et al., 1969) and in lettuce seeds

(Boisard, 1969). However, this Pfr would be removed by short

irradiation with far-red. The reappearance of P ,. MY be explicable

£
in terms of "inverse" reversion, first suggested by Boisard et al.

(1968) for lettuce seeds cv 'May Queen' and in Nemophila insignis,

a negatively photoblastic seed. Boisard observed that if the pigment
in the seed is transformed to the red absorbing form by far-red
irradiation, ten minutes in the dark converts the bulk back to Pfr;
"inverse reversion". The critical question to be answered is
whether this spectrophotometrically measured change in optical
density of a sample really represents a change in phytochrome from

P.toP The possibility exists that inverse reversion is merely

afhyéraiion phenomenon (Briggs and Rice, 1972). In vivo studies
could be confused by the possible existence of low absorbing forms

of Pfr' due to incomplete hydration, and the degree of light scattering
of the sample material. There are now several reports of inverse
reversion from in vivo studies, in dry and imbibed seeds, the rate of
which is dependent on the species and the degree of hydration (Spruit
and Mancinelli, 1969; Malcoste et al., 1970a; Kendrick et al., 1969;
Boisard and Malcoste, 1970b).  Furthermore, the first in vitro
measurement of inverse reversion, with phytochrome extracts from
etiolated oats, has lessened the probability of all inverse reversion
being merely due to hydration or an artifact of measuring (Kendrick
and Spruit, 1973; Spruit, personal communication). This last

observation does pose difficult questions as inverse reversion had been
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supposed only to occur in the 'seed' phytochrome and not 'seedling'
phytochrome. Another question which requires to be answered to
qnderstand the role of inverse reversion, is why after a certain
durétion of far-red exposure, germination does not occur when the
seed is placed in darkness. An answer to this question may lie in
results cited by Rollin (1972). Pfr present in the embryonic axis
of seeds of Cucurbita pepo begins to disappear after 25 hrs in
darkness and after 70-80 hrs cannot be detected. If the same
pattern is assumed to occur in far-red as in darkness, then the
duration of far-red in order to obtain a total inhibition of germin-

ation depends on the speed of P r disappearance.

£
How can we resolve the problem of inverse reversion?  Kendrick

and Spruit (1974) have presented an explanatioﬂ of what they think

is happening. Seed tissue is in a staté of dehydration. Cn

rehydration in vivo studies have shown a rapid increase in detectable

phytochrome, some in the form of P and some as Pr. We have also

indicated that in the maturing seegrthe spectral quality during the
final rapid dehydration phase is critical in determining the photo-
response of the mature seeds. Kendrick and Spruit suggest that
under these conditions of dehydration, complete transformation of
P, toP and vice versa will be prevented. Thus, the dry seed
will contain intermediates of the phototransformations. A scheme

showing the proposed pathway of phototransformation is on page 12.

There is evidence that on rehydration P650 reverts in darkness to
Pfr' In a partial state of rehydration Pr present will form inter-
nediates which slowly form Pfr after red light.
red light dark dark
Peso == Fer Pp &= Poogg = B3 —> Py
7 o
dark light

'inverse reversion'

The reaction Pbl to Pfr is the slowest reaction in the Pr to P

pathway (Kendrick and Spruit, 1973a). Thus, P

fr

fr reappearing 1n

partially hydrated seeds can also be the result of transformation

of P to P in darkness. Under dehydrated conditions P can
bl fr fr
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only be converted to P by exposure to far-red irradiation, which

650

in darkness will return to Pfr' thus explaining the so-called

'inverse reversion'. The occurrence of this reaction in vitro is
probébly‘associated with the relatively 'dehydrated' state of phyto-
chrome in the presence of high salt and glycercl concentrations.
'Inverse reversion' could only be observed in vitro following a red
- light treatment followed by far-red light. The red light would

frt Not all the Pbl will

form Pff' When far-red light is given Pfr will be converted only

as far as P650 on the pathway to Pr' In the dark P650 and Pb1

will then foxm Pfr which could be interpreted as the dark production

convert only some of the Pr as far as P

of p from P .
fr x

Kendrick and Spruit (1974) propose that inverse dark reversion

of Pr to P r does not exist and the term should no longer be used.

£
The requirement of continuous far-red to inhibit seed germin-
ation has led to the postulation that there is continuocus production

of Pfr during imbibition. The dark reversion of PGSO and Pbl to

Pfr could explain the continuous production of Pfr' However, there

are unresolved anomalies in the literature. Although a mechanism
for Pfr production has been shown to exist, no increases in Pfr can
be shown in a time course of phytochrome increase during imbibition.

In the work of Negbi gE‘E;_(l968), P would be present from the red

fr
light treatment; however, at the time of the second far-red treat-

ment the seeds would be fully imbibed and the intermediates P6SO and
Pbl would be expected to complete their respective pathways to Pr
and Pfr' It would 'be necessary to invoke some other factor.

This question remains unresolved.

In summary, Grand Rapids lettuce seeds have been shown to exhibit
thermodormancy, this being overcome by red light. Far-red light
given immediately after red light stops the promotive effect of red
light. The system is under the contrel of the photomorphogenetic
pigment, phytochrome. Further studies have indicated that the seeds
" can only respond to red light when they attain a certain moisture
content. The sensitivity t¢ red light increases during imbibition
but eventually decreases. If fgr—red light is not given for some
hours after red light, a point is reached where far-red is unable to
reverse the red light potentiated germination. At this time long
exposures to far-red light inhibit the expression of germination.
Far-red at this time is thought to operate through the high energy

reactions (HER) and the evidence for HER acting through phytochrome
29



is discussed. The questions of what is the active form of phyto-
chrome, and whether or not phytochrome is active in causing germin-
ation. below the critical temperature for the induction of thermo-
dormancy, are discussed. Having built up a picture of the situation
found in Grand Rapids lettuce seeds from physiological studies,
spectrophotometric evidence is reviewed in an attempt to interpret
these findings. The interpretation of physiological results using
| a physical assay for phytochrome hinges on being able to correlate
changes in optical density with physiological events. This has
not alﬁays proven possible and, in an attempt to explain the lack
of correlation, it has been proposed that two types of phytochrome
exist, a small active fraction and a large inactive fraction.
Evidence for two different phytochrome populations has come from
kinetic studies of phytochrome decay and from difference spectra.
However, it is possible to explain the results obtained as showing
only one population, if the problems involved in looking at plant
samples are taken into consideration. An alternative explanation
is that phytochrome is active by virtue of its location. - The
evidence for this‘theory is presented. Having_considérgh the ‘;& N
difficulties in interpreting the results obtained by in vivo agg;;{ e
the literature dealing with in vivo measurements of phytochrome in
seeds is presented anq an attempt made to explain some of the phys-
iological studies on Grand Rapids lettuce seeds, in terms of endo-
genous phytochrome. Several theories are discussed in relation to
the increased sensitivity to red light during imbibition and the
involvement of phytochrome in HER. One of the main points which
must be explained in relation to HER is the requirement for long
exposures to blue or far-red light. It is proposed that Pfr must
continually reappear or be synthesised. This could be explained

in terms of so called 'inverse revexrsion'. The evidence for this
phenomenon is discussed and the most recent theory to explain
‘'inverse reversion' presented. The idea that 'seed' phytochrome
differs in some way from. 'seedling' phytochrome is not supported

by this recent work. Thus, it has been possible to offer explan-
ations of some of the physiological effects in terms of endogenous
phytochrome studies, although a clearer understanding of phytochrome
in Grand Rapids seeds will only come when technical difficulties

are solved.
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The role of growth regqulators in the germination

of Grand Rapids lettuce seeds

kThe plant photomorphogenetic pigment, phytochrome, has been
shown to be involved in the control of thermodormancy in Grand
Rapids lettuce seeds. The fact, there is good evidence that Pfr
action is reguired for germination below the critical temperature, may

be interpreted as showing P to be involved in events leading to

germination. Above this ciztical temperature the action of Pfr has
been shown to be rapid (Bewley et al., 1968) which would suggest
that the action of Pfr is thé initial, or at least an early, event
in the chain of events culminating in germination and radicle emerg-
ence. It was previously suggested that there is sufficient Pfr in
the imbibed seed to cause germination below the critical temperature

but at a higher temperature more P is required as a result of the

increased inhibitory influence. iie fact that far-red light can
inhibit germination when given to seeds, held beldw the critical
temperature, would seem to rule out the possibility that Pfr is not
actively involved below the critical temperature (Scheibe and Lang,
1969) . Whether Pfr or Pr is the 'active' form of phytochrome has
been discusgsed. Regardless of which form is 'active' we can propose
that phytochrome overeomes thermodormancy by generating a promotive
'influence' and/or by destroying an inhibitory 'influence'. The
word 'influence' is used in preference to ‘compound' as the effect
may not be on synthesis or destruction but at a physical level.
Cohenl(1958) has shown that alternating temperature can substitute for
light in overcoming thermodormancy in Grand Rapids seeds. It was
found that there exists a critical dependence on temperature and no
correlation between promotion of germination and the rate or duration
of the temperature change. . When the thermodynamic values of the
reaction were calculated a AH value (enthalpy or heat change) of
.+ 70,000 cal/mole and a AS value (entropy change) of + 235 cal/deg.
mole were obtained. These values are of thg same order of magnitude
as the respective values for protein denaturation and thermal killing
of various living cells. This means the alternating temperatures
apparently promote germination by destroying an organised structure
or macromolecular arrangement preventing germination in the dark .

Evenari (1961) suggests that the structure could be a membrane

separating certain reactants or an inactive precursor of an enzyme
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which is liberated by the temperature change. These alternatives

will be discussed in more detail when 'mode of action' is considered.

_Clearly, if this theory is to prove acceptable the presence of
inhibitory and/or promotive influences must be shown. Furthermore,
these must be shown to vary in a meaningful fashion with respect to
the effects of phytochrome in overcoming dormancy. It can be proposed
that these 'promoters' or 'inhibitors' are plant hormones. Two
approaches have begn used in studying the involvement of hormones
in the control of seed germination and dormancy, the application of
exogenous growth regqulators and the extraction of the endogenous
growth regulators. It is generally accepted that results obtained
exclusively using exogenous studies are insufficient to establish a
regulatory role for these substances in the intact organism.
Sondheimer g;_gi.,(1968) have stated: “é minimum requirement for
such a role would be to show the presence of the hormones in the
intact plant and to demonstrate a correlation between hormonal
concentration levels and physiological stateé." ‘This is a
minimum requirement and is by no means unequiveocal evidence for a
regulatory role! With respect to Grand Rapids lettuce seeds a
sharp temperature 'cut off' point exists, that is, over a short
range of temperature, germination drops from near 100% to below 20%
(Berrie, 1966). Any theory erected to explain the control of
dormancy must be consistent with the sharp temperature ‘cut off’

or 'threshold' nature of the phenomenon.

What evidence have we that thermodormancy in lettuce seeds can
be ovexrcome by plant hormones? In 1956 Lona first reported that
exogenously applied gibberellic acid KGA3) was capable of inducing

germination in the light sensitive seeds of Lactuca scariola.

