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SUMMARY

An investigation was made of the endogenous GAs of young

Pisum sativum seedlings, and of the metabolism of {3H}GHQ, [SH]GA12
aldeshyde, [*HIGA,, and [°H]GA,, by Pisum seedlings. An extract

of ten-day-old light-grown seedlings of the tall cultivar Alaska
was purified and than separated by HPLC into seventy fractions,
which were analysed using three biocassays and a GH1 radioimmuino-

assay. Active fractions were subsequently analysed by GC-MS.

Mass spectra of GA,, and GHZ were ohtained. GC-MS failed to

9
detect GA1 in a HPLLC fraction that had chromatographic and

201

assay properties similar to those of GA1. BC-MS did however
detect the gresence of a novel GA-like compound in this fraction.
Although the identity of this component was not determined its
mass spectrum contained ians characteristic of the presence of

a 13=-hydroxyl group.

Extracts of elght-day-old shoots from light- and dark-
grown seedlings of the tall cultivar Alaska and the duwarf cultivars
Meteor and Pragress No.9 were each separated into 35 fractions by
HPLC, andeach fraction analysed for the presence of GA-like
substances using a GA, radioimmunoassay., Light-grown shoots of
all three cultivars appeared to contain similar GA-like substances,
at least four being detected, The amount of GAZD in light grown
shools was estimated and varied from 70 to 330 po seedling'1
(ca. 0.4 to 1.6 ng g.f.wt'T.). These estimates are corrected

for the recovery of internal standards in the extracts and for the

cross-reactivity of GHZD in the GA1 RIA. Dark-grown shoots contained




much lower amounts of all the GA-like substances detected,
regardless of whether the amount was expressed on a per seedling
or on a per unit weight basis.

Tritiated products from feeds of [°H]GAs to secdlings were
analysed by HPLC-RC. Some of the [3H]GA,|4 metabolites were also
analysed by GC-MS, {SHIGAQ was metabolised extensively by light-
grown seedlings of bthe cultivars Alaska, Meteor and Progress No.S,
and also by dark-grown seediings of the cultivar Alaska, At least
twenty seven metabolites were detected, but only BAZU and possibly
GAZQ were identified. The pattern of metabolism appeared identical
in cv. Meteor and in cv. Progress No.9, and this was very similar
to the spectrum of metabolites observed from light- and dark-
grown seedlings of the cultivar Alaska.

Only low amounts of a single possible metabolite of {BH]Gﬂza
were detected. This putative metabolite was present in similar
amounts in extracts of light-grown shoots of the cultivars Alaska,
Meteor and Progress No,9, The metabolite was not identified but

was not GH1 or GHS, and probably not Gﬂzg or GA.,., catabolite.

29

At least fourteen metabolites were observed from a feed of
[3H]GﬂM to-young light-grown seedlings of the cultivar Alaska.
One product was identified by GC-MS as BATB’ hut the other
metabolites were not identified, although HPLC and GC-MS analysis
showed some of them to be distinct from a range of GAs, including
GA1, GAB, GH18’ anﬁ’ Gﬁza, GRSB and BAA2’ which were identified
by Durley et al. (1874a,b) as products of [SH]GA“I fed to pesa

seedlings.

il




[®H]CA, ., aldehyde was converted to small amounts aof a

12

number of products, but these were not distinguished from

breakdown products observed in control extractions.
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INTRODUCTION




1.1, THE GIBBERELLINS

The gibberellins (GAs) are a group of dilerpennid acids
which appear to function as endogenvus cegulators of plant growth,
This rcle is generally accepted as GAs have been found in a wide
variety of higher plants and because applications of small
guantities of GAs to plants can induce a wide rangé of plant
growth responses. Exogenous GAs can promote stem elongation,
leaf enlargement, flowering, fruit set, parthenocarpic fruit
development and germination. They can also break bud cdormancy
and retard senescence of stem apices and of leaves (see
Krishnamoorthy, 1975 and Letham gt al., 1978). Commercially
GAs are sprayed onto vines to produce large berries in open
cluskters, They are also used to speed the malting of cereal
grains, to improve fruit set and delay senescence of citrus crops,
to prolong the harvest period of the globe artichoke and to force
rhubarb in the absence of cold exposurs. Commercial uses aof GAs
have been reviewed by Martin (1983) and by Weaver (1872).

DCespite the wide range of effects that exogenous GAs can
cause, relatively little is known about the role of endogesnous
GAs and their wechanism of action. This is principally because
GAs are present in tissues in very low amounts. Shoot and leaf
tissuss typically contain only a few ng per g f.ut. of a GA,
althgugh lavels in seeds can be up to seuerallfg per g f.uwt.

The low amounts present and the large number of structurally
similar GAs make identification difficult, and it has not been
until relatively recently that suitable technigues have been widely

employed.
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Sixty-six naturally occurring GAs have been reported (figure
1). Bearder {1980) comprehensively listed the species and the
tissues from which GAs had been isoclated at that date. Information
an more recent identifications can be found in Crozier (1983). The
systematic nomenclature of the GAs is based on ent-gibberellane (1),
but as the systematic nomenclature is complex the GAs are reported
by their A numbers, allccated in order of discovery.

Two major groups of GAs may be distinguished. C,~GAs

20

retain carbon-20, which can be present as either a -CH3, —CHSUH,
-CHO or -COOH function (figure 2), All the C-20 alcohol Ghs
isclated have a &-lactone ting (3), but this may be an artifact
formed on extraction. C-20 aldehyde GAs exist in an equilibrium
mixture of free acid (4) and &-lactol (5) in aqueous solution
(Graebe and Ropers, 1878). The Czo-Gﬂs can be further dividsd

on the basis of the number and lamation of substituent hydroxyl
groups. EZD"GAS generally have low biological activity and appear,
with the possible exception of the C-20 carboxyl GAs, to be
intermediates in the formation of the second group of GAs, namely

the C1Q"GA8‘

A 19-»10 ¥-lactone bridge is present in all [, -GAs (7)

19

except GA11, which has a 192 X-lactone. The remaining C

19-GAS
are distinguished an the basis of different structural modifications
of the ent-20-norgibberellane skeleton. The knouwn structural
modifications comprise: 2,3 and 1,10 epoxide groups; C-3 and £~12
keto groups; A-hydroxylation at C-1, C-2, C-3, C-11, C-12 and C~15;
~hydroxylatien at C-1, C-2, C~12, C~13 apnd C-16; and the intro-

duction of 1«2 or 2-3 double bonds.
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(1) ent-gibberellane

. H
Y, COOH
COOH
(2)C-20 methyl Cog~CA

CHO 4

H
v COOH
COOH
(4)C-20 aldehyde Czo"‘GA

COOH 4
1

. M

Y, COCH
COOH

(6) C-20 carboxyl CZO-GA

O-—-(%HZ H
H
COOH

(3) 6-lactonic Crp~GA

O--—-(!IHOH H
| H
COOH

(3) 6~lactol Cop~GA

COOH

(7)§~lactonic Cyg-GA

(8) ent-kaurene

FIGURE 2. Structures.




A number of conjugated GAs have been isolated (see Schneider,
1983). Most of these are either A-D-glucosyl ethers, in which the
moiety is attached to the 28-, 3B~ or 118 -hydroxyl group, or B-D-
glucosyl esters, in which the sugar is esterified to the C-7

carboxyl group. Besides these conjugates 3-0-acetyl GA3 and 3-0-

acetyl GA1 have been isolated from Gibberella fujikurol cultures,

Gﬂj-andGnq- n-propyl esters from Cugumis sativa, Gﬂgwmethyl ester
o

from Lygopodium japonicum and gibherethione (a sulphur containing

derivative) from Pharbitis nil.

GAs are synthesised from mevalonic acid {MUA) via ent-
kaurene {(B8). The systematic naomenclature of kaurenoid intermediates
is based on the ent-kaurane skeleton. This can lead to confusion
since the ent- prefix reverses the o~ and B- designations of
substituents al chiral centres. Thus 78-hydroxykaurenoic acid
is correctly termed ent-7u-hydroxykaurenoic acid, although the

hydroxyl group at [C-7 is above the plane of the ring.

1.2, THE PEA PLANT

The garcden pea (Pisum-sativum L.) is a member of the family

Leguminosae, subfamily Papilionidaeg, tribe Viciae. Six Pisum

species are recognised although they are differentiated with
difficulty and their nomenclature is confused. P. sativum

is not known in the wild state and its origin is undefined {Allen
and Allen, 1981).

The advantages of the pea as an experimental plant have been

reviewed by Went (1957). Peas are easily grown and are widely




available. The pea is self~fertilized and it is easy to obtain
bath inbred homozygous stralns and a range of commercial cultivars.
The genetics of the pea have been extensively studied, and a wide
range of mutants are available for physiological investigation
{(see Blixt, 1872). For the above reasons peas have been widely
used as experimental plants and a considerable amount of information
is available about the species {see Sutcliffe and Pate, 1977). This
is an additional advantage when considering using the pea as an
experimental plant, since it zllows new results to be directly
related to previous ones in the same speecies, without the paossible
cqmplications of effects dus to species differences. Thus the
depth of currently available knowledge makes it much easier to
interpret the possible significance of new results,

The pea was chosen as an experimental plant in the current
investigation for the above reasons, and because it has been
widely used in investigations into the biochemistry and physiology
of GAs (for example, see Sponsel, 1983; Hedden et al,, 1978; and
Graebe and Ropers, 1978). The following introduction reviews the
available information on GA occurrence and metabolism in peas,
referring to results from other species when pertinent. Subsequently
the possible role of GAs in controlling stem elongation 1s discussed,
principally with reference to peas although again drawing on the
tesults from other species when these are relevant.

A range of different pea cultivars and lines have been used
in previous work. There is evidence that the endogenous GAs of

peas are influenced by certain genetic loci (see section 1.5.2.).




TARLE 1. Genotypes of commonly used pea types, with reference

to same of the stem elongation genes.

Type Phenotype Genotype
Alaska Tall Na Le Cry (La or la)*
Progress No.9d Dwarf Na le Cry* (La or la)
Meteor Dwarf Na le (Cry and La~- one or both dominant)
G2 Dwarf Na le ® ® m  mw n "
Grosser Schnabel Tall Nate ™ ®w n #m nm w "

mit Gedrlicktam Korn

X sme McComband McComb (1370)

The genotypes with referenrce to these loci., of some of the most

commonly used types of peas, are listed in Table 1.

1.3.1, ENDOGENBUS GIBBERELLINS f)F PEAS

The GA content of plants may differ both between species
(see Spansel, 1983) and between different genotypes of the same
species {sez Phinney, 1984). A single species may contain a
variety or GAs. £ELarly bioassay investigations of the endogennus
gibberellins of peas suggested the presence of GA1~liké and'Bﬂswlike
compaunds (see Lang, 1970), while more recent investigations have
suggested the presence of at least G (Railton and Reid, 1974a).
The GAs that have been conclusively identified from peas are
detalled in Table 2.

The first GAs conclusively identified in peas were from seeds,
as the levels of endogenous GAs in seeds can be much higher than those

found in other tissues, for example Frydman gt al. (7974)
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detected ca Spg seed ' GA Levels in vegetative tissue are much

20°
lower (Kirkwood, 1979; Davies et al., 1982). The levels of Bﬂ1,

GA GA,,, and GHZQ in stem tissue have recently heen estimated

8’ 20
by Ingram et al. (1984 .) to be scveral nancgrams per plant,

Until recently it was thought that, despite the early
bioassay evidence, Gﬂ1 was not present in peas {see Spansel, 1980a).
However, studies by Ingram gt al. (1983 ) have provided mass spectro-
metric evidence for the presence of GA1 in pea seedlings. The GAS-
like peak detected in the early bioassay experiments is thought to
be caused by GAZU’ which has similar biological activity and
chromatographic mobility. Possible reasons for the failure to
identify GA1 in earlier investigations have been suggested by
Ingram et al. {1983 ). 1In addition to the identifications listed
in Table 2 Keller and Coulter (1977, 1982) have claimed to identify
and quantify GAS and GA1 or GAZQ from pea epicotyls. However, in
view of the experimental procedure employed these identifications
are unlikely to be accurate.

CGA inactivation has been suggested to occur via two routes,
conjugation and catabolism. GA conjugates have been detected in a
range of plants and have been shown to accumulate in maturing seeds
of some species (see Schneider, 1983)., Sponsel (1980a) states that

the levels of endogenous conjugates in pea seeds appear low. However,

there is little published evidence on the subject .

10
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(11) Gagy - catabolite

FIGURE 2 (canmtinued). Structures

A number of GA brezkdown products, such as Bﬂzg—catabmlite

(8), GA,~open lactone {10) and GAg, ~catabolite (11) have been

20
cetected in pea seeds (Sponsel, 1983). Gﬁzg—catabolite is
biologically inactive and may represent part of a deactivation

mechanism for GA,q (see Sponsel, 1983).

There is evidence of temporal and spacizal changes in GA
levels within peas. Frydman et al. (1874) quantified the levels of
th, uﬂq?, GRZO and ang during the development of Pisum seeds,

The lzvels detected may be undeﬁ:estimates as no internal standards
were sdded to quantify losses during the extraction procedurss,

Later studies with internal standards suggested higher levels of

1




Ghsg (Sponsel and MacMillan, 1878). Each GA reached a maximum
amount and then declined as the seeds developed. 1t was

found that the time at which the maxima were reached was dependent
on seed fresh weight rather than seed age (Sponsel and MacMillan,
1977). There is also variation betuween seed batches (Sponsel and
MacMillan, 1980). The experiments were later extended tu include
guantification of GA,g-catabolite (Sponsel and MacMillan, 1980).
Ingram and Orowning (1979) end Durley et al. (1871) alsu reported
considerable quantitative changes, during maturation, in the seed

GAs of Pisum saltivum and Phaseolus species respectively.

Sponsel (unpublished, cited by MacMillan, 1984) has shown
that GﬁzD and Gﬂzg are located almost exclusively in the cotyledons

of pea seeds while GA,,-catabolite is located predominantly in the

29

testa. It was shown that the conversion of Gﬁzo to GAzg osCuUrs

in the cotyledons, while that of ang to Gﬂzg—catabolite oCcCcurs

in the testa. Similarly in Phaseolus coccineus GAT is found mainly
in the cotyledons of maturing seeds while GAB is only found in the
testa. Albone et al. {unpublished, cited by MacMillan, 1984) have
shoun results of a similar nature in a cucurbit, "cho-cho" {probably

Sechium edule).

The results of Potts gt al. (1882a)and Potts and Reid (1983)
indicate that differences in the content of endogenous GAs may
ocour between seed and vegetative tissue, and between young and
mature vegetative tissue. These differences appear to be qualitative

and quantitative, Kaufman gt al. (1976) using bioassay techniques

12




demonstrated different GA levels in different parts of wheat plants,
the inflorescence and modes having high levels. Roots had lower
levels of GAs {expressed either on a per plant or a per unit weight
baslis)., There appeared to be temporal changes in the p-1 internode
as it developed. WMetzger and Zeeu%%t (1980a) identifFied GAs from

shoots and roots of Spinacia oleracea. The results suggested that

there may be quantitative and gualitative differences between the
GAs of roots and shoots. On the basis of bioassay evidence it was
estimated that the GA pool in the roots was ca. 3 times less than

the pool in the shoots {on a per unit weight basis}. Kirkwood

(1979) failed to detect GAs from radicles of B-day-old pea seedlings,

cv. Progress No.9, although GAs were identified from epicotyls.
Sebanek gt al. (1978) claimed to show GA-like activity in crude
extracts of pea roots from 3- and 8-day-ecld seedlings. However,
the small amounts of tissue extracted and methods employed make

the results of questionable value.

1.3.2. GA BIOSYNTHETIC SITES AND GA TRANSLOCATION

The evidence regarding sites of GA biosynthesis has been
reviewed by Graebe and Ropers {1978) and by Stoddart (1883). There
is strong evidence that GA Liosynthesls occurs in pea seeds. The
evidence is (i) the occurrence of GAs in pea seeds, (ii) the
gemonstration of GA biosynthesis in pea seed cell~free systems and
(iii) the reduction in endogenous GA-like substances in pea seeds
caused by AMD-1618 (Baldev et al., 1965). All stages of GA

biosynthesis from MVA to 819-GAS have been demenstrated in cell

free systems from pea seeds (Coolbaugh and Moore, 1971a; Ropers et al.,
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1978; Kamiya and Grasbe, 1983). Coobaugh and Moore (197ia}, using
cell-free systems, found that the capacity for ent-kaurene biovsyn-
thesis was located mainly in the cotyledens rather than in the
embryn or seed coatl.

The results indicating that GA biosynlhesis occurs in pea
seeds are consistent with dala obtained from other species. Bﬂ1

has been identified in suspensors of Phasenlus coccineus (Alpi

et al., 1979) and all the main biosynthelic stages from MVA to BAB
have been demonstrated in cell-free systems of this tissue (Ceccarelli
et al., 1979, 1981a, 1981b). Synthesis of GAs from MVA has also

been demonstrated in endospermic celli-free systems Trom Marah

macrocarpus and from Cucurbita maxima {see Haedden, 1983 and

Coolbaugh, 1983)., There is also strong circumstantial evidence
implicating the embryo of barley qrains as a site of GA synihesis
(see Graebe and Ropers, 1878).

Suppasitions about the sites of synthesis of GAs in the
vegetative tissues of peas are largely speculative. It is possible
that the GAs of young seedlings could be to some degree derived
from the seed. In peas the levels of GAs in mature seeds are low
(Frydman et al., 1974}, Howsver, the first internode of
nana peas (which appear to be able ta synthesise GAs in the seed
but not in the shoot, see section 1.5.1.) elengates to a greater
extent than the later internodes, which may indicate that seed
derived CAs stimulate early shoot development. Spoensel (1980a)
discussed the possible role, during germination and seedling growth,

of GAs derived during seed maturation. Use of a qrowth retardant,




known to inhibit GA biosynthesis in Gibberella fujikuroi and Marzgh
macrocarpus did not affect germination, but did inhibit growth of
5-B day- old seedlings, suggesting to Sponsel that de novo synthesis

is occurring at this stage.

The possible sites of GA hiosynthesis in Helianthus seedlings
were studied by Jones and Phillips (196B) using an agar diffusion
technique. They concluded that the young leaves of the apical bud
were a major source of GA., Root tips were also thought to be able
to synthesise GAs. {ther evidence freguently cited as supporting
the hypothesis that roots are biosynthetic organs is the detection
of GA-like substances in the exudates from the stock uf excised
shoots {see Graebe and Ropers, 1978).

Investigations inta the sources of GAs in pea seedlings
have generally involved excising an organ or tissue and investigating
whether exogenous GA could restore growth. Such results are difficult
to interpret as excision of tissues may cause a variety of changes.
Lockhart (1957) found that the reduction in stem height caused by
excising apices could be partially counteracted by GA3, and concluded
that the apex was a source of GA, However, Kuraishi and Muir (1984)
found that exogenous GA3 would not counteract the effects of apical
excision, Shininger (1972) showed that GA could partly replace
excised cotyledans, and concluded that these were a source of
GAs in pea seedlings. However, AMU-1618 inhibited growth of seedlings
with excised cotyledons, suggesting that GA bicsynthesis was also

oceurring in the seedling. Conversely, Lockhart (1957) and Moore
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{1967), also using excision experiments, concluded that GA was
unlikely to be supplied to young shoots from the cotyledons.

GA biosynthesis from MVA has not besn demonstrated in cell-
free systems from vegetative tissues of any species, although
ent-kaurene biosynthesis has been shown to occur in a number of
pea tissues {Coolbaugh, 1882). The conversion of C-2(kmethyl to
C19~GA5 has been demonstrated in intact plants by Durley et al.
(1974a, 1974b) and by Gianfagna g£‘§£.1(1983). Ent-kaurens
biosynthesis has not been demonstrated in pea roots (Coolbaugh,
1982). However, Froneberg (unpublished, cited by Graebe, 1982)
has observed the conversion of gnt-kaursne to ent-7«-hydroxy-
kaurenoic acid, and of GA

aldehyde to CGA._, 12ﬂ—hydroxy-—GRiZ

12 12
aldehyde and 12F«hydroxy~8ﬁ12 aldehyde in a cell~free systen from

Cucurbita maxima roots.

After reviswing the literature on GA biosynthesis in
vegetative tissues Craebe and Ropers (18978) concluded that although
the evidence was weak it was likely that CAs were biosynthesised in
shaot and root tips and young leaves, although they did not exclude
other tissues as having some UA biosynthesising ability. Stoddart
(1983) arrived at similar conclusions. ”

There is evidence that GAs are translocatec in plants. This
evidence comes from: (i) the detection of GA-like substances in

xylem and phloem sap (ses Graebe and Ropers, 1978), and {ii) the

movement of applied label from radicactive feeds {e.q. Zweig et al.,

1951; Nash and Crozier, 1975). However, the guantities, directions
and types of GAs translocated in wvivo are not knouwn.

In peas MecCoub (1964) demonstrated, using autoradiography,
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that [146} was translocated from [14C]Gﬁ3 treated leaves mainly

toc young leaves and internodes. 8y applying GA. at different

3
nodes, and timing the period until stem elongation increased, he
estimated the rate of movement of Gﬂ3 along the stem at 5Scm hr'1.
Crafting studies have suggested the in vivo translocation of GRs
in peas (Reid gt al., 1983) and maize (Katsumi et al., 1983).

Jones and Lang (1368) found that the Gﬂ1—like camponent of pea

apices would diffuse into agar, but that the GA.-1like component

5
would not, suggesting that only some of the endogencus GAs are

mabile,

1.3,3. SUB-CELLULAR LOCALISATION OF GAs

There is some evidence to suggest that there is differential
sub-cellular compartmentation of GAs and possibly differential
sub-cellular metabolism. Several reviews have covered the subject,
including Hedden et al. (1978), Rappaport and Adams (1978), Graebe
and Ropers (1978) and Crozier (1981). The endoplasmic reticulum,
mitochondria, plastids and vacuoles are all potential sites of
localisation. Evidence from cell-free systems (see Hedden, 1983)
suggests that the series of biosynthetic stages from ent-kaurene
to oxidation of GH12 aldehyde are located in the endoplasmic
reticulum. Hilton and Smith {1980) found no GA-like activity from
purified mitochondrial fractions, and Simcox et al. (1975) concluded
that little or no ent-kaureme synthetase was present in mitochondria.
Thus there is no evidence at the moment for a direct role of mito-

chondria im GA metabolism.,
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There have heen a numher of teports of GA-like substances
being isnlated from plastids (Cooke and Saunders, 13875; Cooke et al.,
19753 Cooke and Kendrick, 1976; Evans and Smith, 18753 Hilton and
Smith, 1980). Hcowever, the only conclusive identification of GAs
from plastids, reported by Browning and Saunders (1377) has not
been repeatable (Saunders, unpublished, cited by Sembdner et al.,
1980). Little work seems to have been reported on the identification
of endogenous GAs from vacuoles, and evidence for their role has
comz from tracer experiments.

It has been sungested in a number of reports that GA release
from etigplasts may be a phytochrome wmediated response, promoted
by red light. However this hypothesis must be regarded as tentative
as (i) it has not been demonstrated that phytochrome is definitely
associated with etioplasts in vivo (Hilton and Smith,18830) and
{(ii) many of the results show a very small difference in GA-levsls
after red light treatment, Graebe and Ropers (1978) and Stoddart
(1983) have guestioned the significance of some of the differences
detected.

Hedden et al. (1878) have reviewed the evidence that suggests
that plastids are capable of the early stages of GA biosynthesis.
The only studies of GA metabolism by chloroplasts have been reported
by Railton and co-workers (Railton, 1977a,b; Railton and Rechav,
1979; Railton and Reid, 1974b). These results are inconclusive
as the chloroplast preparations used are likely to have been impure

and the separation and identification of products was usually

inadequate.




Fvidence for a passible role of vacunles in GA metabolism
has come from metabolism studies with [SH]G!-\1 in barley (Hordeum

vulgare) and cowpea (Vigna sinensis) (see Garcia-Martinez et al.,

1881; Keith gt al., 1982; Ohlrogge et al., 1980). Rappaport and
Adams (1978) suggested that different patterns of GA metabolism
could occur at different sites within the czll, citing the results
of Hartmann et al. (1877) as evidence. Havbipann el al. showsd
that alkylation of the triterpene, cycloartenol, is mediated by

a microsomal enzyme, whereas glucusylation is mediated by a

plasmalemma~associated enzyme.
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1.4. BIBSYNTHESIS OF GISBERELLINS

It is convenient to discuss the pathway of GA biosynthesis
in three stages: (I) the formation of ent-kaurene, (II} the conver-

sion of ent-kaurenpe to GA,. aldehyde, and (1I1) the conversion of

12
GA12 aldehyde to GAs (Graebe et al., 1980). The pathuway has
heen reviewed in Crazier (1983), by Hedden et al. (1978) anc by
Graebe and Ropers (1978). fMetabolic studies in Gibberella
_fujikuroi have provided the background for higher plant stucies
and have been comprehensively reviewed by Bearder (1983). In
higher plants the pathway té GA12 aldehyde has been studied almost

exclusively in cell~free systems. The main systems have heen

prepared from Marah macrocarpus (previcusly identified as

Echinocystis macrocarpus), Cucurbita maxima (previously identified

as Cucurbita pepo) and Pisum sativum, although other species have

also been used. Coolbaugh {1983) and Hedden (1983) have recently
reviewed the early stages of GA biosynthesis. The available
evidence sugnests that GAs in all species are synthesised by a
common path as far as GAWZ aldehyde. The pathuays subsequent to
GA12 aldebyde tdepend on the tissue being studied. The outline of

biosynthesis given here refers mainly to Pisum sativum, although

comments regarding other species are made where pertinent. Crozier

(1983) should be consulted far a broader coverage.

