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Abstract

Plant hormones [gibberellins (GAs) and auxins] are thought to be involved in 

normal pea (Pisum sativum) fruit growth and development. This research 

focused on understanding the differing roles of two pea auxins, indole-3- 

acetic acid (IAA) and 4-chloroindole-3-acetic acid (4-CI-IAA) in pea fruit 

growth and carbohydrate partitioning. GA3 or 4-CI-IAA (50 pM) applied alone 

to deseeded pericarp (ovary) tissue promoted elongation and applied 

simultaneously, showed a synergistic growth effect on this tissue. IAA was 

inhibitory to deseeded pericarp elongation both when applied alone and in 

conjunction with GA3. We have demonstrated that 4-CI-IAA and IAA 

stimulated similar rates of ethylene evolution and reconfirmed studies that 

show IAA inhibited pericarp growth through the action of ethylene. However, 

ethylene did not affect 4-CI-IAA-treated (50 pM) pericarp growth. GA3 and 4- 

CI-IAA treatment to deseeded pericarps maintained pericarp starch, glucose, 

and sucrose levels comparible to pericarps with seeds. However, IAA and 

ethylene stimulated starch degradation and senescence in control and GA3- 

treated deseeded pericarps. These data support the hypothesis that the two 

naturally occurring auxins, 4-CI-IAA and IAA, play different roles during pea 

fruit development.
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Chapter 1: Introduction

Economic Importance of Field Pea in Canada

Pulse crops are important to the Canadian economy. According to the

Food and Agriculture Organization of the United Nations, Canada produced 

14% of the world’s total dry peas in 2002 [900,000 tons; Fig. 1; (FAO, 2002)]. 

Western Canadian prairie farmers use pulses in their crop rotation to help 

maintain nitrogen in the soil and reduce the risk of pests in their other crops, 

often wheat and canola. Field pea seed is used extensively as an 

inexpensive, high quality source of plant protein in feed ingredients for cattle, 

swine, poultry and fish (Pulse Canada, 2003).
Canada

France
17%

China
12%

Russian
Federation

16%

Re t of World 
25%

Ukraine

2%

Figure 1.1: World Pea Production [total dry peas: 9 871 849 Mt. (FAO, 
2002)]
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Pea Fruit Development

Pea plants (Pisum sativum L.) are self-pollinators, where pollination

and fertilization take place approximately 24-36 h prior to anthesis (Cooper, 

1938). Following fertilization of the ovules, ovary (pod; pericarp) growth 

(length) follows a sigmoidal pattern, where initial growth is slow, followed by a 

rapid linear growth phase (2 to 5 DAA), then a slower phase where maximum 

length is reached by 8  days after anthesis [DAA; (Eeuwens and Schwabe, 

1975; Ozga et al., 2002)]. In addition, pericarp diameter increases from 6  to 

12 DAA to accommodate the developing seed (Ozga et al., 2002). Cell 

division in the pericarp increases from anthesis (0 DAA) to 2 DAA, followed by 

cell expansion from 2 to 7 DAA (Vercher and Carbonell, 1991; Ozga et al., 

2002).

In developing pea fruit, the pericarp is the primary sink for 

photoassimilates following pollination and fertilization of the ovules (up to 1 0  

DAA) until seed development advances to a point that the seeds become the 

major terminal sink (Flinn and Pate, 1970). This is reflected in organ growth, 

where the rapid rate of pericarp growth precedes that of the seeds. Although 

the major sink tissue in the early developing pea fruit is the pericarp, the 

presence of the seeds is required for maintenance of this sink potential (Ozga 

et al., 1992).

2
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The Role of Gibberellins and Auxins in Pea Fruit Development

Gibberellins (GAs) and auxins (IAA, 4-CI-IAA) are two classes of plant

hormones involved in plant growth and development. A unique auxin, 4- 

chloro-indole acetic acid (4-CI-IAA), has been found in nine species of the 

Fabaceae family including Pisum sativum. In P. sativum, both 4-CI-IAA and 

IAA are present in seeds, pericarps, and roots (Magnus et al., 1997), but only

4-CI-IAA can stimulate pericarp growth (Reinecke and Ozga, 1995). In 

pollinated deseeded ovaries, GA3 and 4-CI-IAA promoted pericarp elongation 

similarly (Ozga and Reinecke, 1999). Simultaneous application of GA3 and 4- 

CI-IAA at 9 nmol each to pollinated deseeded ovaries stimulated pericarp 

elongation significantly more than either hormone applied alone (Ozga and 

Reinecke, 1999). GA3 and 4-CI-IAA also stimulate growth in non-pollinated 

ovaries, however, in this tissue, GA3 is more biologically active with respect to 

growth (Ozga and Reinecke, 1999). The synergistic effect on growth was not 

observed when GAs and 4-CI-IAA were applied simultaneously to non

pollinated pericarps (Ozga and Reinecke, 1999). These data show that the 

receptivity of the pericarp tissue to hormones, specifically auxin (4-CI-IAA) 

changes during pericarp development from pre-pollination to post-pollination.

The discovery by our research group that both GAs and auxin (4-CI- 

IAA) can replace the seed requirement for pericarp growth has led to a more 

detailed study of the GA biosynthesis pathway in the pea pericarp. Pea

3
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plants metabolize GAs by the early 13-hydroxylation pathway: GA12 GA53 

—¥ GA44 —> GA19 —> GA20 GA1 (Sponsel, 1995).

GA12

GA12-
aldehyde

13-0H

COOHCOOH
'COOH

HOCH,L

GAU
c o q h  hydroxy 

•c o o h  add

g a19
••COOH

OHOH

GAGA HO* 'COOH’COOH

OHOH

HO-

HO'

HO*
GA 'COOH'COOH

OHOH

* 7  GA8
•c o o h  catabolite

< / g a29
►cooh  catabolite

''COOH

Figure 1.2: GA biosynthesis pathway in Pisum sativum (Graebe, 1987).

The enzyme, GA 20-oxidase, is responsible for the oxidation of carbon 20 (C- 

20 of the enf-gibberellane ring) GA53 ->■ GA44 GA19, and the loss of C-20,

4

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



GAig -»  GA20- GA 3-IJ hydroxylase is responsible for hydroxylation of GA2o at 

the 3 position, producing GAi, which is the biologically active GA in pea stem 

internodes (Phinny, 1984). The regulation of transcript levels of GA 20- 

oxidase (GA20ox; (van Huizen et al., 1997) and GA 3-li hydroxylase [GA3ox; 

(Ozga et al., 2003)] by seeds and hormones was studied in pea pericarp. In 

2 DAA pericarps with seeds, pericarp GA20ox and GA3ox mRNA levels were 

maintained over the treatment period (36 and 24 h, respectively). However, 

when the seeds were removed, pericarp GA20ox and GA3ox mRNA levels 

decreased to minimal levels. When the deseeded pericarps were treated with

4-CI-IAA, GA20ox and GA3ox transcript levels substantially increased 

compared to deseeded pericarps. Gibberellin metabolism studies with the 

split pea pericarp system showed that when seeds were present, GA19 was 

metabolized to GA2o (van Huizen et al., 1995). However, when seeds were 

removed this conversion was inhibited. When 4-CI-IAA was applied to 

deseeded pericarps, the conversion of GA19 to GA20 was significantly higher 

than in pericarps with seeds up to eight hours after treatment (van Huizen et 

al., 1995). These results suggest that 4-CI-IAA may be a seed-derived factor 

that stimulates GA biosynthesis in the pericarp, leading to increased 

production of the bioactive gibberellin, GAi, and growth.

Reinecke et al. (1995) compared the growth promoting properties of 4-,

5-, 6 -, and 7- chloro-IAAs and the corresponding fluoro-IAA analogs on

5
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pollinated deseeded pericarp growth. Results showed that the substituent at 

the 4-position of the indole ring was important for biological activity in this 

system (Reinecke et al., 1995). Further experiments characterizing the 

physicochemical properties of 4-CI-IAA and its 4-substituted analogs showed 

that the 4-substituent’s size and lipophilicity were associated with auxin’s 

growth-promoting activity on pea pericarp (Reinecke et al., 1999). In addition, 

only the biologically active auxins stimulated GA20ox and GA3ox mRNA 

levels in deseeded pericarps (Ngo et al., 2002; Ozga et al., 2003).

