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ABSTRACT

A comparative study of the metabolism of radiolabeled gibber-
ellin (GA) 1, 19, and 20 in isolated vegetative tissues of isogenic
Le and /e pea (Pisum sativum) plants incubated in vitro with the
appropriate GA substrate is described. The results of this study
provide evidence that the enzymes involved in the latter stages
of GA biosynthesis are spatially separated within the growing
pea plant. Apical buds were not apparently involved in the pro-
duction of bioactive GA, or its inmediate precursors. The primary
site of synthesis of GAy from GA,, was immature leaflets and
tendrils, and the synthesis of bioactive GA, and its inactive
catabolite GA; occurred predominantly in stem tissue. GAz,, the
inactive catabolite of GA,,, was produced to varying extents in
all the tissues examined. Little or no difference was observed in
the ability of corresponding Le and /e tissues to metabolize
radiolabeled GA., GA+s, or even GAy,. During a fixed period of 24
hours, stems of plants carrying the /e mutation produced slightly
more [°H]GA, (and [*H]JGA2) than those of Le plants. It has been
concluded that the /e mutation does not lie within the gene
encoding the GA2, 35-hydroxylase protein.

Pea (Pisum sativum) plants that carry the /e mutation are
dwarfed and deficient GA,? (5). Although it has been shown
that the GA, deficiency is characteristic of all immature
vegetative tissues of /e pea plants (15), it is only with respect
to the stem that a clear correlation between growth (final
internode length) and endogenous GA, concentration exists
(4, 14). The role of GA, in tissues other than the stem is
therefore uncertain. Indeed, the presence of GA, in the various
tissues could simply be a fortuitous result of the mobility of
this compound within the plant, depending on the site(s) of
synthesis of GA,. To date, there exists little information
pertaining to this topic. The functional basis of the /e mutation
is also unknown at the present time, but, the most obvious
and favored hypothesis is that of impaired catalytic perform-
ance of the enzyme, the GA, 38-hydroxylase, that produces
GA, (10).

The present communication is the second in a series con-
cerned with the role of GA, as a natural plant growth regula-
tor. The steady-state distribution of the 13-hydroxy GAs in
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P. sativum was the subject of the first paper (15). The biosyn-
thesis of GA, and the nature of the /e mutation are the subjects
addressed here.

MATERIALS AND METHODS
GA metabolites

[17-*H,]GA, (2.2 x 10'' Bq mmol™') was synthesized by
Dr. M.H. Beale, University of Bristol. [17-*C,*H,]JGA (1.27
% 10'? Bq mmol™") was synthesized by the method described
by Ingram et al. (5). [17-*H,]JGA s (1.83 X 10'* Bq mmol™)
and [17-2H,]GA  were gifts from Professor L. Mander, Aus-
tralian National University, Canberra, Australia.

Plant Material

Seeds of the tall (205* Le) and dwarf (205~ le) isogenic
lines of pea (Pisum sativum) were gifts of Professor J.B. Reid,
University of Tasmania. The conditions adopted for seed
germination and plant growth have been described previously
(15). Tissues were harvested after the emergence of four
internodes.

Metabolic Studies

The tissue used for each incubation was obtained from six
to 12 plants. The apical buds, upper two internodes, and their
accompanying leaflets: petioles, and tendrils were separated,
weighed, and placed in vials containing sterile plant tissue
culture medium (Murashige-Skoog; Flow Labs, Ayrshire,
Scotland). In separate experiments, the component epidermal
and cortical tissues of the internodes were also separated.
After the tissue was washed, the samples were blotted dry in
a laminar flow sterile cabinet and transferred to fresh sterile
medium (2-3 mL). The various radioactive GA metabolites
were then added at a concentration of 10 uM, unless otherwise
stated. In the case of GA,o, the radioactive *H tracer was
added to a known mass of the deuterated compound, and its
specific activity was subsequently determined. All tissues were
incubated at 25°C under fluorescent lighting and routinely
extracted for analysis of their [’ H]JGA content by HPLC after
24 h.