1.4.1. (I) THE FORMATION OF ENT-KAURENE

This part of the pathuay is catalysed by soluble enzymes and
is detailed in figure 3, The conversion of MYA to ent-kaurene in

peas has been reported freguently (e.g. Anderson and Moore, 1967;
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Graebe, 1968; Ecklund and Moore, 1974). Synthesis has Leen
demonstrated in young fruits gﬁraebe, 1968), in seeds (Ecklund
and Moore, 1974; Coolbaugh and Moore, 197%1a), in shoot tips
(Coolbaugh gt al., 1973; Ecklund and Moore, 1974) and in leaves
and internodes (CoolbLaugh, 1952). Farnesyl pyrophosphate (FPP)
and geranylgeranyl pyrophasphate (GGPF) have been confirmed as
intermediates by Moore and Coplbaugh (1976). Shoot tip systems
have been found to synthesise approximately 150 times less ent-
kaurene than seed systems (Coolbaugh et al., 1973). A oot tip
system was almost inactive (Coolbaugh, 1982), The synthesising
ability of seeds seems to be located mainly in the cotyledans
(Coolbaugh and Moore, 1971a). - A

Cyclisation of GGPP to ent-kaurene is catalysed by ent-
kaurene synthetase. The reaction proceeds in two stages; ent-
kaurene synthetase A catalysing the conversion of GGPP to copalyl
pyrophasphate (CPP)}, and ent-kaurene synthetase B that of CPP tou
ent-kaurene. The cyclisation of GGPP to ent-kaurene is an
important stage in the bilosynthetic pathway as it commits the
molecule to biosynthesis of either GAs or a number of other classes
of polycyclic diterpenoid metabolites of more limited distribution.
It is theraforefgossible stage for the control of GA biopsynthesis,
West et al. (1982) have reviewed the evidence suggesting a control
mechanism at this stage. Another possible mechanism controlling
GA biosynthesis was suggested by Rappaport and Adams (1378).

They pointed out that in in vitro Marah macrocarpus systems

different concentrations of different ions are necessary for different

biosynthetic stages, and that ion flux could provide a control
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mechanism.

A number of inhibitors of GA biosynthesis are known (see
Sembdner et al., 1980). It is known that Z-chlorcethyltrimethyl-
ammonium chloride, (CCC) and 2iismpropyl-ai(trimethylammonium chloride)-5-

methylphenyl piperidine-1- carboxylate, {(AM(-1618) inhibit ent-kaurene

synthesis (see Graebe and Ropers, 1978). In cell-fres systems from
peas CCC is much less effective than MMJ-1618 in inhibiting the
incorporation of MVA into ent-kourene (Anderson end Moore, 1967).

CCC also appears less effective in inhibiting pea stem elongation

(Choinski and Moore, 1980). It is clear that AMO-1618 alsc affects
a range of other cellular processes including the incorporation of
MYA into sterols (Douglas and Paleg, 1972; Douglas gt al., 1981).

Phosf on D, which is similar structurally to AMO-1818, uncouples

photosynthetic electron transport from ATP synthesis (Lendzian et
al., 1978). There are alsc reports of AMO-1618 and CEC causing
increases in endogenous GA levels (e.g. Reid and Crozier, 1970a,bs

Halevy and Shila, 1970). The results of experiments in which

AMO-1618 and CCC are used to reduce GA biosynthesis therefore
need to be interpreted with some caution.
There is some evidence that plastids have the ability to

catalyse a number of the stages of ent-kaurene biosynthesis (see

Hedden et al., 1978). Evidence for the localisation of the CCP
ta ent-kaurene stage in plastids of peas bas been presented by
Simcox et al. (1975). Evidence is also presented by Moore and
Coolbaugh (1976), but this is based on very low counts and is

unconvincing.




There have been seueral‘attempts to relate developmental
phenomena in peas to differences in the ability of cell-free
systems to synthesise ent-kaurene. However, equating the ent-
kaurens synthesising ability of cell-free systems with the
synthetic ability of the intact tissue reguires caution as
homngenisation breaks down inter- and intra-cellular compartmenta-
tion. This leads to unusual mixing of enzymes, cofactors and
inmhibitors which may alter the enl-kaurene synthesising capacity.

Coolbaugh and Moore (1969) followed the ent-kaurene
synthesising capacity of peas during seed development. Synthetic
ability was maximal at about half-maximum fresh weight and then
declined. Graebe (1980) reported similar results, Ecklund and
Moore (1974) studied the development of ent-kaurene synthesising
ability in shoot tips of cv. Alaska. Synthesis was first detected
in 3-day-old seedlings and by day 49 had increased to a maximum
level which was sustained until day 24,

Ecklund and Moore (1974) alsoc reported that shoot tips from
the tall cultivar Alaska could synthesise more gnt-kaurene than
shoot tips from the dwarf cultivar Progress No.S, Synthesis was less

in cell-free systems from dark-grown tissue of both species, and

increased when dark-grown plants were transferred to the light.
However, experiments with late flowering cultivars yielded
inconclusive results.

Although most of the investigations into the corwversion of
MVA into ept-kaurene have been done using cell-free systems there Wé
are also a few reports of the conversion being observed-in intact

plants  {See Graesbe and Ropers, 1978, and Hedden et al., 1978).
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1.4.2. (II) ENT-KAURENE TO 591? ALDERYDE

The intermeciates between ent-kaurene and GA12 aldehyde
are shown in figure 3. The pathway has been confirmed in

Marah macrocarpus, Cucurbita maxima, Pisum sativum, Phaseolus

coccineus and Gibberells fujikuroi. The enzymes catalysing the

nathway seem to be micrasomal mixed function oxidases, requiring
molecular oxygen and reduced pyridine nuclecotides. These stages
of the GA biosynthetic pathway have been reuieued by Hedden (1283).
Coolbaugh and Moore (1971b) identified [14E} ent-kaurenal
and obtained tentative identifications of [TQE] ent-kaurenal and
[14

C] ent-kaurenoic acid, originating from [1AE] MyA fed to

cotyledon preparations from Pisum sativum, cv. Alaska. Ropers

‘et al., (1978) identified similar radiolabelled products, along

with ['4C)-labelled ent-Tu-hydroxykaurenoic acid and BA,. aldehyde

M2
following the incubation of [14C} ent-kaurene with a preparatiaon

from immature seeds of the cultivar "Grosser Schnabel mit Gedrlcktem
Koxp". The wide distribution of ent-kaurenoid compounds as secondary
plant products indicates that the pathway as far as snt-7e-hydroxy-
kaurenoic acid is not exclusive to GA biosynthesis. Two main groups

of metabolites, the kaurenolides and the oxidation products of ent-

8%, 7a-hydroxykaurenoic acid, have been found together with GAs in

seeds of higher plants. Their formation appears to be closely

related to GA biosynthesis {see Graebe et al., 1980, and Hedden, 1983).

Neither group has been reported as metabolites in cell-free systems

from peas.
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1.4.3., (III) FURTHER MEZTABOLISM OF [3H]GH12 ALDEHYDE

The pathway from GA., aldehyde to qu—GAs has been demonstrated

12
in G. fujikuroi and in cell-~free systems from C. maxima and P. sativum.

The conversion of ent-kaurene to C, .-GAs has also been observed in a

18
cell-free system from P. coccineus suspensors (Ceccarelli et al.,
1981a,b). The in vivo conversion of exogenous G20-methyl GAs to
ng—GAs has been reported in two species. Durley et al. (1974a,b)
observed conversion of [*HIGA,, to GA; in 8, sativum, while

Gianfagna et al. (1883) observed conversion of [ZH]GA53 to [ZH]GA?D

in Spinacea oleracea.

In both C. maxima and P. sativum, the only two systems from
which data are available, the C-20 carbon atom seems to be lost
from the C-20-aldehyde GA (Graebe et al, 19803 Kamiya and Graebe,
1983), with oxidation to the acid representing a side branch.

In both these systems the open ring form of theC-20-alcohol OAs
seems to be the substrate for oxidation to theC-20-aldehyde. The
corrasponding §-lactone C-20-alcohols are not further oxidised.
It is not clear at which stage the C~-20 carbon atom is lost from
G. fujikuroi (see Bearder, 13983).

The identification of twenty six EZD—GAS showing ten different
hydroxylation patterns, and the large number of structurally
different C1Q—GAS suggest that there may be several pathways from
GA

aldehyde to C..-GAs. Microsomal enzymes appzar tc be involved

12 19

in the initial oxidation of GH1? aldehyde, but later reactions

appear to be catalyszd by soluble =nzymes (see Hedden, 1983).

Two parallel paths from GA aldehyde to C,,-GAs, a non-

12 18
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hydroxylated path and an early 13-hydroxylated path (figure 4},
have been demonstrated in a cell-free system from the cultivar
"Grossar Schnabel mit Gedrllcktem Korn" (Kamiya and Graebe, 1983).
These paths are consistent with the GAs known to be endogenous in
peas {Table 2). Pea micrusumal enzymes are able to oxidise GA12
and GA,, aldehyde at C-7 and at C-13 (Ropers et al., 1978; Kaniya
and Graebe, 1983). It is not known whether BA12 or GA12 aldehyde
is the endogenous substrate for 13-hydroxylation. In vitro GA12
seems to be preferred (Kamiya and Graebe, 1983), but low amounts
of GASB aldehyde have been identified as a product from Gn?2
aldehyde {MacMillan, 1978).

Microsomal oxidation af GA12 aldehyde has also besn studied

furmer, GA

was
in cell-free systems from M. macrocarpus and from L. maxima. In thé;

tentatively identified as a product from ent-kaurenoclc acid
(West, 1973). C. maxima microsomes are able to oxidise GA

12
aldehyde at C-7 and C-12, and GATZ at C-13., 13-hydroxy GAs ars

not known to be endogenous to C. maxima (see Hedden, 1983). In
G. fujikuroi GA,; » aldehyde is preferred to GA12 for JR-hydroxylation
(see Hedden, 1983).

Soluble enzymes in the pea are able to metabolise GH12
aldehyde, but the product is GA12 aldehyde glucosyl ester. This

compound has not been reported endogenously so the significance

of this conuversion is unknown (Kamiya and Graebe, 1983). GH12

is metabalised by the seluble enzymes to GA_ and GAS?’ both of

g
which are found endogenously in peas. The soluble enzymes are alsu
able to oxidise 8953 to BAZD and EAZQ’ but they bave not been

demonstrated to be able to 13-hydroxylate GAs. The micrasomal
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13-hydroxylase is active on a range of GAs, bul GA was canverted

12
with highest efficiency, suggesting that it may be the normal in vivo
substrate (Kamiya and Craebe, 1983).

The soluble enzymes of (. maxima are able to oxidise GA12
aldehyde to Bﬂ12, but show less substrate specificity than, and
have different co-factor requirements to, the microsomal enzyme.

(The soluble enzymes are also able to oxidise GA aldehyde and

14
124 -hydroxy BA12 aldehyde at C-7, while the microsomal enzyme acts
only on GA?Z aldehyde). The soluble enzymes are able to convert
8812 aldehyde to Gﬁa and GA43, the conversions involving C-20
loss, and ox;datinns at C-2, C~3 and C-7. Recent evidence
suggests that parallel pathways may operate for 12X-hydroxy BA12
aldehyde (see Hedden, 1883).

Work on cell-free systems has therefore suagested that
initial oxidation of GHTZ aldehyde is by microsomal enzymes,
but that subsequent metabolism and C-20 loss are mediated by
soluble epzymes. In peas 13-hydroxylation seems to be an early
event catalysed by microsomal enzymes, with subsequent metabolism
beling catalysed by soluble enzymes. Little is known about these
enzymes, hbut a 2p-hydroxylase isclated from pea seeds seemed to
have low substrate specificity, unlike a similar enzyme lsalated
from Phaseolus wuylgaris (Hoad et al., 1982}, The activity of the

uas
Pisum enzyme/ﬁtudied at stages during seed maturation and was

maximum at a time when the endogenous levels of Gﬂzg (the presumed
in vivo product) peaked.
The in vivo ability of pea seedlings, cv, Meteor to oxidise

{SH]GA14 to C;4-GAs was shouwn by Durley et al (1974a,b). GA,» GAg,
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GRTB’ GA23, GRZS and GASB were identified as products. Solely on
the basis of percentage incorporations after 20 and 4Uh the authors
suggested a GR14*QVGA18~a GA38~9 GH23«4;GA1~9-GH8 pathway. bA14
has not been found in vivo but the early 13-hydroxylation observed
may reflect a natural in vivo step.

Further information on the pathways of GA metabolism in the
pea comes from in vivo and in vitro feeds of various C-19 GAs, Each

substrate will be considered individually and only feeds to peas

are discussed.

[3H]GHQ: Sponsel and MacMillan {1977), and Frycman and MacMillan
(1975) reported the in vitro metabolism of [15,17~3H]GA9 in pea
seeds, Two sizes of seeds were used, ca. 0.25g f.wh and ca. 0.75g
f.wt. (endogenous GAQ levels estimated at ca. 10ng seecl_1 and ca.
100ng seed"w respectively by Frydman et al., 1974), The

seeds had a high capacity to metabolise exopgenous [3H]cA The

g°
larger seeds could take up and completely metabolise ca. Bug per
seed in 2 days, while the younger seeds could metaholise ca. 1ug
per seed over the same period. Metabolism appeared to be independant
of dose and was similar in vive and in vitro.

The main product from seeds of both =zizes was a conjugate
of 12t-hydroxy GAg, found in the acidic ethyl acetate (Et0Ac) and
butanol (BuCH) partitions, which accounted far up to ca. 60% of
absorbed radioactivity. (All percentage conversiorsrefer to
percentages of absorbed radioactivity). A small amount of GA51~

conjugate {ca. 15%) was a product from one feed. Free GAs were

produced in relatively small amounts. Small seeds produced GA

20
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and 120-0H GAy (gach 1-10%). GA., was the major product (2-26%)

B Y
from the larger secds, together with smaller amounts of 124-0H GAQ
(0-6%). Ne other oroducts were identified and a maximum of ca. B5%
of abscrbed label was accounted for., As [3H]GA?C was only cbserved

as = product from small seeds and as the amount celtected was small

the authors poslulaled that GAQ was not the major source of

GA... in vivo.
2] =
Railtun et al. {1974a,b) fed Sug [1?—3H]5R9 to 5-dey-ald
dark grown seedlings of the cultivar Meteor. The recovery aof
radioactivity in the acidic EtOAc fractions was low, but since
no details were given of the amcunt of radigactivity removed by
pre~extraction washes of the plant surface, the amcunt of

absorbed radigactivity cannot be calculated. GHZD (up to &%),

120-0+ GAg Gip to 6%) and GA,  were ldentified by GC-MS as products

10

(percentages are of applied radioactivity}. G was thought teo

Ao
be a non-metabaolic product. Railton and co-workers reported

further studies cn the metatolism of [3H]13A9 {Railton, 1974, 1977 b;

Railton and Reid, 1974b). It was concluded

that metabolism of [°HIGA, was faster in the dack than in the light,
and that chloroplasts metabolise [3H]GH9. However, the data presented it
do not justify these conclusicons. The analysis of the products of
[BH]GAg was inadequate and the chlovoplast preparations used werns
likely to have been impure.

[3H]GH9 metabolism has also been studied in relation to the
photoperivdic control of apical senesence in peas (Proebsting et al.,

19783 Proebsting and Heftmann, 1980). [3H]BAQ was metabolised to




at least five products, but none was identified. UFetabolism may
have been faster in malure than in young leaves, and in short days
(SD) than in long days (LD). Proebsting et al. (1978) concluded
that a unique metabolite (GRE) was procuced by the line G2 in

SD, but this may be incorrect since the chromatographic resnlutian
of the system used to analyse the procucts was low, and inadequate

to distinguish GA; from other products (GRD and GRF).

[3HJGA20: Frydman and MacMillan (1975) and Sponsel and MacMillan
(1977, 1978) have reported the metabalism of labelled GAZD in pea
seeds. (14, 15, 17-*HIGA

and [1R, 3x-2H2] (18, 3«w3H2]G were

20 A0
very efficiently converted ta GAZE’ which was the only detected
metabolite., Conversion was highest when the time of feeding

coincided with the maximum endogenaus levels of BQZD in the seed.
Durley et al. (1979) and Railton et al. (1974c) observed similar
patterns of metabaolism, also in seeds.

[SH]GAZD fed tn the apices af dark growt seedlings of the
cultivar Meteor was metabollsed to [SH]GAZQ, although Lhe conversion
was only 3.4% of the applied radicactivity after 2oh. [HH]GQ29 was the
only radicactive compound detected in the EL0Ac phase after parti-
tioning (Railton eb al., 1974c). Railton (1874) reported an
inconclusive investigation into the effect of light on GAzU metaboliism.
Railton and Reid (18974b) suggested that chloroplast preparations could

metabolise [SHIGHZD' This work is subject to similar criticisms as

their studies of [3H]GAg metabolism by chlaroplasts.
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Ingram et al., (1984 ) have recently reporied the metabolism
of [17- 135, 3Hﬁ]G!\ZD by the young expanding shoot tissue of several
Ltypes of peas, differing at the Le locus. In Le plants the products

identified were Gﬂ,g, GA1 and GHH while GA

o Asg and Gﬁzg—cataDG~

lite were identified in extracts from le plants, The oercentage

conversions reporied were low,

[*H]caA.

4

g° [3H]GA29 has been fed only to seseds of peas. Initially

no metabolism of [3H]GA,, was detectad from feecs of [14, 15, 17-3H]

29
Gﬂzg or Trom [3H]GH29 synthesised in situ from applied [14, 15, 17-
3H]GA20 (Frydman and MacMillan, 1375). further studies using a
double isctope labelling technigue shouwed sxogenous [ZM—ZH]Gﬁgg
to be metabolised more slcwly than the endogenous GA29 pool, uwhich
was thought likely to be due to a primary isolope effect (Sponsel
and MacMillan, 1978) although lack of penetration to the active
site was also recognised as a possibility. [P, 3“—2H2] (18, 3ot~
3H2]GA29 produced in situ from labelled BA2U was metabolised at
the same rate as Lhe endogenous GA29, but some radicactivity seemed
to be lost from the extrackts during work-up.

The above results led the authors to suggest that GAZB was
being further metabolised at the C-2 position. A specific search

led to the finding of a Z2~keto compound, GA,, ~catabolite, which

29
had also been identified from [3H]Gn2D feeds by Durley et al. (13879).
Feeds of [1?~13C1]GA29 confirmed the formaticn of this product from
GAZQ (Spansel and MacMillan, 1980). The catabolite can occur in
very large amounts {up to 24pg seed“1, Sponsel, 1883) and there is

evidence that it is further metabolised, Sponsal (1980b) attributed
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the original failure to observe metabolism of [14, 15, 1?-3H]GA29
to the inadeqguate duration of the feed reported hy Frydman and

MaciMillan (1975).

Lﬂih;ﬁs: Durley et al. (1873) fed ca, 2.7g [3H]GAS to the apices aof
dark~grown seedlings, cv, Metenr, GA3 and a campoung very
similar to GA3 were detected by gas chromatography-radivlabel
counting (GC-RC). Each product represented ca.1% of the applied
label, A large proporbtion of the radiozctivity was recovered in
the acidic butanol phase, suggesting metabolism to more polar
compounds.

Musgrave and Kende (1970) fed [3H]GH5 to seedlings and
germinating seeds of the cultivar Progress No.9. The {SH]GHS
was meltabolised to more polar compounds, one of which was

chreomatographically-similar to Gf-\,l.

.‘.‘
[3H15A1: Durley et al. (1974b)/F9H]GA1 to dark-grown seedlings,

cv. fMeteor. After extraction and partitioning betweern 70 and

80% of the absorberd radioactivity was present in the acidic

Et0Ac phase. Chromatography showed at least three compounds, one
of which was identified by GC-RC as [3H]GAB. The other two
products wecre more polar than [3H}GA8.

Stoddart et al. (1974) observed conversion of [*HiGA, to

1
[SH]GA8 (tentative identification} in excised pea epicotyls,
Conversion was extremely rapid, ca. 50% of the absorbed label being

present as [3H]GA8 within 1h of the feed commencing. Kende (1967)

and Barendse et al. (1968) also reported {3H][3A,I metabolism in




peas, but no products were identified.

1.4.4. SUMMARY

The pathways of GA biosynthesis in the pea appear similar
to those that have been tound in other species. In all of the
species studied GAs have been found to be synthesised from Gﬁ12
aldehyde, which is itself synthesised from MVA. The pathways in
the different species diverge subscquent to BA12 aldehyde., In

peas two pathways from GA.., aldehyde to C19—8As have been found,

12
a non-hydroxylated path and 2 13 —hydroxylated path {figure 4).
The recent identification of GA1 from peas raises the possibility
that 3g-hydroxylated and 3f, 13 —hydroxylated paths may also be
present.

13—Hydroxylated CGAs are present in pea seeds in higher
amounts than non-hydroxylated GAs. Only the former have been
found in seedlings. 13 —Hydroxylated GAs are the predominant
products formed from GA12 in cell-free systems when the microsomes
are present (Kamiya and Graehe, 1983)., Only small amounts of [3H}Bﬁ20
have been detected as a product from {3H]GA9 feeds, and GA,, was
the preferred substrate for 13-—hydr0xylation in vitro. These
observations suggest that the 13-hydruxylation pathway is MOLE
important than the non-hydroxylated pathway, but estimates of
GA turnover are required to substantiate this.

GA-conjugates have not been found endogenously in peas,

although conjugated products have been detected from [°H]GA feeds.

Conversion to 2-keto compounds may represent an important GA
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inactivation pathway in peas, and also in some other species.

1.5, GIBBERELLINS AND THE DETERMINATION OF STEM LENGTH IN BL3UM

SATIVUM

Stem length in P. sativum is determined by the length and
the nurber of internodes produced before apical senescence occurs.
There is evidence that GAs are involved in the control of apical
senescence in the pea and this is considered in section 1.5.1.

GAs also have a more direct effect on stem length by
. increasing the rate of elongation and this is discussed in section
1.5.2, The rate of stem elongation is affected by envirommental
factors, especially light, and there is evidence to suggest that
GAs may be involved in the photo-inhibition of stem elongation,

which is discussed in section 1.5.3.

1.5.1. APICAL SENESCENCE

There is evidence, from the application of exogenous GAs
and of the growth retardant AMO-1618, that GAs are involved in the
control of shoot senescence in the pea {Lockhart and Gottschall,
1961; Ecklund and Moore, 1968). Shoot senescence is normally
associated with flowering and the develapment of fruit. Recent
investigations of the role of GAs in shoot senescence in peas
have used lines of peas in which the genotype, with respect to
the major flowering genes, is known,

Four major genes are known to control flowering in peas,
one of which, Sn, has a pleiotropic effect on stem elongatlon

(see Murfet, 1977; Ingram, 1980}, Recent investigations into
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senescence in the pea have mainly used the line G2 (1f E Sn Hr).
Ihis genotype flowers and Fruits in both long days (LD) and short
days (SD) but epical senescence only occurs Ln LD. Using G2 enables
senescence to bo studied independently of floral and Truit develcp-
ment (Proebsting gL al., 1976), althouoh Ingram and Browning (1980)
reported that seed development is slightly retarded in 5D,
Proebsting et al. (1976) showed that senescence was delayed by
removal of fruits in LD. Grafting studies suggested that
vegetative G2 stocks were able to produce a senescence inhibhiting
factor, although this seemed to reguire the preserce of Hr in the
scian to be active (Proebsting et al., 1977).

It was found that GA3 and GHzD could delay apical senescence
when applied to G2 plants grown in LD, but Bﬂg was ineffective.
(Proebsting et al., 1978). This led to an investigation of the
metabolism of [3H]GH9 in SD and in LD by G2, and also in the
photoperiodically-insensitive I line (Proebsting et al., 19783,

The authors concluded that a unigue product, GAE, was produced by

G2 in 8D {i.e. when senescence is retarded). The authors went

on to investigate, by bioassay, the endagenous GA cantent of mature
leaves and stipules of G2 and I plants grown in SD, and of G2 plants
grown in LD. At least 3 GAs were present, and the levels of the
most polar (designated E) appeared highest in G2 in SD, which

led the authors to suggeslt that this was the senescence retanrding
factor in G2. They suggested that this GA might be GAT'
Ingram and Browning (19?9).and Davies et al. (1982} have
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reported analyses, using GC-MS, of the endogenous GAs of G2, from
both fruits and vegetative tissue. SAT was not found and it was
suggested that the Biological activity designated b, reported by
Proebsting et al. (1978) may have been caused by GA19. This seems
unlikely if the earlier chservatinns were correct, since GRTQ has
low biolagical activity and could nct represent a metabolite of
[3H]GAB. Ingram (1980) investigated the endogenous GAs of the
seeds of a number of lines of peas, differing in their flowering
genes, but could find no correlation between GA content, genotype
and photoperiod.

The possible role of GAs in reproductive development and
senescence in peas therefore remains unresolved. 1t would be of
value to Te-investigate the resulls of Proebsting et al. (1878)
to confirm that GA- (a metabolite from [3H]GA9) is produced only
by G2 in SD, and to confizm the identity of the GA responsible for
the pesk uf bioclogical activity, designated E, which appeared to be

present in larger amounts in G2 in 80.