The Role of Ethylene in Early Pea Fruit Development

The ethylene biosynthesis pathway in plants is well documented

(Figure 1.3). S-adenosyl-methionine (SAM) is formed from methionine by 

SAM synthetase (Kende, 1993). The major rate limiting step of ethylene 

biosynthesis is the formation of 1-aminocyclopropane-1-carboxylic acid (ACC) 

from SAM by ACC synthase (ACS). ACC is oxidized by ACC oxidase (ACO) 

to form ethylene, C 0 2, 0 2, and HCN (Kende, 1993). To decrease ethylene 

production, ACC can be malonylated to form MACC.
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Figure 1.3: Ethylene biosynthesis model (modified from Wang 2002).

Pollinated pea ovaries evolved ethylene at a low and steady rate from 

1 to 4 DAA (0.2 to 0.5 nL C2H4 g' 1 h'1) (Orzaeaz et al., 1999). In contrast, the 

mean rate of ethylene production in non-pollinated ovaries (will senesce after 

the equivalent to 4 DAA) increased from 0.5 to 1.75 nL C2H4 g"1 h' 1 during this 

period. In general the level of ACO mRNA in the pericarp paralleled the rate 

of ethylene production. In non-pollinated ovaries, ACO mRNA levels

7
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increased substantially by the equivalent to 4 DAA. Application of GA3 to 

non-pollinated ovaries at the equivalent to 0 DAA lead to a progressive 

decrease in ACO mRNA levels from the equivalent of 1 to 4 DAA.

Orzaeaz and Granell (Orzaeaz and Granell, 1997) tested non- 

pollinated pea ovary sensitivity to GA3 and ethylene. Non-pollinated pea 

flowers were emasculated at - 2  DAA, treated once with a hormone solution 

(300 pM GA3), and then left to grow for five days. After this period, ovaries 

that had grown over 50% more than their original length were scored. All of 

the non-pollinated ovaries from the equivalent of -1  to 2 DAA were able to 

respond to GA3. When the tissue was treated with GA3 at the equivalent to 3 

DAA, less than half the non-pollinated ovaries grew more than 50% of their 

original length. By the equivalent to 4 DAA, the non-pollinated ovaries were 

totally unresponsive to GA3 treatment. However, when ovaries were treated 

with a combination of STS and GA, the ethylene biosynthesis inhibitor 

expanded their window of responsiveness to GA3 up to the equivalent of 4 

DAA. In addition, exogenous ethylene at 10 ppm totally inhibited GA3- 

induced growth in the equivalent to 0 and 1 DAA non-pollinated ovaries. This 

data shows that exogenously applied ethylene mediates the tissue’s 

responsiveness to GA3 in emasculated ovaries.

Auxins are also known to stimulate ethylene biosynthesis (Kende, 

1993). The levels of ACS transcript (Ps-ACS2) and enzyme activity

8

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



increased in less than one hour after treatment with IAA in etiolated stem 

internodes of 5 to 6  day-old pea seedlings (Peck and Kende, 1995). Two 

hours after IAA treatment, ACO activity and transcript levels began to 

increase. The lAA-induced increase in ACO activity and transcript levels was 

blocked by treatment with 2,5-norbornadiene (NBD, an ethylene action 

inhibitor), which indicates that ACO was stimulated by auxin-induced 

ethylene.

The different isoforms of ACS (Ps-ACS1 and Ps-ACS2 share only 49% 

amino acid identity) were differentially regulated by auxin in pea (Peck and 

Kende, 1998). Using etiolated pea stems, Peck and Kende (1998) showed 

indole-3-acetic acid (100 mM IAA) induction of Ps-ACS1 and Ps-ACS2 

transcript levels. Ps-ACS1 increased from nearly undetectable levels within 

15 minutes of auxin application and continued to increase over the next 4 

hours. Ps-ACS2 transcript was biphasic where the first maximum was at 30 

minutes after auxin application, followed by a decrease then a second higher 

peak reached at 4 hours. Wounding of the stem only induced Ps-ACS2 

transcript levels, with mRNA levels increasing 10 minutes after wounding 

followed by an increase in ethylene levels at 26 minutes. Ethylene repressed 

auxin-induced mRNA levels of Ps-ACS1 and Ps-ACS2 by 4 hours, which was 

consistent with reduced ACS activities measured within the same experiment 

(Peck and Kende, 1998).

9
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As stated previously, in pollinated deseeded pericarps, 4-CI-IAA 

stimulates growth and IAA does not. Indeed, higher concentrations of 

exogenous IAA promote pericarp senescence compared to a non-hormone 

control (SPNS; Reinecke et al., 1995). This promotion of senescence can be 

reversed by treatment with STS (silver thiosulfate; an ethylene action 

inhibitor) suggesting auxin-induced ethylene production is responsible for the 

stimulation of pericarp senescence (Reinecke and Ozga, 1995). When IAA 

and GA3 were applied simultaneously (50 pM) to 2 DAA pericarps 

immediately after deseeding, the pericarp elongation was inhibited and 

subsequently the tissue senesced (Reinecke and Ozga, 1995) Application of 

STS prior to the hormone treatments reversed the inhibitory effect of IAA on 

GA3-induced growth (Reinecke and Ozga, 1995). These results suggest that 

lAA-induced ethylene inhibited GA3-induced pericarp elongation.

Since 4-CI-IAA can also stimulate ethylene release in pea shoots 

(Ahmad et al., 1987), it is important to determine if 4-CI-IAA and IAA 

differentially affect ethylene biosynthesis in the pea pericarp.

4-CI-IAA’s stimulatory effect on pericarp growth, both alone and in 

conjunction with GA3, as opposed to lAA’s inhibitory effect, may also partially 

reside in the ability of 4-CI-IAA to block ethylene signal transduction. 

Deseeded pericarps treated with 50 pM 4-CI-IAA plus IAA grow similarly to 

those treated with 4-CI-IAA alone (Reinecke, unpublished data). Therefore, it

10
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is possible that one of the effects of 4-CI-IAA is to block the ethylene signal 

transduction pathway.

Most of our current knowledge of ethylene signal transduction is from 

epistasis experiments involving Arabidopsis mutants in ethylene response. 

Ethylene’s effect on dicotyledonous seedlings is known as the triple response 

which consists of a shortening and radial swelling of the hypocotyl, an 

inhibition of root elongation and an exaggeration of the curvature of the apical 

hook (Guzman and Ecker, 1990). The first ethylene mutants discovered were 

isolated using the triple response phenomenon.

CTftl ERSt ETB2 EIN4 ERS2 Ost-to
nrttrfrfOiwHi

Iwwwb

ERF1 +o5her EREBPs?

receptors
Ethytene Re*iwn&e®

X
Mferemllal Grewth

Figure 1.4: Ethylene Signal Transduction in Arabidopsis (Wang et al. 
2002)
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Ethylene is perceived by a family of membrane-bound receptors which share 

homology with bacterial two-component histidine kinases. The “two- 

component” system refers to a histidine protein kinase, which contains a 

conserved kinase core, and a response regulator protein, which contains a 

conserved regulatory domain. The histidine kinase transfers a phosphoryl 

group to the response regulator. Phosphotransfer to the response regulator 

results in activation of a downstream effector protein that continues the signal 

transduction (Stock et al., 2000). Five ethylene receptors have been 

identified in Arabidopsis: ETR1, ETR2, ERS1, ERS2 and EIN4. Only ETR1, 

ETR2 and EIN 4 have a receiver domain with similarities to bacterial histidine 

kinases. ERS1 and ERS 2 are thought to use the receiver domains of other 

proteins by forming heterodimers with them. Structural similarities of the 

receiver domain further subdivide the receptors into ETR1- or ETR2-like 

subfamilies. The ETR1-like subfamily, consisting of ETR1 and ERS1, has 

three membrane-spanning regions at the N-terminal end where ethylene 

binding occurs. Copper is a required cofactor for ethylene binding to take 

place (Hirayama et al., 1999). The C-terminal end contains a well-conserved 

histidine kinase domain. The ETR2-like subfamily is less understood, but 

includes ETR2, EIN4, and ERS2. In the absence of an ethylene signal,

12
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ethylene receptors activate CTR1 which in turn negatively regulates the 

downstream ethylene response pathway.