Sample Processing

All tissue samples were washed extensively in aqueous
methanol (5% v/v) and blotted dry. They were frozen in
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liquid nitrogen, pulverized, placed in vials containing aqueous
methanol (60%), and stored at 4°C for a minimum period of
16 h. The samples were then filtered through glass fiber filters
(Whatman GF/C, Whatman Ltd, Maidstone, Kent, United
Kingdom) to remove tissue debris. The methanolic extracts
obtained were partitioned against light petroleum ether (60-
80°C boiling point), evaporated to near dryness by heating in
a stream of N, gas, resuspended in methanol, and stored at
—20°C. Finally, particulate and precipitated materials were
removed by centrifugation, and aliquots of the resultant su-
pernatants were counted for radioactivity to determine total
GA uptake by each tissue.

Product Analysis and Quantification

GC-MS-selected ion monitoring analysis of the GAs present
in the various vegetative tissues of 205* and 205~ isogenic
pea plants failed to detect endogenous epi-GA,, epi-GA,y, and
GA; in any significant quantity (15). Additionally, from total
ion current data obtained from full-scan GC-MS analysis of
immunoaffinity chromatography-purified GAs from various
vegetative tissues of a different variety of pea (Aldeman), it
was shown that epi-GA, and epi-GA,y, where present, repre-
sented <10% of the amount of GA,; recovered (data not
shown). Thus, reverse phase HPLC on ODS Hypersil (5 pm)
(Shandon Solution Products, Runcorn, Cheshire, United
Kingdom), packed into a stainless steel column (250 mm
long, 8 mm i.d.) and fitted to an LDC HPLC apparatus
(Riviera Beach, Florida), was used to separate and quantify
GA,, GAg, GAy, and GA,. These were expected to be the
major detectable GA products formed from radiolabeled
GA 9, GAx, and GA, (6). All samples of similarly incubated
Le and /e tissues that were applied to the column contained
equivalent quantities of total radioactivity. Corresponding
amounts of the particular radiolabeled GA substrate used
were also run as a baseline control. Prepared samples were
loaded onto the column preequilibrated with 30% methanol
in water containing 0.5% (v/v) phosphoric acid at a flow rate
of 1 mL min~!. To separate GA;, GAs, GA,, and GAy, the

column was eluted with an exponential methanol gradient of
30 to 70% (v/v, MeOH:H,0) for 30 min. Fractions (0.5 or
1.0 mL) were collected and counted for radioactivity. Radio-
activity recovery from the column was routinely in excess of
90%. The retention volumes of authentic samples of GA,,
GAs, GAy, and GA were 12, 4.5, 22, and 6.5 mL, respec-
tively. For separating GA,y and GAy, the column was oper-
ated isocratically in 30% aqueous methanol containing 0.5%
H3PO, until GA, had eluted. The methanol concentration of
the elution solvent was then stepped up to 45% (v/v). Under
these conditions, the elution volumes of GA s and GA, were
31.5 and 25 mL, respectively.

RESULTS
GA Uptake

The total quantities of radiolabeled GA present in extracts
of the Le and /e apical bud, leaflet, petiole, tendril, and stem
tissues incubated for 24 h with equimolar concentrations of
GA,, GA 5, and GAy (10 uM) were determined before analysis
by HPLC. It was observed that the amounts of radiolabeled
GA in Le and /e apical buds incubated with [PH]GA, were
somewhat higher than in other tissues and that the amounts
of radiolabeled GA recovered in Le and /e petioles were
relatively low. However, on the whole, the data obtained were
relatively uniform. The /e mutation had no apparent effect
on GA uptake into the tissues, and individual tissues failed to
discriminate among GA,, GA,y, and GA.

GA 19 Metabolism

The calculated concentrations of the individual radiola-
beled GA metabolites recovered after incubating the various
vegetative tissues in vitro with [)H]GA s for 24 h are given in
Table I. Whereas 90% of the recovered radioactivity in the
apical buds, stems, and petioles remained as GAy, in leaflet
and tendril tissues only 50% remained as GA .