1.5.2, STEM ELONGATION

There is strong evidence that BAs are involved in controlling
stem elongation in the pea. Initial evidence for the involvement
of GAs came from investigations into the effects of the application
of exogenous GAs, which demonstrated that GAs could cause dramatic

stem elongation in Pisum sativum, The results of these experiments

have shown that:

(i) All internodes appear capable of responding to exanenous Gﬁa,




provicding that they are either growing or embryanic at the time of
treatment {(Arney and Mancipelli. 1986; Giles and Myers, 19606
Spiker gt al., 1976). foore (1967) has suggested ihat the
internodes of cv. Alaska have different sensitivities to applied
Gﬂﬁ. He suggested that the sensitivity of successive interrnodes
decreases, until, 2s the plants enter the linear growth phase
there is little lurther enhancement ol growth by GHS. To explaln
the results of Lockhart and Gottschall (1961) he also suggested
that the linear phase ot growth was followed by a period of
increasing sensitivity to BAB' This later phase of sensitivity
seems to be partly due to BA3 delaying senescence, rather than
entirely due to a direct stimulatory effect on stem elongation.

Spiker et al. (1978}, showed that internodes B-18 of the cv.

Little Marvel (a dwarf) were all highly responsive to GA3.

{(ii) The time for which the increased growth persists is
proportional to the dose of GA3 applied (Brian and Hemming, 1955).

Repeated applications of GAz sustain the high growth rate (Spiker

et al., 1976).

(iii) Both tall and dwarf cultivars will respond to GR3 application
when light grown, but the response of the dwarfs is often greater
{e.q. Sale and Vince, 19603 Brian and Hemming, 1955). Duwarf and
tall cultivars given saturaling duses of GA3 in the light can reach

the same height (e.g. Vince, 1967).

The main effect of GA3 on stem height is due to an increase

in the length of the interncdes (e.g. Brian and Hemming, 1855),
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although there may also be an increase in internode number (Arney
anJ Mancinelli, 19663 Spiker et al., 1976; Vince, 1967). The
latter effect is small and has not been noticed by all workers
(e.g. Briean and Hemning, 1955). Exogenous GA seems to have
little effect o slewm ov epicotyl width (Nakamura et al., 1970).

A numoer of reports have been published of the effects of
GA at the histological level (e.q. Arney and Mancinelli, 1966;
Nakamura et al., 1970; Vince, 1867). Exogenous GAZ can lncrease
both the number and length of cells in expanding stem tissue. The
relative importance of these two effects has shown scme variation.
Nakamura et al. (1970) found that GR3 had a dramatic effect an
cell length in cv. Alaska epicotyls, but little effect on cell
number. Arney and Mancinelli (1968) found that cell division and
cell elongation contributed eguslly to GA3 induced expansicn of
the Bth internode in the cv. Meteor., Vince {(1967) found the
ma jor effect of GA3 on the epidermis was_through an effect on
cell elongation.

The above observations suggest that GAs may have a
role in the in vivo control of stem elongation, and to investi-
gate this possibility a number of comparisons were made of the
endogenous GAs of tall and dwarf cultivars (Kohler and Lang, 1963
Kende and Lang, 19643 Janes and Lang, 1968; Kohler, 1985a, 1970).
The results generally failed to show any differences in the GA
content of tall and dwarf tissue. Although Kohler (1965a) reported
Lhat the normal cultivar, Schnabel, contained more GA than the

dwarf cv. Kleine Rheinlanderin later results contradicted this
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(Kohler, 1870). All of the above compariseons used very crude
purification procedures with detection by bisassay, and it is
possible that the techniques used were inadequate to detect
any differences in the endogenous GAs of the cultivers.

Lockhard znd Gronwald {13978) and McComb and MeComb (1970)
used grafting studies to investigate whether a graft transmissible
inhibitor was responsible for the difference in internode lengths
between the tall cv. Alaska and the dwarf cv., Progress No.9. They
confirmed that the difference was due to the Le lpcus, but found
by grafting that the factor(s) responsible were not transmissible
fram roots or mature tissue to young shoots.

Thus, although the evidence from exngenous applications of
GAs suggested a role for GAs in contrclling internode elaongation
in the pea, investigations of the endogenous GA content of tall
and dwarf peas failed to support this view. This led to some doubt
as to whether differences iIn GA content controlled stem growth
(Trewavas, 1881). Recently, howsver, Reid and co-wcrkers have
re-investigated the role of GAs in pea internode elongation using
genotypes differing at a single allele. This elegant approach,
used initially by Phinney and co-workers to study dwarfism in
maize, has provided good evidence that stem growlh in peas is at
least partly controlled by the endogenous pools of certain GAs.
Reio and co-workers have made investigations into the effects of

five loci. . The effects of these loci will now be discussed,

The Le Locus

Two alleles of this locus are known, Le plants being tall
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and le plants dwarf. Dwarfism in most of the cultivars used in the
earlier investigations into the role of GAs in the pea was caused
by the homozygous presence of the le gene (Table 1), although other
qenetic differences could also have contributed to the differences
in stem lengths observed between thess cultivars. The le gene
causes a reduction in the length of the upper internodes by 40-60%
and a zig-zag appearance of the stem (Blixt, 1972). 1le has a
lesser effect on the length of the earlier internodes, with
virtually no effect an the first internode. The Le locus also
seems to have a minor pleiotropic effect on flowering (see Reid
et al., 1983).

Initial experiments (Potts et al., 19823) suggested that
the levels of biclogically active GAs were lower in mature tissue
than in young apical tissue, and that young dwarf and tall apical
tissue differed in the presence of a specific polar GA. This GA
was present in the twe tall {Le) lines examined, but absent from
all fourteen dwar? {le) lires examined. The GA hac a similar
retention time to GA1 when chromatographed on a silica gel partition
column, and was active in the Waito-C dwarf rice biocassay. Ingram
et al. (1983 ) reported that application of AMO-1618 converted
tall plants to the dwarf phenotype, and dwarf plants to the nana
phenotype, providing evidence that the differences betwesn these
phenotypes may be due to differences in the endogencus GAs. Qther:
experiments (Potts and Reid, 1983) suggested that maturing seeds
of both dwarf and tall plants contained similay GAs, incloding

the polar peak only found in the apical tissue of tall peas.
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Reid et al. (1983) compared the rnumber and sizes of cells
in the jrd and 7th internades of tell and dwarf plants. There
was no sig;ificant difference in the length of the 3rd internods
of the two types, because although both epidermal and cortical
cells were longer in Le plants both Lypes of cells were more
numerous in the le plants. The lenglh of the 7th internode of
the Le plants was va, four tines that of the le plants. In the
epidermis ca, BOf of the increase was due Lo an increase in cell
number. Gﬂa, applied to dwarf peas, has been found to increase
both the lengths, and the numbers, of cells in internodes
(Arney and Mancinelli, 1966). Reid et al. {1983) alsn confirmed
earlier results (McComb and McComb, 1970; Lockbard and Grunuwald,
1970) that the difference between tall and dwarf phenotypes is not
transmissible between grafts of tall scions and dwarl stocks, or
between the reciprocal graftis.

Support for the icdea that the polar GA present anly in
tall tissue was GA1 came from the GC~MS identification of this
GA in purified extracts of the apicel tissue of tall peas (Ingram
et al., 1983 ). The oresence of GA,.» GA,, and GAg was also
suggested by selected ion current monitoring. Gﬂ1 had not previously
been detected in pea extracts (Table 2).

Ingram et al. (1983 ) showed that Le plants responded much
better to exopgenous GAQ and GAZD than le plants. The response of
the dwarf peas was consistent with the known structure-activity
relationships of GAs in the dwarf pea bioassay (see Crozier, 1981;

13

Hoad et al., 1976). Subseguently it was shown that [17-'7C 3H]GA

20
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was converted te GA, and GAg in Le plants, but not in le plants

(Ingram et al., 1884 }. It was suggested that the observed path
from exogenous GAZD to GA1 and GRB reflected the endogenous path,
and that the Le gene allows 3B-hydroxylation of CGAs. It was also

suggested that dwarfism in le plants results from a fallure to

produce enough GA1, and that this is the major endogenous GA

promoting stem elongatiocn in peas.

The La and Cry loci

Two alleles of the La locus (La and la) and three of the

Cry locus (Cry, cry”, crys) ars known, allhough additional alleles

of the latter locus may exist. La and Cry are polymeric dwarfing
factors, The combination ;g_g;x? leads to slender plants in the
presence of Le or le. The combination ;glgng gives the phenotype
cryptotall if Le is present, and Cryp£0dmarf if le is present.

The combinations Le La Cry, Le la Cry, Le La ory® and Le La cxy®
are all phenotypically tall. Slender plants arve characterised by
rapid germination, long thin spindly stems, pzle foliage, reduced
branching, long peduncles, malformed and abortive flowers, reduced
seed sel and the production of parthenocarpic pods. Crypto- plants
show rapid elongation of early internodes, but this rapid elongation
ceases before the develeopment of later internades. These two loci

react in a complex way with the flowering genes  (Reid et al,, 1983).

Reid et al. {1983) concluded that the difference between
dwarf and cryptadwarf phenotypes was not graft transmissible,

although the dwarf scion was grafted onto the 5th node of the
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cryptodwarf stock, by which time the rapid elongation of the
stock is less prominent.
Reid et ai. (1983) Found Lhat le la Cry dwarfs had slightly

longer internodes Lhap le La Ery and le La t:_r_}iS plants, suggesting
that La inhibits stem elongation to a larger extent than Cry.
There is evidence that the internode length of slencer plants is
less affected by AMC-1618 than that of tzli and dwarf phenotypes,
and that the addition of Lhe na gene has litlle effect on growth.
This has led to the suggestion that some processes beyond GA

perception are influenced by the La and Cry loci (Potts et al., 1982b).

The Na and Lm loci

The pa allele is epistatic to the Le locus. na plants
exhibit the nana phenotype which is typified by a major reduction
in internode length and a darkening of foliage colour, although
other characters (e.g. leaf size, stem diameter) are not reduced
to the same extent as by the im allele, The lm allele causes a
reduction in all the dimensions of the plant, including the
internode length of tall, dwarf, cryptodwarf and slender plants,
leading to the micro- phenotype. It is not epistatic to le
(see Reid et al., ;]983).

The na allele causes a dramatic reduction of both cell
number and cell length in both the epidermal and cortical tissue
of internode 7. The effect of Na is transmissible into na scions
from the roots and cotyledons, and from mature leaves and stem tissue
(Reid st al., 1983)., The nana phenotype is almost unaffected by
AMD-1B18 (Ingram et al., 1983 ), and is very responsive to exogenous

GA:,). However the nana line L81 (lg La QEY_S na L.m) is much less
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responsive to GA,, tham the nana line 1776 (Le La crxs na Lm),

20
which may be due to the inability of le plants to 3B-hydroxylate
GAZD (Potts and Reid, 19835 Ingram et al,, 1984 },

It appears that nana phenctypes iack biologically active DGAs
in shoot tissue, although they are present in sceds (Potts and Reid,
19B2a). Interrode 1 is not cuarfed as dramatically as the others
(e.g. Ingram et al., 1983 ). Ingram et al. (1984 ), using GC-MS
failed to find evidence of GA

5929, BA1 or UAB in nana dwarfs.

20°
It therefore seens that CA production is blocked at an early stage

in pa plants and that this results in the nana phenctype.

The work of Reid and co-workers has demonstrated that GAs
are required for normal elongation of sheoots in peas, and suggested
that only ong GA, probably GA1, is highly active in promoling
elongation., It is unclear whelher the sten growth shown by le
plants is due to some GA1 oeing formed or due to the activity per
se of GAs earlier in the pathway.

Evidence also indicates that GAs are required for normal
stem elongation in other species. This is best established for
maize and rice (see Phinney, 1984) but Goodwin (1878) cites a
number of other examples of species in which genetic dwarfs have
been found, by bioassay, to have low levels of endognecus GAs

(e.q. Pharbitis nil, Phaseolus vulgaris, Lycopersican esculentum).

It has been shown in a large number of species that GA application
can cause considerable stem elongation {see Paleg, 1965).
Phinney and co-workers have studied GA metabolism in maize

dwarfs, and have suggested that GA1 is the only GA prompting stem
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clongation in maize (see Phinney and Spray, 1982, and Phinney, 1984).
In the piants used dwarfism is expressed (ram the seedling to the
mature plant. The dwarfs respond to GA application by normal growth,
and do nat respong td other hormones. A number of GAs have been
isolated from the tassels ¢f normal-type maize and the structures
suggest the presence of an sarly 13 —hydroxylation pathway. Some
of the conversions in this hypothetical pathway have been confirmed
by radicactive feeds (ses Phinney, 1984).

GA biosynthesis in the dﬁ mutant appgars tc be blocked
between CPP and ent-kaureme. This conclusion is supported by
(1) the observed biolngical activities of exogenous GAs applied
to dgs {2) biocassay studies, which have failed to detect encogenous
GAs Trom d5, and {3) studies of ent-kaurene biosynthesis in cell-
free systems. The lalter studies have shown that the d5 mutant
praduces only 1/5 of the ent-kaur-16~ene of the normal type, but
praduces large amounts of the isomer ent-kaur-i14-ene.

In the d1 mutant biosynthesis appears to be blocked at the
3p-hydroxylation stage. This conclusion is based on the response
of the mutant to exogenous GAs, but is consistent wilh the resulis
of (1) biocassay analysis indicating the presence of endogenous GAs
in d; (2) grafting studies and {3) the bivactivity of ZB-chloro
GAZU' GA biosynthesis in the d2 and d3 mutants appears to be
blocked at the C-7 oxidation and C-13 hydraxylation steps cespect-

ively, although this conclusion is based only on the relative

biplugical activities of different GAs applied to these duwarfs.
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As a result of these studies Phinney and Spray (1982)
concluded that in malze:
(1} The early 13-hydroxylation pathway is the only path controlling
elongation growth., This conclusion arises since only 13-hydroxylated
GAs have been identified from mzize tassels (Hedden et al., 1982).
(2) GA, is tne only GA in this pathway that {s active per sc.
This conclusion arises since GAQ is the only 3f-hydroxylated GA of
high biological activily delected in extracts of malze tassels,
and since Uhe d1 mutant, which is blocked for 3B-hiydroxylation is
a duarf.
{(3) Each of the four mutant genes studied (d1, d,s dy and d5)

controls a specific and different step in the nathuay.

It has also been suggested that CA, may be the CA contrelling

1
stem elongation in rice (Phinney, 1924, sse alsc Ingram et al., 1884 ).
In rice the dx gene lis responsible for the dwarf phenotype of the
cultivar Tan-ginbozu, and the dy gene for the dwarf phenotype of

the cultivars Waito-L and Kotake-Tamanishika. These gengs are

non-allelic (Murakami, 1972). The dwarf phenotype is expressed

175 the height

from seedling tu maturity, when mutants are 4 to
of normals (d ~ dy+) (Phinney, 1984). Both types of mutants will
respond to exogenous GAs by normal growth. The structure-activity
relationships of exogenous GAs (and GA precursors) sugaest that

there is an early block in the GA biosynthetic pathway in dx seedlings,

and a block for 3f-hydroxylation in the dy genotype. Bioassays of

gxtracts failed to detect GAs from dx tissue, althaugh GA-like

substances were detected Trom dy and normal type plants (Murakami, 1872).
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GA1 has been detected in extracts of rice stem tissue by
GC-5IM (Kuroguchi et al., 19793 Suzuki et al., 1981). The presence
of an early 13-hydroxylalion pathway is suggested by the GC-MS
identification of GA19 in shoot extracts, although the lentative
identification of GA, from seed extracts (Kurcguchi et al., 1379)
suggests the additional presence of either an early 3p-hydroxy-
lation pathuway ar a late-hydroxylation pathway in this tissue.
Quantification of GA19 and GH1 in shoots of tall and semi-dwarf
cultivars did not provide umecquivocal support for the Phinney
hypothesis (Suzuki et al., 1981).

In conclusion it seems that GAs are required for normal
elongation of shoots in peas, and that only one GA, probably
GA1, is highly activg in promoting elongation. Additional suvpport
that this hypothesis}ienable comes from work on a variety of other
species, in particular maize. However, it is unlikely that GA1
is universally controlling stem eleongation in higher plants since,

for exanple, 13-hydroxylation of GAs significantly reduces their

bigactivity in the cucumber hypocotyl binassay (se= Crozier, 1981).

1.5.3. PHOTO-INHIBITION OF STEM ELONGATION

l.ight causes a characteristic pattern of development in
plants termed photomorphogenesis. In the dark a different
developmental pattern, termed skotoﬁorphogenesis, is followed
(Mohr and Shropshire, 1983). These different developmental
strategies are designed to give the maximum chance of survival

vunder different environmental conditions. Plants groun in the
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light therefore show a numher of structural differences compared
to cark grown plants. The most obvious of these are the inhibition
of stem alnngation and the promotion of leaf and apical hook
expansion., Since GAs have been desmonstrated to cause stem
elongation there has been lolerest in investigating whether they
have a role in mediating the light-induced inhibition of stem growth.
Went (1841) reported that light inhibited stem growth and
accelerated leaf growth in peas. |.ockhart and Gottschall (1959)
repcrted further invesliyations into the effect of light on stem
elongation. They showed that the stem growth rate declined to
zero soon after transfer of dark-grown peas to low or high intensity
continuous red light. In the low intensity the growih rate recovered
to the rate shown in the dark after 48-72h. There was also some
recovery in the high intensity red light, but the naw growth rate
was less than that shown by dark-grown plants. tockhart and Gottschall
aiso found that a daily burst of low intensity rad light, of up to
100 minutes duration had little effect on stem length. Vince (1967)
chtained very similar results to those of Lockhart and Gottschall
(1952) using hoth red and blue lights. However, she found that
daily exposure ta 15 minutes of blue or red light did cause inhibi-
tion an the first day of illumination, but not on subsequent days.
Further characteristics of the effect of light are that an 8h
photoperiod inhioits stem length of peas to the samc degree as
longer photoperiods (Lockhart and Gottschall, 1999) and that in

some species a period of expousure to far red radiation at the end
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of the photoperiod can greatly stimulate stem growth {Downs et al.,
1457) .,

Went (1941) found that when a single burst of light was
given the length of some internodes was reduced while others
expanded more, which he interpreted as compensatory growth.

Thomson and Miller (1961, 1862a, 1962b, 1963) reported a sories
of investigations into the development of cv. Alaska plants grown
in either complete darkness or in daily light periods. They found
that light accelerated growth of young internoées, but that
internode growth continued longer in dark-grown plants. They
postulated that the effect of light was to accelerate the
developmental phases., Thus light accelerated growth of the stem
apex, all phases in the subsequent development of leaves, and cell
differentiation, division and elongation in the internodes. The
inhibition of intermode growth was visualised as being due to

an acceleration of the maturation of the cells, so that the period
for internade expansion by cell division and cell elongation was
reduced, This concept has besen supported by certain worlkers,

but guestioned by others (see Gaba and Black, 1983).

Thomson and Miller (1963} found that the internodes of light~
grown plants were shorter due to a reduction in both cell length
and cell number, Thisg occurred for all stem tissues (pith, cortex,
phloem and xylem), bubt the relative importance of the effect an
division or on elongation varied bztuween tissues. GA3 has been
shown to cause similar, but reverse, changes in the internodes of

light-grown dwarf peas (Arney and Mancirelli, 196B).




it least Lhree photoreceplors are possibly active in photo~

morphogenesis; phytochrome, cryptochrome and the photosynthetic pigments

(Morgan and Smith, 1981). It is unclear which are invalved in

the photoinhibition of stem growth in pea s=edlings but phyto-
chrone has been impilicaled (see Galston, 1977). Both phytcchrome
and cryptochrome have been implicated in the de-etiolation of
cucumber seedlings. Cryptochrome has also been implicated in
tomato and lettuce {see Gaba and Black, 1983%), If different
photoreceptors ere involved it is possible that they may have
different mechanisms of action. For example in cucumber the
recovery from cryptochrome~-mediated inhibition is much faster
than from phytochrome-mediated inhibiticn (see Gaba and Black,
19834). A pumber of investigations into the effect of wavelength
on the photoinhibition of stem elongation in pea seedlings haue
been reported (e.q. Parker et al., 1949; Gorter, 1961; Vince,
1867; Elliot, 1979).

Evidence for the possible involvement of GAs in the photo-
inhibiticn of stem growth comes from the observation that GAs can
stimulate stem growth in light—grown peas. lackhart (1956)
postulated that reduction of stem growth caused by light was due
to either i) inhibition of GA biosynthesis, ii) enhanced GA
breakdown or iii) a decrease in the sensitivity of the seedlings
to GAs. Dark-grown tall peas do respond to GA in the dark (e.g.
Reid, 1983; Lockhart, 1956) but the response is less than that
of dwarf peas.

There is some confusion in the literature about whether the
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effects of the stem dwarTing genes are expressed in the dark as well
as in the light. Jones (1973), in a widelycited review, states
that tall and dwazf peas grow to asimilar height in darkness;
citing Lackhart (1956) as evidence of this. However, the only
compaTison of haights that can be made Trom Lockhzart's paper
(figure 1 and figure 3) clearly indicates that the dwarf cultiver,
Progress No.9, grows less in the dark than the tall cultivar Alaska.
firaebe and Ropers {1978) reach the same conclusions as Jones (13973),
citing the results of Sale and Vince (196D) and Gorter (1961) as
gviderce. Gorter (1961) gid find that cv. Alaska and three dwarf
cultivars grew to the same height in darkness, but the results of
Sale and Vince (1960), Giles and Myers (1966) and Vince (1967) all
sugoest a difference in height between tall and dwarf cultivars
when grown in the dark. Care must be taken,when making comparisacns,
to exclude light. Butler and Lane (13853) found that development
of the first intermode of brozd bean seedlings in the dark could
be affected by exposure to light during seed maturation or during
imbibition.

Reid {1983) recently investigaled the effect in the dark
of individual genes shoun to control internode length in light
grown peas, He found that all of the three loci examined, Le,
La and Na, reduced internode length in the dark as well as in the
light. Perhaps interestingly development of leaves and of the
apical hook was greatest in nana plants, less in dwarfs and lecast

in the tall and slender plants, when grown in the dark.

53




Investigations of the levels of BAs in light ang dark-grown
plants have yielded conflicting results. Kchler and Lang {1963),
Kende and Lang (1964) and Jormes and Lang (1968) failed to detect
any differences between Lhe GAs extracted from darie and from light-
grown pea plants of both tall and émarf cuitivars, However, Kohler
(19650, 1970) reported that light-qrown tall and dwarf cultivars
had higher levels of GAs than the corresponding dark-grown plants.
The situation is also unclear in other species. Barendse and Larg
(1872), using TLC and bioassay, found no difference in the free GA
content of light- and dark-grown plants of two cultivars of Pharbitis
nil, but levels of bound GAs were apparently higher in light- grouwn
plants. Sponsel {1983) has pointed out that these results are
difficult to interpret in terms of the bound GAs knoun to be
endogenous to P. nil. 7o date probably the most reliable comparison
of the GAs from light and dark-grown plants has been made by Boun
et al. (1875). They found that the GA content of light-grown tissue

of Phaseelus vulgaris was higher than that of dark-grown tissus.

A different approach to thes problem is to study the rate of
metabolism of GAs in light- and darle-grown seedlings, but none of
the investigations reported has heen sufficiently rigorous to
allow this compariscn to be made {see Bown et al., 1975). Several
comparisons of the metabolism of exogenous GAs in light and dark-
grown peas have been made (e.g. Musgrave and Kende, 1970; Kende, 1867;
Railton, 1974), but these have not been conclusive. Results obtained

with other species have been revieuwed by Sponsel (1933).
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The only system for which there is goond evidence of light
having an effect mediated through GA metabolism is the photoperiodic
contrel of bulling in rosette plants. It has been suggested that
LD stimolate the conversion of GA, g to GQZD in shnots of Spinacea
vleracea. This hypothesis has been supported by investigations into
the endngenous GAs of shoots (Fetzger and Zeeué%t (18800) and by
studies of the metebolism of [2H]GA

g3 \Crerrasna £t 2.

However, in Ngrostcuma cithago the situation was less clear, althouch

there was evidence of chahges in GA poul sizes on transfer to LD
(Jones and Zeeué&t, 1980).

Tt is unlikely that GAs are the only Tactors mzdiating
photomorphogenic growth in plants. [ Greef and Fredericqg (1983)
reviewad the role of plant growth substances in photomarphogenesis.
Thare was evidence for the involvement of ethylene, cytokinins,
abscisic acid, G8s and auxins, but the mechanisins of action and
Lnteractions of thase regulators are unknoun. It is unclear
whether GA application will completely overcome the phatoinhibition
of stem growth. Vince (1967} found a difference in height betwsen
dark- and light—grouwn peas wher both were given saturating doses of
GA3, but this may have been due to inhibition occurring befare
the GA had an effect. Reid (1983) found that siender plants (which
Tespond only marqinally tu GAS’ are phenotypically simllar to plants
treated with saturating doses of CA,, and are not inhibited by AMD-

3

1618) were significantly shorter in light than in darkness. GA

3

does nol prevent the light induced increase in internode number

(Vince, 1987).




1.6. SUMMARY AND UBJEETIVES

A number.of GAs have been detected in peas, both in seoeds
and in vegetative tissues (sec Table 2). Bicassay evidence has
also suggested the presonce of a GA of similar polarity to GH1,
but GA1 has only been identified in peas very recently (Ingram
et al., 133%8L.). This is possibly because dwarf cultivars had

been used in previous experiments. The structures of GAs identi-

fied as endogenous in peas, and in vitro studies, have suggested

the presence of two pathways fram Gn12 aldehyce to ETS"GAS’ an
early 13-hydroxylation path anc & non-hydroxylated path {see
Sponsel, 1883).

Application of GAs to peas can cause dramatic stem elaonga-
tion (e.g. Brian and Hemming, 1955). Light can cause a marked
reduction in the rate of stem elongation (e.g. Went, 1941 Vince,
1967}, but most investigations have failed to detect a ponsipent
difference between the CGAs exlracted from light and dark—grown
tissué or from tall and dwarf cultivars (e.g. Kende and Lang, 19543
Kohler, 1970). This is possibly because of the inadequate nature
of the technigues emplnyed (sse Crozier, 1981). It is only recently
that Reid et al. have prasented evidence of a difference in GA
content between tall and dwarf pea cultivars (Potts et al., 1982a;
Potts and Reid, 1983; Ingram et al., 1983,1984b).