Khan et al. (1957) reported that GR; , 3 overcame thermodormancy in

Grand Rapids lettuce seeds. Since these early reports a number of
GAs have been shown to overcome themmedormancy in seeds of Grand

Rapids lettuce, including GAl, GAZ, GA3, GA4 (Toole and Cathey, 1961),

Thimann, 1963a) and GA13 (Bewley et al., 1968). The order of activity

: GA (Tkuma and

reported by Brian et al. (1962) was:
A, =A >A_>A =A_ >A_ =A_ =A_=A

The’germination of a number of photosensitive seeds can be

promoted by exogenous gibberellins (Ogawara and Ono, 1957; Rollin,
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1959; Fuji et al., 1960; Toole and Cathey, 1961; Evenari, 1961;
Bachelard, 1967a; Kollman and Staniforth, 1972; Chancellor and
Parker, 1972; Bianco and Pellegrin, 1973; Batanouny, 1974;
Bullawa et al., 1975; Palevitch and Thomas, 1974), although this

is not ubiquitous (Evenari, 1961). Often a concentration of
gibberellin which overcomes dormancy is inhibitory to subsequent
radicle growth (Toole and Cathey, 1961). In only one case has
far-red light been shown to have any effect on gibberellin-induced
germination. Poljakoff-Mayber et al. (1958) reported that far-red
could reverse to some degree the promotion of germination brought
about by gibberellin. The.fact that far-red light cannot overcome
exogenous gibberellin has often been used as evidence that red light
does not operate via an increase in endogenous gibberellins. This
is clearly too facile an argument. If we assume that red light
causes an increase in the ‘'effective' gibberellin content, it is
possible that whilst far-red light could inhibit this reaction,

the reactions by which gibberellins lead to germination might be
unaffected by far-red light. Consequently, the effect of exogenous
gibberellin would not be influenced by far-red 1ight. The term
'effective' gibberellin could be interpreted in terms of an increase
in the synthesis or a decrease in destruction of gibberellins, or
it could involve the release of gibberellins from one part of the
seed to another or frbm some bound, inactive form. These altexr-

natives will be discussed later.

Furthermore, it must be realised that the application of large,
indeed massive, doses of exogenous chemicals might lead to unfore-
seen élterations in the normal pattern of events (Berrie and
Robertson, 1973). The question of whether or not red light operates
in overcoming thermodormancy through gibberellins can only be
answered when the endogenous situation has been examined. A
nunber of workers have shown the presence of 'gibberellin like'
'compounds in seeds. of Grand Rapids (Ikuma and Thimann, 1960;
Blumenthal~Goldschmidt and Lang, 1960; KbBhler, 1966) and in other
lettuce cultivars (Murakami, 1959). Ikuma énd Thimann reported
that light did not lead to an increase in gibberellin like compounds.
Kbhler (1966) did report that red light led to an increase in gibber-
eliin like compounds in seeds of Grand Rapids lettuce, but has since
retracted this data as it proved unrepeatable (personal communication;

Black, 1969). By gibberellin like activity we mean activity
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displayed in biocassays reputed to be specific for gibberellins. The
gibberellins responsible for such activity in seeds of Grand Rapids
lettuce have not been identified. Are we justified in saying that
red 1light does not operate through an effect on gibberellins?

Before considering this guestion in detail, let us examine a second
class of promoter found in lettuce seeds and capable of overcoming

thermodormancy, the cytokinins.

Miller (1956) originally reported that kinetin was capable of
substituting far~red light in breaking thermodormancy in seeds of
Grand Rapids lettuce. It was shown that kinetin did not owe its
action to increasing the le%els of adenine (Haber and TOlbert, 1957).
The action of cytokinins in lettuce seed germination has since been
an area of unnecessary controversy. Miller (1958) reported that
in his original paper of 1956 the levels of promotion which he had
reported may have been attributable, in part, to 'stray' light inter-
acting with kinetin. He repeated this work and showed that kinetin
did interact with light but also promoted to a lesser degree, in
total darkness: e.g. 34% with 5 x 10_5M kinetin -after 24 hrs, 0%
in darkness. Evenari (1861) has also reported a small increase in
germination brought about by kinetin. Furthermore, kinetin was found
to retard the decrease in light sensitivity of the seeds which occurs
in water as a function of imbibition time (Leff-Weisy, 1961 cited by
Evenari, 1961). Other cytokinins have since been shown to overcome

thermodoxrmancy in seeds of Grand Rapids lettuce (this thesis).

As with gibberellins, cytckinins have been found to overcome
light sensitive dormancy in some species (Kollman and Staniforth,
1972;> Chancellor and Parker, 1972; Reynolds and Thomson, 1973;
Palevitch and Thomas, 1974) but in others only in the presence of
light (Ogawara and Ono, 1961) or not at all (Bachelard, 1967a;
Evenari, 1961). Far-red light has never been shown to be capable
of reversing cytokinin promotion of germination. Cytokinin~like

-activity has been.showq to be present in seeds of Grand Rapids
lettuce. Barzilae and Mayer (1964) could detect cytokinin-like
"activity only in seeds which had been stimulated to germinate by

red light. Activity was measured in dry seeds and seeds imbibed for
24 hrs. More than one compound was found to be present although
these were not identified. More recently, Van Staden (1973a) has

presented evidence that red light can bring about a rapid, transient
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change in endogenous cytokinins. Against a baquround of decreasing
total cytokinin levels, there is ‘the appearance of butanol-soluble
cytokinins (assumed to be nucleotides) at the expense of water-soluble
ones’ (assumed to be nucleosides). Far-red light is capable of partially
reversing this effect. If seeds were imbibed for 10 hrs in gibberellic
acid and then extracted, similar changes in cytokinins to those brought
about by red light were found. The cytokinins present were separated,
prior to bioassay, by column chromatography using Sephadex LH20, but
were not further identified. This decrease in water scluble cytokinins
accompanied by an increase in butanol-soluble cytokinins has been shown
in many seeds in response to dormancy breaking stimuli (Van Staden et
al., 1972; vVan Staden and Wareing, 1972; Webb et al., 1973 ;

Brown and Van Staden, 1973; Van Staden and Browﬁ, 1973; Vvan Staden
et al., 1973) although it is not found in all cytokinin-containing
seeds (Webb et al., 1973 ). Although there is good evidence for

the type of change found in lettuce seed by Van Staden, the value of
the results cited in this paper, with respect to the control of
dormancy, must be seriously questioned for a number of reasons. From
the germination data published in this paper, it would appear that

the batch of seeds used for cytokinin extraction did not respond in
classical fashion. Furthermore, Van Staden and Drewes (1974) have
since reported that the soybean callus, used for bicassay, may not be
specific for compounds generally considerxed to be cytokinins. We

must also question whether or not the purification procedure of Van
Staden could lead to the loss of particular cytokinins, resulting in
the picture being simplified and misleading. In an attempt to

resolve some of thé questions relating to the possible involvement

of phytochrome in changing endogenous.cytokinins, Black et al. (1974)
using isolated embryos of Grand Rapids seeds, studied the uptake and
formation of cytokinins in response to light or gibberellin treatment.
Isolated embryos do not germinate when in contact with solutions of
abscisic acid but do so if cytokinin is added (Khan 1971).

Presumably, if the excised embryos had an adequate endogenous supply

" of cytokinins they should be able to germinate in the presence of
abscisic acid. This argument was used by Black et al. (1974) to

study whether red light or gibberellin causes increases in endogenous
cytokinins. They conclude that no increase in cytokinin activity is
elicited by light or gibberellin. treatments. However, this work

cannot rule out transient changes in cytokinins, nor can it determine
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whether localised concentrations might be affected, which would not
lead to germination when the seed is bathed in high concentrations of
abscisic acid. Thus, the guestion of the role of cytokinins remains

unresolved.

It is clear that there are many problems in studying changes
in hormone levels in lettuce seeds, and as a result little is known
of endogenous hormones in such seeds. The studies which have been
carried out serve only to highlight some of these problems, which
are often related to the extraction , purification and assay of growth
regulating substances. Classical methods involve the extraction of
plant materials with organic solvents {(or buffers) followed by physico-
chemical purification techniques.  However, little is known of the
efficiency of extraction of the hormones present. It is possible
that whole classes of hormones, such as conjugated or other bound
forms, will not be extracted. Furthermore, solvent extraction may
not remove hormones from tissue or cell compartments. In the absence
of any real evidence or knowledge on this, caution should be exercised.
If we accept that the hormones present have in fact been extracted
there is considerable evidence that hormones with unknown separation
properties may be lost during the physico-chemical procedures which
follow. For instance, it has been pointed out that a large per-
centage of the less polar gibberellins such as GA4, GA7 and GA8
migrate into ethyl acetate when partitioned against pH 8.0 buffer
although the gibberellins are expected to move into the buffer phase
(Crozier et al., 19§9a, 1971). Whilst it is possible to keep losses
to a minimum where the partition characteristics of compounds are
known (Durley and Pharis, 1972), as yet unidentified compounds may
be lost. In the past the 'acidic' fraction was often the only one
examined for gibberellin activity (Ross and Bradbeer, 1971), other
fractions obtained during the partitioning procedure being discarded.
There® is now considerable evidence for the presence of glucosyl
esters and glucosides of gibberellins (Hiraga et al., 1972, 1974a,b;
Yokota et al., 1969, 1970, 1971; Schreiber et al., 1967; Yamane
et al., 1974; Hemphill Jx. et al., 1973) which are found in neutral
and butanol fractions. These esters and glucosides may be the
'bound' or 'conjugated' gibberellins frequently referred to in the
literature (Reinhard and Sacher, -1967). A similar situation occurs

in the case of cytokinins. A common method for purifying extracts
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containing cytokinins is to partition the acidified aqueous extract
against ethyl acetate or diethyl ether, so as to remove acidic
inhibitors. The water phases are then basified and partitioned
aga{nsf n~-butanol. However, it has been shown that losses of

"free' kinetin and isopentenyladenine and their ribosides into the
ethyl acetate take place (Hemberg and Westlin, 1273; Hemberg, 1974).
Zeatin and its riboside do not move into acidic ethyl acetate

(Letham, 1974). As with gibberellins, the presence of glycosyl
derivatives of cytokinins has been reported (Letham, 1973; Yoshida
and dritani, 1973). With respect to abscisic acid, a glucoside which
is not soluble in acidic ethyl acetate or ether has been demonstrated
(Koshimizu et al., 1968; Milborrow, 1970). In the case of indole
acetic acid there is a large number of conjugated forms (Schneider

and Wightman, 1974). There is good evidence for the conversion of
many of these derivatives to active forms (Lang, 1970). Consequently
when studying unidentified growth regulatory substances of unknown
chemical properties, purification steps may result in the loss of
still other physiologically significant compounds. The picture thus

obtained would not only be simplified but would be quite misleading.

In a large number of reports on growth-regulatory substances,
the hormones contained in a purified extract are partially identified
by the use of biocassays. At the very least, biocassays have been used
to follow 'activity' during purification steps. Rigorous chemical
identification of plant hormones is still the exception, rathexr
than the rule! At best a biocassay will yield information about the
overall hormone-like activity of an extract. There are two major
problems associated with the use of biocassays: firstly, that
one hormone may mask the activity of another; that is, how specific
are bloassays. If a chemical separation procedure has failed to
separate completely the hormones presént, then one horxmone may not
allow the expression of another. Abscisic acid and other acidic
inhibitors will inhibit gibberellin acticn, in biocassays used to
assess gibberellin like activity. We also know that cytokinins
can overcome abscisic acid (Sankhla and Sankhla, 1968; Khan, 1968).
It is also frequently stated that no cytokinin like activity can be
shown in the acidic ethyl acetate phase of a solvent partition system
(Van Staden et al., 1972) yet we know that some cytokinins are lost into
acidic ethyl acetate (Westlin, 1974). The possibility exists that

cytokinin like activity can be masked by the presence of abscisic acid!
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Consequently, even if we accept that the bicassay in use is specif-
ically promoted and inhibited by 'certain hormones, can we tell from
the overall hormone like activity whether or not we are looking at

actual hormone levels?