Using ethylene triple response epistasis analysis, Kieber et al. (Kieber 

et al., 1993) were able to isolate and position CTR1 downstream of the 

receptors. In a yeast two-hybrid system and protein association assays, 

ETR1 and ERS1 both interacted with CTR1 (Clarke et al., 1998). The Ctrl 

gene belongs to the Raf family of Ser/Thr protein kinases that initiate MAP- 

kinase signaling cascades in mammals (Clarke et al., 1998). CTR1 is 

inactivated by the ethylene receptors upon ethylene binding, indicating that it 

is a negative regulator of downstream signaling events.

Arabidopsis triple response screening also identified ethylene- 

insensitive mutants ein2, and ein3. EIN2 is a central component in the linear 

pathway of ethylene signal transduction identified through triple response 

screening. Analysis of the sequence of EIN2 revealed that the NH2-terminal 

contained regions of extreme hydrophobicity, whereas the COOH-terminal 

amino acids are mostly hydrophilic (Alonso et al., 1999). The hydrophobic 

portion of the protein behaves as an integral membrane protein and shares 

sequence similarity to the Nramp family (metal transporters) of proteins 

(Alonso et al., 1999). EIN2 was expressed in several heterologous systems, 

but no metal-transporting capacity was observed (Alonso et al., 1999). The 

cellular location of endogenous EIN2 protein is still unknown. Manipulation of
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the full length EIN2 protein and NH2-terminal hydrophobic Nramp-related 

domain in transgenic plants did not show constitutive ethylene responses or 

hypersensitivity to ethylene (Alonso et al., 1999). Only transgenic plants that 

expressed the COOH end of EIN2 (CEND) showed constitutive ethylene 

response phenotypes at maturity (Alonso et al., 1999). These results suggest 

that the NH2-terminal domain is necessary for sensing the ethylene signal, 

and the COOH-terminal portion is required for transducing the signal (Alonso 

et al., 1999). Interestingly, EIN2 mutants have been isolated in screens for 

auxin transport inhibitor resistance (Fujita and Syono, 1996), cytokinin 

response (Su and Howell, 1992), and abscisic acid (ABA) hypersensitivity 

(Beaudoin et al., 2000; Ghassemian et al., 2000). Further downstream of 

EIN2 in the ethylene signal transduction pathway is the transcription factor, 

EIN3 and the response factor ERF1 (Wang et al., 2002). To date, the only 

reported auxin interaction in the ethylene signal transduction pathway is at the 

level of EIN2 as stated above.

Hormonal Regulation of Sink Potential in Pea Fruit

Movement of photoassimilates from sites of synthesis in the leaf 

(source tissue) to the sites of accumulation or rapid turnover (sink tissue) can 

be regulated at many points. It is generally accepted that the concentration 

gradient of photoassimilates between the source and the sink tissue is the
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primary determinant of the rate of transport and the pattern of partitioning 

(Brenner and Cheikh, 1995). Hormones may serve as modulators of many of 

the specific rate limiting components that affect this concentration gradient 

between source and sink tissues (Brenner and Cheikh, 1995).

In developing pea fruit, the ovary (pericarp) is the primary sink for 

photoassimilates following pollination and fertilization of the ovules ( 2  to 8  

DAA) until seed development advances to a point that the seeds become the 

major terminal sink (Flinn and Pate, 1970). Fruit set and development of non

pollinated pea ovaries can be induced by application of GA3 to the ovaries 

(Garcia-Martinez and Carbonell, 1980). During non-pollinated pea fruit set, 

GA3 increased [14C]-sucrose accumulation in pea ovaries by regulating 

phloem transport (Pereto and Beltran, 1987). Radioactively labeled sucrose 

was applied in an aqueous solution to the major leaflet adjacent to the flower. 

The first measurement of [14C]-sucrose accumulation two hours after 

treatment at the leaf showed that the GA3 treated non-pollinated ovaries had 

accumulated more radioactively labeled sucrose than the controls and that 

the rate of uptake increased continuously for four hours after treatment 

(Pereto and Beltran, 1987). [3H]-GAi was applied to the ovaries and detected 

after 50 minutes in the major leaflet adjacent to the flower. Differences in [14C 

]-sucrose accumulation between control and GA3 treated ovaries were only 

detected after one hour of GA3 application to the ovaries (Pereto and Beltran,
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1987). The timing between the increased sucrose accumulation and the 

movement of GA3 from the ovary to the leaflet supports the role of GA3 in 

phloem loading at the source (leaflet). Application of GA3 to the leaflet will 

increase phloem loading by stimulating leaf photosynthesis if treatments are 

applied to intact plants at least several hours before measurement of 

photosynthesis (Brenner and Cheikh, 1995). GA3 also has the ability to 

increase phloem loading at the source leaflet separately from its effect on 

photosynthesis. In Vicia faba L., all leaves were removed except one source 

and one sink leaf. GA3 application (10 pM) to the source leaf increased 

export of [14C] to the sink leaf and roots within 35 minutes of application. The 

enhanced rate of sucrose export was not due to an enhanced rate of 

photosynthesis or to changes in the starch/sucrose ratio within the source 

leaf; rather to an increased proportion of sucrose exported (Aloni et al., 1986). 

GA3 also has the ability to increase phloem unloading at the sink. [14C]- 

sucrose was applied to the major leaflet for transport to the ovary tissues. 

Just before it reached the ovaries, GAswas applied to them. In comparison to 

the untreated ovaries and the surrounding tissues, GA3 significantly 

stimulated [C14]-sucrose accumulation in the ovaries (Pereto and Beltran, 

1987). These experiments show that, in vivo, gibberellins increase phloem 

loading of sucrose at the source (major leaflet) and unloading at the sink 

(non-pollinated ovary).
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Once sucrose has reached the sink tissue, the cells must break it down 

into hexose components for maintenance of the source-sink sucrose gradient 

and growth of the tissue. Invertases and sucrose synthase (SS) are involved 

in the immediate metabolism of sucrose. Following anthesis (0 DAA), the 

activities of soluble acid (vacuolar) invertase and neutral (cytosolic) invertase 

increased and correlated with the maximum rates of pea pericarp growth 

(Estruch and Beltran, 1991). Pericarp cell-wall invertase and sucrose 

synthase activity remained low and unchanged from 0 to 8  DAA (Estruch and 

Beltran, 1991) . The higher activity of the inter-cellular pericarp sucrose 

metabolizing enzymes suggests that phloem unloading of sucrose into the 

pericarp tissue occur symplasmically via the plasmodesmata, rather than 

apoplasmically during early pericarp development. These data are consistent 

with data from studies on other fruits where symplasmic phloem unloading 

into young developing fruit tissue is the norm (Patrick, 1997)

Estruch and Beltran (Estruch and Beltran, 1991) also found that daily 

GA3 (20 pL, 300 mM) treatment to non-pollinated ovaries from the equivalent 

of 2 DAA increased pericarp cytosolic, vacuolar, and cell wall-bound invertase 

activities by the equivalent of 4 DAA. The peak in GA-induced invertase 

activities also coincided with the peak in GA-treated ovary growth rate (at 

equivalent of 4 DAA). In shorter term studies, GA3 treatment increased 

cytosolic and cell wall-bound invertase activities within 90 minutes after GA

17

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



application to non-pollinated ovaries. GA3 treatment maintained vacuolar 

invertase activity in non-pollinated ovaries compared to the loss of activity 

observed in the untreated controls. Cytosolic and cell-wall bound invertases 

could be used by the plant as a rapid way to increase phloem unloading of 

sucrose into the pericarps via symplasmic and apoplasmic routes, whereas 

vacuolar invertase is likely more important for longer-term modulating of 

cellular sucrose levels.

When non-pollinated ovaries were treated with 2,4- 

dichlorophenoxyacetic acid (2,4-D, a synthetic auxin) at the equivalent to 2 

DAA, again, vacuolar, cytosolic, and cell wall invertase activities increased by 

the equivalent to 4 DAA (Estruch and Beltran, 1991). However, in shorter 

term studies with GA3 or 2,4-D- treated non-pollinated ovaries, only GA3 

stimulated cell-wall invertase activities (within 1 h after application; Estruch 

and Beltran, 1991).

GA (Pereto and Beltran, 1987) stimulation of phloem unloading within 

the pea fruit (and possibly auxin) could partially be through coordination of 

invertase activities to maintain “sink strength” in both short term and longer 

term development.

