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ABSTRACT

The determinate (det) line of pea displays a more synchronous flower
development than wildtype (WT) due to the early cessation of growth of the terminal
meristem. However, yield may be reduced in determinate lines compared to WT
indeterminate lines. We have previously analyzed the effect of different gibberellins
(GAs) on the growth and development of a determinate, multiflowered line of pea (det
multi) in growth room growing conditions. In the current study, we evaluate the effects of
GA4 and two ring-D modified GAs, 16,17-dicholoromethano dihydro GAs (DiC) or the
exo-enriched isomer of 16,17-dihydro GAs (DiHGA5s) on growth and flowering of the det
multi line under greenhouse growing conditions. DiHGA5 is known to be a competitive
substrate inhibitor of 3B-hydroxylation of 3-deoxy GAs. The det multi plants were treated
once with 5 or 25 ng of GA4 or each of the two ring D-modified GAs when plants had six
expanded leaves. Gibberellin treatments resulted in an increase in seed yield primarily
due to enhanced development of lower floral, axillary nodes.

INTRODUCTION

Gibberellins (GAs) play critical roles in plant reproductive development (Pharis and
King, 1985 and King and Evans, 2003). Utilization of dwarf varieties of crops has been an
important consideration in designing crop production systems. For example, the ‘Super Dwarf’
rice plant is deficient in the 3B-hydroxylase that catalyzes the conversion of GAy (inactive) to
GA| (active) (Mitsunaga, et al., 1994, Itoh, et al., 2001). The two predominant GA biosynthetic
pathways for vegetative tissue of higher plants have been extensively studied and experiments
with GA mutants have identified a feedback phenomenon where bioactive GAs can
downregulate their own biosynthesis (Hedden and Phillips, 2000).

Gibberellins are also developmentally regulated and genetic dissection of GA signaling
pathways is uncovering some intriguing links between plant hormones and developmental genes,
especially in the reproductive phase of plant development. In rice, for example, expression of the
catabolic GA20x gene is located in a ring around vegetative shoot apices and this expression
decreases drastically after the phase transition from vegetative to reproductive growth (Tomoaki,
et al, 2001, see also discussion in King and Evans, 2003). Agamous-like 15 (AGL15) in
Arabidopsis directly controls the GA catabolic gene, AtGA20x6 (Wang, et al., 2004). Interaction
between the KNOX class of transcriptional regulators and GA biosynthesis genes has emerged as
a link between developmental genes and hormones (see review by Hay, et al., 2004).
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Recently, floral homeotic genes have been shown to be targets of DELLA protein nuclear
repressors and GAs may regulate floral development by opposing DELLA repressors (Yu, et al.,
2004). Mutations with DELLA protein changes have been used by plant breeders to create high-
yielding semi-dwarf varieties of wheat and it has been shown recently that flexible control of
plant architecture in Arabidopsis can be achieved through switchable expression of a DELLA
gene (Ait-ali, et al, 2003). Hence, a highly flexible control of inflorescence architecture may be
feasible once we better understand the genetic regulation of inflorescence architecture in pea.

There is considerable interest in genes which affect plant architecture. Pea belongs to a
small number of plant genre in which a number of genes involved in branching, flowering, and
photoperiod responsiveness have been identified (Beveridge, et al., 2003). We have previously
reported on some of the interesting changes seen in shoot architecture after various pea
genotypes were treated with specific GAs or ring D-modified GAs (Maki, et al., 2004). Our work
with determinate, semi-dwarf, multiflowered pea lines indicates that yield in these lines can be
improved by treatments with ring D-modified GAs derivatives which also very likely function as
competitive substrates for the enzyme that effects 33-hydroxylation of 3-deoxy GAs. For
example, outgrowth of pre-inflorescence buds was increased in determinate lines following
treatment with 25 g of GA4 (Maki, et al., 2004; Fig. 2a). While basal branching is common in
pea it usually results in vegetative growth, not in increased yield. Outgrowth of upper axillary
buds is far less common during development and treatments which result in enhanced floral
axillary branching may be beneficial in some lines.

MATERIALS AND METHODS

Seeds of the det multi line (Fig. 1) were originally provided to S. Singer by the late Dr.
Gerry Marx (Geneva Experiment Station, Ithaca, NY). The def multi line is in a gibberellin
deficient background (/e). Seeds were sown in soil-less potting mix (Prime-Gro7, Therm-O-Rock
East, New Eagle, PA) in 15 cm pots (1 per pot) and placed in a greenhouse. Long day conditions
were maintained in the Spring 2005 study by HID lighting from 0300 until 0700 followed by
incandescent lighting from 1700 until 2100. Long days were provided in the Summer 2005 study
using natural daylength. The apical bud was treated with a single application of either GA4 or
two ring-D modified GAs, 16,17-dicholoromethano dihydro GAs (DiC) or the exo-enriched
isomer of 16,17-dihydro GAs (DiHGA5) in 5 pL (25 pg application) or 1 pL (5 pg application) of
50% ethanol when plants had 6 expanded leaves (3 plants per treatment in the Spring 2005 study
and 10 plants per treatment in the Summer 2005 study).
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Figure 1. Schematic of the det multi line
in a dwarf background (/e). First order
inflorescence meristem terminating in a
stub (S1), second order inflorescence
meristem terminating as a stub (S2),
second order floral meristem (F2), third
order floral meristem (F3).
DETERMINATE (DET/PsTFLl1a) is a
TERMINAL
FLOWERI/CENTRORADIALIS
homologue in pea (Foucher, et al., 2003).