A guestion of more fundamental importance is the ability of
biocassays to yield information which is subtle enough to explain
the changes in hormones which might be taking place. For example,
if we examine chandges in gibberellins we may use one of a number of
biocassays. The activities of different gibberellins on these
bioassays vary widely (Crozier et al., 1969b; Yamane et al., 1973;
Hiraga et al., 1974c). With respect to cytokinins the activity
of ribotides appears to be less than that of free ribosides (Van
Staden, 1973b). There are conflicting reports of 'free' cytokinins
being less or more active than ribosides (Van Staden,1973b; Black
et al., 1974). Hormonal changes taking place in response to some
stimulus may go undetected by biocassay as:the overall activity,
extracted at ggg_moment in time, could be constant regardless of
qualitative changes which although not detected by a bioassay,
could be highly significant within the systen. Furthermore, unless
the measurement of hormone activity is continuous there is always the

possibility that a transient change might be missed.

It was previously suggested that red light might cause an
increase in the 'effective' gibberellin content of lettuce seeds.
The term 'effective' could be interpreted in terms of increased
synthesis, decreased catabolism, the release of gibberellins either from
some 'bound', presumably inactive form, or from a'compartment' of some
description. The same argument could be applied to the effect of
red light on cytokinins. What evidence is there that red light
could act in this way and, if so, why has Grand Rapids lettuce seed

not been more thoroughly investigated?

If we turn our attention to the latter, the major problem in
examining lettuce seeds is that they are small and hence large
‘quantities are required in order to study hormone changes. Because
they are small seeds, it is difficult to separate the seed into its
different parts to investigate the possibility that only the radicile
or the coﬁyledons are involved iﬁ causing germination. It is
possible that the germination of  thermodormant lettuce seeds is
under the dual control of gibberellins and cytokinins, one class of

hormone affecting the radicle and the other, the cotyledons. Ikuma
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and Thimann (1963h) believe that cytokinins cause the expansion of
the cotyledons which then break through the restraining layers,
whilst Haber and Luippold (1960) conclude that cytokinins cause
cell ‘enlargement in the radicle. More recently it has been
suggested that the endosperm is ruptured by the expanding embryo
and a chemical weakening process (Pavlista and Haber, 1970). In

Acer pseudoplatanus it has been shown that cotyledon unrolling and

expansion is under the control of gibberellins and radicle elongation
and geotropic curvature under the control of cytokinins (Pinfield
and Sﬁobart, 1972). Thus, there is clear evidence that different
parts of the seed can be influenced by different hormones. In
examining the 'whole seed' it is possible that any endogenous hormone
levels measured could be misleading, as these will represent the

sum of all parts.

As a result of the difficulties in working with small seeds,
there are few reports which indicate how red light might affect
hormone balance. In suggesting possible ways in ‘which red light might
operate it is necessary to consider non-seed systems. From the work
on Grand Rapids lettuce seeds we observed that no changes in gibber-
ellin activity could be found after red light treatment. However,
it is possible that transient changes could have been missed. It
is known that red light can induce transient changes in gibberellin
like activity in leaves of barley (Reid et al., 1968) or wheat
(Beevé% et al., 1970). This increase is rapid and appears to be due
to release of a 'bound' form and not by de novo synthesis (Loveys
and Wareing, 1971). However, this 'release' may be operated against
a background of other effects of red light on metabolism (Reid et al.,
1972). This release of gibberellin like activity has been shown
to be from plastids, either etioplasts or chloroplasts (Cooke and
Saunders, 1975; Evans and Smith, 1975; Reid, unpublished), and
it is suggested that the organelle exerts a compartmentalisation
‘effect on gibberellins (Rallton and Reid, 1974a). Plastids have
been shown to be sites of gibberellin synthesis from precursors
(Stoddart, 1969) and of gibberellin interconversions (Railton and
Reid, 1974b). Rapid transient changes in cytokinin-like activity
have also been shown in response to red light (Van Staden and Wareing,
1972; Biddington and Thomas, 1975) although there is no evidence as
to how this might be brought about.
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Evidence has been presented that these rapid changes, in
extractable hormone-like activity, aré caused by the release of
hormones from a compartmented form. Certainly, the speed of the
response would suggest that the increase could not be explained by
de novo synthesis.  However, it would appear that the release:
phenomenon is carried out against a background of active metabolism
and that this can also be influenced by red light. In studying
metabolism, the results obtained from applying radiocactively
labelled compounds can only be meaningful if the presence of such
compoﬁnds and their metabolites, as endogenous components of the
system, has been shown. Few studies fulfil this criterion. There
is evidence that glucosides and glucosyl esters of gibberellins are
formed when labelled gibberellins are applied to certain systemé
(Nadeau and Rappaport, 1972; Nadeau et al., 1972; Yamane et al.,
1975). The occurrence of such conjugated gibberellins has raised
the question of their role in physiological processes. Evidence
reviewed by Lang (1970 and Jones (1973b) and recent work (Browning,
1973; Kopowicz and Panayincki, 1973) have indicated that these
glucosides may play a role in controlling the status of free
gibberellins within a plant. Conjugation of gibberellins could
sequester gibberellins in seeds, thereby regulating the level of
free gibberellin. Nadeau et al. (1972) and Stolp et al. (1973)
have shown that abscisic acid enhances the conversion of [3H]GA1 to
[3H]GA1 glucoside, [3H]GA8 glucoside, [3H]GA8 and an unidentified
[3H]GA conjugate, which has since been shown to be amphoteric
{Nadeau and Rappaport, 1974). The stimulation of the formation of
these glucosides in abscisic acid treated aleurone layers could not
account for the inhibition of gibberellin induced o amylase
production in this tissue. A possible explanation of the role of
abscisic acid in gibberellin metabolism comes from the work of
Musgrave et al. (1972) who examined the fate of [3H]GA ' [3H]GA5 and

1

[BH]GA methyl ester applied to isolated aleurone layers of barley

and foind that the rate: of conversion of these gibberellins to more
polar metabolites (conjugates) was related to their biological
activity in the system. Inactive gibberellins were accumulated to
a greater extent than more active cnes. It is possible that
gibberellin conjugates function to sequester gibberellins when the
potential response to gibberellin is blocked by some inhibitor. In

seed dormancy such a role for abscisic acid could be implied. Thus,
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red light could cause the breakdown of such conjugates releasing
biologically active gibberellins. This argument requires that
conjugates be shown to be less active in the biological system
under examination than free gibberellins. A similar situation is
found with cytokinins where there is considerable evidence that
glucosides are synthesised (Yoshida and Oritani, 1973; Parker and
_Letham, 1973, 1974; Gordon et al., 1974; Deleuze et al., 1972;
Fox et al., 1973). It is possible that the cytokinin glucosides
may be 'active' forms of cytokinin, but this remains open to
discussion. Suffice to say that the presence of conjugated forms
of gibberellins and cytokinins allows the postulation that rapid
increases in extractable activity could be through the destruction

or release of these compounds.

It is possible to speculate on the interaction between cytokinins
and gibberellins. Railton (1974) has suggested that the rate of
turnover of GAZO in pea seedlings is enhanced by.cytbkinin treatment.
However, as Bown et al. (1975) point out, in orde¥r to determine the
rate of turnover, the rate of synthesis; catabolism, possible compart-
mentation of the sites of synthesis and catabolism and the rates of
transport between them, must all be examined before any conclusions
regarding rurnover can be reached. Clearly, these criteria are not
met by the work of Railton. It is extremely difficult to determine

rate of turnover: however, the importance of turnover should not be

neglected.

It has been shown that both gibberellins and cytokinins overcome
thermodormancy in Grand Rapids lettuce seeds and it has been suggested
that phytochrome operates through changing the 'effective' concentration -
of either or both of these hormone classes. Studies of Grand Rapids
seeds have shown the presence of both gibberellin and cytokinin
activity, but in neither case could red light be categorically shown
to cause a méaningful change in these hormones. The study of endo-
genous hormones in seeds is beset with a number of problems: only
those hormones extracted can be quantified and/or identified; hormones
may be lost during the purification procedure resulting in a simplified
and false picture,bioassays used to assess hormone activity are not
A sufficiently specific and cannot reveal the subtlety involved in
control. By examining literature concerned with other plant systems,
models are presented in an attempt to explain the possible ways in

which red light could affect gibberellin and cytokinin levels.
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With the present state of knowledge the involvement of phytochrome

with gibberellins and cytokinins ‘remains to be resolved.

Gibberelling and cytokinins have been shown to overcome thermo -
dorﬁéncf. However, these are not the only compounds which will
promote germination above the critical temperature. it is not the
intgntion here to deal with all the compounds known to promote
germination. However, two compounds have been shown to promote
germination which can be considered to be hormones. One of these

is ethylene. Ethylene was first reported to break dormancy as early
as 1927 (vacha and Harvey, 1927), and has since been shown to be
capable of overcoming thermodoxmancy in Grand Rapids lettuce seeds
(Stewart and Freebairn, 1969; 2Abel€s and Lonski, 1969; Burdett

and Vidaver, 1971; Negm et al., 1972; Burdett, 1972) and different
types of dormancy in many other species {(Egley and Dale, 1970;

Esashi and Leopold, 1969; ZKetring and Morgan, 1970; Hall and
Wareing, 1972). The exact role of ethylene in lettuce seed
germination remains unclear. Stewart and Freebairn (1969) con-
cluded that the promotive effect of gibberellic .acid resulted

from the stimulation of ethylene synthesis. Abeles and Lonski (1969)
measured endogenous ethylene production during red light promoted
germination and found a doubling of ethylene production. Far-red
light was equally promotive of ethylene synthesis. Burdett and
Vidaver (1971) have questioned the conclugions reached by Stewart

and Freebairn preferring to believe gibberellin promotion of germin-
ation to be mediated by more factors than ethylene alone. However,
the value of thesé reports must be seriously questioned following

the work of Negm et al. (1972, 1973) who found that carbon dioxide
was essential for the ethylene effect on germination. Previously

it had been observed that carbon dioxide, which is normally antagon-
istic to the action of ethylene, doés not compete with ethylene in
seed germination, indicating that seed germination differs from other
ethylene controlled systems (Abeles and Lonski, 1969; Xetring and
Morgan, 1972). It has been found that carbon dioxide does inhibit
'germination during the first few hours of imbibition (Negm et al.,
1973). That carbon dioxide was promotive to germination of lettuce
seeds has been known since 1936 (Thornton, 1936). The work of Don
(1973) would suggest that ethylene is not involved in the endogenous
control of Grand Rapids lettuce seed germination. The time course

of ethyléne production shows that no increase in ethylene occurs
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until after radicle elongation has started. It is possible that
ethylene production is the result of the radicle penetrating the
restraining endosperm layer. However, the possibility cannot be
exclhdea that ethylene is produced prior to radicle emergence but

does not leave the seed until this event occurs. We are faced with
the problem of cause-effect relations; does ethylene cause germination,
or does germination lead to the production of ethylene? This problem
is one which occurs in considering the effect of any hormone on the
germination of seeds. The problem is more difficult to analyse in
lettuce seeds than in many other seeds, because lettuce seeds show
visible radicle emergence in under 24 hrs. Lettuce seeds show the
first mitosis at 20°C during the 13th hour of imbibition (Evenari

et al., 1957b) and soon after, radicle emergence through the seed and
fruit coat occurs. In most studies on lettuce seeds, germination is
assessed after 24 hrs or 48 hrs. Consequently the time period in
which treatments can be made to the seeds is limited to the first

12 hours after imbibition: after this time germination can be

thought to have occurred and any subsequent treatments will affect
seedling aevelopment. Cause-effect relations can only be analysed

by critical time course studies.