The objectives of the work presented were:

(1) Te investigate and identify the endogenous GAs of the tall
cultivar Alaska. Previous investigations had only identified the

endogenous GAs found in dwarf cultivars. Further, earlier results
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had suggested the presence of a biologically active polar compoind,
similar tao GAT’ in peas, but no such compound had been identified
unlil very recently (Ingram el al., ?983J784g)

(2} To compare the endogenous GAs of tall and dwarf cultivars,
of botn light-and dark-grown peas. No consistent differences

had been found between the levels of GAs ceteclted in light-grown
and in dark-grown tissue (e.g. Kende and Lang, 19643 Kohler, 1970),
and only recently have Reid et al. presented svidence of a difference
in GAs between tall and dwarf cultivars (Potts et al., 188z Ingram

et al., 1983)?@MD. Many of the early experiments used crude

Qs

techniques, which might have been inadecuate to detect any differences

present. The more sensitive and accurate techniques that have now
been developed made a further investigation pertinent,

(3) To study the in vivg pathways of C,,-GA metabolism. Until
the recent work of Gianfagna et al. (1983) the reports by Durley

et al. (18974a,b) of the conversion of [*H]GA,, Lo [°HIGA, repre-

14

sented the only in vivo demonstration of the conversion of a CogmGA

to a E19—GA. It was decided to repeat and extend this wurk, using

[SH]GA12 aldehyde as a substrate in addition to [®H]GA [PH]GA

14° 12
aldehyde has been shown to be synthesised in cell-free systems from
peas (Ropers et al., 1978) and is thought to be an intermediate in
the synthesis of GAs in peas and in other species (see Hedden, 1383),
(4) To compare the metabolism of [3H]GAg and [3H]GA2U in shoots

of tall and of dwarf peas. Gﬂg and GA,_ have been identified in

20
peas (see Table 2) and may be the precursors of the other ng-Gﬂs
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found in peas. It has been suggested that one cause of duarfism

in peas is the inability to JSp-hydroxylate GAs (see Ingram et al.,
1984 ). A comparison of the in wivo products produced from [3H]G!-\2iJ
and {3H]Gﬂg, in tall and in dwarf peas, might provide additiconal

information to help assess this hypulliesis.
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2.7, PLANT MATERIAL

Seeds of Pisum sativum L. cv. Alaska, fMeteor and Progress

No.9 {Sinclair McGill Ltd., Boston, Lincolnshire) were soaked in
running tap water for 6-8nh, placed in either light or darkness at
25°C * 2°C and germinated for 7Zh netween sheets of moist tissuse,
before being transferred to aerated distilled water culture foz
further growth,

Dark-grown plants were handled under light from = 30W warm
white fluorescent tube, coueréd in a single layer of a primary green
"Cimemoid" filter. L'\\gh‘\'— growh  plants were grown 1w below
a bank of 24 "Atlas" warm white (80Y) fluorescent lights and
twelve 40W incandescent lights giving an intensity of 92wm™ 2
at plant level. The heights of plants were measured from the

cotyledonary node Lo the terminal visible node.

2.2. APPLICATICN OF [°HIGAs, EXTRACTION AND PARTITIDNMING

PROCEDURES

Details of the radicactive [3H]GAs used for feeds are
given in table 3. The [®H]GAs were spplied to the terminal
bud of Pisumn seedlings in a Sam® droplet of S0% aguecus elhanol.
Octasional wvariations in this procedure are outlined when

Individual feeds are described.




TASLE 2, Details uf [*H]GAs used for feeds.

Gibberellin Specific Activity Prepavation
12,3-%11G8, 50 Limm Yokota et al, (1978)
[ T’uaH]Bﬂt12 aldehyde 15 miimm Cruss et al. (1968)
[ 17-°H]GA, , 35 mCim Cross et al. (1968)
[2,3-2k]5h, 1.8 CinM™ | Murofushi et al. (1977)

Before extraction the area around the point of application
of [*H]GAs was usually rinsed with 50% EtOH. The fraction obtained
was reduced to dryness in vacuo at 40°C and analysed by HPLC.
On harvesting dark-grown tissue was frozen in liguld nilrogen in
darikness, and taken to the laboratory for immediate extraction.

Plant tissue was extracted by homogenisation with cold MeOH.
The homogenate was filtered and the residue repeatedly re-extracted
with fresh MeOM until almost homogeneous and colourless. The
combined MeOH extracts wers reducerd to the agueous phase in vacug
at 40°C anc an excess af pH8 0.5M phosphate buffer added. The
concentration of the tissue equivalent in the buffer was always
less than 1q f.wb. cm” 2.

In initial experiments the agucous phase was partitioned
against toluene, but it was found that on occasions the toluepe

removed a varianle but significant proportion of the non-polar GAs




from an extract. Petroleum cther (boiling range 40-60°C) was
subsequently used. The aqueous phasc was partitioned against half
volumes of the organic solvent until the bulk of the green colour
had bezn removed.

The aquecus phase was filtered through cellulose powder.
Most extracts were then slurried For 30 min with ca. SCmgem™?
insoluble polyvinylpyrrolidone (PUP). The PVP was filtered off
and the aguecus phase adjusted to ph2.5 with 50% sulphuric ecid,
prior to‘partitioning with 5 x 2/5 volumes of EtOAc. In some
experiments the agueous phase was suhsequently partitionad against
5 x /5 volumes of butan-l-ol.

The EtDAc extracts were combined. Typically the fraction
was frozen and the ice removed Ly filiration. The filtrate was
then further dried ?ith anhydrous sodium sulphate, filtered and
a small volume of toluene added prior to reducing the EtUAc to
dryness in vacuo at 40°C.

Extracts were stored at -20°C., Oxygen-free nitrogen was

used to evaporate off small volumes of solvent., All solvents

used were either glass distilled or of higher purity.

2.3, DEAE-A25 ANION EXCHANGE CHROMATOGRAPHY

DEAE-A25 Sephadex (Pharmecia Fine Chemicals) was suwollen
overnight in water and then washed for 1h periods with 0.5M sodian
hydroxide, followed by 0.5M hydrochloric acid, before being left

overnight in 1M sodium acetate, The gel was subseguently
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equilibrated in 0.2M acetic acid:Me0OH (1:1 v/v) and poured into

a glass column with fritted base, The column size was dependent
upon the weight of the extract, ranging Trom 30 x 10mm For Lhe
combined extracts cf the [3H]GH9 feeds (each sample: about 20my),
up to 19C x 4Umm for the large scale extraction of the endogenous
GAs of cuv, Alaska (sample: 7.6g).

Large extracts were dissolved in water and adjusted to pHE
with 0.2M sodium hydroxide. An equal volume of Me(H was then
added and the extract applied to the column. Small extracts
were dissolved directly in 0.2M acetic acid:MeOH (1:1 v/v) and
applied to the column. Neubral and weakly acidic impurities were
eluted with four void volumes of 0.2M acetic acid:MeOH (1:1 v/v).
The GAs were then eluted with two void volumes of 2M acetic acid:
MeOH (131 v/v). Fractions were collected and aliquots taken for
ligquid scintillation counting. 7The fractions containing the
gibberellins were combined and reduced to the agueous phasg in
vacug at 40°C. The aqueous phase was adjusted to pHZ.5 and
partitioned against 5 x 2/5 volumes of EtOAc, which were combined

and reduced tao drypess.

2.4, GEL PERMEATION CHROMATOGRAPHY

Extracts werc dissolved in up to 1.5cm® of tetrahydrofuran

(THF) and ipjected onto two 25 x 1000mm columns of Bic-Beads SX-4,
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connected in series (see Crozier, 1981). The columns were eluted
with THF at a flow rate of 2cm?® minm1. The THF was freshly
distilled after revluxing over copper I chloride for 30 min.
Fractions of eluent were collected and assayed for radioactivity.
Fractions associated with radicactive maxima were combined ano
reduced to dryness in vacuo at 40°C.

The system has a total volume (UT) of B30cm® and all

compounds are eiuted before this. [3H]GA8 and {3K1GA, , have

43

retention volumes (UR) of 550cm® and 440cm® respectively, with

peak widths of ca. alcm®.

2.5. SEP-PAK C CARTRIDGES

18

Thz Sep-Pak C1BCartridge (Waters #Associates Inc.) was
washed with 2em® MeOH and Scm® water. The extract was dissalved
in Bom?® of 70% MeOH in pH3.5 ammonium acetate {20mM) anﬁ flushed
through the cartridge. A further Scm?® of solvent was washed
through and added to the extract. After removal of the #Me(H
in vacuo at 40°C the sample was frozem and freeze dried.

Recoveries of {’H]GA standards were ca. 85%.

2.6. PREPARATIVE HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

The sample was dissolved in £t0Ac and injected onto the

column {either 10 x 450mm Partisil 10pm silica, ox 10 X 250um
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Hypersil 5pm silica) via a 330mm’® sample loop. The silica had
a 40% w/v loading of 1M acetic acid, and the column was eluted
with varying amounts of £t0#c in hexane at a flow rake of Scm®
min_q. The system has been fully described by Reeve and Crozier

(1978).

2.7. ANALYTICAL HIGH PERFDRMANCE LIQUID CHROMATOGRAPHY

Solvents were normally delivered at 1cm’ rnin_1 by an
Altex Model 332 gradient liouid chromatograph. Samples were
injected off-column from a 250mm® sample loop. For reverse
phase HPLC a 250 x Smm column packed with me UDS-Hypersil was
eluted with varying ratios of MeOH in 20mM pH3.5 ammonium
acetate. UWhen the absorbance of the column esluenl uwas
monitored at 210nm a buffer of 20mli pH3.5 orthophospharic acid
was sometimes substituted for the ammonium acetate buffer.
Buffers were purified by passage through a 100 x 10mm column
containing 10pm ODS silica gel.

Normal phase analyses were carried out on a 250 x 5mm
columt containing a Spm CPS-Hypersil support using a ternary
solvent of varying ratios of dichluromethane, hexane and ethanol.

The following detectors were used, either singly or in

series:-
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a) Adapted ICN Tracerlab Manual Scinlillation Spectrometer
with ahomogeneous 400mm® flow cell  (See Reeve and Crozierx,
1977). A 10s time constant was used. Scintillant was delivered
by & Reeve Analytical Ltd. reagent delivery pump. A scintillant
compased of 109 2,5-diphenylcxzzole, (PPO), 330cm® ‘triten X-100,
670cm® xylene and 150cm® MeOH was used for reverse phase analyses.
A 3:1 scintillant-eluent ratio‘mas compatibla with all mobile
phase conditions and gave a counting efficiency of 15-20% for
tritium. The mobile phase from normal phase HPLEC columns was
mixed with a scintillant containing 12g PPO, 150q napthalense,
S0cm® Triton X-1030 and 1.0dm® distilled toluene. An efficiency
of ca.25% for tritium was obtainmed with a 2:1 scintillant-elusnt
ratio.

b) Perkin~Elmer 650-10S fluorescence spectrophotometer with

a 16mm? flow cell. Excitation and emission wavelengths were set
at 320nm and 400nm respectively for analysis of GA-methoxycoumaryl
esteTs,

c) Pye Unicam PU4020 variable-wavelength single-beam abgarbance

3

monitor fitted with a 8mm® flow cell, operating at either 210mm or

254nm.,

hen monitors were used in sceries peaks were detected by
the radioactivity monitor 18s after detection by the spectro-

photometers. Retention times given are corrected for this delay.

B5




2.8, BIDAS5AYS

a) Barley aleurone bioassay

The method used was similar to that described by Nichalls

and Paleg (1963}, Scods of Hordeum vulgarc cv. Xym were dehusked

in 30% sulphuric acid. Four embryo-less half seeds were placed

in a 20cm® glass vial and 1cm® of test solution added. GA3 standards
From 4 x 1072 to 1UUFgcm_3 were alsg assayed. A1l solutions
were assayed in duplicate. Reducing sugars were measured after

40h incubation at 25°C, using the Somogyil-Nelson method, as

described by Paleg (19860).

b) Lettuce hypocotyl bioassay

The method used was similar to that of Brian et al.{1964).

Sgeds of Lactuca sativa cv. Arctic King were germinated on moist
Q Q

filter paper in darkness at 25°C. Test substances were dissolved
in Zcm® of distilled water in 4.5cm  diameter glass petri dishes
containing filter paper. GA, standards from 1077 to 10°%agem”?

were assayed., Ten seedlings were placed in each dish. Hypocotyl

lengths were measured after 72h incubation in the light at 25°C.

c) Duarf rice microdrop bioassay

The method used was similar to that of Murakami (1870).
Seeds of QOryza sativa cv. Tan-ginhozuwere soaked for 40h in

distilled water then planted on 1% agar in 30cm® Beaton jars.
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FIGURE S, Typica: bioassay and GR,I radioimmunoassay standard curves.

Vertical bars reoresent standard errars. El0 values for the
BA,‘ RIA were 5448, 5923 and 3322 cpm.
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After 48h growth in the light at 329C 1mm® of 50% EtOH containing
the test substance was applied to the junction of the blade and
sheath of the first leaf. GA, standards from ?0_4 to TU?pgmmms
ware also assaved. Five replicate plants were used for ecach
treatment. After a further 7Zh the length of the firsi leaf
sheath was measured,

Typical standard curves for the bioassays are shown in

figure 5.

2.9. GA

1 RADIOIMMUNDASSAY

The radioimmunuassayhof Atzorm and Weiler (1983) was used.
The incubation mixtures contained O,1cm® methylated sample or
standard, 0.5cm?® buffer {0.01M phosphate, 0.15M NaCl, pH7.4),
0.2cm?® dilute (diluted 1:7) bovine serum, 0.1cm?® dilute anti-
serum and ca. 7000cpm [’1,2~3H]GF\1 nethyl ester (38.2 Cimmol_1).
Standards contained from 0.07pmol to Spmol of methylated Gﬁ1,
Samples and standards were assayed in triplicate. After mixing
tubes were Ilncubated for 2h at room temperature, and the antibody-
antigen complex separated from freze antigen by the addition of
1.25cm® of 91% saturated ammonium sulphate solution. After
30 min at roam temperature the tubes were centrifuged, the

supernatants decanted and the pellets resuspended in 1em® of 50%

ammonium sulphate. The tubes were re-centrifuged, the supernatant




discarded and the pellet dissolved in 0.25cm® distilled water.
1em® scintillant (Koch-Light Ltd. "Minisolve") was added and
samples counted for 2 min.

Data was analysed as described by Atzorn and Weiler (1983),
Standard curves were plotted as logit relative tracer binding
(B/Bo) against the logarithm of the amount of unlabelled
methylated th standard. A typical standard curve is shown in

figure 5,

2.10, LIQUID SCINTILLATION COUNTING

Aliquots were counted in Bem® plastic visls containing
S5cm® of a scintillant composed of 5g 2,5-ciphenyloxazole, 0.3g
1,4-Bis~2{4-methyl-5~phenyloxazole) benzene, (dimethyl POPOR),
200cm® Triton X-100 and 80Com? of distilled toluene. Samples
were counted in an LKB 1211 Minibela liguid scintillation ceunter.
All counts presented for the [3H]E2

per minute (cpm), with no correction for the counting efficiency.

D—Gﬁ feeds are in counts

In all the other experiments counting rates werc corrected for
the counting efficiency and the results are given in disintegra-
tions per minute (dpm). Correction for counting efficiency was
gither by addition of an internal standard or by the sample
chamnels ratio method. There was very good agreement between
Lhe results of these two methods when they were compared.

A standard curve for the sample channels ratio (SCR) method
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was obtained wsing {*H]-hexadecane quenched with varying amounts
of chloroform, For the internal standard method 4 aliquots of
each sample were counted. Two of these replicates were counted
after addition of ca. 30,000 dpm of [EH]BAQ in 5om? of Felbl. The
internal standard method wss only used to correct a few of the

counts of the [3H]GR9 Feeds.

2.17. PREPARATION OF DERIVATIVES

a) Methoxycounaryl esters

flethoxycoumaryl esters were prepared as described by Crozier
and Durley (1982) and Crozier et al, (1982). Cxtracts were reacted
with 4-bromomethyl-7-methaxycoumarin {(BMMC) and 18-Crown-B in
100mm® of dry acetone contzining a crystal of potassium carbonate.
Tmmol BMMC and 100pmol 18-Crown-8 were used per mg of extract
weight. The reaction mixture was incubated for 2h at 80°C, the
solvent evaporated off and the residue dissolved in distilled

water. GACEs were extracted by partilioning into chlorofurm,

b) Methyl esters

Compounds were methylated using an etherial swlubion of
diazomelhane prepared using a modification nf the methad of
Schlemk and Gellerman (1960). Approximately 0,5g N-methyl-N-nitro-p
toluene sulphonamide was placed in a 100cm® conical flask with

side arm attachment. To this was added 1fcm® diethyl ether, 1em?®

(]




methoxyethanol and 3cm® concentrated potassium hydroxide. The
flask was stoppered and heated in a bhot water bath. The open
end of Lhe side arm was placed under ca. 10cm® dielhyl ether in
a flask cooled in ice. 0On heating the reaction mixture diazo-
methane gas and disthyl ether distilled over and dissolved in
the cold ether, The solution was used when an inbense yellow
colour had developed.

Each 5anple}wggtgl;§§i5£h in 100mm® MeDH and 100mm® of
diazomethane sclution prior to incubation alt G°C for 30 min.

The solvent was then evaporated,

2.12. COMBINED GAS CHROMATOGRAPHY-MASS SPECTROMETRY

GE-MS analyses to detect the endogencus GAs of cv. Alaska
were carried out by Dr. P. Hedden, [ast Malling Research Station.
Analyses of the fractions from the feed of [3H]GA14 were performed
by Dr. L. Rivier, University of Lausanne, Switzerland.

f’rior to GC-MS methylated samples were trimethylsilated
with N,0-bis (trimethylsilyl)trifluorcacetamide tor 30 min at SUYC.

GC-MS analyses to detect endogenous GAs in the cv. Alaska
extract (section 3.3.) were carried out using a VG1212 mass
spectrometer coupled to a Dani 3B0O0 HR gas chromatograph and a
Dani 2015 data system. Samples were injected onto a fused silica
column (25m x 0.2mm), coated with a BP-1 stationary phase,

connected directly to the ion source. The temperature programme
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rose ballistically frem H0°C tn 240°C, and at 4°C min—1 from
240°C te 300°C. The heliwn inlet pressure was BOKPa,
The source ionisation crergy, emission current anc temperature
were respectively 70eV, 100pA and 200°C. There was a 2.2 s
scan time, 0GAs were icentified by comparison of the spectra
obtalned with spectra of authentic GA standards analysed under
the same conditions as used for the experimental analyses.
GC-MS analyses of fractions purified from thz extract
of [3H]ER14 fed plants {section 3.5) were carried out using
a Hewlebl-Packard Model 5985A combined GC-MS. Samples wsre
injected onto a fused silica capillary column (25m x 0.3m),
with a stationary phase similar to SE-54 (Hewlett-Packard},
connected directly to the ion source. The temperature programme
was isothermal at 100°C for 1 win and then 109C/min to 260°C,
with a helium inlet pressure of 50KPa. The ion source
lonisation energy was 70eV and the emission current 5UUFH.
The source temperature was 200°9C, Mass spectra were collected
every 1,2s.

The tesults from the [®H]GA,, analysis were analysed as

14
follows., The mass spectra, of peaks of the tptal ion current
trace that were larger than 0.5% of the base peak sizé, were
compared by the computer with a library containing referencs
spectra of the MeTMSi derivatives of GR1 to GAEZ. These reference
spectra were kindly provided by Professor J. MacMillan (University

of Bristol). Both forward and reverse library searches were




nperfaormed and identifications were based on a similarity index

higher than 0,23 {absolute identity had an index of 1) together
with direct comparison with authentic standards run under the

analyticel GC-M3 conditions,

3




RESULTS




3.1, GROWTH OF EXPERIMENTAL  PLANTS

Typical arowth curves for light and dark-grown peas are shown
in figure 6. The growih rales appear Lo bz linear at arn early age.
It was noticed that light-grown seedlings of the cv. Alaska grown
for the earlier experiments were taller thar plants of an equivalent
age ygrown for the later experlments. The difference in height was
quite large {mean height of 11 early batches, 44 % {1,Smm; mean
heicght of B later batches, 34.1 = 1.5mm; 4D plants from each hatch
of ten day old plants measured). No difference in height was
apparent between cv. Alaska plants grown in the dark from the
earlier and the later batches of seed.

The cause of the discrepancy may be a difference in the
seed used, since the cv. Alaske seeds used in the later experiments
were of a different batch from the seed supplisrs. The first batch
of ov. Alaska seeds was used for [3HJGAM metabolism studies, and
also accounted for half the tissue extracted in secticn 3.3. The
later batch of seeds was ussd tor all other experiments, ALl
seedlings of cv. Progress No.9 were grown from a single batch of
sgeds, as werce those of cv. Meteor. No difterence in height was

found betuween gruups of these seedlings grown at different times,




FIGURE B.
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Growth of experiwental plants, Seedlings were

transferred from moist tissue paper to waler culture
or day 3. The growth curves shown are typical of
thaose measured. Vertical bars show standard errors.,

40 plants measured per point.

cv. Alaska: I3 first batch of seed.
I11; second batch of seed.
—— cv, Meteor
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3.2, REVERSE PHASE FHPLC DF COIBBERELLINS

The availability of a range of GA standards and the ebility
to accurately determine the retention Limes ol thesz during reverse
phase HPLC made it possible to repsat and exiend garlisr sludies
of fthe reverse phase HPLC elution characteristics of the G8s
(e.g9. Koshioka et al., 1983}, GA standards were detected by
on-1ine monitoring of the razdicactivity in, or the absorbance
at 210nm of, the cclumn eluent., The detection Limlt of the latter
method was ca. 20ng.

Thz relative retention characteristics of the GA standards
tested are shown in figure 7. The R1U value is the percentage
cf MeOH estimated to give a pee< retention time of 10.0 min
(see section 3.7.4.). From these results the following conclusiors

cen be drawn (these ars similar to those of Koshicka et al., 1983).

EEI_E1 g".@-‘-‘;:

(a) A single hydroxyl substitution will reduce the retention
time, but the extent of the decrsase depends on the suhstitution
position. The effeciiveness of the substitutiion decreases in

the order 12® ¥ iB6x>13% > 28 » 38. Therefore a C/D ring substi-~

tution seems to have @ larger effect than A ring substitutior.

{b) The effect of further hycroxyl substituents is qgemerally
to decreasa the retention time further, but this depends on the
substitution positions of the hydroxyl groups. Thus if one

hydroxyl group is 3£ the effectiveness of a second one decreases
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in tha order iz& > 13u\>11ﬁ > 1 > 2B, If the only hydroxyl
croap is in the A ring then further substitution of Lhe A ring

is less wiffective in reducing tne retention time than substi-
tution of the C ring., 2B-hydroxylation causes a larcer reduction

1

in retention time than 3B-hydroxylaticn (e.g. Gﬂq/BA Bﬂa/Gﬂﬁq)-

2987
Addition of a 3p-hydraxyl group to a 28-hydroxylated GA has

ilittle effect on the retention time (e.g. GA51/GR3Q’ GRZG/GHB).

(c) The presernce of a double bond tends to decrease the

retention time {(e.g. GA4X5H7, Gﬁﬁ/GAZD, GA1/GA3).

(a) C-20-methyl GAs elute later than the corresponding

Cyq-6-lactone Ghs {e.q. enizlung, GA14/6H4, GA18/GA1).

{n) Ixidation of the C-20-methyl group to an alechol can have
quite a large effect on retention time, but further oxidation to

the aldehyde or acid has less further effect.

() The relative effectiveness of different hydroxyl substi-

Lubions may be different for CZU- and for C,.,-GAs (e.q. GAa/GH

19 20’

GA1?/GR13).




3.3, GC-MS  ANALYSIS OF THE ENDDGENUUS GAs OF cv. ALASKA

10.5kg (fresh weight) of ten dey old light-grown cu.
Alaska seedlings (Egi_11,8UD plantse) were extracted with thé
b jeclive uf cblaioning sufficient gquantities of GAs for GC-MS
znalysis. The planzs, grown in nineteen batches, were frozen in
1iquid nitrogen, freeze-dried and stored at -20°C prior to
extraction. Whale seediings (roots, shoots and cotyledons)
were extracted.

The tissun was extracted in five batches, and an internzl

standard of [*H]GA, (total 3.4 x 105 dpm, 10mg) added to two of

9
the batches to cuantify losses during work-up. The pHE aguecus
extracts were partitioned against toluene, filtered thraugh
cellulose powder, slurriec with PVP, adjusted to pHZ2.5 anc
partitionzad against £t0Ac. The EtOAC was dried and evaporated
off. The five Et0Ac resicues were combined, the total weight being
B.0g. There was 60% recovery of the internal standard.