Figure 2. Structures of the gibberellins
used in this study.
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Figure 3. Effect of single 25 pg applications of 16,17-dicholoromethano dihydro GAs (diCGAS)
or exo-enriched isomer of 16,17-dihydro GAs (DiHGA5) on seed yield in the Spring 2005 study
(average + S.E.).
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Figure 4. Spring 2005 Study. det multi line grown during January-April, 2005 under greenhouse
conditions with optimal lighting. Left, control; center, exo-enriched-16,17-dihydro GAs (25ug)
treated; right, 16,17-dichloromethano dihydro GAs (25 pg) treated.
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Figure 5. Effect of single 5 ug GA applications of 16,17-dichloromethano dihydro GAs
(DiICGAss), exo-enriched isomer of 16,17-dihydro GAS (DiHGA ), or GA4 on plant height in the
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Figure 6. Effect of 25 ug GA applications of 16,17-dichloromethano dihydro GAs (DiCGAs),
exo-enriched isomer of 16,17-dihydro GAs5 (DiHGA ), or GA4 on plant height in the Summer
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RESULTS AND DISCUSSION

Increased Shoot Growth in Response to Exogenous Application of GAs and Ring D-
modified GAS Derivatives

The det multi line is in the /e background, where vegetative tissue is blocked in the production of
the growth-active GA; due to a mutation in the GA3 oxidase gene (Martin, et al. 1997). The

increased growth from application of GA4 is not unexpected given the extensive literature on
GA4 effects in both monocots and dicots (Crozier, et al, 1970; Poole, et al., 1995) including
promotion of growth in the det multi line of pea by GA4, as well as GA3 and GA;| (Maki, et al.,
2004). However, promotion of pea shoot growth by ring D-modified GAs derivatives is not as
well established although one very early report (Brian et al., 1967) showed shoot growth
promotion by C-16,17 dihydro GAs in a dwarf pea cv. Meteor (le) as well as in lettuce and
cucumber hypocotyls as has a more recent report by King et al., 2004 for pea line /e —1205. Also,
since 1992 we have noted that promotion of shoot growth of dicots by ring D-modified GA5

derivatives, and more specifically by C-16,17-dihydro GAs (as a leaf application), is a common
response in a range of dicot species, including lettuce, cucumber, pea, alfalfa, clover and grape
(Pharis, Janzen, Mandel, Ko, Harker, Zhou, unpublished and Brian et al, (1967) for lettuce and
cucumber hypocotyls).

It should be noted, though, that applied C-16,17-dihydro GAs can inhibit dicot growth,
depending on dose and/or point of application. For example, when applied as microdrops to the
nodes (but not leaves) of grape, cv. Chardonnay, cane growth was significantly inhbited (Fig. 11
in Evans et al., 1996) and even LE pea showed diminished (NS) growth in response to

application of 16,17-dihydro GAs, and significantly diminished growth in response to
application of two other ring D-modified GA; derivatives (Table 3, King et al., 2004). In

contrast, application of C-16,17 dihydro GAs and other Ring D-modified GA5 derivatives to
monocots almost invariably gives shoot growth retardation, by inhibiting the growth “activation”
step in GA biosynthesis, 33-hydroxylation (Takagi et al., 1994, Zhou et al., 2004, Foster et al.,
1997, Evans et al., 1994, King et al., 2004).

The “mechanism” by which ring D-modified GAs might bring about such contrasting results,
growth inhibition in monocots at most doses, versus growth promotion in dicots, is not known,
but could involve one or several (still) speculative routes.

(1) Ring D-modified GAS derivatives such as C-16,17-dihydro GA5 may be per se active
promoters of growth in dicots, even while inhibiting 33-hydroxylation by endogenous

GA3ox (dihydro GAs does inhibit the LE pea 3-oxidase, at least, see King et al.,
2004). There is, however, no evidence for such per se growth-promotive activity of
ring D-modified GAs derivatives.
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(i1) Metabolism of C-16,17-dihydro GAs to C-16,17 dihydro GA3 and C-16,17-dihydro
GAg may (speculatively) occur in dicots such as pea, but not in monocots (dihydro
GA; is known to be growth-active, see Mander et al 1995 and Evans et al 1994).