A fourth regulatory compound, shown to overcome thermodormancy
in Grand Rapids seeds is cyeclic 315t adenosine moncphosphate (c=~AMP)
(Kamisaka and Masuda, 1971). c-AMP was not efiffective on its own
but synergised with gibberellin in overcoming thefmodormancy. The
presence of c-AMP in lettuce seeds {cv May Queen) has been reported
(Narayanan gg_g;.;-l970; Pradet et al., 1972). Other evidence that
c~AMP may be involved in the control of lettuce seed germination
comes from work using the cultivar Spartan Lake. Caffeine and
theophylline, inhibitors of phosphodiesterase activity, can promote
germination (Hall and Galsky, 1973). Phosphodiesterase breaks down
the c~AMP to AMP which is inactive in overcoming thermodormancy.

Bianco and Bulard (1974) also showed that c¢-AMP enhanced the dark, GA

w

. induced germination of Grand Rapids lettuce seeds. However, ATP

had similar effects although adenosine and adenine were ineffective.
The nucleotide was further shown to increase the inhibitory effect

of abscisic acid on light induced germination. Despite the reported
occurrence of c-AMP in lettuce seeds (Narayanan et al., 1970; Pradet
et al., 1972), which is stated to be 'unequivocal', some doubt remains

as to whether cAMP does occur in plant tissues. The assays used to

43



measure c-AMP have been shown to be far from specific and a specific
protein kinase assay has failed to show the presence of c~AMP in
several plant tissues, previously reported to contain c¢~-AMP (Amrheim,
1974), c~AMP is well known as an animal hormone where it acts as
a 'trigger'. It is thought that in the animal the hormone activates
the plasma membirane surface by promoting the production, by the cell,
of the enzyme (adenyl cyclase) producing c¢-AMP in the cell; as part
of this activation, calcium ions, essential for the enzyme's activity,
encounter a more permeable membrane. Thereafter the c¢c~-AMP causes
proteins in the cell to be phosphorylated by activating protein
kipase which phosphorylates RNA polymerase. The RNA polymerase is
then thought to stimulate RNA synthesis which then directs protein
synthesis (from Steward and Krikorian, 1971). It has been
suggested that c~AMP acts in a similar way in plant cells, and that
hormones such as gibberellins, owe their activity to promotion of
c-AMP synthesis which then acts as the 'trigger'. This view has
little experimental backing and c-AMP could not be shown to be
produced in response to treatwent of barley aleurone by gibberellic
acid (Keates, 1973). At present the role of c¢~AMP, indeed the
presence of c=AMP, in plants is dubious,. c~-AMP represents the
dangers in too rigid an attempt to fit concepts derived from

animal studies to plant systems. The growth and development of
higher animals and plants are very different and there is no reason
for supposing that the same type of control mechanisms will operate

in both.

So far we have discussed a number of factors which if applied
to seeds of Grand Rapids lettuce, above the critical temperature, will
overcome thermodormancy. It was proposed that phytochrome acts as
a trigger to germination above the critical temperature. The inter-
action of phytochrome, or at least ied light, with other promotive
influences has been discussed. However, in the previously mentioned
theory of dormancy, put forward by Amen (1968}, dormancy is under the
~dual control of both promoters and inhibitors. We have also
suggested that phytochrome may act by increasing the promotive
tinfluences' present in the dormant seeds or by destroying 'inhibitory'
influences. We have not considered the role of inhibitors in
dormancy, nor have we offered any explanation of how the seed becomés
dormant above the critical temperature. It is to these questions

that our attention must now be turned.
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Seeds of Grand Rapids lettuce will germinate below the critical
temperature, given a suitable aqueous environment, and it was
suggested that there was sufficient phytochrome to:cause the events
leading.to the radicle emerging through the restraining layers of the
seed. Jones (1926) has described the morphology of the lettuce

seed and considers the ewmbryo to be surrounded by three layers.
(a) Pericarp or fruit covering.

(b) Integument; composed of a persistent outer epidermis with
thick walls, secondly, remnants of disorganised cells and
thirdly, a conspicuous suberized semi~permeable membrane
which belongs to the wall of the inner epidermis of the

integument, adjacent to the endosperm.

(c) Endosperm: in most parts of the seed consisting of a

distinct layer of two cells.
(see Figure 4)

It has been shown that the integrity of the endosperm layer
decides the photosensitivity of the seed (Borthwick and Robbins,
1928; Ikuma and Thimann, 1963b; Evenari and Newmann, 1952).

The effect of the seed coverings is not as a result of preventing

the outward diffusion of gases (Berrie and Hart, 1966), or the

inward movement of wa%er or gases (Mayer and Poljakoff-Mayber, 1963). -
Neither is this characteristic in any way unique to lettuce seeds
(Karssen, 1968; Roberts, 1961; Chen and Thimann, 1964; Bachelard,
1967b; Rollin, 1968; Webb and Wareing, 1972; Egley, 1972;

Juntilla, 1973b; Lona, 1947; Curtis and Cantlon, 1968). The
endosperm provides a mechanical barrier to germination. We have
proposed that below the critical temperature the embryo has sufficient
- growth potential to rupture this mechanical barrier, and that above
the critical temperature some stimulus is required to increase the

- growth potential of the embryo. If the endosperm is punctured, in
seeds showing therﬁodormancy, they will germinate in the absence of
any further stimulus, and Speer (1974) has suggested that the
integrity of the endosperm could be a natural controlling mechanism.
However, we have previously noted that the seed coats cannot explain
the quantitative differences in germination behaviour of seeds
obtained from different lines of Grand Rapids lettuce (Globerson et
al., 1974). In the absence of any evidence for the presence of

hydrolytic enzymes which could destroy or weaken the endosperm, it
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Figure 4.
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seems justified to suggest that control of thermodormancy, whilst

requiring an intact endosperm, resides in the embryo.

Seeds of Grand Rapids lettuce will germinate, below the critibal
temp;rature, without an additional stimulus to germinate. It seems
unlikely, therefore, that there is sufficient inﬁibitor(s) present
to inhibit germination, or at least at sites where they can affect
.germination processes. Below the critical temperature it can be prop-
osed that there is sufficient 'effective' promoter to overcome inhib-
itors, if present, or alternatively, the 'effective' inhibitor
level is reduced in some way at this temperature but not above the
critical temperature. Seeds are known to be rich sources of a
wide range of inhibitory material, most of which is not considered to
have a control function. It has been suggested that one inhibitor
with such a control function could be abscisic acid (Rmen, 1968).

With respect to studies on seed germination, the involvement of hormones
can be examined either by exogenous studies, where known compounds
are supplied to seeds, or by investigating the endogenous components

of the seeds and their metabolism.

Abscisic acid (ABA) has been shown to inhibit the germination
of Grand Rapids lettuce seeds below the critical temperature (Khan,
19268). ABA has also been shown to inhibit the germination of a
number of other cultivars of lettuce (Aspinall,et al., 1967; sankhla
and Sankhla, 1968; Reynolds and Thomson, 1973; McWha, 1973).
Inhibition of germination, even in continuous contact with an ABA
solution, is not permanent, although at high concentrations there is
some reduction of the final percentage germination attained (McWha,
1973). In Great Lakés, Aspinall et al. (1967) have shown that ABA
inhibition could be overcome by kinetin and to a lesser extent
gibberellin A3 (GAB)' provided the concentration of ABA was not too
high. Red light was ineffective in causing germination of seeds
held in ABA solution. Khan (1968) working with Grand Rapids seeds,
showed that ABA inhibition could be overcome by kinetin but not by.

-GA.. In a fixeg concentration of kinetin, increasing concentrations

3

of GA3 were shown to cause increased promotion of germination.

Bewley and Fountain (1972) found that both kinetin and GA, were

3
required to overcome ABA inhibition of whole seeds of Grand Rapids,
whilst kinetin alone was effective in isolated embryos. Reynolds
and Thomson (1973}, using the cultivar Arctic King, showed that

kinetin could overcome ABA inhibition but GA3 or GA4+7 were ineffective.
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Combinations of kinetin and gibberellin were no more effective than

kinetin alone.

, Khan (1971) proposed a theory for the control of dormancy,
based on his work with lettuce seeds and other systems (Khan, 1967a,b;
1968; Khan and Heit, 1969) where cytokinins are assumed to be
'permissive’. In the presence of inhibitor, which may be ABA,
gibberellins are inactive in causing germination unless a cytokinin
is present. Khan views the gibberellin as the primary controlling
hormone, with cytokinins and ABA, fulfilling permissive and inhibit-~

ory roles. Work on Setaria lutescens (K0llman and Staniforth, 1972)

supports Khan's theory, and in addition ABA was identified as an
endogenous component of this seed. Xhan states that the control of
seed germination and dorxmancy by external application of hormones
vrobably reflects the natural control of'dormancy and germination

(kKhan, 1971).

Clearly, seeds of Grand Rapids lettuce have not been fully
investigated'for the interrelations of cytokinins, gibberellins,

abscisic acid and phytochrome.

The abscisic acid used in most exogenous studies is synthetic

(RS) - (%) abscisic acid. The naturally occurring enantiomer, (S)
~ (+) - abscisic acid, has been identified by Oritani and Yamashita
(1972) and by Ryback (1972). The synthetic substance is optically
inactive, differing from the naturally occurring enantiomer in
having ahigher melting point and lower solubility (Milborrow, 1974).
While there are physical differences between the natural and
synthetic compounds, the guestion arises as to whether or not

theifT biclogical properties are the same. The resolution of the
stereo isomers (Cornforth et al., 1967) and their subsequent testing
by Milborrow (1968) has shown ﬁhat both the R(-) and S(+) -ABA can
be equally active. This depends on the biocassay employed to assay
'activity. Certain assays rely on their ability to metabolise ABA.
It is known that the two forms R(-) and S(+) are not metabolised in
the same way (Milborrow, 1970; Walton and Sondheimer, 1971}. This
point is fully discussed by Milborrow (1974).

As well as sterecisomerism, ABA exhibits geometrical isomerism
at the unsaturated bond between carbons 2 and 3 in the side chain.
The ABA most commonly isolated from plant tissue is the cis, trans or

Z,E isomer, although trans, trans or E,E ABA has been detected in

-
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plant tissues (Milborrow, 1270). In Rosa arvensis only 4% of the

total (+) ~ABA was present in isolated leaves as the trans, trans
isomer. In avocado seeds, which are shielded from sunlight by a

thick, éigmented pericarp, no trans, trans isomer was found

(Milborrow, 1970). In solvents cis, trans ABA, photoisomerises to

a 50:50 equilibrium mixture with the trans, trans isomer (Mousseron-
Canet et al., 1960; Cornforth et al., 1968; Lenton et al., 1971).

The biological activity of the trans, trans isomer has been reported

as equally active to the cis, trans isomer (Addicott and Lyon, 1969),

to totally inactive (Cornforth et al., 1965; Milborrow, 1966; Tamura
and Nagao, 1969). McWha (1973) assigns the trans, trans isomer 50%

the inhibitory activity of the cis, trans isomer in inhibiting germ-
ination of seeds of Arctic King or Great Lakes lettuce. This dis-
crepancy may be accounted for in terms of the aforementioned equilibration
of trans, trans and cis, trans isomers in light. The growth inhibitory
activity of trans, trans ABA, carried out in light, may be attribut-

able to the cis, trans isomer formed by photoisomerisation.