Ethylene may also have a role in pea pericarp sugar sensing. Recent 

work using an Arabidopsis ethylene-overproducing mutant, eto1-1 and an 

ethylene insensitive mutant, etrl-1 showed that when ethylene is consistently
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present that the plant is glucose insensitive (Smeekens, 2000). Conversely, 

when the plant is unable to detect ethylene, as in etr1-1, the plant shows a 

glucose hypersensitive phenotype (Smeekens, 2000). The specific 

mechanism by which ethylene regulates glucose sensitivity in Arabidopsis is 

not clear. However, ethylene may function to suppress glucose down 

regulation of glucose-responsive genes, thereby allowing hexose build-up in 

sink organs such as pericarps and seeds.

The main goal of my thesis is to understand further the roles of GA, 

auxin, and ethylene in early pea fruit development. Specifically:

Objective 1: To test if the difference in the activity (with respect to growth) of 

4-CI-IAA and IAA in pea pericarp tissue is due to a differential effect on 

ethylene biosynthesis or action.

Objective 2: To test if ethylene is involved in the differential activity of 4 -CI- 

IAA with GA3 (synergistic growth of pericarp) and IAA with GA3 (inhibits GA3- 

induced growth of pericarp).

Objective 3: To further understand how hormones (GA, auxin, and ethylene) 

affect carbohydrate partitioning into pea fruit.
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Chapter 2: Interaction of Auxins, Gibberellin, and

Ethylene in Pea Fruit Growth

Introduction

Pea (Pisum sativum l3-Alaska type) fruit development is regulated by 

its developing seeds. During the linear phase of pericarp growth, seeds are 

essential for pericarp elongation (Ozga et al., 1992). Removal or abortion of 

seeds inhibits pericarp growth. Developmental coordination between the 

seeds and the pericarp is likely moderated by phytohormones (Ozga and 

Reinecke, 2003).

Gibberellins (bioactive GAi and GA3) (Garcia-Martinez et al., 1991; 

Rodrigo et al., 1997) and auxins, indole-3-acetic acid (IAA) and 4- 

chloroindole-3-acetic acid (4-CI-IAA) are naturally occurring in pea fruit 

(Magnus et al., 1997). 4-CI-IAA (50 pM) applied to 2 DAA pollinated 

deseeded pea pericarps will promote elongation. In combination with GA3, 4- 

CI-IAA stimulates synergistic growth in deseeded pea pericarps (Ozga and 

Reinecke, 1999). Exogenous IAA at 50 pM is inhibitory to deseeded pericarp 

growth both when applied alone (Reinecke et al., 1995) and in conjunction 

with gibberellin (GA3) (Reinecke and Ozga, 1995). However, pretreatment of 

deseeded pericarps with silver thiosulfate (STS, an ethylene action inhibitor) 

will reverse the inhibitory effect of IAA on GA3- promoted growth (Reinecke 

and Ozga, 1995).

Pea plants metabolize gibberellins by the early 13-hydroxylation 

pathway: GA12 —► GA53 —► GA44 —> GA19 —> GA2o —► GAi (Sponsel, 1995). 

Using the split and deseeded pea pericarp system, van Huizen et al. (1995, 

1 9 9 7 ) were able to show that 4 -CI-IAA stimulates expression of the gene that 

codes for the enzyme that converts GA19 —► GA20 (PsGA20ox1) and 

conversion of GA19 ->  GA20. Follow-up studies by Ozga et al. (2003) showed 

that 4 -CI-IAA also stimulated message of PsGA3ox1, which codes for the
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enzyme that converts GA20 to biologically active GAi. IAA was ineffective in 

stimulating PsGA20ox1 and PsGA3ox1 (Ngo et al., 2002; Ozga et al., 2003). 

Both auxins have shown the ability to stimulate ethylene biosynthesis. 4-CI- 

IAA induces ethylene production in pea shoot cuttings (Ahmad et al., 1987). 

IAA is known to stimulate 1-aminocyclopropane-1-carboxylate synthase 

(ACS; the rate limiting enzyme in the ethylene biosynthesis pathway) 

message levels and enzyme activity in etiolated internodes of 5 to 6  day-old 

pea seedlings, (Kende, 1993; Peck and Kende, 1998). However, IAA and/or 

4-CI-IAA stimulation of ethylene biosynthesis in pea fruit tissue has not been 

reported.

This study explores the role of ethylene as an agent involved in the 

differential activity of the two naturally occurring auxins, IAA and 4-CI-IAA, in 

pea pericarp growth. Firstly, IAA- and 4-CI-IAA-induced ethylene production 

in pea pericarp tissue was determined. Secondly, the effect of IAA on GA3- 

induced pericarp growth was confirmed and the ethylene releasing agent, 

Ethephon, was used to determine if ethylene could mimic lAA’s effects on 

pericarp growth. Lastly, the effect of ethylene on 4-CI-IAA-induced growth 

was studied. We found that both auxins induced ethylene evolution in pea 

pericarps with a similar production profile. We confirmed that GA3-induced 

pericarp growth was inhibited by both IAA and ethylene, but not 4-CI-IAA, 

and, lAA’s inhibitory effect could be reversed by the ethylene action inhibitor, 

STS. Ethylene could mimic IAA effects on pericarp growth; however, it did 

not affect 4-CI-IAA-induced pericarp growth. These data suggest that IAA- 

induced ethylene production inhibits pericarp growth and promotes 

senescence of the tissue. The role of the other naturally occurring auxin, 4- 

CI-IAA, is opposite to that of IAA. 4-CI-IAA stimulates pericarp growth even 

though it stimulates similar levels of ethylene in the pericarp tissue. The 

stimulatory role of 4-CI-IAA on pericarp growth is likely two fold, one is the 

stimulation of growth promoting signal transduction pathways, and the second 

is to reduce sensitivity of the tissue to the ethylene which promotes 

senescence and inhibits GA response.
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Materials and Methods

Plant Material

Five pea seeds (Pisum sativum L.) line I3 (Alaska-type) per pot were 

planted in 2L soil containing Metro-mix 290 and sand (1:1) and grown in a 

Conviron growth chamber at 19/17°C (day/night) under a 16-hour photoperiod 

(400 pE ■ m‘2 • s' 1 from cool white fluorescent and incandescent lights). 

Plants were thinned when 15 cm tall to three uniform seedlings per pot. 

During plant development all lateral side shoots and the 1st and 2nd flowering 

nodes were removed. For treatments, one fruit per plant between the 3rd and 

5th flowering nodes was used. Subsequent flowers and lateral buds were 

removed as they developed, the terminal apical meristem remained intact and 

the pericarp stayed attached to the plant during all experiments.

Growth Studies

Two days after anthesis (DAA) pericarps (fruits) were either left intact 

(intact treatment), split down the dorsal suture (SP treatment) or split with 

removal of the seeds (SPNS and hormone treatments) as described by Ozga 

et al. (1992). GA3, 4-CI-IAA and/or IAA (50 pM in 0.1% [v/v] aqueous Tween 

80) were applied immediately after deseeding to the inner pericarp wall 

(endocarp) and daily thereafter to 6  DAA (30 pL, 2 and 3 DAA; and 40 pL, 4, 

5 and 6  DAA). Ethephon (30 pL; 250 or 1000 ppm) was applied once 

immediately after splitting and deseeding the pericarp. When Ethephon was 

applied in combination with other hormone treatments, a 30 pL aliquot (250 or 

1000 ppm) was applied one time, 90 minutes after the initial auxin and/or GA3 

solutions. For treatments requiring silver thiosulphate (STS; 1 mM), a 20 pL 

aliquot was applied once as a pre-treatment immediately after splitting and 

deseeding the fruit. Hormone solutions were applied 30 minutes after STS 

application. For growth experiments, the pericarps were enclosed in a clear 

plastic bag to maintain moisture. Fruits were harvested at 9 DAA (7 days 

after initial treatment) and measured for length, fresh and dry weight.
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Ethylene Analysis