The total concentration of the GA ;s metabolites in leaflet
and tendril tissues were, at minimum, an order of magnitude

Table I. GA,9 Metabolism in Isolated Tissues Incubated in Vitro

Plant Tissue and Total GA in Metabolite Recovery
Phenotype Tissue GAso GAzo GA, GAgs GAs
nmol g~ %
Apical bud
Le 6.7 88.0 10.0 1.0 <1.0 <1.0
le 53 83.0 15.0 1.0 <1.0 <1.0
Leaflet
Le 6.4 42.0 46.0 40 8.0 <1.0
le 7.2 440 46.0 5.0 5.0 <1.0
Tendril
Le 12.7 52.0 40.0 4.0 3.0 <1.0
le 125 56.0 39.0 3.0 2.0
Petiole
Le 2.3 83.0 14.0 15 1.0 <1.0
le 54 82.0 15.0 2.0 1.0 <1.0
Stem
Le 24 89.0 8.0 <1.0 1.0 <1.0
le 7.9 80.0 17.0 <1.0 1.0 <1.0
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Table ll. Metabolism of GAx, (10 uM) in Isolated Tissues Incubated
in Vitro

Metabolite Recovery

Plant Tissue and Total GA in
Phenotype Tissue GAz GA, GA29 G As
nmol g~ %
Apical bud
Le 10.0 88.2 0.7 10.7 0.4
le 10.2 868 0.8 122 0.2
Leaflet
Le 15.5 623 05 364 0.8
le 133 644 06 338 1.0
Tendril
Le 10.8 65.1 18 317 14
le 12.2 83.1 1.3 15.2 0.4
Petiole
Le 2.8 54.4 18 435 03
le 3.7 58.6 15 397 0.2
Stem
Le 123 390 30 574 06
le 9.7 167 47 776 1.0

greater than the sum total of GA, GAj, GA;, and GA; in
apical bud, petiole, and stem tissues. The leaf and tendril
tissues of both Le and /e plants accumulated GA, as the
major GA,, metabolite. Although further metabolism of GA,,
appeared to be restricted in these tissues, they produced
similar quantities of GA, (bioactive 38-hydroxy GA,) and
GAy (inactive 28-hydroxy GAz). GAs, the inactive 28-hy-
droxylated derivative of GA,;, did not feature as a major
metabolite in any of the tissues under consideration.

From these data, it was concluded that the GA,y oxidase
that catalyzes the synthesis of GA,, from GA,s was located
predominantly in the leaflet and tendril tissues, that the GA5
2(- and 3B-hydroxylase activities and the GA, 28-hydroxylase
activity were low in the leaflet and tendril tissues, and, finally,
that the Je mutation was not expressed under the experimental
conditions.

GA2, Metabolism

The calculated concentrations of labeled GA metabolites
in apical bud, leaflet, stem, and petiole tissues after a 24-h
incubation period with [17-*H2JGA3 (10 uM) are given in
Table II. These data show that the relative contributions of
unmetabolized GA,, to the total radiolabeled GA pools varied
considerably, even between corresponding Le and /e tissues.

Whereas in apical buds, leaflets, and tendrils of either Le or

le phenotype the GAz accounted for approximately 90, 65,
and 55% of the total GA, respectively, in Le stem tissue, GA3
represented about 40% of the total GA and in /e stem tissue
GA, represented <20% of the total GA. In tendril tissues of
the Le and /e phenotype, respectively, GA,, accounted for 65
and >80% of the total GA.

In all the tissues investigated, the major metabolic product
of GAj was its inactive 28-hydroxylated derivative, GAys.
Apparently stem tissue of the /e phenotype contained the
most GA,, synthetic activity and the apical bud tissues least.

By comparison with GA,,, the relative quantities of GA,
and its inactive catabolite GA; that were formed under these
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experimental conditions were low. Nevertheless, whereas GA
was barely detectable as a radiolabeled metabolite in the apical
buds and leaflets, its presence was most apparent in the stem.
Furthermore, the expectation that GA, synthesis would be
suppressed in the /e tissue was not fulfilled. Indeed, as with
GA., the concentration of GA, was greater in stem tissue of
the /e phenotype. This discrepancy was not affected by GA,
synthesis; the observed concentrations of GAg were low but
proportional to the GA, concentrations in the respective Le
and /e tissues.