If ABA is to be assigned a control function in seed dormancy
the first prerequisite must be the unequivocal identification of ABA
in the seed under study. An attempt should then be made to correlate
changes in the endogenous hormone with changes in germinability,
although the demonstration of such a causal relationship is not
itself proof of a controlling function. With respect to lettuce
seeds, ABA has been identified in two cultivars, Great Lakes and
Arctic King (McWha, 1973) but has not been shown to be present in
Grand. Rapids. During germinatiocn at 200C, the endogenous level of
ABA in Great Lakes and Arctic King seeds was shown to fall thirty-
fold in 24 hys imbibition. This fall could not be attributed to
leaching of ABA. In an attempt to clarify this situation McWha
studied the metabolism of 2[14C]-ABA and showed that metabolism did
take place. One metabolite was produced which has not yet been
identified (McWha, 1973). The presence of ABA as an endogenous
component of a number of seeds has been demonstrated (Pieniazek and
Grochowska, 1967; Rudnicki and Susyka, 1969; Le Page-Digivry, 1970;
Williams et al., 1973) and exogenous ABA shown to inhibit germination
in seeds from a large number of species (Milborrow, 1974). When
seeds and pericarps are separated it is usually found that the con-
centration of ABA in the pericarp is greater than that in the seeds

(Rudnicki, 1973; Williams et al., 1973) although this need not
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always be the case (Diaz and Martin, 1972). Attempts have been made
to investigate the role of the ABA contained in the pericarp or the
seed in relation to doxmancy. gondheimer et al. (1968) reached the
conclusion that only ABA present in the embryo inhibits germination

of Fraxinus americana whilst any present in the fruit wall does not

affect the seed and is probably associated with regulation of
ripening or abscission of the fruit. Williams et al. (1973) reached

a similar conclusion for the fruits of Corylus avellana. However,

Rudnicki (1973) has postulated that translocation of endogenous ABA,
present in the seed coats, to the embryo could play a regulatory role
in inhibiting germination. In an attempt to gain some insight into
the possible ways in which ABA might control dormancy it is necessary

tc examine the way in which ABA is degraded during dormancy release.

- Few studies have been carried out to examine the metabolism
of radioactive ABA by seeds. The most detailed study is by Sondheimer
et al. (1974) using embryos from dormant or stratified, non-dormant

seeds, or dormant whole seeds of Fraxinus americana. These were

imbibed in (S)—2[l4C]ABA under a variety of. conditions. Both

- dormant and stratified embryos rapidly metabolize ABA to phaseic acid,

4'-dihydrophaseic acid and an unidentified polar metabolite, appar-
ently derived from 4'-dihydrophaseic acid. Non-dormant embryos had
only a slightly greater ability to metabolise ABA. Dormant intact
enbryos alsc metabolise (S)—2[l4C]ABA during stratification at 5°C
or incubation at 25°C. The metabolites formed were similar to
those formed by excised embryos although by 12 days a fourth metabolite
was observed. Both stratified and non-stratified seeds metabolised
ABA equally well. It is difficult to envisage how ABA can be
involved in maintaining dormancy in this seed. The metabolic path-
way in ash seeds, ABA - phaseic acid + 4'-dihydrophaseic acid,
appears to be common to many plant species and tissue types; in

embryonic axes of Phaseolus vulgaris (Walton and Sondheimer, 1972;

Tinelli et al., 1973); tomato stems (Milborrow, 1970) (where only’
.phaseic acid is formed and not 4'-dihydrophaseic acid). Only
(+)-ABA is metabolised to phaseic acid (Sondheimer et al., 1971;
Milborrow, 1974).

Phaseic acid was thought to be an artefact of the extraction
procedure (Milborrow, 1972) but this does not seem likely as phaseic

acid has been identified as an endogenous component of seed of
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Phaseolus coccineus (MacMillan and Pryce, 1968), apical tissue of sugar

cane (Most, 1971) and cotton fruit (Davis et al., 1972). 4'-dihydro-

phaseic acid has been identified in dry seed of Phaseolus vulgaris

(Waifonxgg_gl., 1973) , endosperm of Echinocystis macrocarpa (Beeley

et al., 1975) and apple seeds (Bearder et al., 1975).

A third naturally occurring metabolite of ABA is (+)~absciéyl—
B~D-glucopyranoside. This was produced by tomato shoots fed with
racemic 2[14C}ABA (Milborrow, 1970) and compared with the same
material isolated by Koshimizu et al. (1968) from yellow lupin

(Lupinus luteus). The natural glucosyl ester from racemic ABA gave

a mixture of (+) and (~) ABA with more of the latter (Milborrow, 1970).
(-)-ABA can be conjugated as easily as the natural (+) enantiomer.

The activity of the ABA glucoside was equivalenf to that of ABA

when expressed on a molar basis (Koshimiéu et al., 1968). However,
the ester is hydrolyzed rapidly by expressed sap from tomato shoots
(Milborrow, 1970). Thus its inhibitory activity may be accounted

for by the hydrolytic release of ABA. The stabiiity‘of the ester
within the tomato plant, in contrast to its hydrdlysis by cell sap,
suggests that the conjugate and the esterase molecules are held in
different cellular compartments. This glucosyl ester has been

shown unequivocally only in the two species discussed. Thé isolation
of the glucoside is extremely difficult as it readily breaks down
under acid conditions (Milborrow, personal communication). The
presence of the glucosyl ester in other systems is inferred from

the release of free ABA by alkaline hydrolysis of methanolic extracts.

Seeds of Taxus baccata (Le Page-Digivry, 1973) and Pyrus malus

(Bulard et al., 1974) have been shown to contain 'bound' ABA. The
glucosyl ester may be a rapid storage product. for exogenous ABA

when this is applied to tissues (Milborrow, 1974). However, its
discovery has led to attempts to'implicate 'bound' ABA in the release

- of dormancy. In Taxus baccata the elimination of dormancy, due

to stratification, is associated with a decrease in free ABA with a
parallel increase in thé amount of bound ABA-like inhibitors (Le
Page~Digivry, 1973). During bud dormancy break Lesham et al. (1974)
have shown that the level of 'free' ABA decreases whilst there is

a parallel increase in 'hound' ABA.

In Grand Rapids lettuce seeds we have noted that the induction
of thermodormancy is a threshold phenomenon (Berrie, 1966). Thus,
it would appear unlikely that the induction of thermodormancy would

involve immediate synthesis of an inhibitor. If an inhibitor is

51



involved in maintaining dormancy, above the critical temperature,
once could envisage this being brought about by the release of ABA
from a 'bound' form, assuming 'bound' ABA is biologically inactive,
or from some form of compartment. We observed that in tomato
Milborrow (1970) showed that the enzymes necessary to degrade ABA
glucosyl ester appeared to be separated from the endogenous ABA
glucosyl ester. Furthermore Railton et al. (1974) have shown
that chloroplasts contain ABA. It is possible to envisage ABA
moving from one part of the seed to another. The second critical
question is how red light can overcome thermodormancy. We have
previously discussed the possibility that red light operates
through an effect on promoters. Similar models can be presented
for inhibitors, where the promotive influence may remain constant,
but the 'effective' inhibitor concentration is reduced. The
reduction of effective inhibitor concentration could be envisaged
to occur by reversing the effect of temperature in increasing the
level of free ABA, in some way returning free ABA. to an inactive
foxm. Alternatively the degree of metabolism, via phaseic acid
or through other metabdlites (McWha, 1973), could be enhanced by
red light. None of these possibilities has been examined in seeds

of Grand Rapids lettuce.

Although we have discussed these 'alternatives' separately,
the theories need not be mutually exclusive. It was proposed that
germination was under dual control of promotérs and inhibitors,
Thus, the induction of thermodormancy might involve both a decrease
in effective promoter levels and an increase in effective inhibitor
levels. Furthermore, in dealing with more than one compound there
is the possibility that a sequential series of events is required.
Evidence for such a series of events would be difficult to obtain but
the concept should be borne in mind.when considering evidence for

the involvement of hormones in any physioclogical event.

There are a few reports which indicate that ABA can affect the
. endogenous promoters of plant systews. Rudnicki et al. (1972) have
shown that the endogenous gibberellins of apple seeds can be
related to the level of ABA in the seeds as can the endogenous
cytokinins (Rudnickikand Borkowska, 1973). However, zeatin cannot
influenée the metabolism of radioactive ABA, nor can ABA influence

the metabolism of radicactive zeatin in seeds of Fraxinus americana

(Tzou et al., 1973; Sondheimer et al., 1974). Whilst it is possible
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to speculate on how one hormone might affect the endogenous levels
of another, it is difficult to design the relevant experiments to
eliminate all other possible explanations, and even more difficult

to interpret the results cbtained in such experiments!

One central problem, not yet considered, is whether ABA is
involved in seed germination or in the radicle emergence, required
to bring about the visible manifestation of gexrmination. It is
difficult to separate the events leading to germination from those
required to bring about the visible evidence of germination, radicle
growth, which may be considered as seedling development. However,
the effect of ABA on these two processes has been separated in one

seed, Chenopodium album, as a result of a '"two stage' visible

germination (Karssen, 1968). The first stage, which is light
sensitive, is the splitting of the outer festa layer and the

extending of the radicle from within the seed. The second stage
involves protrusion of the radicle through the inner testa and
underlying endosperm layer. This second stage ié not 1light

sensitive. Using exogenous (RS)-ABA Karssen found that only the
second stage was inhibited. Clearly, if germination is not manifest
because of a restriction on the 'visible' signs of germination, radicle
emergence, then it is possible that we may be studying effects more
closely related to seedling development than germination. McWha
(1973), using time-lapse photography, studied the rates of radicle
extension immediately after emergence through the fruit coats in

fruits of the lettuce cultivars Great Lakes and Arctic King. He con-
cluded that the inhibition of radicle elongation brought about by

ABA qguld not explain the effect of ABA in inhibiting germination.
However, Bex (1972) has presented evidence that ABA merely inhibits
radicle growth and has no effect on the events leading to cell extension.
In determining the role of ABA in germination, the question of

whether or not ABA affects only radicle elongation, is of paramount

importance.
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Auxins : their role in seed germination

Darwin's conclusion, based on his work with Phalaris, contained
in the ﬁhrase - "we must therefore conclude that when seedlings are
freely exposed to a lateral light some influence.is transmitted
from the upper to the lower point, causing the latter to bend"
(Darwin, 1880, p.474) - may be considered to be the first evidence
that the site of perception of a growth stimulus can be remote from
the site of action. From this origin the work on the coleoptile of
grasses proceeded and the essential steps in its development are
summarised in the now classic diagrams of Boysen Jenson (1936).

These diagrams (see Fig. 5) show the steps taken in proving that_the
coleoptile tip produces a chemical substance which is transmitted
basipetally and stimulates cellular extension. Boysen Jenson proved
that the 'influence' could move through a layer of gelatin, but not
through material impervious to water, such as mica. Pdal extended
these experiments and showed that the growth of a‘*particular organ,
the hollow sheath or coleoptile, is controlled by its tip through

the action of a diffusible substance. Went showed that this active
agent diffused into agar from living oat coleoptile tips and that

the agent which had diffused into the agar stimulated cell elongation
just as it did when in living tips. If a small block of this agar

is placed unilaterally on a decapitated Avena coleoptile the resulting
curvature could be shown to be proportional, within limits, to the
concentration of the growth hormone present. This enabled the
quantification of a plant growth substance for the first time, and

is arguably the single most important event in the history of plant
physiology, the 'bioassay' was born: The diffusate was called

auxin (from the Greek auxein - to increase) following Kbgl's suggestion
(steward and Krikorian, 1971) and any substance which elicits a similar
response may be said to show 'auxin like activity'. The active
substance was shown to be identical with indole-3-acetic acid (IAA)
although the first uneqglivocal evidence for the presence of IAA in

ocat coleoptiles was not made until 1974 (Banaurski and Schulze, 1974).
Over the years IAA has been invoked in one way or another in almost
every conceivable biochemical, cell or whole plant physiological
response. However, the evidence for any role for IAA in the control

of dormancy and germination is sparse.