Ethylene evolution from intact, SP, or deseeded pericarps treated with 

Ethephon, auxins and/or GA3 was investigated over a 24 h period. Intact, 

split pericarp (SP), and split and deseeded pericarps (SPNS) were treated 

once with 30 pL 0.1% (v/v) aqueous Tween 80 and remained attached to the 

plant for the incubation period of 4, 8 ,1 2  or 24 hours. Pericarps were open to 

the atmosphere during incubation on-plant. After incubation, the pericarps 

were harvested to measure the rate of ethylene evolution. The number of 

pericarps per vial was 1 to 4. Ethephon (30 pL; 250 or 1000 ppm)-treated 

pericarps remained attached to the plant for land 2 (SPNS or Ethephon 1000 

ppm treatments), 4, 8 , 12, and 24 hour (SPNS, Ethephon 250 and 1000 ppm 

treatments) incubation times. Pericarps were open to the atmosphere during 

the incubation on-plant. After incubation, pericarps were harvested to 

measure the rate of ethylene evolution. Relative ethylene evolution was 

calculated by subtracting the ethylene evolved (nL g fwt'1- h'1) from the SPNS 

control pericarps from that of the hormone-treated pericarps. For the 

experiment testing sensitivity of deseeded pericarps to IAA treatment both on 

and off-plant, 2 DAA pericarps were split and deseeded on-plant and 

immediately treated with 30 pL of 50 mM IAA. The 12 hour on-plant 

incubation pericarps remained attached to the plant and open to the 

atmosphere. At the same time, the 12 hour pericarp off-plant incubation 

group was immediately detached from the plant after lAA-treatment and 

placed in an open-ended 7 mL glass vial in the growth chamber. After 12 

hours of incubation in the growth chamber, the on-plant pericarps were 

harvested and the off-plant pericarps were collected to measure the rate of 

ethylene evolution. To test hormone induction of ethylene evolution in 

deseeded pea pericarps, auxins (IAA or 4-CI-IAA) and GA3 (30 pL, 50 mM 

hormone in 0.1% [v/v] aqueous Tween 80), were applied to 2 DAA deseeded 

pericarps and incubated on-plant for 4, 8 , 12, or 24 hours. Treated pericarps 

remained attached to the plant. Pericarps were harvested after the incubation 

period to measure the rate of ethylene evolution. In the auxin reapplication
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experiment, 2 DAA pericarps were treated with 30 pL of 50 pM IAA, 4-CI-IAA, 

or 0.1% Tween 80 at 0 h. One group was again treated at 24 hours. 

Harvests included in the experiment were at 12, 24 and 36 hours.

Gas Chromotography

For ethylene quantitation, a 1 ml_ gas sample from the headspace of 

the vial was withdrawn using a Hamilton gas-tight syringe and injected on to a 

2.9 m ■ 6.35 mm O.D 80/100 mesh Porapak N column attached to a Hewlett 

Packard 5890 GC fitted with a flame-ionization detector. The injection and 

detection ports were set at 250°C and the column temperature was 

isothermal at 120°C. Nitrogen was used as the carrier gas with a flow rate of 

30 ml_ min'1. Ethylene content was determined by comparing the sample to 

an equal volume of 0.96 ppm ethylene primary standard.

Statistical Analysis

Growth experiments were analyzed using SAS Proc GLM model I 

ANOVA (P < 0.0001) and mean separation was performed using the least 

significant difference (LSD) test (P < 0.05).

Results:

Hormone-induced pericarp growth

Pericarp growth response to 50 pM exogenous auxin differed 

depending on the specific auxin. 4-CI-IAA stimulated pericarp growth; 

however, lAA-treated pericarps did not grow significantly more than the SPNS 

control. When applied in combination, 4-CI-IAA synergistically enhanced 

GA3-treated pericarp growth, whereas IAA significantly inhibited GA3- 

stimulated pericarp growth GA3 (Figure 2.1 A and B).

When STS was applied as a pre-treatment to GA3 + lAA-treated 

pericarps, it reversed the inhibitory effect of IAA on GA3-treated fruit growth 

(Figure 2.2 A and B). STS alone did not enhance pericarp growth more than
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the control (Figure 2.2 A and B). To test if ethylene could mimic lAA’s effect 

on GA3-induced pericarp growth, Ethephon (ethylene-releasing agent) was 

applied to pericarps. Ethephon at 250 and 1000 ppm significantly inhibited 

0.1% (v/v) aqueous Tween 80-treated and GA3-treated deseeded pericarp 

growth (Figure 2.3). However, the pericarp response was more consistent at 

1000 ppm (Data not shown). IAA inhibits GA3-stimulated growth via ethylene 

as shown by pretreatment with STS on GA3 + lAA-treated pericarps.

The growth of 4-CI-IAA-treated deseeded pericarps was not negatively 

affected by Ethephon (1000 ppm) (Figure 2.4 A and B). An STS pre

treatment was also able to reverse the negative effect of Ethephon (1000 

ppm) on GA3-treated pericarp growth (Figure 2.4 A and B).

Ethylene evolution in control and Ethephon-treated fruit.

Intact pericarps (2 DAA) released low amounts (3.8 to 1.0 nL-g fwt'1 h‘ 

1) of ethylene over the 24 hour treatment period (Figure 2.5 A). Splitting of 

the pericarp resulted in a small increase in the rate of ethylene evolution 4 h 

after the splitting event (21.8 nL g fwt'1 h'1), then decreased to rates similar to 

that of the intact pericarp (Figure 2.5 A). Splitting and deseeding of the 

pericarp (SPNS) triggered a much higher rate of ethylene evolution by 4 

hours (129.4 nL g fwf1-h"1) compared to intact and SP-treated pericarps 

(Figure 2.5 A). By 24 hours the SPNS rate had decreased to 57.5 nL g fwt‘ 

1 h 1, still 10-fold higher than SP, and 50-fold higher than intact fruit. Intact 

and SP treatments had grown (fresh weight) two-fold more than SPNS by 24 

hours (Figure 2.5 B).

Ethephon (1000 ppm) stimulated a burst of ethylene evolution six-fold 

above SPNS rates (589.0 nL g fwf1 h‘1) one hour after application, then 

decreased rapidly to two-fold above SPNS rates (243.5 nL g fwt'1-h‘1) by 8  

hours and maintained this rate until 24 hours (Figure 2.5 C). The 

concentration of Ethephon in the treatment was reflected in the rate of 

ethylene evolution from the pericarp. At four hours, pericarps treated with 

1000 ppm Ethephon had a rate of 498.5 nL g fwt'1 h'1, and those treated with
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250 ppm had a rate of 191.0 nL g fwt'1 h'1, a ratio of 2.6:1 (Figure 2.5 C). 

Ethephon treated deseeded pericarps did not grow (fresh weight) more than 

SPNS controls (Figure 2.5 D).

Twelve hours after treatment, IAA stimulated ethylene evolution (184 

nL g fwt‘1 h'1) from pericarps that were attached to the plant (on-plant) 

significantly more than control treated (on-plant) pericarps (55 nL g fwt'1 h"1) 

(Figure 2.6 A). Pericarp removal from the plant during the treatment time (12 

h) stimulated fresh weight loss and ethylene evolution in SPNS pericarps 

(senescence) and lAA-application to these pericarps had minimal effects on 

these parameters (Figure 2.6 A and B). Therefore, deseeded pericarps (in a 

pre-senescence state) must be attached to the plant in order to observe IAA- 

induced changes in ethylene evolution.

IAA and 4-CI-IAA stimulated similar rates of ethylene evolution in 2 

DAA deseeded pericarps (Figure 2.7 A and C). Addition of GA3 to the auxin 

treatment did not change the ethylene evolution profile compared to auxin 

alone (Figure 2.7 A and C). GA3 stimulation of ethylene evolution in 

deseeded pericarp is equal, or less than SPNS-treatment (Figure 2.7 E). 

Deseeded pericarps were still sensitive to IAA or 4-CI-IAA reapplication at 24 

hours after initial treatment; 4-CI-IAA stimulated a higher rate of ethylene 

evolution at 36 hours compared to lAA-treated pericarps (Figure 2.8). By 36 

hours, 4-CI-IAA-treated deseeded pericarp growth (fresh weight) was 3-fold 

higher than lAA-treated deseeded pericarps (data not shown).
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Figure 2.1: Effect of exogenous natural pea hormones (GA3,
IAA, 4-CI-IAA) on pericarp growth.

A: Representative pericarps harvested at 7 DAA (five days after 
initial treatment). Deseeded pericarps were treated daily for 5 days 
with 50 pM of GA3, IAA, GA3 + IAA, 4-CI-IAA, or GA3 + 4-CI-IAA or 
0.1% (v/v) aqueous Tween 80 for SPNS treatment.