The extract was dissalved in 1{0cm?

pHE. O 3,20 ammonium
acetate and further partitioned against a half-volume of toluene.
ca. 22% of the internsl standard partitioned into the toluene,
which was discarded, The aqueous phase was adjusted to pHB.S and
applied to a 130 x 4Cmn column of PVP. The column was cluted with
0.2M pHS.5 ammoniom acetalbe bufFer and 10cm? fractions were
collected. 95%% of the recovered [3H]GH9 2luted in a peak betuween

fractions 1% znd 35, Fractions 1C-50 were combinec and freeze-

dried,

‘9




The partially purified extract (7.Bg) was further purified
by DEAE-A2S Sephacex anicon exchange chromatography (weight of
extract reduced to 250mg, 39% of internal standard recovered),
size exclusion chromatography (extract weight reduced to 280mg)
and by use of a Sep-Pak C18 cartridge. The residual bulk of the
cxtract was composed mainly of a non-volatile componernt, which
was Temoved by dissclving the extract in S5cm® of pH8 0.5M
phosphate buffer and partilioning against 2 x 1 om® toluene,
which was discarded. The agueous phase was then adjusted to
pH2.5 and partiticned against Et0Ac, which was dried and
evaparated off,

Tne extract (50mg, 27% recovery of internal standard)
was dissolved in 270mm® of EtOAc and purified by preparative
EPLC wusing a 450 x 10mm column contzining Partisil 10 coated
with a 40% w/v 1M acetic acid stationary phase, The column was
elutec with a gradient of Et0OAc in hexane (figure 8 ) designed
to give maximum separation of SAs.

Seventy successive 2 min fractions were collected, and the
solvent evaporated off., Aliquols From each fraction were analysed
using three bioassays and the Gﬂ1 radiocimmunoassay (GA1 RIA) of
Atzorn and Weiler (1983). The results are shown in figure 9,

Subseouently the fractions detailed in Table 4 were analysed by

GC-M5.
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FIGURE 8. Preparative HPLC gradient used to fractionate cv. Alaska

extract.

TABLE 4, Details of fractions analysed by GC-MS

Fraction GA identified
29 and 30 (combined) GAsg
42 2
45 and 45 (combined) GAZQ
56 nane
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FIGURE 3. GA-like substances extracted f-om cv. Alaska seedlings.

Figure shows bipassay and immunozssay determineticns of GR-like
substancas present in fractions obtained after chromatoaraphy
of the extract of zv. Alaska on the preparative HF_C system.
The ezmounts of BA1 and GAS stancards incicate the BA-like
activity in 1% nf the tota) extract, The expected elutian
positions of GA., BAQ, GAg and GAZO are shouwn at the top of
the figure.
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The [aH]GQU internal standard was detected in fractions
17 anct 18 with an estimated recovery of ca. 18%. The louw
recovery is attributed largely to losses into the toluene
during partitioning. Since GAQ is one of the least oolar GAs
losses of other GAs may not have been so laryge, and recoveries
were possibly greater than 18%.

Fracticn 29 showed activity in the lettuce and rice
bioassays and in the GA1 RIA. Fraction 30 also showed activity
in the Gﬂ1 RTA. GRZU was subsequently identified in these
fractions by GC-MS (figure 10). GA,y has been previausly found
in seedlings (see Table 2). If it is assumed that the activity
of fractions 29 znd 30 in the GA1 RIA is caused entirely by BAZD
then, knowing the cross reactivity of GA,, in the assay (55%)
and the recovery during work up (1B%), it is possible to
calculate the levels of Gﬂzu per seedling as ca. 900pg.

Fractions 45 and 46 were found to contain GA,q (figure1D).
This GA has been previously found in pea seedlings (see Table 2),
and exhibits low activity in all four assays used.

Fraction 42 shows DA-~like activity in all faur assays.
GA1 and other GAs of similar elution characteristics would be
expected to occur in this fraction. EH1 fas previously been
found in pea seedlings (see Table 2) and is active in all four
assays. However, neither GA1, nor any of the other known GAs
was detected by GC-MS analysis of Traction 42. No spectrum

contained m/z 508, the molecular ion of GA¢M9TMSi. From the

g3
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ten day old sesdlings of cv. Alaska,
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binasgay and imnunoassay data any known GA, if responsible

for the activity seen, should have becn present well above the
detection limits of the analysis. iherefore it seems unlikely
that GRT’ or any other knoun GA, is responsible for the activity
detected by the assays. There is bhe pussibility that the
presence of trace guantities of several GAs could account for
the activity seen in the assays, but this is unlikely due to

the separation of GAs provided by the preparative HPLC.

The anly coimponent of fraction 42, that showed a mass
spectrum similar to a GA had a GC retention index of 2629, which
is lower than that of GAT (2683). The mass spectrum obtained
from this compound is shown in figurel1l, The spectrum is
background subtracted, Lut the pesk acround scan 190 in the TIC
trace was essentially free of contaminants. The presence in the
spactrum of a prominent ion at m/z 207 is characteristic of a
13whydruxyiafed GA. w/z 4B2 way represent the molecular ion,

If this compound is responsible for the activity seen in the
assays then further structural features can be tentatively
suggested in view of the known structure-activity relationships
of the assays. GAs active in the barley alesurcne bioassay
typically have a 2-3 double bond or a 3f-hydroxyl group in the

A ring. Such a configuratinon wnuld also be expected to be active
in the other assays used., It is possible, howsver, that a novel
and untested configuration could have high activity in the assays

and account for the activity seen.
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GC-MS analféis of fraction 42. This fraction, of an

extract of cv. Rlaska seedlings, appeared to contain
2 GA1 -like caomponent, although GC-MS analysis failed
to detect GH1 . Upper trace shows the total ion current
trace of the fraction. The lower trace shows the mass
spectrum of the putative GA-like compound, obtained at

the arrowed peoint cf the total ion current trace.
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No other fractioms showed prominent and consistent activity
in the assays. Fraction 56 appeared active in the lettuce and
barley biovassays, but GC-MS amalysis of this fraction failed

to reveal any of the known GAs.
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3.4, COMPARISON OF THE ENDUGENOUS GIBBERELLTNS OF TALL AND

DWARF _CULTIVARS BY INMUNOASSAY .

8 day olc shoots cf light and dark-crown peas, of cultivars
flaska (tall), Meteoar {dwarf) and Progress No.9 {dwarf) were
exiracted atter being excised at the uﬁtyledonary noge. The
amounts cof tissue extracted are detailed in Table 5. [3H]GA14
(845,000dpm) was added Lo each methannlic extract as an internal
standard, [SH}GAM was suitable in this veusrd since it has

negligible cross reactiviiy in the immunoassay employed.

TABLE 5. Details of tissue extracted and Lhe recovery of the

internal standard for the ch RIA analysis of

endogenous [GAs,

Light- Grown Dark-Grown

4

Alaska Mcteor Progress Alaska Meteor Progre_sT

Number of shnots extracted 165 155 204 220 223 222
Weight of tissuc extracted (g) 34.0 34.4 37.% 101.8 104.3 §4.,7

Recovery of internal standard*  22% 37% 214 35% 50% 54%

¥ after reverse phase HPL{ fractionation

Methanolic extracls were evaporated to ca. Zom®, taken up i
phosphate buffer, partitioned against petroleun ether, slurried with

PYP, adjusted to pH2.5 and partitioned zgainst FtlOAc. The crude
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EtNAc fractions were purified by DEAE~AZS Sephadex anion exchange
chromatography. Potential GA containing fractions were combined
and further purified by eluting each through a Sep-Pak 518 |
cartridge.

Fach purified StOAc fraction (ca. 3wy) was fractionated by
reverse phase HPLC (sea figure 12). Thirty five successive
1 minute fractiens were collected for each extrzet. Aliguots
of fractions 23-27 were assayed for radicactivity Lo determire
the recovery of {3H]UA1A. The recoveries are dstailed in Table 5,
The low recovery of both cv. Alaska extracts is dus to spiilage.
The reasons for the low recovery of the extracts of light-grown
plants of cultivars Meteor and Progress No.9 are not known.

The HPLC fractions were dried, methylated and 10% aliquots
analysed in triplicate using the 891 radigimrunoassay (Gﬁ1 RIA} of
Atzorn and Weiler (1983). The results, corrected for the TeCOverny
of the internal standard and expressed a femtomoles Gﬂw—like
substance per seedling, are shown in figure 12. At least four
peaks of GA—Llike activily are apparent from the extracts of
light~grown tissue, around fracticns 5, 8, 17 and 21. UWhen
considering the possible identities of compounds causing thesc
peaks it is necessary to teke into account the elution times of
the peaks and the results of cross-reactivity studies that have

been pade using the GA, RIA,

1

Atzorn and Weiler (1983; personal cammunication) have
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GA~like substances in light~ and dark-grown

Figure shows the amounts of GA-like substances detected by GA,]RIR

in reverse phase HPLLC Tractions obteined after chromatography of the

auidic StOAc fractions of extracts of :ight- and dark-groun shoats

of the cultivars Alaska, Metzor and Progress Nm,9, Fraction 11 from

light-grown shants of cu, Alaska, and fracticn 24 of cv. Progress No.d,

not analysed. The expected elution peositions of certain GAs ace shown
al Utwe top of the figure. HOLC mobile phases 30-35% MeOH, 0-1 ming

35.50% MeCH, 7-8 min; 50-70%, 14-15 min; 70-

3% x 1 min fractions collected.
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studied the cross-~reactivitics of GAs 1-53 in the GA1 RIA, with

the exceptions uf; GA EHZS’ Gﬁqj, GA@S’ BAQE, Gﬁqg, GHSQ and

,[ :I ?

GA A number of GA conjugates were also tested, some of which

52°

were found to be cross-~rezctive. The vesults of Lhese cruoss-

reactivity studies are summarised in Table 6§ .

TARBLE B. Cross reactivities of GAs and GA conjugates in the

GA, RIA. Data expressed as % cross reactivities on
a molar busis (Courtesy of Cr. Atzorn and Dr. Weiler,

Ruhr-Universitat, Bochum).

free GAs Conjugated GAs
GA1 100 Gﬂ1—3vglucoside G
GA4 0 GA1—13vglucoside 10
Gi—\4 40 Dﬁ1wglucoside ester 5
GAS 29 .Gﬁ3~3~glucoside 2
GAB 29 BA3—13~glucoside <1
Gﬂ7 70 GAS—glucoside ester {1
Gﬂe 11 GR,-3-glucoside 2
Gﬁg 15 Gﬂa—glucoside ester (1
GA1U B GR5—13~qlucoside 5
anu 55 GAS—glucuside aster B
GA22 2 Gﬂ7—3~glucoside 3
GA31 20 GA8—2~glucoside <0.1
Gﬂ35 11 GAZB—Z-Qlucosidc <0.1
Other frze GAs tested 1 GA

29-2-glucnside <01
GA35-3—glucoside <01
Gﬂ%7~glucosidc ester <0.1

'Gﬂze—glucoside ester <0.1
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The cross reactive GAs (except Gﬂg, GAﬁG and Bﬁza) all have
a 3B-hydroxyl group and/or a doublz bond or an cpoxide group (GHS)
in the A ring, 2B-hydroxylation reduces activity. A Ti-hydraxyl
group usually pramotes activity but is not essential. Glucosides
have reduced activity, but may still show significant binding. It
is likely that the GA-glucopside esters would have been removed
from the extracts by the DEAE-A2L Sephadex anion exchange
chromatogrephy procecure, although glucoside ethers are still
likely to be present (Grabrmer et al., 1978).

Gﬁzg and GHB have both been found in peas and both would be
expected to elute around fraction bH. ang has negligible cross-
reactivity so would have to be present in very large amounts to
account for the activity seen in figure 12,

The peak in fraction 8 may represent the GA-like compound,
of undetermined structure, which was detected in fraction 42 of
the cv. Alaska extract previously reported (section 3.3). This
caompound had a similar reterntion time to GA, during straight

1

phase preparative HPLC, and was reactive in the GA, RIA.

I
Alternatively, the peak in fraction 8 may represent GA1, recantly
identified as an endogenous GA of peas (Ingram et al., 1983 ).
Fractien 17, from light-grown tisstue of =21l cultivars,
contains a major peak of similar reteption time to GAzU. In view

of the identification of GA?G from seedlings of cv. Alaska and

cv. Progress No.9, and the high cross-reactivity of GAzD in the
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Gﬁ1 RIA, it seems likely thsat this peak is Gﬂzc. Fracbtion 13
of cv. Progress No.9 possibly contains a small peak, but the
" possible identity of the causative compound is unknown,

The othker major peak, in fraction 27, is s=en mainly in
the extracts cof light-grown tissue of cultivars Alaska and
Progress No.3. Of the C1Q~GAS identified from peas orly ong,
5951, would be expected to chromatograph in this area. lowever,
Gﬂ51 has a cross-reaclbivity of under 1% in the Gﬂ1 RIA.

The levels of the caompounds detecterd are surmarised in
Table 7. These guantitative estimates are very approximate,
especially for minor peaks, as no allowance was made for the level
nf bhackground activity in the assay, or for the possibility that
a compound was split betueen two fractions {with the exception
of the peak in fractions 8 and 9 of the light grown cv. Alaska
extract). The background activity appears higher in the extracts
of light~grown tissue of cultivars Alaska and Progress No.9. This
is because the recovery aof the [E'H]GH,”I internzl standard in these
extracts was low, so that a higher factor was used to carrect for
losses during extraction. -

The amounts of peaks of similar retention times can be
compared between extracts, assuming that an identical compaound
is causing the activity in the different extracts. Houwever,
the awounts of diffevent peaks within an extract cannot be
compared since they are caused by different compounds which probably

have different cross-reactivities,
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TABLE 7. Estimales of the amount of GA-like immonoreactive

compounds, Figures represent femtomoles per seedling.

Cultivax
traction Tissue fAlaska Metear Pragress No.9
Fraction & Light~groun 80 S0 70
Dark-grown 1C 40 20
Fraction 8 Light-grown 130% 80 120
DarTk-grown 7C 80 20
Fraction 17 Light-~grown 54 1490 130
Dark-grown - 90 40
Fraction 21 Light-grown 140 40 200
Dark-grown 30 50 50

* includes fraction 9

If it is assumed that the peak seen in fraction 17 is
caused by GA?D then it is possible to calculate the absolute
amount of GAZD present in the tissue (since GAZU has a cross-
reactivity of 55% in the Gﬁ1 RIA). The results of such a calcu-
lation are shown in Table 8. The level of GA2U found in light-
grown seedlings of cv. Alaska, ca. 300pg per seedling, is lower
than the level of ca. S00pg estimated in section 3.3. This
difference may arise because whole sgedlings were exlracted in
section 3.3.; mhile only the shoots were axtracted in the-present
experiment. Alternatively the difference may partly reflect the
different ages of the tissue when extracted, or may simply arise

through experimental error, The levels of GAZU are ca. 100 fold

less than those estimated by Ingram et al. {1984 ).
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TABLE @. Gh, levels estimated by immunozssay. Data

expressed as pg per seedling.

Alaska  Meleor  Progress No.9

Light-grown plants 330 110 70

Dark~grown plants - B0 20

The tell cultivar Aleska, and the dwarf cultivars
Progress Na.3 and Meteor, all contain GA-like substznces, and
given the e;rors in the results the differences detected between
cultivars may naot be significant. It is apparent that the levels
gstimated in dark-grown tissue appear consisterntly lower than the
leuéls estimated in light-grown tissua. As this result was seen
in extracts of all three cultivars it probably represents a real
difference. The difference 1s much larger when the results are

expressed on a unit fresh weight basis.
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3.5.1. [3|4JL;J41,4 FEEDS: INTRODUCTION

Two major experiments were carried out. In the first
[SH]GH14 was applied to plants by two appiication methods and
the producls studied after 4 different periods of time, up to
89h after application. Identificatiuvn of products was not
attempted in this time-course experiment. Based aon the results
of this first experiment a second experiment, with the objective
of identifying some of the products produced from [SF]GATQ, was
conducted. Other investigations confirmed the stability of
[BH]IS.Q,M on the plant surface during the feeds, and during the
extraction and analytical procedures employed. Prior to zll
experiments the radiochemical purity of the {"‘H}GH,M was confirmed
by isacratic reverse phase HPLC at 70% MeDH. {Retention time cof

[BH]GHTA: 11.7 min),

3.5.2. [3H]GA14: TINE COURSE FEED

The time course feed compared the metabolism of [*H]GA

14
when applied to eitheprthe apical bud or the cotyledonary rode of

the cultivar Alaska. The stability uf [°HIGA,, during the
analytical procedures was confirmed by adding the labzi to
three extracts during homogenisation. These extracts uwere
partitioned normally to give crude EtOAc fractions, which were
then purified by DEAE-AZ25 Sephadex anion exchange chromatography

and by use of Sep-Pak C18 carlridyges. Analysis of the purified




extracts by isocratic reverse phase HPLC at 7% MeDH showed that
[e'H]BPLM was the only radicactive compound present, confirming
that this compound was stable during purification and analysis.

For thes time course feed 150,000 cpm {_E‘H]Gﬂ,14 (Eg,%pg},

dissolved in Smm® of GC0% aqueous ethanol, was applied to each of
eighty light-grnun 6 day ald seedlings. A further 20 plants
were ireated with 5mm® of 50% acueous ethanol nct containing
[3H]GH14. The treatments were applied to the apical bud of half
of the tctal number of plants, and injected into the cotylsadonary
node of the remaining half,

Ten aplvally tieated and ten cotyledonary-node treatecd
plants were extracted after 18, 43, 67 and 89h. Prior to each
gxtraction the area around the point of application of the
[*H]GA,, was rinsed with ca.10cm® MeCH. Reverse phass HPLC
analyses, at 70% MeOH, showed that these rinses contained radio-
chemically pure [3H]GR14, demonstrating that this compound was
stable on the plant surface during the fezed.

The height of =ach experimental plant was mezsured
before treatment and 19, 43, 67 and 89h after treatment. From
these measurements the growth of the plants after treatment was
caloulated. The results are shown in figure 13, The mean height
of plants before treatment was 22.3 z 0.4 mm. [3H]GH14 applica-
tion appeared to stimulate stem elongation, but application to
the cotyledonary node may reduce growth relative to apical

application,
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Increase in stem lengih sipnce treatment {mm)

i
C a0 100

Timz since treatment (h)

treated plants.

FIGURE 13. Browth of [*H]GA,,
ca. 2Zug [°HIGA,, applied to apical bud

— ~— —ca. 2ug [*H]3A,, injected into cotyledonary node

T4
— + — = 5J% agueous ELOH applied to apical bud
cemonnn 50% zqueous EtOH injected into cotyledenary node

(10 plamts Trom each control treetment measured. 4D, 40, 30,

20 and 10 plants respectively from each [BH]BAM treatment
measured O, 19, 43, 67 and B%h after treatment).
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Whnle seediings were extracted with MeUH which was
subseguently evaporated of f. An excess of pHB phosphate buft'er
was added to the acuccus residue arnd the sxtracts purifisd by
partiticning against toluene and by slurrying with PUP. Details
of the recoveries of the applied radicactivity are given in

Table B. The errors in the table way be large, sirce no

TABLE 9. EHH]GH14 Time course:recovery of redioactivity,

Data are percentages af the applied radicoactivity,

calculated from cpm,

Point of application Bud Cotyledonary Node
Duration of feed 19h 43k 67k B8h [ 19~ 43h B67h 89K

Fraction:MeUH rtinse} 5% 45% 40% 27%| 0% 9% G% 8%

Taluene - - - 8% - 4% - -

Aqueaus 3% 4% 2% 3% &% 3% 8% 8%

Ct0Ac 11% 19% 19% 20% | 259 19% 27% 21%
Total Recovered 71% 68% 61% 58% | 39% 35% 39% 35%

correcltion was made for quenching which was pussibly high. The
bulk of the extracted radicactivity was Found in the £t0Ac fraction
and there was no major trend with time towards increasing amounts
of radioactivity remaining in the aqueous phase. The taoluene
phase did not generally comtain much radioactivity.

The recovery of radicactivity from hoth application methods
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was low, and it is apparent that the rscovery from cotyledonary
node treated plants was even lower than thnat from apically treated
plants, largely cue to less radicactivity being recovered in the
methanolic rinse. The latler is not unexoecked since less [3H]GA14
wowld be expected to remain on thes piant surface when the lahbel
was injected into the cotyledomary node, than when it was applied
te the surface of the apical bud. Therefore more radioactivity
would have beer expected to be extracted from thz cotyledonary
node treated tissues, although this does not appear to have been
so. Therefore the difference in recovery of the applied radioactivity
between the two treatments, and the overall low recovery, remain
unexnlained.

The acid EtOAc fractions were analysed by reverse phase HBLC

and the traces are shown in figures 14and 15. The retention times

TABLE 10. Retention times (min) of [?HI](A standards on reverse

phase HPLC. HPLC conditions as tigurela.

Injection

number 1 2 3 4
[3H]r3n1 1.7 1.1 10,5 10.9
[3H]'Gn4 28.0 - - -
[3H]c;a14 30.4 30,3 29.9 30.5
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of [®H]GA standards are detailed in Table 10. The peaks observed
were rnumbered in order of decreasing polarity, pegks in difTerent
extracts but with similar retention times being allocated ths
same numher. PFeak areas were quantifizd from the chart recorder
integrates respense. The area of each peak was expressed as a
percentage of the total area benmath all th% numberced peraks in
that extract. This percertage was multiplied by the amount of
radioactivity estimated in the crude EtOAc fracticn (Table 12
to give the percentage conversion of applied [3H]GA1A that each
pealk represented. These figures, together with the accurace
retention times of the peaks, are given in Table 11

A number of possible swurces of error should be norne  in
mind when considering Table 11. The percentage conversions are
dependent on the accuracy of the initial counts of the EtUAc
fractions, which were not corrected ta dpm. Large losses occurred
tetween the time when these counts were made and the time immediately
before HPLC analysis when Further courts were made (Table 12)., These
losses occurred during drying of;gSDAc and during transfer of the
extracts between containers, bul were much higher than losses
vbserved at a similar stage in subseguent experiments, and may
reflect inadequate rinsing of the sodium sulphate used to dry the
EtCAc. 1t is assumed that all components of each extract were lost

to a similar degree.
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TABLE 12, [3H]UH1a Time Course Feed: Counts of radicactivity

_3).

in the EtOAes fraction (com % 10 A, counted

%
immediately after papitlonings &, counted after

drying and transfer.

. Bud Application ! Cotyledanary Node Applicﬁ
I.xtract 19h  43h 670 8Sh | 18h  4%h  67h  83h

A 170 288 280 300 380 280 410 320

B 20 140 w150 20 w170 10

The uther main potential sources of error in Table 11 arise
from the difficulty of distinguishing poarly resolved peaks, and
as a result of the low number of counts present in some peaks.

For example, peak 9 in the 88h bud extract possibly represents

more than onie compound, while the percentave conversion of {SH}GA14
to peak 10 in the 43h extract of cotyledonary node fed plants is
estimated from a peak of ca. 30 counts.

Thus {3H]GP£“L was metabolised to a range of more polar
praducts, the pattern of which appeared broadly similar from
both bud and cotyledonary node fed plants. Peaks 4 and 17
appeéred trr be major early préducts and peak 4 was further

converted, The pattern of occurrence of peak 12 was less clear, In

both time courses peak B was a major product, chromatographically well
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suparatzd From other procducts, and was further metabolised. Peaks
10 and 11 were late products, sométimes poorly resolved, Peak 10
anly sppears ds a major aroduct from the cotyledonary node feeds.
Dther pesks genzrally appear tn he late procucts, with peak 3
sppearing much more prominent from bud fec olants. No peak of
similar retention time to GA1 was observed, with the possihle
exception of peak 5. This was a minor pzak observed only in the
E7h bud extract, although possihly present but incompletely
resolved in the 43h bud exlract.

From this experiment it was conzluded that [SH]BA14 was
metabollsed by cv. Alaska to more polar compounds, more numErous
than those reported LY Durley eb al. (1974a,b) from cv. Metzor.
However, the results do need to be interpreted with some caution
dus to the unexplained low and variable recovery of applied label
after extraction and during work-up. Based on the result of
this experiment a large-scale sxperiment, with the objective of
conclusively identifying some of the products observed, was
conducted, The [3H]BR14 was applied to the apex of the plants,
since this was easier than cctyledonar??fﬁjection and had given
higher recoveries of the applied radioactivity. It was decided
to harvest the plants after ca.43h since peak § was a ma jor
product at this time. Peald 5 was potentially & gocd peak to
attempt to identify since it was chromatographically well separated
from other products and since it appeared to be further converted,

it
and thus/might provide a clue to the identity of further products.
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3.5,3. GC-MS ANALYSIS OF [%ijaﬁm META3OLITES

120,000cpm (ca. 1.13)1;1) of [“H]BHM was applied to the apex
of eacn of 255 six day old lignt-qrown pea plants, cu. Alaska.

The plants were extrzcted £3h after feecing. Prior to extraction
the area around tre point ot applicatior of ften plants was rinsed
with 100% MeDH which was subsequently aralysed by reverse phase
HPLC at 70% MeOH (Ht [SH]GQ1&: 1.7 min). [3H]G91& was the only
radiolzbelled compound present.

The plants were extracted with MeOH, which was evaporated
off to leave an agueous residue. After addition of =xcess phosphate
buffer this was partitionsd against toluene and slurried with PVYP.
The distribution of recovered radioactivity after partitioning
was: toluene phase, 1%; residual aqueous phase, B%; acidic EtChAc
phase, 90% (percertages calculated from cpm and expressed as a
pvercentaye of applied radioactivity). The recovery of applied
lebel was high and better thaen from the extracts of the time courss
feeds. The much higher rzcovery of radicactivity in the t£tU0Ac ohase
was probably hecause only ten of the plants had their apical regions
rinsed with MeOH prior to extraction. This MeDH rinse remaved 43%
of the radicactivity that had been applied to these plants, a
similar proportion to that removed during the time course feeds.