The conclusions that were drawn from data presented in
Table II were substantiated by the results of similar experi-
ments in which [PHJGAy, at a concentration of 50 uM, was
added to the culture medium of apical bud, tendril, and
separated stem cortex and epidermis. These data (Table III)
again indicated that the stem was the principal site of GA,
biosynthesis within the plant. Moreover, the GA,, 38-hydrox-
ylase that catalyzes GA, production was located in cortical
rather than in epidermal cells, and its activity was not im-
paired as a consequence of the /e genetic mutation. Compar-
ison of the data presented in Tables II and III also showed
that the fivefold increase in GA,, substrate concentration
resulted in approximately a fivefold increase in GA, yield in
apical bud, tendril, and stem cortical tissue after the 24-h
incubation in vitro. Corresponding increases in GA,y produc-
tion were not observed. Indeed, in the stem cortical tissue,
GA,y production was apparently suppressed. In apical buds
and the tendrils, GA,y production proceeded at similar rates
with 10 and 50 uM GA,. Thus, unlike the GA,o 38-hydrox-
ylase, the GAy, 28-hydroxylase would appear to be substrate
saturated and operating at maximal rate when these tissues
were incubated with 10 uM GA..

GA, Metabolism

The results presented in Table IV show that apical bud
tissue abstracted GA,; from the culture medium more effi-
ciently than leaflet, tendril, and stem tissues. Despite the
fivefold excess of GA, in this tissue, very little GAg was
recovered. The estimated yield was similar to that produced
by leaflet and tendril tissues.

Table lll. Metabolism of GAz (50 uM) in Isolated Tissues Incubated
in Vitro

Plant Tissue and  Total GA in Metabolite Recovery
Phenotype Tissue GAz GA, GAz GAs
nmol g~' %
Apical bud
Le 62.4 97.5 0.5 20 <01
le 51.9 96.2 0.7 3.1 <01
Tendril
Le 137.4 93.3 0.6 6.0 <0.1
le 95.9 94.1 0.6 52 <01
Stem cortex
Le 14.9 735 169 8.2 14
le 1.3 63.2 221 121 1.8
Stem epidermis
Le 8.4 95.2 1.0 3.6 0.2
le 8.1 94.9 1.3 3.6 0.2
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Table IV. GA, Metabolism in Isolated Tissues Incubated in Vitro

Metabolite
Plant Tissue and Total GA in Recovery
Phenotype Tissue _—
GA, GAg
nmol g~' %
Apical bud
Le 36.3 98.0 2.0
le 27.3 98.0 2.0
Leaflet
Le 12.7 94.0 6.0
le 6.9 92.0 8.0
Tendril
Le 6.3 93.0 7.0
le 5.6 96.0 4.0
Stem
Le 6.7 58.0 42.0
le 6.4 49.0 51.0

By contrast, the observed concentration of GAg was equiv-
alent to that of GA, in the stem tissues of both Le and /e
plants. Therefore, it was concluded that the enzyme respon-
sible for inactivating GA,, the GA, 2g-hydroxylase, was lo-
cated predominantly in stem tissue. Furthermore, the /e ge-
netic mutation had no effect on GA, catabolism in this tissue.

Comparative Kinetics of GA, and GA,, Formation in
Le and /e Stem Tissue

The net production of GA, and GAy in Le and /e stem
tissue was determined within a GA, substrate concentration
range of 0.25 to 5.0 um. Over this range, the relationship
between the tissue concentration of total radiolabeled GA
after a 24-h incubation period and the initial concentration
of [*H]GA in the incubation medium was shown to be linear
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Figure 1. Comparison of radiolabeled GA uptake into Le (A) and /e
(@) stem tissues incubated in vitro at increasing concentration of [°H]
GAzo.
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Figure 2. Relationship between [*H]GA, formation and the total
radiolabeled GA content of Le (A) and /e (@) stem tissues after 24-h
incubation in vitro with [*H]GAz. Inset, Linear plot extrapolated to
include data presented in Table lil.

(Fig. 1). The data presented in Figure 2 pertaining to GA,
formation in stem tissue of Le and /e plants showed that the
apparent rates of [PH]JGA, synthesis were linear with respect
to the total radiolabeled GA recovered in these tissues and
also higher in /e stem tissue than in Le stem tissue. These
observations were also true for [PHJGA,s synthesis in stem
tissues of Le and /e plants (Fig. 3). However, within the
experimental GA,, concentration range, the apparent rate of
GA, production was an order of magnitude greater than that
of GA, production. Additionally, in the /e stem tissue, GAx
production was beginning to plateau at the highest substrate
concentration.