B: Growth (fresh weight) of hormone-treated pericarps. Deseeded 
pericarps were treated with hormone solutions as described in A 
and harvested 9 DAA (7 days after initial treatment) Data are 
means ± s e , n = 7 to 38.
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Figure 2.2: Effect of the ethylene action inhibitor, STS, on
control and hormone-treated pea pericarp growth.

A: Representative pericarps harvested at 7 DAA (five days after 
initial treatment). Deseeded pericarps were treated daily for 5 days 
with 50 pM of GA3, IAA, GA3 + IAA or 0.1% (v/v) aqueous Tween 
80 (SPNS). For STS treated pericarps, STS (20 pi, 1 mM) was 
applied once on the first day of experiment (STS) or once as a pre
treatment 30 minutes prior to hormone treatment (GA3 + IAA + 
STS).

B: Growth (fresh weight) of hormone-treated pericarps. Deseeded 
pericarps were treated with hormone solutions as described in A 
and harvested at 9 DAA (7 days after initial treatment) Data are 
means ± s e , n = 8  to 38.
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Figure 2.3: Ethephon inhibition of GA3-induced pericarp
growth.

Deseeded pericarps were treated with 50 pM of GA3, or 0.1% (v/v) 
aqueous Tween 80 (SPNS) daily for five days and harvested at 9 
DAA (7 days after initial treatment). Ethephon was applied only 
one time to the deseeded pericarps either immediately (Ethephon 
250 or 1000 ppm) or 90 minutes after GA3 (GA3 + Ethephon 250 
ppm and GA3 + Ethephon 1000 ppm). Data are means ± se , n = 4 
to 8 .
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Figure 2.4: The effect of Ethephon on GA3 and 4-CI-IAA- 
induced pericarp growth.

A: Representative pericarps harvested at 7 DAA (five days after 
initial treatment). Deseeded pericarps were treated with 50 pM of 
GA3l IAA, GA3 + IAA, or 0.1% (v/v) aqueous Tween 80 (SPNS). 
Ethephon (1000 ppm) was applied once, either immediately after 
pericarp splitting and deseeding or 90 minutes after 4-CI-IAA or 
GA3 application (GA3 + Ethephon, 4-CI-IAA + Ethephon) on day 
one of experiment. STS (1 mM) was applied as a pre-treatment 
(GA3 + Ethephon + STS, GA3 + IAA + STS).

B: Growth (fresh weight) of hormone-treated pericarps. Deseeded 
pericarps were treated with hormone solutions as described in A 
and harvested at 9 DAA (7 days after initial treatment) Data are 
means ± s e , n = 8 to 38.
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Figure 2.5: Rate of ethylene evolution and growth (fresh
weight) of Intact, SP, SPNS pericarps (A and B), and Ethephon- 
treated deseeded pericarps (C and D).

Two DAA pericarps were left intact (Intact treatment), split along the 
dorsal suture (SP), or split and deseeded (SPNS). Ethylene 
evolution (A) and pericarp growth (fresh weight; B) were monitored 
and over a 24 hour period. Data are means + s e , n = 4 to 19.

Two DAA pericarps were split and deseeded and immediately 
treated with Ethephon (250 or 1000 ppm) or 0.1% (v/v) aqueous 
Tween-80 (SPNS). Ethylene evolution (C) and growth (fresh 
weight; D) from the pericarps were monitored over a 24 hour 
period. Data is presented as relative ethylene evolution where the 
rate of ethylene evolution from SPNS pericarps is subtracted from 
that of the Ethephon-treated pericarps. Data are means ± s e , n = 
4.
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Figure 2.6: Ethylene evolution and growth (fresh weight) of 
IAA and SPNS-treated pericarps 12 hours after hormone 
treatment.

A: Two DAA pericarps were split and deseeded and treated
immediately with either 50 pM IAA or 0.1% (v/v) aqueous Tween 80 
(SPNS). Deseeded pericarps remained attached to the plant (on- 
plant), or were detached from the plant and placed in an open- 
ended 7 ml_ vial (off-plant) for a 12 h incubation period. After 12 
hours, pericarps were collected for ethylene evolution analysis. 
Data are means ± s e , n = 7 to 10.

B: Growth (fresh weight) of IAA- and SPNS-treated pericarps 12 
hours after treatment. Data are means ± s e , n = 7 to 10.
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Figure 2.7: Relative ethylene evolution and pericarp growth in 
hormone and control-treated pericarps.

Two DAA pericarps were split, deseeded and immediately treated 
with 50 pM IAA or IAA + GA3  (A and B); 4-CI-IAA or 4-CI-IAA + GA3  

(C and D); GA3  (E and F); or 0.1% (v/v) Tween 80 (SPNS). 
Subsequently, pericarps were harvested at 4, 8 , 1 2 , and 24 hours. 
Data is presented as the relative rate of ethylene evolution where 
the rate of ethylene evolution of the SPNS pericarps is subtracted 
from the hormone-treated pericarps. Data are means + s e , n = 6  to 
8.
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Figure 2.8: Sensitivity of pericarp tissue to reapplication of 
auxin (IAA or 4-CI-IAA) 24 hours after initial treatment.

Two DAA pericarps were split, deseeded and treated at 0 h and 24 
h after splitting with 50 pM IAA, 4-CI-IAA, or 0.1% (v/v) aqueous 
Tween 80 (SPNS). Pericarps were harvested at 12, 24, and 36 
hours after initial treatment and assayed for ethylene production. 
Arrow indicates time of application.

* Two DAA pericarps were split, deseeded and treated immediately 
(Oh) with 50 pM IAA, 4-CI-IAA, or 0.1% (v/v) aqueous Tween 80 
(SPNS) then were harvested and assayed at 36 h for ethylene 
evolution. These data are plotted on Figure 8  within the box at the 
36 h time point. At 36 hours, data for treatments with one treatment 
application: IAA = 3.1 ± 0.1; 4-CI-IAA = 3.1 ± 0.4; SPNS = 1.6  ± 0.2 
(nL- pericarp' 1 h'1). Data are means ± s e , n = 3 to 4.
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Discussion

In pollinated deseeded fruit, 4-CI-IAA and GA3 promoted pericarp 

elongation both alone and synergistically when applied simultaneously 

(Reinecke et al., 1995; Ozga and Reinecke, 1999). The other naturally 

occurring auxin, IAA, inhibited deseeded pericarp growth, as well as the 

stimulatory effect of GA3 on this tissue (Reinecke and Ozga, 1995). STS 

(ethylene action inhibitor silver thiosulfate) treatment to deseeded pericarps 

delayed pericarp senescence but did not stimulate growth (Reinecke et al., 

1995). STS also blocked the lAA-induced inhibition of pericarp growth but did 

not result in lAA-stimulation of pericarp growth (Reinecke and Ozga, 1995; 

Reinecke et al., 1995). However, application of STS to GA3 + lAA-treated 

deseeded pericarps reversed the inhibitory effect of IAA on GA3-stimulated 

growth (Reinecke and Ozga, 1995). These data suggest that the main effects 

of exogenous IAA on deseeded pea pericarp growth are through lAA-induced 

ethylene, and they differ from that of 4-CI-IAA. Therefore, we investigated the 

role of ethylene in early pea pericarp development.

Although ethylene in fruit ripening has been extensively studied, little is 

known about the role of ethylene in early fruit development. A study of the 

coordination of pollination and corolla senescence in pea suggested that the 

ethylene produced by the ovary at anthesis is a developmental event that is 

independent of pollination and fertilization of the ovary, since a similar amount 

of ethylene was produced from both pollinated and non-pollinated ovaries 

(Orzaeaz et al., 1999). Following pollination, intact pollinated pericarps 

naturally released low amounts of ethylene [Anthesis ~ 0.8; 1 DAA ~0.5; 2 

DAA -0.25 (nL C2H4 g fwt' 1 h'1)] (Orzaeaz et al., 1999). In non-pollinated 

pericarps, ethylene production started to increase at the equivalent to 2 DAA 

(-1 nL g"1h"1; -4 X  above pollinated control) and continued to do so through 4 

DAA (-1.6 nL g'1h'1; five times above pollinated control), when senescence 

of the tissue is evident (Orzaeaz et al., 1999). Ethylene (10 pL L' 1 C2H4 in air) 

immediately induced carpel senescence in non-pollinated pea fruit, even 

when the fruit was treated with GA3 (20 pL, 0.3 mM) (Orzaeaz and Granell,
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1997). These data suggest that ethylene acts as a natural senescence 

hormone in pea pericarp tissue when the fruit lacks fertilized ovules (seeds).