Evenari and Mayer (1954) could not find any promotion of germin-
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Figure 5

Schematic representation of the early work on hormone

control of plant growth (after Boysen-Jenson, 1936).
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When the coleoptile tip is

Growth hormone is given off from plant tissue
{coleoptile tips) into agar. When a small block
of this agar is placed unilaterally on a decap-
itated Avena coleoptile. the resulting curvature,
a. is proportional, within limits. to the con-
centration of growth hormone present. b.

WENT, 1928, AND

WenNT. 1928
When unilateral hght falls upon
4 an excised Avena colcoptile tip, a,
placed in contact with two agar
blocks, b and ¢, separated by a razor
€— blade, d. growth hormone is dis-
P placed toward the shaded side; block

e

Van Der Wen, 1932
Transport of growth sub-
stance from an agar block. e.
through a segment from an
Avena coleoptile into another
agar block, /. takes place & |

enly toward the morpholog-

—
Darwin, 1880 28 T
L Light falling from one side ‘ pa— removed, phototropic response
e upon the tip of a grass coleoptile does not accur, Localized sensi-
(Phalaris) causes some influence 2 tivity to light and conduction of
to be transmitted downward; a stimulus was observed carly
the coleoptile curves toward the in many kinds ol plants.
light. :
%
g
e Gl Bovsen Jensen, 1910-1911
G - FiTTING, 1907 When an excised coleop-
In a room saturated with tile tip was replaced with
. water vapor, lateral incisions gelatin inserted between it
gither on onc or on both sides and the stump, phototropic
of the Avena coleoptile do curvature resulted as in nor-
not prevent its bending to- mal coleoptiles: the tropic
watd light from one side. mqu._mﬁ passed over the
incision.

b receives 65 per cent and block ¢ 35
per cent of all the recoverable growth
hormone given off from the tip.

ical base. Qualitative proof of f
the sume phenomenon was
given by Beyer (1928).

2

il
e

Boysen JEnsEN, 19101811
Insertion of mica plztes on the shaded side prevented
curvature following unilateral illumination of the tip.
‘When the mica insert was made on the illumnated side,
curvature resulted in the usual way. It was concluded
that a substance migrates down the back side promoting
growth curvature toward light.

—
-

VAN OVERBEEK, 1933

An agar block, a, containing
growth hormone is placed upon
the upper cut surface of a Raph-
anus hypocotyl segment standing
upon two plain agar blocks. b and
c. Exposure to unilateral light
causes displacement of growth
hormone toward the shaded side:
the recoverable portion is present
in the two blocks as indicated.

HORMONE EXPLANATION OF
PHOTOTROPISM

The growth hormone is displaced
by unilateral light into the shaded
portion of a hypocotyl, petiole. or
similar organ. Its presence in
greater  concentration  promotes
growth more rapidly there. and the

organ bends toward the light.
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PaAL, 1918
When an excised tip is re-
placed on one side of the Avena ]

SOpNG, 1925
Decapitation results in Gi-
minished growth of the Avena

Dotk, 1929 .

When an excised coleoptile tip. a. is placed in a horizontal position in

contact with two agar blocks, & and ¢. growth hormone is displaced

toward the lower side. It accumulates in greater concentration in bloch ¢.

When a cylindrical segment of an Avena coleoptile is plac=d hori- E

zontally and supplied with growth hormone at the morphological apex. -
d. transport takes placc toward the lower side of the morphological

st

coleoptile stump, accelerated

coleoptile. but when the ex-

base. the hormone accumulating in biock e.

PP

3
cised tip is replaced. growth h. WE@&Q@ h

in length is renewed.

growth beneath the tip results
in curvature.

Negative
curvature

StArK, 1917-1921 SEUBERT. 1925
Expressed sap from Avena coleoptiles was put into agar blocks which
were applied unilaterally to coleoptile stumps: curvatures resulted.
Seubert {1925) found by using this method that some substances promote
while others imhibit growth, as indicated by negative and positive curvatures.

Positive
curvature

Bovysen Jensen, 1933
When an excised root tip of Ficia Fabu. a. is placed horizontally in contact with agar blocks.
. b and ¢, containing 10 per cent glucose. growth hormone is displaced to the lower side and
accumulates in the Jower biock. c.

Loes. 1916

The presence of vig-
orous leaves on a hori-
zontally placed Bryo-
phyllum stem increases
geotropic bending (also
the production of roots
is stimulated). The ac-
tion of hormones was
suggested as  the. ex-
planation.

WENT. 1928

When an Avena coleoptile is
decapitated its growth in length
ceases. 2. The addition of u plain
agar block. b. has no cfiect. but
growth is renewed by the addi-
tion of a block. ¢. containing
Juice extracted from the excised
tip.

HorMoNE EXPLANATION
OF GEOTROPISM

/
I/

Duxman, 1934 Tropic bending results from dis-
] Growth hormone supplied ) placement of hormone to the lower
w& in agar to the cut apex of a side of the plem axis. The shoot
e segment of Lupinus hypo- curves upward because its growth
cotyl. placed in a horizontal is promoted. and the
position, is transported to- foot turns d ard
ward the lower side of the because its growth is
' morphological base. inhibited by the hor-
P h h . mone (Cholodny). h ~ h h 4._ h h




ation in imported seeds of Grand Rapids lettuce, held in darkness,
over a wide range of concentrations of exogenous IAA. The higher
concentrations were found to be inhibitory. When -applied in
conjhncfion with red and far-red light, IAA had no significant effect.
Seeds of the lettuce cultivar Progress behaved similarly, although
higher concentrations of IAA were required to inhibit germination.
When the same experiments were carried out with locally grown seeds
of Grand Rapids, low concentrations of IAA had a promotive effect

in darkness whereas high concentrations inhibited germination (Poljakoff-’
Mayber, 1953). The anti-auxin P.C.I.B. had no effect on germination,
IAA and a number of other compounds, displaying auxin-like activity,
were found to be inhibitory to the germination of seeds of Grand
Rapids lettuce in light or darkness. Kinetin and GA3 were shown

not to be able to overcome IAA inhibition (Khan and Tolbert, 1966).
Sankhla and Sankhla (1968) also showed IAA to be inhibitory to

the germination of seeds of two other cultivars of lettuce.

There are few reports of the effect of IAA on the-germination of
other seeds but these few emphasize the point that IAA may promote

to a small degree at low concentrations but always inhibits at

high concentrations (Vyas and Shrimal, 1973).

As IAA has been shown capable of promoting cell elongation,
it might have been proposed that IAA could be involved in the
extension of the radicle during seed germination. This seems
unlikely in view of the evidence cited above. However, the action
of IAA in the extension of oat coleoptile segments is proposed to
involve in part the secretion of hydrogen ions. If hydrogen ions
were released into the solution, in which seeds were being imbibed,
it is possible that fhe medium could be acidified. This acid
bathing solution could then inhibit radicle elongation, stopping the
visible manifestation of germination (Rayle, 1973; Reynolds, 1975).
There is at present no evidence that IAA solutions become more acid in
the pfesence of seeds. It is also possible that only low concen—-
- trations of IAA are required to promote germination as a result of

very localised sites of action.

As was the case with all the other hoxrmones considered, two
conditions require to be met, in order to satisfy the minimum

requirement for indicating a role for IAA in germination; that it is
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present in the seeds must be proven, and its endogenous levels must
be correlated in some way with dormancy-release and germination.

The evidence for both these prerequisites is scant indeed. There

- is no evidence that auxin like compounds are present in seeds of
Grand Rapids lettuce (Blumenthal-Goldschmidt, 1958, 1960), although
the possibility that IAA may be present in some bound form, not
readily extractable, cannot be ruled out (Blumehthal—Goldschmidt, 1958) .
Since this early work no reports have been made showing the presence
of TAA, "free' or 'bound' in lettuce seeds. Indeed the only seed,

so far shown to contain IAA is sweet corn, Zea mays, which contains
60-80 mgs/kg esterified IAA and 3~4 mgs/kg free IAA (Kopcewicz et al.,
1974) . Auxin like activity has been shown in seeds of Hyoscyamus
muticus (Elkinawy and Hemberg, 1974). Auxin activity was found '
prior to germination and was promoted by kinetin and diurnel
temperature fluctuation, both of which promoted germination. An
auxin like compound has also been found in grains of barley, although
IAA was shown not to occur (Minchin and Harmey, 1975). It is
possible that if only small amounts of IAA are present in lettuce
seeds, these levels would have been below the detéction limits of

the methods in use prior to 1260. Thus, the guestion as to the

presence or absence of IAA in lettuce seeds must remain unresolved.

If we accept that IAA may have a role in the control of dormancy
and germination, can we explain how IAA might function in either
overcoming or maintaining dormancy? The arguments used for displaying
a controlling function for the other hormones can be applied. We
can propose that if IAA is promoting germination, this is because of
{a) iﬁcreased synthesis or decreased catabolism, or (b) release from
a 'bound form' or from a compartment where it is presumed inactive.

If IAA is presumed to inhibit germination, then the opposite argument
can be proposed. Release from dormancy could be by decreased syn-
thesis, increased catabolism or removal of ‘'active' hormone into a
‘bound or compartmented form. In view of the lack of evidence dealing
with the role of IAA in seeds, it is difficult to determine which of
these alternatives is operating to control the level of endogenous IAA,
These alternatives need not be mutually exclusive. A brief survey of
the literature dealing with other plant systems does show that the

alternatives stated could be operative.

There are numerous forms of ‘bound' IAA; glucose (l-{(indole-

3-acetyl) B-D-glucose), other sugars, aspartic acid and chloro
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derivatives of this conjugate, a B-1,4-linked cellulosic glucan,
myoinosital, myoinosital arabinosides or myoinosital galactosides
(schneider and Wightman, 1974). If such conjugated forms of IAA
are %reéent in seeds, they may be inactive and cleavage may produce
free IAA which can either inhibit or promote germination. IAA can
also be bound to a particulate fraction in pea seedlings (Jablanovic
‘and Nooden, 1974) or corn coleoptiles (Hertel et al., 1972).
Cytokinins can compete for the binding sites, indicating a possible
way in which the cytokinin might counteract a possible effect of
auxin in seed dormancy. It should be noted that kinetin did not
overcome IAA inhibition of lettuce seed germination (Khan and Tolbert,

1966) . However, we cannot rule out other cytokinins being effective.

Another interesting report is that of Muir and Chang (1974).
These workers showed that red light reduéed the growth of ocat
coleoptiles and .synthesis of auxin, the effect being far-red reversible.
They interpreted their results as an effect Qf phytochrome on the
cell membrane which delocalizes the tryptophan utilized for auxin
synthesis. Furthermore, it is well documented that IAA destroying
enzymes, be they IAA oxidase or peroxidases, may be associated with
cellular compartwments. - If IAA and the enzymes involved in catabolism
are spatially separated, until a stimulus to germinate has been given,
an obvious control mechanism exists for regulation (Schneider

and Wightman, 1974).