DISCUSSION

The results presented here provide for the first time infor-
mation pertaining to the location of enzymes involved in the
latter stages of the GA metabolic pathway in vegetatively
growing pea plants. Significantly, the GA,, oxidase that cata-
lyzes the synthesis of GA, from GA,s was located predomi-
nantly in young expanding leaves (leaflets and tendrils),
whereas the GA,, 38-hydroxylase that catalyzes the formation
of bioactive GA, and the GA, 2B-hydroxylase that catalyzes
the formation of biologically inactive GAs were both located
predominantly in stem tissue. The GA,, 238-hydroxylase that
produces biologically inactive GA,y from GA,, was present
in all the tissues examined, although its activity was relatively
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Figure 3. Relationship between [°H]GA;, formation and the total
radiolabeled GA content of Le (A) and /e (@) stem tissues after 24-h
incubation in vitro with [*°H]GAz.

low in apical bud tissue and highest in the stem. Growing
plant vegetative tissues do not, therefore, individually contain
all the GA biosynthetic enzymes. In a more general form, this
conclusion was also deduced in a previous communication
concerned with the steady-state distribution of GAs in vege-
tative tissues of P. sativum (15). The implications of this
information are quite considerable with regard to the biology
of GA action. Immature leaflets are the only vegetative tissues
of P. sativum in which GA,s has been detected previously,
albeit as a minor metabolite (15). Because the precursors of
GA are relatively insoluble in aqueous solution and, from
bioassay data (18), do not appear to move freely through plant
vascular tissues, it was surmised that the GA;y biosynthetic
enzymes, in addition to the GA,y oxidase, are probably all
located in the young leaflets.

The fact that the GA,y oxidase is located in these leaflets
may account for the finding that, in some plant species, this
enzyme is under photoperiodic regulation (2). Moreover,
without invoking any particular mechanism (i.e. phyto-
chrome mediated), this location would also make the GA,o
oxidase activity, and hence the production of GA,, particu-
larly susceptible to the influence of light, the intensity and
quality of which determine the general metabolic status of the
leaf. Furthermore, because the GA,, that is metabolized to
GA, in the stem is necessarily transported from the leaflets,
the amount of GA, that is produced in the leaflets ultimately
dictates the extent of stem elongation.

In detail, however, the steady-state concentration of GA,
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in stem tissue is dependent on the rate of its synthesis from
GAq, the rate of its catabolism to GAs, and also the rate of
production of GA,y from GAy as common substrate. Com-
parison of data presented in Tables II and III indicates that at
the lower concentration of the GA,o substrate (10 uM in the
culture medium), the GA,, 38-hydroxylase competes poorly
with the GA,, 28-hydroxylase for the available GA substrate.
At 50 um GA,, the estimated intracellular concentration of
GA, in stem (cortical) tissue had increased fivefold, whereas
the GA concentration was in fact reduced. The explanation
for this latter phenomenon is uncertain, but GA, is known to
inhibit the GA, 28-hydroxylase activity (16). However, given
that at subsaturating substrate concentrations the reaction
rates are proportional to the substrate concentration, it would
appear that the GA,, 28-hydroxylase was operating at V.
when the stem tissues were supplied with 10 uM GA,, but at
50 uM GA,y, the 38-hydroxylase was still operating at or below
K.
With regard to the GA, 28-hydroxylase, it was found that
stem tissue incubated with GA at concentrations of 10 and
50 uM contained very little GAs, either in full or expressed as
a percentage of the synthesized GA,. Significantly enhanced
yields of GAs, representing approximately 50% of the labeled
intracellular GA, were obtained after incubating the stem
tissue with GA, at a concentration of 10 uM. These data
indicate that the K., of the GA, 28-hydroxylase for the GA,
substrate is greater than that of the GA,, 38-hydroxylase for
the GA,, substrate. The results presented in Tables II to IV
show that both GA, and GA; are primarily synthesized in
stem tissue and that this tissue is also the richest source of the
GAo 28-hydroxylase. In vivo, however, GA,, GAs, and GAy
are found in all growing tissues and are particularly concen-
trated in apical bud, unexpanded leaflet, and tendril tissues
(15). None of these tissues synthesize GA, and GA; effectively,
and the apical bud appears to be particularly inert with respect
to GA metabolism. Thus, whereas the stem does not accu-
mulate GA,, GA,, or the 23-hydroxylated GAs to any great
extent in vivo (15), it clearly is the source of a large proportion
of the GA, and GA; and possibly GA, that in vivo is found
in other growing tissues, particularly the apical buds, tendrils,
and unexpanded leaflets. To meet these metabolic demands,
the stem tissue GAy 38-hydroxylase, GAj 28-hydroxylase,
and GA, 28-hydroxylase probably operate at or near V.,
thus requiring the leaflets to supply GAy at an appropriately
high concentration. That the enzymes operate under these
conditions is possibly supported by the observation that the
inability to produce GA, in le stem tissue in vivo is not
counterbalanced by the formation of GAj. The common
substrate GA,, accumulates in /e stem tissue relative to that
of Le stem tissue (15).