In the pea split-pericarp system, splitting of the pericarp (SP) increased 

ethylene evolution at 4 hours (Figure 2.5 A), likely in response to wounding 

(Peck and Kende, 1998). Splitting and removal of seeds from the pericarp 

(SPNS) significantly stimulated ethylene evolution above that observed in SP 

(Figure 5 A). Since SPNS tissue did not grow significantly compared to the 

SP and intact pericarps (Figure 2.5 B), the higher levels of ethylene in the 

SPNS treatment are probably due to a combination of wound and senescing 

ethylene (Orzaeaz and Granell, 1997; Peck and Kende, 1998; Orzaeaz et al., 

1999).

Ethephon (2-chloroethylphosphonic acid) was used as a synthetic 

source of ethylene (Warner and Leopold, 1969) in the treatment of deseeded 

pericarps. Both concentrations of Ethephon tested (1000 and 250 ppm) 

produced sustained levels of ethylene throughout the 24 h experimental 

period (Figure 2.5 C). The magnitude of ethylene production by 250 ppm was 

more similar to that produced by 50 pM IAA (Figure 2.5 C, Figure 2.7 A). 

However, pericarp ethylene-response (with respect to growth) was much 

more consistent with 1000 ppm than 250 ppm Ethephon (data not shown); 

therefore, this concentration was used for the remaining experiments.

The profile of ethylene evolution from Ethephon (1000 and 250 ppm; 

greatest within 4 h of application) was different from auxin-induced ethylene 

production, which peaked at 12 hours after application (Figure 2.6 C and 

Figure 2.7 A and C). Regardless, Ethephon (at 1000 and 250 ppm) mimicked 

lAA’s inhibitory effect on pericarp growth (Figure 2.4) when applied alone or in 

combination with GA3 (Figure 2.4). Ethephon’s affect was also reversed by 

application of STS (Figure 2.4). These data confirmed the hypothesis that 

IAA inhibition of deseeded pericarp growth is through lAA-induced ethylene. 

Further, lAA-induced ethylene acts to inhibit GA response in deseeded 

pericarp tissue. The difference between the action of IAA and 4-CI-IAA was 

investigated by monitoring their effect on ethylene biosynthesis.

50

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Classical phytohormone activity experiments have tested treatments 

on excised plant tissue such as pea stem segments (Law and Hamilton, 

1984). We tested the possibility that we could use excised pericarps for 

auxin-induced ethylene evolution experiments. However, once the pericarps 

are removed from the mother plant, tissue senescence is accelerated. 

Twelve hours after pericarp removal, deseeded pericarps (SPNS) exhibited 

significant fresh weight loss and increased ethylene evolution compared to 

those attached to the mother plant (Figure 2.6 A and B). Therefore, in order 

to observe lAA-induced changes in ethylene evolution using the split-pericarp 

system, deseeded pericarps must be attached to the plant.

Even though 4-CI-IAA promoted pericarp growth and IAA did not, 4-CI- 

IAA stimulated similar ethylene levels and developmental profile of ethylene 

production as IAA in deseeded pericarps. Deseeded pericarp tissue 

remained responsive to 4-CI-IAA and to a lesser extent, IAA, in the production 

of ethylene at least through 24 h after deseeding (Figure 2.8). Both auxins 

likely stimulated the regulatory enzyme 1 -aminocyclopropane-1 -carboxylate 

synthase (ACS) (Peck and Kende, 1995, 1998). Therefore, the difference 

between the two endogenous auxins does not lie in their ability to stimulate 

ethylene biosynthesis. Interestingly, when 4-CI-IAA and IAA are applied 

simultaneously, the pericarp growth response is the same as 4-CI-IAA alone 

(Reinecke and Ozga, 1995). In addition, pericarps which are treated with 4- 

CI-IAA do not respond negatively to ethylene (Figure 2.4 A and B). These 

data suggest that ethylene perception or signal transduction may be uniquely 

altered by 4-CI-IAA.

Ethylene is perceived by a family of five receptors that are similar to 

the two-component histidine kinases (Chang and Shockey, 1999). The 

receptors activate the constitutive triple response (CTR1) protein which is a 

negative regulator of ethylene response (Kieber et al., 1993). The transition 

protein called ethylene insensitive 2 (EIN2) relates the ethylene signal 

downstream from CTR1 to the transcription factors. The structure of EIN2 

suggests that it is an integral membrane protein that acts as a bifunctional
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signal transducer (Alonso et al., 1999). EIN2 mutants have been isolated in 

screenings for auxin transport inhibitor resistance in Arabidopsis roots (Fujita 

and Syono, 1996). Currently, EIN2 is the only point in the ethylene signal 

transduction pathway that has implicated an interaction with auxin (Wang et 

al., 2002). Future experiments to elucidate the mechanism by which 4-CI-IAA 

blocks the perception of ethylene could focus on ethylene receptor 

expression, or the link between EIN2 and auxin in pea.

In pea fruit, seeds are required for pericarp elongation (Ozga et al., 

1992; van Huizen et al., 1997; Ozga et al., 2003). GA3 and 4-CI-IAA can 

substitute for the seeds and stimulate pericarp growth (Ozga and Reinecke, 

1999). An analysis of free 4-CI-IAA in intact pericarps showed that the 

concentration from 3 to 6 DAA in the seeds (144.5 to 231 ng g'1 fwt) was 

much higher than in the pericarp (3.5 to 6 ng g'1 fwt) (Magnus et al., 1997). 

Previous work with 4-CI-IAA suggests that the increase in growth observed in 

pericarp tissue is due in part to 4-CI-IAA’s unique ability to stimulate the 

expression of both PsGA20ox1 (van Huizen et al., 1997) and PsGA3ox1 

(Ozga et al., 2003), thereby stimulating GA biosynthesis in this tissue. One of 

the roles of 4-CI-IAA could be as a seed-derived factor which promotes GA 

biosynthesis in the pericarp, thereby stimulating growth (Ozga and Reinecke, 

2003); the other, as a factor that blocks ethylene action resulting in a higher 

response to the GA produced.

The levels of free IAA in intact pea pericarp [3 DAA = 29; 6 DAA = 1 7  

(ng g'1 fwt)] and seeds [3 DAA = 392.5; 6 DAA = 1495 (nL C2H4 g fwt'1 h'1)] 

from 3 to 6 DAA are higher than 4-CI-IAA (Magnus et al., 1997). The level of 

IAA required to stimulate ethylene biosynthesis in plant tissue varies with type 

and developmental stage of the tissue (Peck et al., 1998). Further, tissue 

receptivity to ethylene will determine the extent of the response to ethylene 

(Peck et al., 1998). When pea stem tissue was treated with an auxin 

transport inhibitor (TIBA), epinasty occurred above the point of application, 

and lateral bud release below this point (Law and Davies, 1990). IAA may 

have accumulated to a sufficient concentration above the point and stimulated
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ethylene release to cause the epinasty. A 50 pM application of IAA was high 

enough to stimulate ethylene biosynthesis in deseeded pea fruit (Figure 2.7 

A) and accelerate senescence (Figure 2.7 B). By regulating the concentration 

of IAA in the young pea fruit, the plant could stimulate ethylene release, and 

thereby senescence if developmental problems occur within the ovary. In 

non-pollinated pea fruit, ethylene stimulates tissue senescence (Orzaeaz and 

Granell, 1997). One role of ethylene in pollinated pea fruit may be to regulate 

seed or fruit abortion. The plant could modify the concentration of IAA in its 

tissue to stimulate ethylene biosynthesis. 4-CI-IAA could be used by the plant 

to control the specific tissue that is affected by the release of ethylene.

GA3 did not alter the auxin-induced ethylene production profile for 4-CI- 

IAA or IAA in deseeded pericarps (Figure 2.7 A and C). Without the addition 

of auxin to the pericarp tissue, GA3-treated deseeded pericarp produced low 

levels of ethylene (Figure 2.7 E). GA3-treated non-pollinated pea ovaries 

showed a progressive decrease in 1 -aminocyclopropane-1 -carboxylic acid 

oxidase (ACO) mRNA levels up to the equivalent to 4 DAA (Orzaeaz et al., 

1999). Although ACO is not the major regulatory enzyme for ethylene 

biosynthesis, it is responsible for the conversion of ACC to ethylene. 