A high proportion of the rtadicactivity in the L+0Ac fraction was

therefore expected to be urnmetabolised [jH}Bﬁqa.
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Isnsratic reverss phase HPLC analysis of the crude aclidic
EtOAc fraction (250mg) suggested that approximately 15% of Lhe
radioactivity in Lhis fraction represented products more polar
than [34]G , while the rema’nder was [°H CA The crude acidic

.
Py 14°

EtOAc fraction was purified by DEAE-025 Sephadex anion exchange
chromatography. A major peax {(18.7 x TDB cpm, B0mg) and a later
eluting minor peak (6 x 105 cpm) were detected, The reverse phase
HPLC profile of the minor oeak differed to that of the crude ttOfc
fracticn. The minor peak contaired two polar compounds, eluting
after 9.3 min and 10,5 min when analysed on a gradient of 25-90%
MeldH over 30 min at a fleow rate of U, ?5cm? min_1. Theses peaks
possibly represented products 3 and 4 observed in the original
time coursa.

The major peak, which had a reverse phase HFLC profile
similar to that of the crude EtDAc fraction, was purified by
elution through a Sep-Pak C?B cartridge. To separzate the metabolites
from the unm=tabolised [SH]Gﬂ14 the whole fraction (29mg) was puri-
fied by isocratic reverse phase HPLC at 65% MelH, An initial
fractiocn (5.8 x 1DB cpm) containing products more polar than
[HH]ISI-\,“J was collecied, Logether with a series of later fractions
{10.8 x 105 eom), during which a rapid gradient to 100% MeCH was
run. Isocratic reverse phase HPLC analysis of the later fractions
showed no trace of any radinactive component apart from [3HEGH14.
The initial fraction (cortaining the metabolites) was further

analysed.
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Aliquaots of the metabolite fraction were analysed immediately
and alfter the Fraclion had beer dried and bLransfzsrreed to a small
vial., Both analysez are shown in figure 16. It is apparent
thal. the peaks eluting prior to 28 win were similsr in both
anaiyses, but that the lass polar peaxs wers not present in ths
second analysis, Subsequently Lhe whole Traction was injecied
and chromatographed using the sane gradiernt as in figure 16.
Nineteen 2 min fractions and then a single 3 min fraction uere
collected. The distribution of radipactivity was as expectad from

figure 16B. Fractiors were combined as detailed in Teble 13.

TABLE 13. Fractions comoined afteramalysis of the metabolite

fraction.
Fractions Weight Radinactivity
{(mg) (cpm)
3- 5 15 89, 000
7- 9 8 277,00C
10-12 3 185,000
13-15 3 162,000

The peaks observed in figure 16 with retention times 7.8,
10.2, 15.8 and 28.5 min may respectively represent peaks 2, 4, B,
and 12 detected in the original time course experiment. The

percentage conversions of applied {*H]GA,, to these peaks were

14

respectively 0.2%, 0.06% 0.7% and 0.4%. These values are considerably
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RADICACTVITY

w

FIGJKE 16. Reverse phass HPLC anzlyses of [EH]GA14 metabplites. Gradient
anaiysis of the [aH]G.ﬂ.M metabclite fraction (see pages 108 and
108 for details of this fraction), A: 1,5% of fraction before

drying anc transfer. B: 1% of fraction after orying and transfer.
Mobile phase: 35-90% MefiH, 0-30 ming 90-100% MedH, 30-35 ming
b.75m® min~!. Detector: Radioactivity monitor, 100 cpe f.s.d..

“Os time constant.




less than the conversions estimatec during the time course analysls,
tut this is probably because the lzatter values were estimated as a
propoction of the activity of the crude LtlAc fractions, while

in this experiment the amaunté were guantified directly. The
relatiunship of the peak with a retention time of 22,5 min (0.5%

of applied racicacltivity) teo those destected in the time course is
not known. Nu peax of sinilar retention time was detected in the
time course 432h bud extract, but peaks B anc 8 hed the retention
tines closest to 22.5 min.

It is apparent fzom Table 12 fhat the recovery of radio-
activity (750,000 cpm) was considerably lower tian the 5.8 x 105 com
originally estimated to be present in the metabolite fraction. This
discrepancy is difficult to explain. It i1s possibly due to the loss
of the less polar peaks seen in figu-e 16Aduring drying and during
transfer between containers., However, such complete selective
loss of the less polar peaks is cansidered unlikely. Alternmatively
a mistake may have been made when priginally sstimating the radio-
activity as 5.8 x 1UG cpm. The presence of the less polar peaks
in figure 16A may be an artifact caused by carry-over, on the
injector and column, af [3HlGA14 from the preparative run of the
whaole extract. 5Such cairy-over is possible since the anzlysis in
figure 164 followec immediately after the injection of the whole of
the major peak collected from the Sephadex column.

Each of the combined fractions detailed in Table 13 was
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analysed in a similar marner. Irnitially 2]ligquots uwere examined

by isocratic reverse phase HPLL and co-injected with standards
representing possible products.  After such preliminacty analyses
the whole of each fraction was injected. Ffractions wers colleched
and tnose corresponding to radisactive gesks wers kept, while Lhez
remainder wote digscarded. Radioactivs peaks were netnylatedand
aliquots re-analysed by isocratic reverse phase HPLL prior to
injection and purificatior of ths whole methylated sanple. The
purified methylated peaks were derivatised to their corresponcing
TMa1 ethers and analysed by GC-MS. Details of the analysis of
cach of the combinmed fractions are given below. When percentages
are given in this section referring to oreparative runms of Tractions,

the figures represent percentaces of the total amount of radio-

activity recovered from the column during the preparative run.

Fraction 3-5

When analysed isoceratically at 25% MeOk two radicactive
peaks were detected (figure 17). The major peak probably corre-
sponds to the peak eluling afier 7.8 min in figure 15, and eluted
beteen GAG and BA2E' The minor peak, elutiig between GAZE ard
GASB’ probably represents the peak eluting after 10.2 min in
figure 186.

The whole sample was injected at 25% MeOH. The peaks uwere

collected (B2%) and methylated, while other resovered radioactivily
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RADIDACTIVITY

FRACTIONS 3-5 FRACTIONS 10-12
{25%: MelH) (52% MelH}
43 13
8 23 38 28 \I‘
! i .
T T i 1 ] | 1
0 10 20 b 10 ' 20
FRACTIONS 7-0 FRACTIONS 13-15
B5% MeOH) {55°% MeOH)
4
N
»
}
{ F 1§ 1
0 10 20 0 ' 10 ' 20

RETENTION TIME [min

FIGURE 1¥. Jlsocratic reverse phase HPLC analyses of [JH]BQM matabolites. See
text for details of fraciinns. Arrows indicate the elution positions
of authentic Gfs when co-injected with metabolites. MNobile phases
isocratic, % Melk as indicated in figure; 1cm® min"‘. Detector:
Radioactivity monitor, 10s time constant, f.,s.d. settings detailed
below:
fractions 3- 5: 10% aliguot, 10 cps f.s.d.

Fractions 7- 9: 4% aliguot, 30 cps f.s.d.
Fractions 1D-7%2¢ % aliguot, 10 ops T,5.0.
Fractions 13~15: 12% aliguot, anc ca, 4 Kopm [3H]Gﬂa, 30 cps f,s.d.
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(18%) was discarded. The rajor peak {B0%} was re-injected at
400% ¥eOH. Successive one minute fractions were caollected but no
distinct peak was detected. Thz miror peak (22%) was not further

analysed.

Fraction ¥-9

This Traction contained a single radicactive peak, protably
the one with & retention time of 15.8 min in figure “6. The peak
co-chromatographed with GA18 (figure 17). The whole fraction was
rur isocratically at 40% MeOH and the peak was collectzd (91%)
and methylated, The derivatised peak was re-run at 55% MelH, 2
single pcak, retentlon time 8.2 min, was detected.znd collected
(78%). GLC-MS analysis of a proportion of this peak, estimated
te contain ca.800ng of radiocactive metabolite, confirmed the

presence of GA?B (figure 18). No other known GAs uwere identified.

fraction 10-12

This Traction contained a singls peak, probably the one wilkh

a retention time of 22.5 min in figure 16. The orak eluted between

GA, - and GA,~ (figure 17). The whole fraction was injected at 48% MeOH,

the peak collected (B1%) and methylated. Other recovered radio-
aclivity (19%) was discarded. Isccrabic analysis of the_methylated
peak at 70% MeOH showed a peak with a retention time of 7.1 min.
It is possible that other earlier eluting radioactive compounds

were present, but the small amount of sample available precluded
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furlher investigations. Toe whcole fraction was injected and the
pzak collected (E6%) while otherradicactivity (34%) was discarded.
GC-MS analysie of the peak (ca. 450ng of radicactive metabolite)

failed to cetect any of the known GAs.

fFrections 13-14

Reverse phase HPLC analysis showed s single peak which

eluted close to GAQ, hut after GA The opeak is probably the

7¢
one witharetention time uf 28.5 win 1o Flgurs 16.

The unknown peak co-chromatographed with [SH]GAQ (figure 17),
but the resultant peak was broader than expected. This suggests
that the major component cf the unknown peak was not [3H]GA4, but
does not exclude the possibility that some [3H]!3P.4 was present.

The whole fraction was injected and thz peak collected
(70%) while other collected radiocactivity (30%) was discarded.

The peak was methylated and re-run at 80% MeOr. The major peak
had a retention time of 10.6 min. As in fractions 10-12 it is
possible that other earlier eluting radicactive compounds were
present, but again the small amount af sample available precluded
further injections. The whole wethylated sanpls was injected al
80% MeOH and the major peak (55%) collected, while cther ccllected
radigactivity (45%) was discarded. GC-M3 aralysis of the peak,
estimated to contain ca.100ng of radicactive metabolite failed

to detect any of the knoun GhAs.
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Therefore UAiB was the only one of the known Gis fcund in

the fracticms. The Sﬂ18 found by GC-MS could be a metabolite of

[3H]Bﬁ1a or alternatively mey represent an endogencus GA. The
Former is vonsidersd more likely since strong chromatographic

evidence for the presence of [“H]GA n sufficient anvun-s Lo

18 L
give a mass speclrum was obtained. Further, 38, ~3~hydroxylated
CZG”HAS have not been found in pzas, although such compounds could
represenl, a pussible bivsynthetic path Lo GAT’ recently teported

in peas by lngram et al, (1983 ). Even if GA,, is an endogsihuus

18
GA in peas the small amount of tissue extracted would praobably
exclude it as the source of the GR18 sgen.

Four other peaks weres observed in {igure 16, It is possible
that the peaks with retention times 7.8, 22.5 and 28.5 min separated
into a number of components after methylation, but this is not
certain since the low levels of radioactivity prevented definitive
chromatographic analysis. The identity of all these products
remains unknown. A large number of GAs are excluded ui Lhe basis
of their HPLC retention times (see section 3.2), includinqg those
identified by Ourley et al. (1974a,b). No GAs, aparl from GA, g
were identified by GC-MS, although this may have been due to the

small masses of radicactive netabolites present. The peaks with

retention tinmes of 7.8 and 10.2 min in figure 16 may ccrrespond
with the ccmoonents that were preseal in the minor {(later eluting)

peak from the Sephadex column. 1f this is so, these compounds

may not be free GAs. t is5 pussible, for example, that they could




represent acidic conjucgates.

3.5.4. [SH]GP«M FEEDS: CONCLUSION

{3H]GAM was metabolised to a range of more polar products
by cv. Alaska seedlings. Only one of these was identified, as
Gnqs. The identity of the other products is unknown, but some
of them were shown to be dissimilar to the products found fram

{3H]GﬁM by Durley et al. (1974a,b). GA,, appears to be further

18
metabolised. The results confirm the in vivo capacity of cv.
Alaska seedlings to 13~hydroxylate aC-20-methyl GA, although

the substrate used has not been found as an endogenous constituent

in peas.
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3.6.1. [°H]GA,, ALDEHYDE EXPERIMENTS: INTRODUCTION

dehyd
Two time course studies of H]BA E%mctab0115m, after

application to the apices of pes plants, are reported. However,
the interpretatiaon of the results of these studies is difficult
since anly tow levels of poorly-resolved products were detected
and as | *HJGA

12 aldehyde was found to be unstable during

extraction.

3.6.2. STABILITY OF [°HIGA,. ALDEHYDEC

The [3HIG A, aldehyde hed been stored crystallised at
-20°C for 6 years prior to use anc appraximately BO% had broken
down. Maest of the breakdown products were more polar than [3H}8A12
aldshyde when analysed by eilther reverse phase MPLC ur by the
straight phase preparative HPLC system. [3H]GA§2 accounted
far between 2% and 5% of the taotal radicactivity present.
Chromatographically pure [*H]GA

aldehyde and [*H]GA were

12 12
obtained by successive purifications, initially by preparative
straight phase HPLC and then by reverse phase HPLC., The identity
of each of these compounds was confirmed by co-chromatography
with unlabelled standards.

The purified [3H]Gn12 aldehyde was slored crystallised
at -20°C. B8reakdown continued to occur and re-purification was
carried out when necessary. Prior to each experiment the radio-

chemical purity of the [ *H]CA aldehyde to be used was counfirmed

57

by reverse phase HPL.C at 80% MeOH (retention time [*H]GA,. aldebyde:

12
12.7 min). The purified [3H]GQ1? was staored in MeDH at -20°C

and appeared stable,




To check the stability of [®H]G 5 aldehyde during the
purification and analysis of extracts 3.8 x 105cpm of [3H]GA12
aldehyde was added to each of two extracts during homagenisation.
After removal of the MeOh in vacuc at 40°C the exlLracts were
dissolved in pH8 0.5M phosphate buffer and were partitioned
twice against 3/5 volumes of petroleum ether. The aqueous
phase was then acidified and partitioned five times against 2/5
ynlames of EtORc. Analysis of the EtOAc fractions by reverse
phase HPLC at 80% MeOH showed that extensive breakdown of the

[3H}l3!-\,I aldehyde had occurred during extraction (fiqure 13).

2

It was found that mast of the [HIGA, . aldehyde is

12
remaoved from a pliB agueous extract by partitioning against
petroleum ether. Thus in the abowve extraction the petroleum
ether phase contained 2.5 x 1050pm, while the Et0Ac phase
concained only 7 x 1Dacpm. Toluene was also found to remove
most of the [3H}GR12 aldehyde from a pH8 aqueaus extract, and

a Kd of 0.35 was found between pure pHB buffer and toluene

(Kd = conecentration in agueous phase/concentration in organic
phase). Much less [SH]GA12 partitioned into the organic solvent
under similar circumstances, A K, of 10.9 was found betweesn

d
pure pH8 buffer and toluene for [?H]GA

127

[3H]GA12 aldehyde did not appear to breakdown on the
plant surface during the feeds. Immediately priaor to extraction
the point of application aof [3H]GA12 aldehyds was washed with 50%

aqueous M=20H. These rinses were amalysed by isocratic reverse

phase HPLL and found to contain only [3H][3F\,]2 aldehyde.
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2.6.3. [*H]GA

19 ﬂLDEHYDE TIME COURSE rEEDS

Tuo time course Veeds were carried out using seven cay
old plants of the cultivar ARlaska. Ten plants were used per
treatment and each plant received ca. 1.5 x 1050pm {3H]GA12
aldehyde (Eé' 3.§pg). In the second experiment some plants
also received H.9):9 HRS. This was applied in an attempt to
orevent the possible rapid further metabclism of products from
[3H]GA12 aldehyde, by saturating the enzyme systems with GAS.
The amounts of [3H]GA12 aldehyde applied in the experiments
are detailed in Table 4.

Whole plants were extracted after rinsing the apices
with 50% agueous MelH. The extracts were purified by partitioning
the pH8 agueous phase against tocluene and by slurrying with PYP.
The crude acidic Et0Ac fractions were analysed by reverse phase
HPILC. Details of the recovery and distribution of radioactivity
after partitioning ave given in Table 14.

It is apparent from Table 14 that the recovery of applied
label was high in both experiments. A large proportion of the
recavered radicactivity was in the toluene phase, possibly
indicating that a large proportion of the [3H]GH12 aldehyde was

unmctabolised. As in the [*H]GA experiments the figures must

4
be treated with some caulion since Mo correctiun was made for
the counting efficiency before calculating the percentages
presented in Table 14,

Only a small amount of radicactivity was found in the

EtDAc fractions, and this was not increased by use of a GA3
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"sold trap", The crude EtOAc fractions had similar profiles when
analysed by reverse phase HPLC, although the very low lewvels of
radivactivity present made comparisons difficult. Typically

thr major peak had a Rt similar to thzat of [3H}GA12. Little or
e l3H]GAf2 aldehyde was present. Each Et0lAc fracticn also
contained low levels of a range of incompletely resolved
products, all more polar than {SH]Gnﬁz. Apart from bhe presence
of the [3H]GA12~like component nn other peak was consistently
detected in the profiles of the crude EtDAc fractions. The
profile of the EtOAc fraction of tha 11h extract from the second
feed 1s shown in figure 19, The trace illustrates the large
rumbar of poorly resolved compounds, more polar than [3H}GA12
aldehyde, which were detected in the EtliAc fractions. The
products present in the extract shown are more easily
distinguished from each other than in most of the analyses

of the EtOAc fractions.

I{ appears that the bulk of the applied {BH]Gﬂjéﬂggzgﬁbly
remained unmetzbnlised, despite ca. 50% nol being removed by the
MeOH rinses of the plant surface (i.e. apparently ca. 50% was
absorbed)}. The products observed in the EtOAc fraction were
present in very low ampunts and only a single peak, with a
retention time similar to {3H]GA12 aldehyde, was consistently
found. In view of the previous results showing that [3H]GA12
aldehyde hroke doun significantly durlng extracticn it is

considered guite likely that some of the products ohserved uere

the result of non-metabolic conversions,




3.7.1. [3H]GH9 FEEDRS:  INTRODUCTION

Time course feeds were made to investicgate whether the
metabolism of [3H]GA9 differed betuween light-grown plants of the
cultivare Alaska, Meteor and Frogress No.9; and between light-
and darx-grown plants of cv., Alaska. Preliminary experiments
invesligated the stability of [SH]GAQ during analysis, the
franslocation of the applied label and the effect of dose con
Lhe pattern of metabolites. Subsequently the results of the
time course feerls are reported. After analysis of the individual
extracts selected extracts were bulked and further analysed in
an attempt to identify the radicactive compounds prasent.

Anzlysis of the bulxed extracts is alsa reported.

3.7.2. [°H]GA, FEEDS: PRELIMINARY EXPERIMENTS

~

The radiochemical purity of the [3H]GAg was confirmed by
isocratic reverse phase HPLE at 65% MeOH (Rt iaH]GAQ‘gg. 9.5 min)
prior to all experiments.

The stability of [aH]Gﬂg during extraction was investigated.
[3H]Gf-\.9 was added to duplicate extracts in phosphate buffer and
the Et0Ac fraction, obtained after partitioning, was analysed by
reverse phase HPLC al B5% MeOH. [°H]CAg was the only radicactive
compound present. Possible breakdown was also investigated under
more severe conditions by acdding [BH]GA9 to a crude methanolic

tissue extract, which was evaporated ta dryness in vacuo and then
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left on the rotary film evapcrazcr for a further 25 min. The
residue was btaken up in 285cm® of phosphate buffer, partitioned
against petroleum sther and filtered through cellulose powder.
ultrasonicated, diluted, re-partitioned against petroleun ether,
adjusted to pHZ.S and partitioned against EtOAc. Isocratic reverse
phase HPLC of the crude ELOAc fraction showed ca. ?25% breakdown

to more palar products. A reverse phase HPLC gradient analysis

of the extract is shown in figure 20, the retention times of the

peaks were: {°*H]GA 54,7 min; breakdown products, 24.5, 27.86,

g*
28.0 and 29.4 min,

The translocation of applied label was investigated by
feeding [3H]GA9 to the apices of eleven day old Llight-grown
seedlings, cv. Alaska. Since after 3 days very little of the
label was translocated out of the shoots (Table 19), only the shoots,
excised at the cotyledonary nocde, were extracted in further
experiments. Recovery of the applied label was high.

The effect of dose was investigated by treating light-grown
7 day old seedlings, cv. Alaska, with 12 x 106dpm [3H]Bﬁ9, 3.4n0,
diluted with either 0, 28, 280 or 2800ng of unlabelled Gﬁg.
After 23h the shoots of ten plants receiving each dose were
excised at the cotylednmary node, extracted and the crude EtURc

Fractions anelysed by reverse ohase HPLE. The distribution of

radiocactivity is shown in Table 16 Reverse phase HPLL traces
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TABLE 1%, i-*l--i]GAg: Cistribution of label 3 days after application

tc the apex.

Rlzml Part Extracted % OF Applind Activity
50% MeCH wash of apical region 42.7%
Terminal expanded leaf and apical bed 36.2%
Remainder of shoot 3.9%
Catyledons 0.2%
Roots 0.3%
Total recovery 83.3%

are shown in filgure 21 and summarised in Tzble 18, The methods
used to number the peaks and to estimate the percentage conversions
of applied radiocactivity are discussed when the time course [3H]BF\9
feeds are considered (secltion 373). FPFrior to extraction Lhe apices
of the plants receiving each dose were rinsed with 50% aguecus
MeOH, which was subsequently analysed by isocratic reverse phase
HPLC at 85% MeOH. [3H]GR9 was the only radioactive compound
detected, indicating that it was stable on the plant surface during
the feeds.

The distribulbion of radicactivity on partitioning, and
tha reverse phase HPLC profiles of the extracts appear similar at
all doses, suggeskting that the amount of Gﬂg applied, from 3.4ng

per pant,
to 2HDDngk did not significantly affect the patterm of metabolism,
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TABLE 8. [3H]Gﬂgz Dose effect experiment, distribution of

radicactivity after partitioning. All figures are

oercentzges of applied radicactivity calculated

after correctien for quenching.

Addi tional
599 Fracticn
received —— Total
{(ng) 50% MelH Tcluene Agueous Et0Ac
0 1% 0% 219 0% 62%
28 11% % 21% 269 59%
280 - 1 23% 45% 69%
2800 32% 0% 12% 28% 2%

By mistake a 50% agueous MeDH rinse was not made of the plants
treated with 28Cng. However, from the partitioning data it

is spparent that the radicactivity not washec off appeared in
the LtDAc fraction, as would be expected. The peaks detected by
reverse phase HPLC show some variation in size between extracts,
but allowing for the srrors involved in estimating the amounts
of the products these variations are not considered significant,
Conseguently it was conluded that the dose of IHH]GHQ applied,
from 3,4ng to 2800ng did not markedly affect the pattern of

metabolism observed.
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3.7.3. [.3H}m9 TIME COURSE  FEEDS: INITIAL ANALYSES OF

INDIVIDUAL ELOARc  FRACTIONS

Two time ccurse feeds were conducted in which [3H]GA9 was
applied to the apices cf young peas. ILn each experiment plants
were harvested after approximately 1, 8, 24 and 48h. 0Only the
shoots, excised at the cotyledonary node, were extracted.

In the first experiment (feed I) each eight day old
secdling of the cultivar Alaska, grown in ecither the dark or
in the light, received 0 x 1Dﬁdpm (2.9ng} of [3H]GA9. Ten
light-grown and ten darx-grown plants were extracted 1, 6.5, 27
and 53h after treatment. In the second experiment (feed I11)
each seven day old light-grown seedling of the cultivars Alaska,
Meteor?ggogress No.d received 9.6 x 185dpm (2.70q) of [SH]GAQ.
Fifteen plants of each cultivar were extracted after 1, 8.5, 25
and 4B.Eh. During the puritfication of extracts of feed I the pHB
aqueous phases were partitionsd against toluene. Petroleum ether
was used instead of toluene for v=ed II. Subseguently the aguesous
phases in both experiments were acidified and partitionsd against
EtOAC.

The distribution of recovered radioactivity on partitioning
is shown in Table 17 for both feeds. It is apparent that the
recovery of radicactivity was high in all extracts, with the
exception uf the 1h dark extract of cv. Alaska, ca. 50% of which

was spilt, Recoveries in excess of 100% reflect arrors in the
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counting of the radiovactivity. The partitioning data suguested
tihat the [3H]GA9 was extensively meltabolised Lo more pglér campouUNds
during the feeds. Thus, as the duration of the feeds became longer,
the radioactivity recovered in the aryanic phases decreased, while
the radioactivity recovered in the agueous phase increased. No
sigrificant differences were apparent beiween culblvars or between
light and dark-grown seedlings of cv. Alaska. The recovery of the
zpplied label decreased as the duration of the feeds increased,
perhaps reflecting conversion to volatile compounds (e.g. water).
Alicuots of the crude ELDAc fractions of all the extracts
were analysed by reverse phase HPLC. Representative traces for
each time course are shown in figures 22 tc 26. The radisactive
peaks detected were numbered after comparing the Llraces from all
the [3H]GA9 time course feeds with each other, and with those
from the [3H]GH9 dose-effect experiment. Peaks detected in
different analyses, but which had similar retention Limes were
allocated the same number, in order of increasing retention time.
Two peaks allocated the same number had similar vetention times
but may not have pecessarily represented the sane compound. The
comparison of traces was complex dus to the large number of products
detected and due to small variations in the retention times ol peaks
caused by the use of different columns and, to a lesser extent, by
inter-run differences on a single column., Some corrvection was made
for these variations by analysing certaln extracts on two columns,
and by comparing the elution positions of peaks after aligning
prominent constituents, usually peaks 23, 24 and 28, Each of the
latter peaks was assumed to be representing the same compound

in the different extracts, The numbering of peaks
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prior to number 11 was almost completely arbitrary and implies
litlle relaticnship. In this par:t of the chromalograms a large
number of small peaks were detected. These ware often poorly

resolved a2nd it is possiblie that more or less than ten products

were present. The arbitrary numbering of these peaks from 1 to
10 is intended simgly as a reminder thal a rance of polar eompounds
were present.