It was previously suggested, although with little experimental
backing, that kinetin and/or red light promote the germination of
thermodormant seeds of Grand Rapids lettuce by promoting pectinase
and cellulase activity in the seeds (Ikuma and Thimann, 1963b).
These enzymes would reduce the mechanical barrier to germination.
There is evidence that in pea epicotyls auxin increased cellulases
in the cytoplasmic fraction and wall bound cellulases (Ridge and
Osborne, 1969; Ferrari, 1972).

As a final ‘model' of what the possible involvement of IAA in
‘seed germination might be, it has been shown by Lee (1974) that
cytokinin controls the level of IAA oxidase and peroxidase in
tobacco callus cells. Other hormones have also been shown to affect

the level of IAA destroying enzymes (Lee, 1971a,b).

An increase in IAA destr0yiﬁg enzymes would lead to reduced IAA

content, which could release the thermodormant seed to germinate.
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Obviously, it is possible to speculate at even greater length
on the way in which IAA might act in controlling thermodormancy,
either imposing thermodormancy or releasing the seed from dormancy.
Howeéer; the real need is to look at the endogenous content of IAA
in seeds, and whether IAA promotes or inhibits germination, in an
attempt to resolve a problem which seems to have attracted little

attention from 'auxinologists'.
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Mode of action of phytochrome and plant hormones

Seeds of Grand Rapids lettuce will germinate, given suitable

" moisture, below a critical temperature but not above it. There is

a sharp temperature 'cut off' indicating the threshold nature of

the phenomenon. This thermodormancy is overcome by the action of
phytochrome and it has been proposed that phytochrome acts as a
‘trigger' for germination (Amen, 1968). The action of phytochrome
is rapid, although the prolonged presence of phytochrome may also

be required. It has been suggested that phytochrome may cause
germination by altering the 'effective' concentration of (a) growth
regulating compound(s} in the seed. The compound(s) would then
control the release from dormancy. Whatever the action of phyto-
chrome might be, it can be reversed by far-red light given several
hours after red light, and it is assumed that red light leads to
certain biochemical events which eventually culminate in the growth
of the radicle. In considering how thermodormancy is removed, it
nust be remembered that phytochrome could act on its own without a
secondary 'messenger'. Thus, the possible ways in which phytochrome
and/or the secéndary messengers act should be considered. It is
also important to remember that since germination will take place at
a suitable temperature, something must happen when the temperature is
raised which inhibits germination. This has already been fully
discussed. However, if, for example, gibbereliin initiates events
which lead to germination, it should be borne in mind that these could
take place both below and above the critical temperature. In dealing
with the control mechanisms invelved, it is probable that the same

events occur both in the non-dormant and dormant seeds.

In order to define the possible points at which contrxol may be
exerted it is necessary to gain some idea of what happens to the
biqchemistry of the quiescent seed when it starts to imbibe water.
We shall only concern ocurselves with the primary events which take-
place. The biochemistry of seed germination and seedling growth
'has been the subject of a recent review and need not be dealt with

here (Mayer and Shain, 1974).

During seed maturation changes take place which prepare mature
seed to withstand desiccation. The process of switching off the

seed's metabolism is little understood but appears to be an organised
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series of events, since not all metabolic activities terminate
abruptly and simultaneously (Mayer, 1973). When the non-dormant,
quiescent seed is placed in a suitable environment germination will
takKe place. Reserve materials, stored during maturation will be
broken down and utilized as germination and seedling growth proceeds.
This breakdown must involve the action of enzymes which are either
present in the seed and require to be 'activated', 'released' or
synthesized de novo. It has been known for more than a decade that
the resting seed of wheat contains a ‘preformed' ox ‘resting'
messénger, ribonucleic acid  (m—RNA), formed prior to the trans-
cription of DNA after imbibition (Morton and Raison, 1964). The
presence Of preformed m-RNA has since been shown in cotton seeds
(Dure and Waters, 1964; Waters and Dure, 1965), pea seeds (Barker
and Rieber, 1967; Sieliwanowicy and Chmielewska, 1973), and rice
seeds (Bhat and Padayatty, 1974), and ribonucleic acids having
template activity have been found in soybean seeds (Méri et al.,
1968). Dry seeds have also been shown to contain ribosomes

capable of protein synthesis (Sturani et al., 1968; Marcus and
Feeley, 1965; Waters and Dure, 1965; Sieliwanowicy and Chmielewska,
1973; sSasaki and Brown, 1971; Efron et al., 1971; Yamamoto et al.,
1974; Reger et al., 1975). The activation of protein synthesis upon
imbibition may be due to the formation of polyribosomes from pre-
existing ribosomes and m~RNA resulting from a series of reactions
which require ATE (Marcus, 1969; Obendgrf and Marcus, 1974). In

Pisum arvense, Barker and Rieber (1967) suggested that protein

synthesis in quiescent seeds is potentially fully operative but is
limited by the absence of functional polyribosomes. Studies using
electron microscopy revealed the lack of polyribosomes in unimbibed
seeds. Polyribosomes have been shown to appear during germination
(Berjak and Villiers, 1970; Chapman and Rieber, 1967; Durzan et al.,
1971; Marcus and Feeley, 1965; Sasaki and Brown, 1971). An
alternative to the formation of active polyribosome formations would
be the modification of ribosomal structure which resulted in
ribosomes becoming more active in incorporating amino acids.

Sturani et al. (1968) provide evidence against this hypothesis.

) Pre-formed m~-RNA is resistant to desiccation in wheat embryos,
whilst newly synthesized m~RNA loses its ability to be transcribed
after a cycle of dehydration and rehydration (Chen et al., 1968).
It has been suggested that m—RNA in dry embryos is preserved in a
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complex form within the ribosomal fraction (Schultz et al., 1972).

Thus, in a number of seeds the sequence of events following
imbibition would appear to be a rapid formation of active poly-
ribésomes from pre-existing ribosomes and m~RNA. Although de novo
synthesis of ribosomes has been shown to precede polyribosome
formation and protein synthesis, in castor bean and broad bean seeds
(Marre, 1967; Payne and Boulter, 1968), this does not seem to be
general. Furthermore, m~RNA synthesis seems not to be reguired in
the initial stages of germination. Dry seeds of wheat have been shown
to contain preserved and protected DNA templates (Chen and Osborne,
1970a) but no replication of the DNA template could be detected
during the early period of germination. It is known that DNA
synthesis is not a prereguisite of germination in lettuce seeds
(Haber et al., 1969). Thus, although continued seedling
development obviously reguires de novo synthesis of RNAs, DNA, etc.
in the context of the early control of seed germination these events

.

may not be important (Frankland et al., 1971).

What is known of the early events of germinétion in seeds of

Grand Repids lettuce?

Firstly, DNA synthesis is not required for germination.
Neither ddes it seem that de novo synthesis of m—RNA is required.
Frankland et al. (1971) showed that the nucleotide base analogue
6-methyl purine inhibited lettuce seed germination but the rate of RNA
synthesis in ungerminating and germinating seeds differed only after
about 12 hrs at 27°C by which time radicle growth had started.
Bewléy and Black (1972) reported that there were no major gibberellin
induced changes in protein synthesis before visible germination.
The picture is complicated by the work of Black and Richardson (1965,
1967) who found that L~threochloramphenicol, actinomycin D and
D-chloramphenicol promote the dark germination of lettuce seeds.
The suggestion made by these authors. was that these substances act
by arresting an inhibitory process which requires protein synthesis.
Further confusion about the role of nucleic acid and protein synthesis
in lettuce seeds has been added by the conflicting results of
Mitchell and Villiers (1972) and Fountain and Bewley (1973). Mitchell
and Villiers reported that they could not detect polyribosomes in
imbibed seeds in darkness and that polyribosomes were formed when a

dormancy breaking stimulus of illumination was given. In direct
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contradiction of this work the latter authors showed that in ungerm-
inated seeds, polyribosomes build up early in germination and that
these polyribosomes are active in protein synthesis. The work of
Efron et al. (1971) would tend to support Mitchell and Villiers.
They showed that amino acid incorporation increased during the first
three hours of imbibition, independent of light and in the absence
of synthetic m-RNA. These results infer the presence of both
ribosomes and preformed m-RNA, This ‘'activity' would ndt lead to
germination and illumination is required if incorporation activity

is to increase again at 18 hrs, leading to germination.

Srivastava and Poulson (1968) and Poulson and Srivastava (1968)

have studied the fine structure of the embryo of Lactuca sativa, cv

Grand Rapids in the dry seed and during germination. They found
that the first cells to be activated were in the hypocotyl just
behind the root, after about 12 hrs. In dry embryos ribosomes

were common on the cisternae of endoplasmic reticulum as well as in
the ground cytoplasm. Polyribosomes were absent ‘and the endoplasmic
reticulum was poorly developed. As activation of the embryo took place
there was a proliferation of the rough endoplasmic reticulum and
aggregates of ribosomes, polyribosomes, could be seen on the profiles
of the endoplasmic reticulum and in the ground cytoplasn. These
features were especially evident in cells of the root-shoot axis.
bictyosomes (or Golgili apparatus) could also be recognised in cells

of the root-shoot axis after 24 hrs. The Golgi apparatus are
thought to be involved in lipid metabolism and the production of

lipids used in membrane synthesis.

It would appear that in lettuce seeds we have a situation not
dissimilar to any otherguiescent seed. Preformed m-RNA and ribosocmes
exist and the synthesis of m~RNA and DNA are not prerequisites for
germination. The difference between quiescent seeds and seeds
showing dormancy would appear to lie in their ability to produce
polyribosomes, active protein synthesising units! Although there
.is contradictory evidence in lettuce seeds, it can be proposed that
in lettuce, at least insuficient polyribosome formation takes place
to cause germination unless some stimulus to germinate is applied.

A number of other red light promoted seeds have been shown to
require fed light treatment if polyribosomes are to be found and
subsequent germination take placeA(Sasaki and Brown, 1971; Yamamoto

et al., 1974; Reger et al., 1975).
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Thus, whatever red light or various hormones do to promote
germination must take place somewhere in the chain of events
leading to"the production of active polyribosome. complexes. The
pro&ﬁction of polyribosomes itself takes some time which makes it
unlikely that this event itself can explain how these promoters
effect seed germination. The number of points at which a promoter
could control the production of polyribosomes is numerous. Refer~
ence to Figure 6 shows that control could reside at any point from
the amino acid to the deposition pf these on the ribosome, or
between the m-RNA and the ribosome. This is a very simplified
picture of protein synthesis in plants. Zalik and Jones (1973)
have reviewed protein synthesis in plants and it is clear that
whilst a general 'outline' may now be accepted as being of universal
application, the fine details are only poorly understood. As we
have shown that the transcription of m-RNA appears not to be a
requirement for the initial steps of seed germination, the evidence
for hormones or phytochrome in the control of transcription or DNA
-synthesis'willinpt be dealt with. It should be understood, however,
that the ultimate expression of germination and the further growth o
the seedling require these events. Anything which interferes with

these events will be seen to influence 'seed germination'.

It has been suggested that phytochrome itself may mediate
Qermination without the aid of a second messenger. Is thers any
evidence that phytochrome can affect protein synthesis directly?
One point where phytochrome could act is indicated from the work of
White and Pike (1974). A rapid increase in adenosine-5'-triphosphate
(ATP) in etiolated bean buds was shown to be under the control of
phytéZhrome. It has previously been stated that ATP is required
for the formation of polyribosomes from pre—existing m-RNA and
monosomes (Marcus, 1969; Obendorf and Marcus, 1974). It was
thought that phytochrome worked by gene de-repression (Mohr, 1966)
a theory still supported by Schopfer (1972). In an attempt to
provide evidence for this considerable work was carried out to
investigate phytochrome control of de novo enzyme synthesis.