The results presented in this paper clearly indicate that key
intermediates in GA biosynthesis are synthesized in different
tissues and that GA, is synthesized within the tissue that
exhibits maximal biological response to its presence. How-
ever, they do not support the generally accepted hypothesis
that the locus of the /e mutation lies within the gene encoding
the GA,, 38-hydroxylase protein, causing a reduction in its
catalytic performance (10). Because the uptake of GA, into
Le and /e stem tissue incubated in vitro was shown to be a
linear function of concentration (Fig. 1), it was possible to
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measure, albeit indirectly, apparent rates of GA, and GA,
formation as functions of initial GA,, substrate concentra-
tions. The data obtained (Figs. 2 and 3) showed that, on a
fresh weight basis, the GA,, 38-hydroxylase and GA,y 243-
hydroxylase activities of /e stem tissue were, in fact, greater
than those of Le stem tissue. This situation was not reversed
when GA,, was added to the culture media of Le and /e stem
cortical tissues at a concentration of 50 uM (Table III). Indeed,
under these experimental conditions in which GA,, was not
apparently rate limiting and the GA, 28-hydroxylase activity
was reduced, the rate of GA, formation continued to increase
in both Le and /e stem cortical tissues. Thus, it is considered
extremely unlikely that the product of the /e gene is an altered
GA 38-hydroxylase protein. The data do not indicate that
the quantity of active enzyme is less in /e stem tissue than in
Le stem tissue; neither do they provide evidence for a change
in either Ky Or Kear/ Kin.

The data also do not support the possibility that the in vivo
depletion of GA, in /e plant tissues might result from increased
GA 2p-hydroxylase activity. Although the GA, 28-hydrox-
ylase activity was apparently greater in /e stem tissue than in
Le stem tissue (Fig. 3), the balance between the GA, 28-
hydroxylase and GA;, 38-hydroxylase activities in these tis-
sues was very similar. Thus, it is concluded that the functional
basis of the /e gene remains unknown. However, if the lesion
does not lie within the GA,, 38-hydroxylase protein itself or
lead to an increase in the cellular concentration of the GAxo
2B-hydroxylase, then it is likely that another component is
involved, one that can inhibit GA,, 38-hydroxylation in vivo.

Evidence for the existence of a general light-induced GAy
hydroxylase inhibitor in Le pea seedlings has been obtained
by the author (data not shown). It is thus hypothesized that
such a component may be the product of the Le gene that is
produced by the apex or immature leaflets of Le plants,
dependent on the incident light intensity and/or quality, and
transported to the stem. It is further hypothesized that the /e
mutation is “deregulatory,” causing constitutive production
of the component in both dark- and light-grown /e pea plants.
These hypotheses require further investigation. They are con-
sistent with observations that light-mediated inhibition of
stem growth can be reversed by application of GA; or GA, to
pea plants (3, 7-9). They also reconcile apparently conflicting
data (1, 11-13, 17) pertaining to the mechanism of control of
GA, 3p-hydroxylase activity and GA, production in light-
and dark-grown pea plants.
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