The amounts of the wvarious products detected were estimated
as follows. The total of all the peak heights in a trace was
found and this was divided into the total radicactivity detectec
in the Et0Ac phase to give the radiocactivity that each mm of peak
height represented. Cach peak helght was ther multiplied by this
figure {radiocactivity per mm of peak height) to give an estimate
of the amount of product that each peax represented. This is
expressed in the results tables as a percentage of the radicactivity
applied. There are a number of possible sources of error inherent
in each calculation:-
a) The calculation assumed that peak height is proportional to
peak size. This is true for completely resulved peaks retained

on a linear gradient. , However, the size of incompletely resolved

peaks {e.g. peaks 23 and 24) will tend to have been overestimated
as no allowance was made for incomplete resolution,
b) The choice of a background level of radicactivity, from

which peak heights were measured, was sometimes difficult,




c) f full scale deflection at the sensitivity used (30 cps
f.s.d.) corresponded tu ca. 909 counts. For smaller deflections
the number of counts is reduced propartionately. The normal
statistical errors associatod with cocunting radicackivity apply.
d) Smell peaks were nob measurec, so conseqguently the sizes
of larger peaks will nave been cverestimatzd as a fraction of
the whole.

It is apparent from Table 18 and from the traces in figures
22 to 28 that the [3H]GA9 was metabolised tc increasing amounts
of more polar (earlier eluting) compounds as the duration of the
feeds increased. This observation 1s consistent with the trend
suggested by the partitioning data. The amount of unmetabolised
[BH]GA9 (peak 28) recovered from light-grown plants generally
decreased with time in feed 1I, but remained constant in feed I,
The absence of any [3H]BA9 in the 1h extract light-grown peas of
feed I is surprising and appeared inconsisient with the results
from the rest of the extracts in that time course. There was
genarally less [aH]GP«g remaining unmetabolised in extracts
of dark-grown tissue than in the extracts of light-grown tissue.
This does not necessarily indicate that thers is faster endogenous
metabolism in the dark, since a number of other factors such as
penetration and transport could affect the metahbolism of the
applied label, The percentage of the applied [3H]GH9 that was

metabolised was always high.
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The peaks nunbered 23, 24 and 25 appeared to be early
procucts, which were Turliher metabolised, in ail the time courses.
This suggests that these peaks represented identical compounds in
all the extracts. Peak 25 appeared absent from the 1 dark extyact
of cv, Alaska, but this was probably due to incomplete rtesolution,
during HPLC analysis, from peak 24, All three peaks were
incompletely resolved and so thoir sizes will have tended tc have
been slightly overestimated by the method of calcuiation used.

Peaks 20, 23, 24 and 26 had similar retention times to
three of the peaks observed in the acidic EtU0Ac fraction of the
control extract shown in figure 2C8. A possible interpretation
of the reduced amounts of these peaks present in the later
extracts of the time course feeds is, that they represented break-
town products of [3H}BA9 and that the amounts present in extracts
decreased as the amount of unmetabolised [3H]GA9 decreased. This
is generally consistent with the data in Teble 18, although the
53k light extract of cv. Aleska in feed I contained a large amount
of unmetabclised [3H]EA9 but unly low anounts of peaks 23, 24 and
26. Houwever, it is considered unlikely that breakdown made a
significant contribution to the amounts of peaks 20, 23, 24 and
26 observed in the time course extracts. This is bccause the
control extract was treated much more severely than the time

course extracts but contained less of these products.
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The pattern of metabulism appeared very similar in the
two feeds to licht-groun plants of cv. Alaska, bolh in terms of
the mrtabnlites detected, and the dislribution of these products
in the extracts nmade at the different times. Thus in Loth feeds
peaks 12 and 15 anpeared to be intermediates which were further
canverted curing the feeds. The amcunt of peak 18 detected was
rouchly constant after 6h. This may indjicatwe that further
metatolism cid not occur or that the retes of synthesis and
metabolism of this proouct wers similar., Peak 18 had & similan
retenticn time to [%l]&q20 (se= Table 19), and is thought ta be

the peak later identified as [*H]GA,. from the cv. Neteor and

20
cv. Progress No.9 sxtracls of feed II. Pezk 11 seemed to be
present in increasing amounts as the duration of the feeds
increased. It is possible that ihe leovels of the more polar
compounds found in the StOAc phase nf the extracts may be con-
siderably less than the amount of the product actually produced,

since @ sicnificant proportion may bave remained in the agueous

phase un partitioning.

TABLE 19. Retention Times (min} of [*H]GA Standards: Analysed by

reverse phase HPL using the gradient: 25-70% M=0H, 0-30

min: 7C~100% Medtl, 30-33 min.

GA GA GA GA GA GA

5.4 1.4 18,7 21.0 30.6 34,0

b.B6 1.6  20.0 21.2 Jn.e 33,49

jo1]
.
wn

1M.5 18.8 21,2 30,6  34.0
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Comparison of the pattern of metabolism of [3H}GA9 by light-
and dark-grown plants, cv. Alaska, reveals that it was generally
similar, although the amounts of unmetabolised [SH]GHQ that
remained do seem to have differed. A larger number of more polar
compounds were noted in the 27h dark extract than in most of the
other extracts of cv, Alaska. Larger numbers of more polar
compounds were also detected in many of the other extracts
(especially of cv., Meteor and cv. Progress Ne.9) that were not
daminated by one or two large peaks, The lack of dmminatiné
metabolites meant that a larger proportion of the extract could
be injected (before full-scale-deflection was obtained), so that
there was more likelihood of minor constituents being detected.
Therefore the differences in the peaks detected may not always
indicate differences in the pattern of metaboliém.

The extracts of dark-grown tissue of cv., Alaska contained
a compound similar to peak 12, detected in the extracts of light-
grouwn tissue, but peak 15 appeared to be absent. It is not clear
whether peak 17 was caused by a gdifferent compound to that causing
peak 18. 1In the case of the extracts of light-~ and dark-groun
tissue, cv. Alaské, it is considered unlikely, since only ong

peak was detected when the extracts were combined (Table 21), and

as each extract contained one or the other, but never both compounds.

(For the opposite reasons it appears .that peak 17 is distinct from
peak 1B in the extracts of cultivars Meteor and Progress No.3).

It is not clear from the results whether there was any difference
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in the rate or the pattern of metabolism of ["‘H]Gn9 applied to
plants grown in either light or darkness.

Comparison of the metabolites from [*HIGA; fed to light-
grown cv. Alaska seedlings (feeds I and II) with those of the
dose-~effect experiment shows that the products seem to have been
generally similar. It was found difficult to number some of the
peaks in the dose-effect experiment and it is possible, for
example, that some of the peaks numbered 13 were actually peak
12, The failure to match the peaks observed with those present
in other extracts probably results from chromatographic differences.
The important conclusion of the dose effect experiment is that the
dnse of BAQ applied did not appear to markedly affect the pattern
of metabolism of the [*HIGA,.

Comparison of the metabolites in the extracts from the
three cultivars used in feed II suggests that they were similar,
Peaks 22, 23, 24 and 25 appear as major early products from all
cultivars. Peak 18 seemed to be a major product from all three
cultivars, and is probably the one that corresponded to the
[BH]GAZD, which was subsequently shown to be present in the cv.
Meteor and cv., Progress No,8 extracts. Psak 12 was detected in
quite large amcunts in the 8,5h extracts of all three cultivars,
Lower amounts were detected in later extracts, indicating that
it was further metabolised. Peaks 11 and 15 were alse important

products in all cultivars.
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More metabolites were gernerally detected in extracts of
cv, Meteor and cv. Progress No.9 than in the extracts of cv.
Alaska. This may reflect a difference in the patiern of
metabolism, or simply fortultous choices of sampling times. It
is therefore unclear from the results cbtained whether the
metabolism of £3H]GA9 differed in the three cultivars used.
However, furthar analyses of the extracts from cv., Meteor and
cv., Progress No.9 suggested that the products Formed by these
two cultivars had very similar retention times and were present
in similar amounts, suggesting that the pattern of [3H]GA9
metabolism was the same. It is also evident that the pattern

of [3H]GR9 metabolism in seedlings is more complex than previcus

reports in the literature had suggested,

3.7.4, [3H]Gﬂg TIME COURSE FEEDS: ANALYSES OF .COMBINED EtDAc

EXTRACTS

After analysis of the individual extracts had been
campleted the following groups of extracts were bulked to give
four combined extracts: all extracts, feed I3 all cv. Alaska
extracts, feed II; all cv. Meteor extracts, feed II; all cv.
Progress No.9 extracts, feed II (figure 27). The combined
extracts were purified by DEAE A-25 anion sxchange chromato-
graphy. Radioactive fractions eluting from the Sephadex columns

were combined, and the MeOH evaporated off in vacuo at 40°C, prior
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to partitioning against EtDAc. The combined extract, Alaska IT,
was left on the evaporator for longer than normal, the volume
being reduced from ca. 25cm® of 2M acetic acid:MeBH (1:1 v/v)

to ca, 2w, Details of the radioactivity in the extracts
before and after anion exchange chromatography ace given in

Table Z0Q

TABLE 20. [?H]BA_.: The amount of radicactivity in the combined

extracts before and after Sephadex anion exchange

chromatography { dpm)

Combined Extract Pre~Sephadex Post~Sephadex
Discarded Retained
Alaska I - 5.0 x 10" B x10° 2.5 x 10
7 B 7
Alaska II 3.0 x 10 2.0 x 10 1.8 x 10
Meteor II 2.6 x 107 2.0 x 10° 1.7 x 107
progress No.9 II 2.9 x 107 2.0 x 10° 1.6 x 10°

1t appears from Table 20 that ca. 40-50% of the radic-
activity present in the extracts was lost during anion exchange
chromatography. However, the actual lpbsses at this stage were
not as great as appears. This is because the estimate of the
pre-Sephadex radicactivity is based on counts of the original
£t0Ac phases, Although corrected for the aliguots taken for
analysis of the individual extracts, losses also occurred during

drying and transfers between containers. Losses might also be
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expected on recovery from the Sephadex coluumn, as discussed bslow.

After purification by anion sxchange chromatography the
conbined extracts were analysed by reverse phase HPLC, and the
traces are shown in figure 28. The expected elution profiles
were calculated from the distribution of radivactivity in the
individual -extracts prior to bulking (Table 18), (e.g. for
Alaska I1I, the 1, 8.5, 25 and 4B.5h extracts), Carrection was
made for the proportion of individual extracts used prior to
bulking, The expected profiles and the profiles obtained are
detailed in Table 21.

biith the exception of Alaska II there is broad agreement
between the expected and the actual distributions of radiocactivity.
The Alaska 1T extract shows a shift te much more polar radicactivity,
and a large unexpected peak 17. If is likely that this extract
broke down during the excessive period that it was left on the
rotary film evaporatar after recovery from the anion exchange
column. Smaller discrepancies between the expected and actuzl
distributions of radioactivity do exist in the remainder of the
extracts. These are attributed to i} errors in the calculatiaon
of the expected distribution of radicactivity, ii) polar compounds
remaining in the aqueous when partitioning against EtOAc after ion
exchange chromatography, and/or iii) the possible separation of
small amounts of radicactivity from the main peak of radicactivity

gluting from the icn exchange column.
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The combined extract, Alaska I was examined to determine
whether there were any conjugated products present amongst the
radicactive metabolites. An aliguot was analysed by gel permeation
chromatography on the 2 x 1M Bio-Beads 5X-4 column., 93% of the
recovered radioactivity eluted between [3H]|3A,I and [3H]GA9 standards,
This suggests that conjugated metabalites were only minor componentss
if present at al}, in the extract. Houwever, this does not completely
exclude the possibility that conjugated products were produced from
[3H]GA9, as certain conjugates (e.g. GA glucoside esterg could have
been removed from the extract by the purification procedures prior
to analysis.

The whole of each of the combined extracts from feed I1 was
purified by reverse phase HPLC using a gradient of: 25-70% MeOH,

0-30 ming 70-100fMe0H, 30-33 min. Fourteen 3 minute fractions

were collected, and a larger fifteenth fraction as the column was

tun at 100% MeOH. The distribution of radiocactiviiy in the collected
fractions is shown in Table 22, and is very similar to that predicted
from figure 28, The difference between the amount of radiocactivity
recovered from the Sephadex column and the amount recovered after
reverse~phase fractionation is partly accounted for by the aliquots
analysed by reverse-phase HRLC (e.g. figure 28).

Most of the fractions detailed in Table 22 were sub-
sequently analysed by isocratic reverse phase HPLLC. ‘Radioactiue
peaks detected were co-chromatographed with a tange of appropriate
GA standards. Fracticns containing radioactive peaks with retention
times closely matching those of GA standards were derivatised to

form methoxycoumaryl esters., The derivatised fractions were
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subsequently co-chromatographed with GACE standards, initially
using reverse phase HPLC and subsequently, if necessary, using
normal phassHPLC.

The results of the analysis of each fraction from cv.
Mebaor and cv. Progress Ne.3 will be discussed in detail. The
results of the analyses of the cv. Alaska fractions are ot
further considered as a result of the likelihood that extensive
breakdown had occurred in this extract. None of the psaks detected
from the cv. Alaska extract co-chromatographed with any of the GA
standards tested.

To estimate the amount of radioactivity that each peak
detected by isacratic analysis represented, the heights of all
the radioactive peaks detected during the analysis of each fraction
wvere totalled, The height of each peak was then expressed as a
proportion of the total, and this proportion was multiplied by
the total amount of radioactivity in the fraction. Scurces of
error in such estimations are similar to those involved when
estimating peak size from gradient analyses (see section 3.7.3.).
However, there is an additional factor because as the retention time
on isocractic analysis increases the peak shape changes, becoming
broader and shorter. Although this will tend to lead to an under~
gstimation of the size of later eluting peaks this effect is
probably not important in the analyses reported, as the pesks within

a fraction all have similar retention characteristics,
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The retention time of a peak is dependant on the amount
af MeDH in the mobile phase. When comparing the elution
characteristics of peaks detected it is useful if ane of these
variables is standardised. For this purpose the percentage of
MelH that would give a retention time of 10.0 wmin was faund for
gach peak, This value was called the RTD' It was estimated
from a calibration curve, prepared from standard GAs, of
retention time against percentage of MeOH. In practice,
estimates of R, values were consistent to within 1-1.5% MeQH,
provided that the retention time from which they were estimated
was not too short (less than about 6.5 min) or tooc long (over
about 14 min).

Except for early eluting peaks the R10 is directly
related to the retention time of a peak when analysed on a linear
gradient. Therefore, using the estimates of R10 values and of
peak sizes made during the isocratic analyses it was possible
to construct models of the anticipated gradient elﬁtiun profiles
aof the combined extracts of cv. Msteor and c¢v. Progress No.9,
prior to reverse phase HPLC fractionatien. These are shown in
figure 29 It is useful to refer to this figure when considering
the analyses of the individual fractions, in order to see the
relative sizes of the peaks discussed. The analysis of the

individual fractions will now be presented in detsil.
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Fraction 1
Not analysed

Fraction 2

Not analysed
Fraction 3

This fraction was similar from both cv. Meteor and cv.
Progress No.8, both fractions containing two radicactive peaks.
The early eluting peak from cv. Progress No.9 co-chromatographed
with GA,g (Table 23, but derivatisation was not possible due to
the low levels of radioactivity present. Therefore [3H]GH29 was

possibly a minor product. Gﬂa elutes before GAZQ s0 is unlikely

to have been present in the extracts in detectable guantities.

TABLE 23, Fraction 3 Retention times (min) of unknown products

and standards when co-chromatographed.

% MaOH GAg Unknown
cv. Meteor 25% - 8.0, 9.7
cv. Progress No.8 25% - 8.0, 9.7
cv. Progress No.9 20% 11.1 1.1, 13.9
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Fraction 4

This fractlion was simllar froum both cultivars. Two peaks
were detected which did not ce-chromatograpin with GHSD’ GHE or
GA,g catabolite (Table 24).
TABLE 24, Fraction 4 Retention times (min) of unknown products

when co-chromatographed with standards.

% MeOH OGA GA GA. . cat. Unknown

30 3 29
cv, Meteor 309 8.4 11.4 13.6 10.0, 12.4
cv. Progress No.9 30% 8.4 11.4 13.6 9.9, 12.4

fraction 5
This fraction appeared similar from both cultivars, baoth
fractions containing at least 4 partially resolved radicactive
peaks. [SH]GA1 appeared to co-chromatograph with the earliest
eluting peak of both extracts. However, the peak was so small
that addition of {SH]GA1 obscured it completely and the retention
times may not necessarily have been identical. If the peak did
represent [3H]BA1 then the maximum amount present would be
ca. 2 x 1DAdpm per extract {0.03% of applied label). GA

28

catabolite has a very similar retention time to GA, and would

]
probably also co-chromatograph with the peak,
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TABLE 25. Fraction 5 Retention times {min) of unknown products

when co-chromaltographed with GA1.

% MeOH GR1 Unknown
cv. Meteor 32.5% 11.2 11.2%, 13.3, 13.7, 15.7
cv. Progress No.9 32,59 11,2 11.2%, 12.8, 13.8, 15.8

¥ (Obscured by [3H]GR,I standard

Fraction 6

At 40% MeOH both fractions showed a poorly resoclved band of
radicactivity eluting betuween ca. 8 min and pa. 14 min. At least
4 radioactive peaks were partially resolved tfrom the cv. Progress
No.@ fractian. In the fractions from both cultivars the peak with
a retention time cf 10.8 min was the largest. This was particu-
larly so for the cv. Meteor, where the size of the peak may have

masked the presence of metabolites detected in the cv. Progress

No.9, fraction.

TABLE 26, Fraction § Retention times (min) of unknown products

when co~chromatographed with standards.

% MeOH GRZQ cat, GA35 Hnknown
cv. Meteor 40% 6.9 8.7 10,8, 12.3
cv. Progress No.9  40% - - 8.5, 9.7, 10.8, 12.1
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Although the cv. Progress No.9 peak, retention time 8.7 min

had a simlilar retention time to GA,. it is considered unlikely

35

that [SH]GA3 was a product. The peak with a retention time

5
of 9.7 min was a minor component and was poorly resclved, probably
representing a4 heterogeneous group of products.GH35 is 3p-and 118~
hydroxylated. 118-hydroxylation of CGAs has not been observed

previcusly in peas. Low levels of radiocactivity precluded further

analysis of the peak.

Fraction 7
Three radiocactive peaks were detected from both cultivars

(Table2?. In view of the previous detection of 12%-hydroxy GAq

as a product from [aH]GAQ feeds (Frydman asa MacMillan, 1975;
Sponsel and MacMillan, 19773 Railton et al., 1974a,b) the possible
presence of the structurally similar {aH}Gﬂ31 was further
investinated. The whole of each fraction was injected at 40% MeOH
and the eluent collected. The portions containing the early
eluting radicactive peak were derivatised to form methoxycoumaryl

esters and co-injected with GA31 CE standard at 70% MeOH (Rt Gﬂ31

CE = 9.3 min). A single radioactive peak, with a retention time
of 10.5 min was detected from both cv. Meteor and cv. Progress

No.8. It was concluded that {2H]GA was not present in the

LY

extracts. GA1D’ previously identified as a product {possibly

non-metabolic) from [?H]GA, feeds (Railton et al., 1974a,h) would be

9
expected to be contained in this fraction, but no traces were

detected.
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TABLE 27, Fraction 7 Retention times (min) of unknown products

and standards when co-chromatographed.

# MeOH GAzq GAg  GA, Urknown
cv. Meteor a0% 14,7 - 19.1 14,2, 18.3, 20.0
cv. Progress No.9 40%  14.7 18.4 19.4 14.4, 17.0, 20.0

Fraction 8

Analysis of this fraction from cv. Meteor and cv. Progress
No.9 at 45% MeOH showed two clearly resolved radicactive peaks of
about zgual size. In both extracts the early eluting peak co-
chramatographed with [SH]GAZD (Table 28). Subseguently the whole

of each fraction was injected at 45% MeOH, and the [°®H]GA,.~like

20

TABLE 28. Fraction 8 Retention times {(min) of unknown products

and Gﬂzﬂ standard when co-chromatographed.

% MeCH GA,n Urknown
cv. Meteor 45% 14,2 14,2, 17.5
cv. Progress No.9 45% 14.1 14.1, 17.2

zone collected and derivatised to form metbhoxycoumaryl esters.

The derivatised extracts were co-chromatographed with [3H}GA20 CE
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and GAﬂB CE standards at 65% MeOH (Gﬁ15 co~chromatographs with
Gﬂzo on reverse phase HPLC). A single radicactive peak, co-
chraomatographing with [3H]GAZU CE (Rt = 18.2 min) was detected
from both cv. Metenr and cv., Progress No.9 fractions. The
retention time of GA, o CE was 18.% min,

The derivatised peak uf cv. Meteor and of cv., Progress
No.Y was subsequently shown to co-chromatograph with [3H]GAZD
when analysed by normal phase HPLC using a me CPS-Hypersil
support and a solvent of DCMiHexane:EtOH (18:78:3). The R,
of [*HIGA 4 CE was 11.5 min.

It was therefore conciuded that [3H]GA20 was a product
farmed from [3H]GF19 by both cv. Meteor and cv. Progress No.9.
This is consistent with the results of previous workers using
both seeds and seedlings (Frydman and MacMillan, 1975; Sponsel
and MacMillan, 1977; Railton ot al., 1974a,b, From Table 19 it is
thought likely that the pealk numbered 18 from the original traces
(figures 22to 26) is the one subseguently identified as [3H]GA2U,
representing up to ca. 6% of the applied radioactivity.

Fraction 8

Analysis of this fraction from both cultivars at 55% MeOH

revealed two peaks of approximately equal size. The peaks had

similar retention times. The peaks eluted before GAS1 and BA34,
but after GHZU and GA18' Norne of the other standards tested eluted

between these GAs., The identity of the products was therefore

not determined.
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TABLE 29, Fractian 9 Retention times (min) of unknown products.

% MeDH Unknown
cv. Meteor 55% 8.9, 10.4
cv, Progress No.9 55% 8.9, 1C.3

Fraction 10

This fraction from both extracts cantained a h%gh proporclion
of the recovered radicactivity. Both fractions were similar, each
containing at least four partially resolved peaks when analysed
at 55% MeDH {Table 30. The ratins of the peak heights were
similar. The early eluting peaks of each extract had similar
retention times to the Gﬁ51 standard at S5% MelH. GA}& and GA51
co-chramatograph under these conditions. GH51 has previpusly
been observed as a product from [3H]GR9 in peas (Sponsel and

Machillan, 1977).

TABLE 30. Fraction 10 Retention times (min) of unknown peaks

and of GH51 when co-chromatographed.

% MelH GA, Unkrown
cv. Meteor 55% 12.1  12.0, 12.8, 13.8, 15.6
cv. Progress No,9 55% 12,6 12.3, 12.8, 14,1, 15.8
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The whole of each fraction was injected at 55% MeOH and
1 win fractions collectec as the radioactivity eluted. The
fractions expected to contain any [3H][31—\5,I present were
derivatised to methoxycoumaryl esters and co-chromatographed with
GA51 CE at 754 MeOH. Each derivatised fraction centained a single
radivoactive peak which had a retention time of 8,2 min (Rt GA51

= 9,7 min; R, GA,, CE = 2.2 min}. It was concluded that [*H]GA

t It 234

and [HHIGAS,l were not present. This is surprising as GR51 is
an endogenous constituent of peas and has been previously identi-
fied as a metabolite of [3H]EA9 in developing seed (Sponsel and

MacMillan, 1977).

Fraction 11

In both fractions Gﬁa and Gﬂ7 standards co-chromatographed
with a broad band of poorly resolved radioactive compounds when
co-chromatographed at 60% MabH. (Rt GAA = 12,4 min, Rt GH7 =
10.3 min). These GAs have not previausly been identified in Pisum
either as endogenous constituents or as metabplites, It was
concluded that GA& and GH7 were probably absent from the extracts,
but that if present the amount was less than 3 x 1Dadpm per extract

(0.05% of applied label).

Fraction 12
Isocratic analysis o’ this Fraction at B85% MeOH showed a
single peak, with a retention time similar to that of [3H]GA9.

(Fet [3H]BA9 = 13.1 min).
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Fracticns 13, 14, 19

Not analysed.

TASLE 3t. Summary of GA standards tested. (-) indicates that

the GA was absent, a nunber indicates the Traction

in which the GA was possibly uresent

GA 29 30 3 29cat 1 35 31 1052018 51 34 7 4 9

cv. Meteor 3(?) - - 5(?) 5(?) « ~« -« =« B = =« &= -12

cv. Progress 3(7) -~ - 5(?) 5(?) - - =~ B =« = w12
No.9

A summary of the GA stendards tested is shown in Table 31.
It can be seen from figure 29 that there is extremely good agreement
between the actual reverse phase gradient profiles of the combined
aextracts {Figure 28 and the profiles projected using the R1E| values
and the peak slze estimates obtained from the isocratic analyses
(figure 2g). All fractions had profiles similar to those expected,
with the exception of fraction 8. It is apparent from figure 28
that one major and two smaller pesks would be expected in this
fraction. However, two equal sized peaks were detected from both
cultivars. This result is caonsistent with the appearance of the

fractions as predicted from the original analyses of the component
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extracts (i.e. 1, 8.5, 25 and 48.5h) of the bulked exiracts
(Table 21). This table shous that peaks 20 and 22 were expected
to be of equal size with a minor component inbetween. No minor
component was detected in the analysis of fraction 9, but it is
considered likely that the peaks detected are numbers 20 and 22.

Both the retention times and the sizes of the radiocactive
peaks cdetected Trom cv. Meteur and cv. Progress No.Y were almost
identical, and this, coupled with the similarity of the original
extracts (Table 18 suggests that [BH]BR9 is metabolised in the
same way by both cultivars. {3H]GR20 was identified as a product,
with conversions of ca.5% of applied label, which is very similar
to that found by Railton gﬁ_g&,(19?4a,b).[3H]Gﬂzg was also possibly
present in fractlon 3. Nona of the other GAs tested as standards
are thought to be products.