Whilst it is reasonable to suggest that certain enzymes are indeed
synthesised de novo in response to phytochrome (the most recent
evidence'being Acton and Schopfer, 1974; Acton et al., 1974;
Attridge, 1974), it would also appear that phytochrome may act by

releasing an inactive precursor of the enzyme (Attridge and Smith,
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Figure 6 . Scheme of events involved in protein synthesis
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1973; Attridge et al., 1974). The rapidity of phytochrome action

in a 1argé number of responses has led to the idea that it in some

way influences membranes. How this might operate and subsequently lead
to germination will be discussed at a later stage. We will first
consider the evidence relating to the possible mode of action of a

secondary messenger.

It is generally accepted that this .second messenger will be
one of the recognised plant hormones. There is a wealth of
literature dealing with the mode of action of plant hormones. We
have proposed that control of DNA gynthesis and transcription cannot
account for the control of dormancy release. It is intended to
attempt to examine where control might reside, in the series of events
leading to active protein synthesising units, polyribosomes.
Evidence using only seed systems is fragmentary and use will be made

of non seed systems.

The most comprehensively studied system for the biochemical
basis of any plant hormone is the barley or wheat-aleuxone; the
role of gibberellins in this system has been recently reviewed
by Jones (1973a). It is not intended to consider all aspects of
this system, but to draw a model. Gibberellins have been shown to
lead to de novo synthesis of enzymes in the cells of the aleurone
layer, these enzymes being secreted into the endosperm where
hydrolysis of stored substrates proceeds. The response of isolated
aleurone tissue to exogenous gibberellin has a lag period which varies
from 4 to 20 hrs after the addition of the hormone. It should be
pointed out that d amylase enzyme production is not an event which
controls germination (Drennan and Berrie, 1961); however, this
fact does not mean that the early results of gibberellin action are
not involved in the germination response. What then are the early
actions of gibberellin? Evins (1971) and Evins and Varner (1972}
have shown that there is both an increase in ribosomes and the
formation of polyribogomes in barley aleurone cells. These effects

. are probably prerequisites for the hormone induction of enzyme
synthesis. ABA is known to inhibit o amylase formation (Chrispeels
"and Varner, 1967) and also ribosome synthesis and the formation of
polyribosomes (EvinsAand Varner, 1972). Another early conseguence
of gibberellin action is an increase in membrane, particularly endo-

plasmic reticulum production (Joﬁes, 1969a,b) . Evins and Varner (1971)
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showed [14C] choline incorporation into a semi-purified fraction,
containing endoplasmic reticulum, was increased 4~ to 8-fold by
gibberellin, with a lag period of about 4 hrs. This parallels

the increase in polyribosome formation and is also inhibited by

the addition of ABA. That the production of endoplasmic reticulum
could be as a result of de novo synthesis is supported by the work

of Johnston and Kende (1971). Two enzymes of the cytidine
diphosphate choline pathway of lecithin biosynthesis are stimulated
withig 2 hrs of GA3 treatment. Cell free extracts from gibberellin
treated barley gleurone layers show greater phosphoryl choline
glyceride transferase activity than control layers and this activity
does not require RNA or protein synthesis. ABA inhibits this
gibberellin dependent activation (Ben-Tal and Varner, 1974). Aithough
the evidence in favour of an increase in endoplasmic reticulum via
increased synthesis of membrane is strong, Firn and Kende (1974) have
failed to show any radical changes in lipid content of aleurone
layers when treated with gibberellin, and believe .that the accumulation
of endoplasmic reticulum in aleurone layers, evidenced during
gibberellin treatment, may be an indirect effect. Nevertheless there
would appear to be an increase in membrane, whether or not .it is
caused by increased synthesis of membrane components, and it has

been suggested that the synthesis of gibberellin induced hydrolases
may depend on the availability of proper membranes for the attachment
of polyribosomes that carry hydrolase specific m-RNAs (Tata, 1968).
'It is known that polyribosomes are the active protein synthesising
units (Poulson and Beevers, 1970) but the exact role of membrane‘
boundlpolyribosomes is unclear. If we accept that the attachment

of polyribosomes to membranes may have significance in the regulation
of their activity, clearly as yet purely speculative, then it must

be important to understand how the polyribosome is 'held' on the
menbrane. Implicit in the interpretation of much of this type of
work is that the formation of polyribosomes is dependent on the
availability of m—-RNA. - It is assumed that polyribosomes are held

to membranes by the m~RNA (Chen and bsborne,~l970b). However,
Dobberstein et al. (1974) showed that mild ribonuclease digestion
released only about 10% of the membrane bound ribosomes. This
result makes it unlikely that m~RNA is solely responsible for a

specific attachement of ribosomes to membranes.
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One of the major problems in any scientific study is the inter-
pretation of results. We have presumed that the action of gibberellin
does not involve an effect at the level of transcription, but how
easy'is.it to determine whether an action of a plant hormone is at the
level of translation or transcription? Carlson (1972) studied the
induction ;f o amylase synthesis in the presence of 5-fluorouracil
and came fo the conclusion that gibberellin induced synthesis of
o amylase in barley aleurone could satisfactorily be explained by a
post—transcriptional control point. However, his data have been
re~interpreted to show control at the level of transcription!
(Chandra, 1974). Furthermore, the synthesis of new ribosomes was
thought not to be necessary for o amylase induction by Jacobsen

and Gwar (1974).

These points are mentioned to emphasize caution in 'model’
building. Whilst a model may be intuitively pleasing, it is
difficult to resist a degree of selectivity in examining the relevant

evidence, albeit unconscious.

It has been shown then that ribosome synthesis, the aggregation
of ribosomes into polyribosomes and the synthesis or at least
appearance of membranes are early events influenced by gibberellins.
These events have also been shown to be affected by other hormones.
We have discussed the‘evidence for ABA inhibition of many of the
events promoted by gibberellin in the aleurone system. The need
for cytokinin for cell division in cultured cells of Glycine max
has been correlated with a high cellular content of polyribosomes.
The increase in the presence of cytokinin was rapid and had no
detectable lag period. m-RNA synthesis was not required (Short et
al., 1974). Also, the removal of cytokinin from a cytokinin requiring
strain of soybean cells leads to a rapid decline in polyribosomes.
Assoclated with this decrease was an increase in phosphorylation of
the ribosomal protein (Tepfer and Fosket, 1975). BEvidence for the
modification of pr&tein phosphorylation in other organelles and
ribosomes had previously been reported by Ralph et al. (1973). The
role of phosphorylation, or the possible alteration of a kinase
responsible for such phosphorylation, is unclear, but in animal
cells cyclic AMP is known to be responsible for ribosomal protein
phosphorylation (Tepfer and Fosket, 1975). A correlation has been

. shown between the extent of binding of cytckinins to ribosomes and
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the biological effects of various cytokinins (Berridge et al., 1970 )
and the incorporation of cytokinin into transfer RNA is known

(Fox, 1966}. How cytokinins might affect the ribosome is unknown
but there is considerable evidence that cytokinins can interact with
ribosomes. We discussed the role of gibberellins in relation to
cell membranes, particularly with respect to the lipid fraction.
Membranes will be discussed at a later stage. Suffice to point out
that the membranes found in plants also have a polysaccharide
component. Zeatin, a naturally occurring cytokinin, has been

shown to alter the polysaccharide composition of lettuce pith. The
change in pattern was evident in the Golgi fraction at an earlier
stage in the induction of the response than in the endoplasmic

reticulum (Wright and Bowles, 1974).

The mode of action of auxin has been the subject of a recent review
by Davies (1973). The earliest actions of auxin are too rapid to be
exXplained by protein synthesis and most likely involve activation of
an ATP’ase proton pump focated in a cell membrane. Of all recognised
plant hormones, the role of IAA in seed germination is the least well
established. It is not clear whether IAA is promotive or inhibitory
to germination. IAA has been implicated in the control of poly-
ribosome levels in etioclated pea stems and in soybean hypocotyls
(Trewavas, 1968; Travis et al., 1973). Whilst Trewavas (1968)
believed this control to be dependent on the increase in ribosomal
RNA, Travis et al. (1973) have shown that the increase in poly-
ribosomes was preceded by, and was dependent upon, the activation
of 80s monoribosomes. This activation was related, at least in
part, to an increase in the level of peptidyl {-RNA associated with
the ribosome population. Travis et al. (1974) reported an
identical situation with 80s maize ribosomes from dark grown
seedlings where activation was under the control of phytochrome.

A similar promotion of polyribosome formation, plus an increase in
ribosomes, was observed in IAA treated callus tissue of Cichorium -

‘ intybus. Furthermore, electron microscope studies showed a parallel
increase in endoplasmic reticulum (Gurozdy et al., 1974). Auxin
induced growth in expanding apical cells of cat coleoptiles has been
shown to be mediated through the activation of the dictyosomes or

Golgi apparatus. This effect was rapid (Gawlik and Shen-Miller, 1974).
A final point where auxin might exert control is suggested by work

by Raa (1973). He indicated that ribosomes df cabbage roots contain
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IAA oxidase and peroxidase activity. One of the three peroxidases
that could be separated by gel electrophoresis showed allosteric
kinetics, suggesting an IRA controlled conformational change of

the protein.

When dealing with'the possible effect of gibberellin on the
syntheslis of endoplasmic reticulum, it was suggested by Firn and
Kende (1974) that the effect of gibberellin might not be on synthesis.
Sargent and Osborne (1975) have shown that ethylene leads to an
increase in endoplasmic reticulum, as shown by both electron
microscope studies and sucrose gradient centrifugation. They
believe that this increase iﬁ rough endoplasmic reticulum results
from a stabilisation of the membranes brought about by a reduced

rate of phospholipid turnover in the presence of ethylene.

It was noted that during the early stages of germination one
of the events was an increase in membrane, particularly the endoplasmic
reticulum. Speculation was made that this membrane was necessary
to provide endoplasmic reticulum for ribosomes to.attach. This
need not be the only role of the membrane. It has been shown
that about 30% of the activity of alkaline lipase in castor bean
endosperm is associated with the endoplasmic reticulum. The other
- 70% is associated with ¢lyoxysomes. The authors suggested that the
alkaline lipase depenéed on the prior action of an acid lipase
(Muto and Beevers, 1974). Acid and alkaline lipases have been
found in both dormant apple seeds and 'Grand Rapids" lettuce seeds
(Rimon, 1957). 1In apple embryos red light stimulates the action
of the alkaline lipase, as does GA4. Germination shows a
correlation with the alkaline lipase activity. The activation
of acid lipase is more complex (Smolenska and Lewak, 1974}. The
work on lettuce seeds is fairly old (Rimon, 1957) and shows that
a 'neutral' and an 'acid' lipase develop during germination. It
is also relevant that in pea the enzymes for fatty acid synthesis
are present in the.dry seeds and participate in the synthesis of
fatty acids once a critical water content of the seed is achieved
(Harwood and Stumpf, 1970). Although purely speculative, it may
be suggested that in dormant seeds the enzymes of fatty acid
metabolism are present and require to be activated by the trigger

previously discussed.
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The natural éontrol of germination and the imposition of dommancy
in seeds of Grand Rapids lettuce lies in an interaction between
temperature and phytochrome. We have discussed what might take place
in the seed to impose dormancy over a narrow change in temperature,
and Cohen (1958) has suggested that the change may be one of a
'physical' as opposed to chemical nature. The action of phytochrome
is rapid (Bewley et al., 1968). T