However, such conversions by pea 3-oxidase preparations (King et al., 2004) or by
the Arabidopsis GA3ox fusion protein (Zhou et al 2004) have not been seen. That

said, the GA3ox fusion protein was able to convert C-16,17-dihydro GA»q to C-
16,17-dihydro GA| (Zhou et al 2004), so it is not impossible that the intact plant
system, perhaps with essential co-factors present, can convert dihydro GAs to dihydro
GAj or dihydro GAg (the GA3ox fusion protein could convert GAs to GAg (Zhou et
al., 2004) and intact pea shoots can convert GAs to GA3 (Durley et al 1972).

(ii1)  Inhibition of catabolic GA biosynthetic steps, for example 2-oxidation of GAjg to
GAj9, GAg to GAsy, or even GA| to GAg and GA4 to GA34 by ring D-modified GAs
derivatives could yield a net effect of more “growth-effector” GA| or GA4 being

present, even though 3-hydroxylation was coincidentally also being inhibited.
However, King et al., 2004, found no evidence of competitive inhibition of pea

GA20x-1 or GA20x-2 by a wide range of ring D-modified GAs derivatives, even
though GAs per se showed good inhibitory activity on GA20x-1. Hence, this
“avenue” for yielding growth promotion in dicots by application of ring D-modified
GAj5 derivatives is ruled out.

(iv)  inhibition of catabolic oxidation at C-16, i.e. prevention of the formation of C-16,17-
dihydrodihydroxy GAs (C-16 diols) by ring D-modified GA5 derivatives is, as noted
for (iii) above, another possible way to obtain more “effector” GA; or GA4. For
example, there was coincidental inhibition of C-16-diol formation for GA,y when C-
16,17-dihydro GAs application was used to inhibit 33-hydroxylation of GAg to GA
in rice (Takagi, Pearce, Pharis, unpublished results based on work by Takagi et al.,
1994). Such coincidental inhibition of GA;( catabolism (to GAp-16-diol) by dihydro
GA; could yield a net increase in GA| production in these pea plants by
“overloading” the 3B-hydroxylase with substrate GAj.

Since C-16-diols (and their —17-O-glucosides) of a range of GA structures are common in higher
plants (Santes et al., 1995 and references cited therein, Hasegawa et al., 1995), the possibility
that C-16,17-dihydro GAs and other ring D-modified GAS derivatives act as competitive
inhibitors of C-16 oxidation of GAs during catabolic GA metabolism is well worth exploring.

To summarize, then, while the mechanism for growth inhibition by ring D-modified GAs

derivatives is readily explained, i.e. competitive inhibition of GA 3B-hydroxylation, their ability
to promote growth, especially in dicots, remains “speculative”, although potential mechanisms
(i1) and (iv) above need to be researched more extensively.
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Promotion of Axillary Growth and Subsequent Flowering of those Axillaries in Pea

The mechanism of the release and subsequent growth of the upper axillary buds in the det multi
line of pea could be due in part to the reduction of apical dominance in this line as the apical
meristem ceases growth abruptly. Axillary buds are released in the det multi plant without
gibberellin treatment, however their growth is minimal. The ratio of total lateral length to main
shoot length was increased in both of the ring-D modified GA treatments, relative to GAs-treated
plants or to control plants (Fig. 7). This was caused primarily by an increase in the number of
upper axillary buds which elongated (Table I).

All treatments, including GAy, slightly reduced the number of flowers at the node of flower
initiation (NFI) and at each of the two nodes above the NFI. However, the number of flowers
produced on axillary branches below the NFI was increased in all treatments. Plants treated with
DiCGAj5 and exo-DiHGA 5 produced more flowers on axillary branches than GA4 treatments. In
fact, the greatest number of axillary branch flowers were produced on plants treated with 25 ug

of exo-DiHGAj5. The exo-DiHGAj treatment also resulted in the greatest number of axillary
branches greater than 10 cm.

The increase in the number of flowers produced from ring-D modified GA treatment raises the

possibility that the ring D-modified GAs derivatives are acting as per se florigens. Evans et al
(1990) concluded that “if there is a GA receptor involved in the floral induction of Lolium, it has
different structural specificities from the GA receptor involved in stem elongation”. In the latter
case, the retardive effect of the ring D-modified GAs on the growth of the Lolium stem
(underlying the potential floral apex) can be presumed to be a result of “competitive substrate
inhibition” of GA3ox activity.

In the current study, we determined the number of flowers which developed fully. Examination
of axillary branches on a microscopic level would be necessary to determine whether the ring-D
modified GAs were increasing the number of flowers initiated. Never-the-less, the increased
production of fully developed flowers, and subsequent pods, in ring-D modified GA-treated
plants suggests that these treatments may be beneficial for increased pod and seed yield in
determinate lines of pea. Future studies will focus on determining whether expression of three
pea floral genes (UNI, DET, and PIM) in pea are altered following ring-D modified gibberellin
treatment. We thank Prof. L.N. Mander, Res. School of Chemistry, Australian National
University, for the gift of Ring-D modified GAs. Research supported by NSF 0422840.
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