12%-hydzoxy GAg (dihydro GH31), a major product in earlier
reports, was not available far co-chromatography. However, the
absence of the structurally similar GFL,| was confirmed by co-

3

chromatography. GA31 and 12%-hydroxy GAg differ by a single

double bond in the 2,3 position, as do GA. and CA,,. From the

5 20

difference in rebention tines of the latter palr it is anﬁpipated
that 12%-hydroxy GAQ would have a R1U of ca. 43% MelH, eluting
before Gﬂ31. Based on this supposition it would be expected to

elute in fraction 6, where it could be represented by any of the

peaks detected. Peaks 12 and 13 in the original extracts (Table 18
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arc thought to be present in this frantion. No 3B-hydroxylated

products were identified.

3.7.5, - [3H]GaD FEEDS: SUMMARY

[3H]GHg is rapidly metabolised to a large number of
compounds when applied to cultivars Alaska, Meteor and Progress
No.3 growns in the light, and also when applied to cv. Alaska grown
in the cark. The identity  of most of these praoducts remalns
unknown, although ["’H]GA20 was identified from cultivars Meteor
and Progress No.9., A range of known GAs were shown to be absent
from the products af cultivars Meteor and Progress No.8.
Metabolism af {3H]Gﬂ9 seens to be similar in these two cultivars.
It was not possible to draw conclusions about the identities of
praducts formed from cv. Alaska, as extensive hreakdown ocourred

in the extract analysed.
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3.8 [QH]GRZG METAROL ISM

A time-course feed of [SHlﬁﬁzﬂ was made in order to compare
metabolism 1n the cultivars Alaska, Mateor and Progress No.S.
Prior to the experiment the radicchemical purity of the {3H]GR20

was confirmed hy isocratic reverse phase HELL at 50% MeOi (Rt

[*H]GA,~: 8.7 min). (Figure 30). {3H]GA20 was applied to the

20
apices of seven day old light-grown plants, of the cultivars
Alaska, Meteor and Progress No.9, each plant veceiving 930,000 dpm
(80ng). Ten plants of each cultivar were extracted 1, 8 and 27h
after treatment.

The apex of euch plant was washed with 100% MeOH prior to
extraction. The shoots were then excised at the cotyledonary
node and extracted using the same method as described for the
second {3H]GA9 time course {section 3.7.3.). The distribution
of radioactivity is shown in Table 32, It is apparent that the

amount of radicactivity recovered from all three cultivars

decreased with time, suggesting that metabolism was occcurring.

TABLE 32. [3H]GA20 Feed: Recovery of applied radiocactivity.

Figures are percenhtages of the applied radioactivity

calculated from dpm.

cv. Alaska cv. Meteor cv. Progress No.9
Th  8h 270 1h 8h 27 1h Bh 27k

Fraction: 100% MeOH 4B%  32% 21% 39% 19% 10% 45% 17% 14%

rinse
Toluene 0% 04 0% 0f oY o%F 0% 0% 0%
Aqueous 0% 1% 29 0% 1% 3% 0% 1% 4%
EtDAC 47% 82% 63% 59% 62% 64% 46% S0 5%
Total Recovered gs% 96% B6% 98% 82% 77% 91% B8Y 75%
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Radioactivity

e

FIGURE a0.

Ry (min)

Reverse phase HPLC analysis of [3H]GAOD immediately before

application to plants. Mobile phase: 50% MeOH; isocratic;

1cm? minﬁq. Detector: Radivactivity monitor, 100 cps F.s.d.,
10s time constant. {No further radioactive compounds eluted
during a short gradient to 100% MeOH).
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Reverse phase HPLC analyses of 2% aliguots of the acidic

FtOAc fractions revealed that GA,. was the major compound presant.

20
Analysis of the control extract, obtained after adding [EH]GRZU

tn a mothanolic tissue homogenate, showed that it contained similar
products te those observed in the time course extracts, with the
excepticn of peak 2 which was not Jdeteclted in the control extract.
The amounts of peak 2 detected are shown in Table 33, Injection

of larger aliguots of the 27h extracts of cv. Alaska, cv. Meteor,
cv. Progress No.9 and of the control extract comfirmed the initial
analyses {figure 31). Peak sizes were guantified from peak height,

as described in section 3.7.3.

TABLE 33. [3H]GH20 Feeds: Amount of Peak 2. Figures represent

percentages of applied dpm. (limit of detection ca.

2% of applied label).

h 8h 270
Alaska - - 4%,
Meteor - 4% 6%
Progress No.9 - 3% 6%

The identity of the putative metabolite, peak 2, was not
established, Peak 2 from all three cultivars co-chromatographed

on co-injectioen. Gn1 and GAB were shown to be absent by co-

chromatography with the 27h extracts., GA,, and Gﬁzg catabolite

24

would alsa appear to be absent, based on the retention times
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presented in section 3.2. The detection limit of the analyses
carried out was ca. 2% of the applied radicactivity for the 1h
and 8h extracts, and ca. 0.2% for the 27h extracts,

The identities of the breakdown products were nct established.
Rood et al. (1982) observed several breakdown products uf [*HIGA,,. -
Ore of these was less polar than BAZD on reverse phase HPLLC analysis
and was identified as C/D ting~re-arranged GAZD' It is possible
that peak 9 1is C/D ring-re-arranged 5“20’ which was also observed

as a product of [*H]GA,. by Durley et al. (1975).
20 ——
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4.1,1. [*H]GA FEEDS: INTRODUCTION

It is difficult to determine to what extent the products
of the feeds of labelled GAs reflect the normal pattern of
metaholism of the endogenous GAs. Frydman and MacMillan (1975)
sugnested the folleowing criteria for conducting feeds to help
ensure that the metabolism of the applied substrate reflects
the metabolism of the mative GA; {i) the exogenously applied
GA and its metabolites are endogenous compounds, {(ii) the GA
is applied at a level calculated to be squivalent to the
endogerous level, (iii) the GA is fed when its endogenous
level is maximal, and (iv) the incubation period corresponds to
the time interﬁgl between the maximal endogenous levels of the
substrate andj%he product. In practice these criteria are some-
what difficult to fuifill for seedlings since: a) few accurate
estimates of the distribution and size of the endogemous GA
pools in seedling tissues are available, and b) the penetration
and distribution of the applied label are difficult to control
and will tend to brealk sub-cellular compartmentation.

Once it has been concluded that a conversion probably
represents an endogenous step it is still necessary to consider
the limitations of the data. The amount of hroduct detected
represents a pool size, and generally provides no indication of
the rate of turnover. Rates of turnover are very difficult to
estimate (see discussion of Bown gt al., 1975). The amount of
product that accumulates is usually expressed as a percentage

of the label fed, which gives no indication of the actual mass
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of product formed. There are therefore a number of limitations
that should be borne in mind when attempting to interpret the
conversion of labelled exogenous GAs in terms of endogenous

GA metabolism.

2.1.2. [3H]GA12 ALOERYDE FEEDS

Studies with cell-free systems have shown that Gﬂ12

aldehyde is an intermediate in the in vitro formation of GAs
in developing pea seeds (Ropers et al., 19783 Kamiya and Graebe,

1983). G aldehyde has not, however, been detected as an

A2
endongenous constituent of Pisum., In the present study [3H][3R12
aldehyde was found to breakdown to some extent during storage

and during extraction (¥igure 19), [Nther workers have reported

auto-oxidation of GA, . aldehyde tu DA12 and obher products

12
(Grashbe et al., 1972; Evans and Hanson, 1975), but this does
not always seem to be a prablem (e.g. Graebe gt al., 1874).
Nash (1978) reported feeds of [:"H]GF\12 aldehyde to Phassolus
coccineus seedlings. Low levels of a range of more polar
products were reported in the acidic EtUAc fractions, but only
[3H]Gn

12 was cbserved in addition to [3H}Bﬂ1 aldehyde in the

>
control extraction,
In the present study small amounts of a range of

radinactive products more polar than GA aldehyde were observed

12
in the acidic EtDAc fraction,but it was not possible to distinguish
metabolites from the breakdown products seen in the control

extractions. The low levels of metabolic products observed

may be due to; i) poor penctration of the substrate to the



active site, ii) rapid further metabolism of products or

iii) a limited capacity tc metabolise [®H]GA, . aldebyde.

12
Metabolism leading to imwediate loss of lahel does not seem
likely slnce the *H label wes attached to carbon-17 and
metabolic conversicnsinvolving changes at the C-17 position
on the GA skeleton appear to be rare.

are
Further studies/required in arvder to clarify GA

12
aldenyde metabolism in pea seedlings. If breakdown and/or

the lack of accumulation of metabolites continued to be a
problem then GA12 or BR53 could possibly be used as alternative
substrates. A further possibility in view of the results of
Kamiya and Graebe (1983) would be to develop a cell-free

system from seedlings to investigate CZU—DA metabolism, although

this is likely bto be difficult.

|
4.1.3. | H]GaM FEEDS

In the present study 14 metabolites of {3H}GA1q were

detected, one of which was identified as [°H]GA. The other

187
products were not identified, although HPLC and GC-MS analysis
showed some of them to be distinct fram a number of GAs (see
section 3.5.3.), including those identified by Durley et al.
(1974a,b) as products of [3H]Gﬁ1a metabolism, These authors

have reported the only previocus feeds of a EzD—GA to pea seedlings.
They observed conversion of [3H]GA14, by youny eticlated seedlings,
cv. Meteor;,; to labelled Gﬂ1, GAB, GA1B’ 5923, GA

g’ GA and Gﬂaz.

2

38

No other radioactive products were detected.
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The conversion of GA14 to GA1B involves the 13-hydroxy-

lation of aC-20-methyl GA, 13-Hydroxylation of LT .-CAs by a

20
cell-free system from Pisum seeds was reported by Kamiya and
Graebe (1983), CA12 and BH12 aldehyde seemed to be the preferred
substrates. Although GA14 has not been detected as an endogenous
censtituent of peas, the above studies, and the isolation of
13-hydroxylated CGAs from peas, are consistent with the occurrence

of an early 13-hydroxylation pathway of GA bilosynthesis in seeds

and seedlings of Pisum.

3
4.0.4, [ H]GA20 FEEDS

BAZD is an endogenous companent of pea shoots (Kirkwaod,
1878; Davies et al., 19823 Ingram gl al., 198%,138% l Ca. Blng of
[aH]GAZD was applied to sach seedling in the present study,
This is similar to the endogenous amounts of GAZU determined in
the apical regions of shoots by Ingram et al. {1884 ), although
much higher than the radioimmuncassay estimates reported in the
present study (figure 12). It is possible that this apparent
discrepancy arises because young seedling shoots contain smaller
amounts of GHZU than the apical regions of older shoots.

In the present study only one of the products formed
from the [3H]GR20 was of possible metabalic origin. This product
was present in tall and dwarf cultivars in very low amounts, It
was not identified, but co-chzomatougraphy showed it to be distinct

from GA, and GA Consideration of HPLC retention times also

g
shows that it is unlikely to be either GAZQ oT GA29 catabolite.
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Several possible reasons can be suggested to explain the
low amount of product detected: i) the penctration of the [3H]GA20
to the active site was poor; ii) the shoots had only a low
capacity to metatolise [3H]GA2D; iii) the products wers rapidly
further netabolised; and/or iv) the label was immediately lost
when the [BH]GA20 was metabolised. In all three cultivars the
recovery of the applied label decreased as the duration of the
feed irncreased, suggesting that metabolism was occurring. The
low amount of product detected is probably the result of rapid
turnover, since only limited loss of label would be expected
following conversion to Gﬁ1, GRB, Gﬂzg oT BAQQ catabolite.

These were the only products which Ingram et al. {1984 ) detected
as metabolites from labelled GAQD which had been fed to several
lines of pea seedlings. The lines used had different stem length
genotypes, and the authors compared metabolism of the applied
label in Le and le plants.

Ingram et al. {1984 ) and Railton et al. (1974c) reported
small amounts of Gﬂzg formed by pea seedlings from labelled GA2G.
Ingram gt al. (1984 ) also observed small smounts of GA,, GAy and

GAZQ catabolite as metabolites of GA,,, and suggested that a law

20
conversion of GA2D to GH1 was limiting growth in peas dwarfed
as a result of the homozygous presence of the le geme. The low
amounts of metabolites detected from [3H]GA20 fed to seedlings
contrast with the results of feeds to seeds, where much larger

amounts of products have been detected. (Railton gt al. 1974c;

Sponsel and MacMillan, 1875).
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Despite an extensive search, in which [3H]|Jobl sizes
as low as 0.2% of the applied substrate would have been cetected,

[3H]GA4I was not observed as a metabolite of [®HIGA.,., in tall ar

20
duarf seedlings. This contrasts with the results of Ingram et al.

(1984 ), who observed conversion of exagenaus GA to GA, and

20
GAB in tall seedlings, although only very low levels of these
praducts were detected. For sxample, the amount of GA1 that was
detected was always less than 0.3% of the applied GAQD’ Ingram
et al. (1984 ) observed dilution of the applied 138 label in

the GA1 pool detected, and considered this to indicate that the
observed conversion of GAZU to GA1 reflected the normal pathway
of synthesis of endogencus BA1. However, this conclusion is
open to doubt as similar dilution would also have occurred if
Lthe endogenous GA1 was being Tormed from a precursor other than
GAoy.  The conversion af GAZO to GA, involves 3P-bydroxylation.
The only other report of 38-hydroxylaticn in peas is that of
Durley et al. (1973) who cbserved low incorporation of [3H]GR5

into [3H]GA3 in the dwarf cultivar Meteor.

4,1,5. [3H]Bﬂg FEEDS

GAB is not known to be an endogenous constituent of pea
seedlings, although it bas been observed in extracts from
developing seed (Frydman et al., 1974), There is bioassay
gvidence for the occurrence of GRQ in shoots {Railton and Reid,
1974a; Proebsting et al,, 1978) although the radiocimmuncassay

analysis, reported in section 2.4, failed to detect GRQ in
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extracts of shoots or seedlings of cultivars Alaska, Meteor
and Progress No.@ {limit of detection ca. 100-500pg seedling "1).

The metabolites of GAQ observed in the present investi-
gation were much more numercus than detected in previous
investigations using peas (Frydman and MacMillan, 1975; Sponsel
and Maclillan, 1977; Proebsting et al., 1978; Proebsting and
Heftman, 1880; Railton st al., 1974a,b; Reilton, 1374; Railton
and Reid, 1974b). Breakdown products were observed in the control
extract, but these were not thought to be making a significant
contribution to the radiolabelled compounds cbserved in the
time course extracts, [3H]GA10, identified as a possible non-
metabolic product by Railton et al. (1974a,b) wes not detected.

The metabolism of [3H]GA9 seemed to be identical in
two duarf cultivars (cv. Meteor and cv. Progress No.9), and
similar in the Lall cullivac Alaska, although differences between
the products observed from tall and from dwarf cultivars cannot
be ruled out, [3H]GA9 metabolism was also similar in light-
and dark-grown plants of the cv. Alaska, although specific
differences between products could also exist here.

The only metabolic products arising from [3H]GR9 that
were identified in the present study were [%l]GAZU and possibly
[SH]GAZQ, although it was possible to exclude the presence of
a number of other GAs (Table 31). Kamiya and Graebe (1383)
have suggested that the conversion of exogenous GHQ to GAZD in
peas is an artifact and does not represent the pathway for the

formation of endogenous GHZU. GA51, identified as a metabolite
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of GAg in pea seed by Frydman and fMacMillan {1975) and by Spensel
and MacMillan (1977) was not detected. The presence of [*H]-
12%~hydroxy GAQ, alsu previously reported as a product of
excgenous GAQ (Railton et al., 1974a,b; Frydnman and MacMillen,
19753 Sponsel and MacMillan, 1977), could not be excluded as no
standard was availlable for co-chromatography,

In the present study there was a rapid accumulation of
polar products, indicated by an increase in the amount of
radioactivity associated with the residual aguecus phase (Table
22). Frydman and MacMillan (1975) and Sponsel and MacMillan (1977)
detected guite large amounts of conjugated products. 1In the
present study no thorough analysis of conjugated products was
carried out, but analysis by SEC indicated that acidic conjugates
did nat account for a significant proportion of the radioactivity
in the acidic Et0OAc fraction, at least of cv. Alaska.

Dilution of the labelled substrate with unlabelled GAS
in the present study did nol significantly affect the metabolite
prafile, although the amount of substrate applied varied over
three orders of magnitude. This suggests that the tissue had a
high capacity to metabolise exocgenous GHQ. Frydman and Maciiillan
(1975) found that exogenous GAQ was efficiently metabolised in
developing seed,

In the present study a much larger number of products
from [3H]GA9 were detected than reported in previous investi-
pations of Pisum. This is possibly a consequence of the use

of HPLC., Re-evaluation of the results of some of the earlier
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experinents is reqguired 1n view of the present results, as
tentative identificaticns of Pisum Gﬁg metabolites based on

JLC data (Railton, 1974; Railton and Reid, 1974b) are clearly
misleading. The silica gel partition cclumn used by Proebsting
et al. (1978). and by Proebsting and Heftman (1980), to analyse
[3H}GH9 metabalites from the line 062, gave better resolution

than TI.C but the present results indicate that the resolution

was lnadequate to distinguish the range of potential products.

4.2, ANALYSIS OF THE ENDOUGENOUS GAs OF PISUM

The identification of BA20 and GAZQ as endongencus GAs
of cv. Alaska seedlings is consistent with the results of
previous studies of the endogenous GAs of peas, in which both
these GAs have been detected in extracts of seeds and of
vegetative tissues (Table 2). Biocassay and immunoassay evidence

also indicated the presence of a GA,-like component in cv. Alaska

1
(see Figure 9), However, GC-MS apalysis failed to detect Gf—!1
angd it is sugyested that a novel GA may be responsible for the
observed activity,

If a novel GA is responsible for the activity of Traction
42 in figure 9 then a further importanmt guestion is whether this
compound is biologically active in the pea, Fraction 42 was not
tested in the duarf pea bioassay. However, it is considered likely

that the compound responsible for the assay activity seen would

also be biologically active in peas. This is because:
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1. From cross reactivity studies most GAs that are active
in both the barley aleurone and lettuce hypocotyl bioassays
are also aclive in the dwarf pea bioassay (see Reeve and Crozier,
1975).
2. In previous experiments where a BAT—like biologically
active component has been isolated from young seedlings (e.qg.
Kende and lang, 1964) the compound has been biologically active
when applied to dwarf peas.

The detection of a GA1-like compound is consistent with
the results of earlier workers, who have reported detecting a
GA,-like component from seeds (Komoda et al., 196883 Publs and
Reid, 1983; Ingram and Browning, 1979}, young seedlings (e.g.
Kende and Lang, 1964; Jones and Lang, 1968; Jones, 1968), and
young apical tissue {Proebsting et al., 1978; Potts et al., 1982a)
of peas. The identity of the GA(s) causing this biological
activity has been the subject of considerable speculation and

discussion as, despite extensive investigations, GA, had not

1
until recently (Ingram et al., 1984 ) been identified in extracts
from peas. In spite of this recent identification there is

some evidence, besides the present work, against GA1 being
entirely tesponsible for the Gﬂq-like bioassay activity ohserved:
1. DH1 has not been identified from the GA1-lika peak aof
bioactivity (designated BﬁE) which has been obtained consistently
when extracts of seeds and of agpical tissues of the line G2 have

been bloassayed in the lettuce hypocotyl bicassay (Proebsting

et al., 1978; Ingram and Browning, 1979; Davies et al., 1982).
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It has been suggested that GA- is GA19 {Ingram and Browning, 1979;
Davies et al., 1982). However, GA,g has low activity in the
lettuve bypocotyl biocassay (Crozier et al., 1970) and it was
necessary to postulate either the oresence of synergists or
varietal differences in the lettuce cultivars to account for

the biological activity seen (Javies et al., 1982).

2. GP«1 has not been identified in seeds of cv, Progress No.g,
despite thotough investigations (see Sponsel, 1980a), Bioassays
were not employed in these investigations, so the presence of
GA1—like biocleogical activity in seeds of cv. Progress No.9 is
speculative, although such a component has been detected in seeds
of other cultivars (Reinhard and Konopka, 1967; Potts and Reid,
1883) and in young seedlings of cv. Progress No.9 (section 2.4,
and also Kende and Lang, 18843 Kende, 1967; Jones and Lang, 19683
Jones, 1968), GA1 has not been found in yonung seedlings of cv,
Progress No.2 (Kirkwood, 1979),

3. Reinhard and Konopka (18B67) isolated BA1—like and GAS—
like compongnts from peas, but the GR1—like biological activity
was separable from authentic GA1 by TLC. The unknown GA,
designated DAX, had lower activity in the dwarf pea and cl1 maize
biocassays than in the d5 maize bioassay.

Ingram et al, (1984 ) concluded that GA, is the major GA

1
contrelling stem elongation in peas. The present work provided
no evidence to support this hypothesis since Gn1 was not detected

in extracts from tall seedlings either as an endogenous constituent

or as a metabolite of [3H]GRZD° If the suggested navel GA is able
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to produce marked stem elongation in le dwarfs then re-examination
of the hypothesis of Ingram et al. (1984 ) would be necessary.

To conclude thal GH1 is the only GA cantrolling stem
elangation in 2 species reguires the demonstration that this is

the only endogenous GA present in normal plants that is able to

promole marked stem elongation in mutants dwarfed as a result of

a block in the GA biosynthetic pathway immediately prior te the

formation of GA1. In peas this involves applying the GA to le

dwarfs, which appear incapable of canverting GA to GA1 {Ingram

20
et al., 1984 }. In the absence of a complete knowledge of the

GAs that are endogenous constituents of peas it is-necessary
to demonstrate that only one peak of biological activity, with
a retention time identical to GA1, is observed when extracts of
tall peas are chromatographed and the fractions bipassayed using
the le mutant. The chromatographic system employed must be able
to separaté BA1 from other biolaogically active GAs. TIn practice
it would be necessary to purify the extract using several successive
high resclution chromatoqraphic steps of different selectivity,
demonstrating that after each only a single peak of GA1~like
biological activity was present.

In the present study radicimmunoassay analysis showed
shoots of both tall and duarf seedlings to contain similar levels

putative

of a GA,-like compound, possibly the/novel GA. IF GA1 were the

1
causative compound the results could still be ceonsistent with
the hypothesis that dwarfism in le plants (i.e. cv. Meteor and

cv. Frogress No.9) is due to the production of inadequate amounts




of GA, (Ingram gt al., 1984 ). This is because morphological
mgasurements suggest that dwarfism due to the l= gene way not
be expressed in young seedlings, such as those used to provide
tissue fur the radloiwmmunoassay analysis, to the same degree
as in older seedlings (Reid et al,., 1983),

Radioimmunoassay analysis alsn suggested that light-
grown shoots contained higher levels of Gﬂq—like immunoreactive
GAs than dark-grown shoots. Kohier (1970) detected higher
levels of bilologically active GAs in extracts of light-grouwn
peas than in extracts of dark-~grown ones. These results do not
necessarily represent good evidence against the invalvement of

CAs in the light inhibition of stem growth since the pool sizes

determined may not reflect the actual amount of endogencus GA
available te stimulate growth.

The results obtained contrast with those of Bawn et al,
(1975) who found higher levels of GA-like bielogical activity in

dark~grown seedlings of Phaseolus coccineus compared to light-grown

seedlings. It is difficult to draw conclusions about the
invalvement of a growth regulater in a physiological process
from estimates of pool sizes, unless it is known that the pool
size monitored is respensible for determining growth. Changes
in rates of GA turnover do not necessarily cause changes in the
pool sizes observed. Zeeu%?t (1971) provided evidence that LD

greatly increased GA turnover in Spimacea oleracea, although this

was nol obvious from biocassay comparisons of the endogenous GA

pools of LD and 50 plants.
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In Pisum seedlings it i1s possible that BAs accumulate
in light~grown tissue because conversion to the active GA is
reduced, This would suggest that the point of control by light
is late in the biosynthetic pathway. Some evidence to support
this suggestion was provided by Kende and Lang {1862). These
authors extracted GA1~1ike and GAS-like components from peas and
bioassayed them nn light and dark grown peas. The GA1~like
component was equally active when applied to either light- or
AMD-~1618 dwarfed dark-grown peas, but the GAS-like compunent
appeared less active when applied to light-grown peas than when

dwarfed

applied to AMD-1618/dark~grown peas. BA1 and GAS standards

showed similar behaviour.

4.3, CONCLUSIONS

The major conclusions of the work presented in this
thesis are therefore:
1. There appears to be a novel, possibly biologically active,
Gﬁq—like caompound in seedlings of cv. Alaska, a tall pea.
2. Light grown shoots of pea seedlings have higher levels
of Gﬁq-like immunoreactive CGAs than dark-grown seedlings, but
this observation does not rule out the possibility that GAs

mediate the light-induced inhibition of stem growth.

3. Pea seedlings are able to 13-hydroxylate [3H]GA14, a
C-20-nethyl GA and [*HIGAg, a C,g-GN.
4, £ xXogenous GAQ is rapidly metabolised by pea seedlings
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to a large number of products. The pattern of metabolism is
identical in the dwarf cultivars Meteor and Progress No.9,
and similar in the tall cultivar Alaska, although differences
in specific products may exist beiween this cultivar and the
two dwarf cultivars. Metabalism of [3H]GA9 appears similar,
but not recessarily identical, in light- and dark-grown
seedlings of ov, Alaska,

5. The resulls provided no evidence in support of the
hypothesis that GH1 is the only active GA controlling stem
elongation in peas, since GH1 was not detected in extracts

from tall seedlings either as an endogenous constituent ar as

a metabolite of [SH]GR2D.
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