Ethylene was shown to increase ACO transcript message in etiolated pea 

internodes (Peck and Kende, 1995); therefore, the progressive decrease in 

ACO transcript levels in the GA3-treated non-pollinated pea ovaries may 

reflect the lower ethylene production by GA3-treated tissue.

In summary, the similarity of the profiles of ethylene evolution in 4-CI- 

IAA- and lAA-treated deseeded pericarps does not support the idea that the 

difference in the action of these two auxins is due to a differential effect on 

ethylene biosynthesis in pericarp tissue. One possible distinction between 4- 

CI-IAA and IAA effects on pericarp growth is their differential ability to modify 

the tissue’s ethylene perception or signal transduction. Flowever, this alone 

cannot explain 4-CI-IAA’s ability to stimulate growth (and the lack of effect by 

IAA) since STS (ethylene action inhibitor) did not act to stimulate growth in 

lAA-treated deseeded pericarps (Reinecke and Ozga, 1995). In addition,
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since lAA-induced ethylene blocks GA response in deseeded pericarps and 

4-CI-IAA blocks ethylene action, it is possible that 4-CI-IAA from the seeds is 

transported to the pericaps and stimulates GA biosynthesis and also acts to 

block ethylene action, thereby promoting GA response in this tissue. A model 

of our proposed interactions of GA, auxin, and ethylene is diagrammed in 

Figure 9.
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Figure 2.9: Hormone interactions in early pea fruit
development

Model developed from the following research:
(Ozga et al., 1992; Reinecke and Ozga, 1995; van Huizen et al., 
1995; van Huizen et al., 1997; Ozga and Reinecke, 1999; Ozga et 
al., 2002; Ozga and Reinecke, 2003; Ozga et al., 2003)
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Chapter 3: Carbohydrate Partitioning in Young Pea 

Fruit

Introduction

In pea (Pisum sativum), early fruit development is dominated by ovary 

(pericarp) growth. However, the presence of developing seeds is required for 

pericarp elongation, since the removal or destruction of the seeds results in 

slowing of pericarp growth and eventual abscission (Ozga et al., 1992). 

Developmental coordination between the pericarp and seeds is likely 

moderated by phytohormones (Ozga and Reinecke, 2003)

Developing pea seeds and pericarps contain GAs (Rodrigo et al., 1997) and 

auxins (4-chloroindole-3-acetic acid [4-CI-IAA] and indole-3-acetic acid [IAA]) 

(Magnus et al., 1997). During early pericarp growth, application of GA and 4- 

CI-IAA to pollinated deseeded pericarps can substitute for seeds (Ozga and 

Reinecke, 1999) and stimulate growth. The other auxin, IAA is inhibitory to 

pericarp growth (Reinecke et al., 1995).

Pea plants metabolize gibberellins by the early 13-hydroxylation 

pathway: GA12 —> GA53 —► GA44 —► GA19 —> GA2o —*■ GA1 (Sponsel, 1995). 

Using the pea split-pericarp system, van Huizen et al. (van Huizen et al., 

1995; van Huizen et al., 1997) were able to show that 4-CI-IAA stimulates 

expression of the gene that codes for the multi-functional enzyme that 

converts GA12 —► GA20 (PsGA20ox1) and conversion of GA19 ->  GA20. 

Follow-up studies by Ozga et al. (2003) showed that 4-CI-IAA also stimulated 

message of PsGA3ox1, which codes for the enzyme that converts GA20 to 

biologically active GA1. IAA was ineffective in stimulating PsGA20ox1 and 

PsGA3ox1 (Ngo et al., 2002; Ozga et al., 2003)

The pericarp is the primary sink for photoassimilates during early fruit 

development (Flinn and Pate, 1970). Sieve tubes (Pereto and Beltran, 1987) 

and companion cell complexes carry sucrose by bulk flow from the leaflets to 

the developing pea ovary where they are unloaded either through the
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symplasmic space by plasmodesmata, or into the apoplasmic space through 

specific transporters (Lalonde et al., 2003). At the site of unloading, invertase 

and sucrose synthase cleave sucrose into hexoses to maintain the sink 

strength of the tissue (Lalonde et al., 2003). Hexoses may be accumulated 

in vacuoles for temporary storage (Lalonde et al., 2003), or move into the 

chloroplast to be used for starch synthesis (Heldt, 1997). In a temporary 

storage organ, such as the young pea ovary, starch is stored in the 

chloroplasts ready to be mobilized to the surrounding pericarp tissue or to the 

seeds at the appropriate time (Heldt, 1997).

Pea pericarp growth is rapid from 2 to 5 DAA, and growth in length is 

essentially complete by 8 DAA (Ozga et al., 2002). Pericarp diameter 

increases from 6 to 12 DAA to accommodate the developing seeds (Ozga et 

al., 2003). As the pericarp rate of growth slows, the seed growth rate 

increases (rapid linear increase from 8 to 20 DAA; Ozga et al., 2003). During 

this time, pericarps transition from a sink to a source tissue for 

photoassimilates for the developing seeds (Flinn and Pate, 1970).

In order to understand the role of hormones in the coordination of seed 

and ovary development in pea, a detailed developmental profile of the 

carbohydrate status of pericarps and seeds and the effects of the hormones 

on these profiles is required. In this study, starch, sucrose and glucose levels 

were monitored in the developing pericarps and seeds from 0 to 20 DAA. 

The effects of gibberellin, auxins and ethylene on carbohydrate partitioning in 

the pericarp were determined during the period when pericarps act as the 

major sink for carbohydrates in the fruit (0 to 7 DAA).

We found that carbohydrate levels changed in the pericarps and seeds 

during key growth periods of pea fruit development. GA3 and 4-CI-IAA 

treatment of deseeded pericarps maintained pericarp starch, glucose, and 

sucrose levels comparable to pericarps with seeds. However, IAA and 

ethylene stimulated starch degradation and senescence in deseeded 

pericarps. IAA and ethylene also inhibited the starch maintenance effect of 

GA3, but the ethylene action inhibitor, silver thiosulphate (STS), reversed this
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effect. Ethylene did not affect the carbohydrate status in 4-CI-IAA-induced 

deseeded pericarps. These data support the hypothesis that 4-CI-IAA and 

IAA play different roles during pea fruit development. Specifically, GA and 4- 

CI-IAA act to stimulate fruit growth and development, and IAA and ethylene 

act to inhibit it.

Materials and Methods

Plant Material

Five pea seeds (Pisum sativum L.) line l3 (Alaska-type) per pot were planted 

in 2L soil containing Metro-mix 290 and sand (1:1) and grown in a Conviron 

growth chamber at 19/17°C (day/night) under a 16-hour photoperiod (400 pE • 

m'2 ■ s'1 from cool white fluorescent and incandescent lights). Plants were 

thinned when 15 cm tall to three uniform seedlings per pot. During plant 

development all lateral side shoots and the 1st and 2nd flowering nodes were 

removed. For treatments, one fruit per plant between the 3rd and 5th flowering 

nodes was used. Subsequent flowers and lateral buds were removed as they 

developed, the terminal apical meristem remained intact and the pericarp 

stayed attached to the plant during all experiments.

Growth Studies

For the intact pea fruit carbohydrate profile, fruits were tagged at anthesis and 

the developmental stage was determined by counting the days from tagging. 

All pericarps and seeds were harvested during late morning from one growth 

chamber. For treated fruit carbohydrate profile, two days after anthesis (DAA) 

pericarps (fruits) were either left intact (intact treatment), split down the dorsal 

suture (SP treatment) or split with removal of the seeds (SPNS and hormone 

treatments) as described by Ozga et al. (1992). GA3, 4-CI-IAA and/or IAA 

(50 pM in 0.1% [v/v] aqueous Tween 80) were applied immediately after 

deseeding to the inner pericarp wall (endocarp) and daily thereafter to 6 DAA 

(30 pL, 2 and 3 DAA; and 40 pL, 4, 5 and 6 DAA). Ethephon (30 pL; 250 or 

1000 ppm) was applied once immediately after splitting and deseeding the
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pericarp. When Ethephon was applied in combination with other hormone 

treatments, a 30 pL aliquot (250 or 1000 ppm) was applied one time, 90 

minutes after the initial auxin and/or GA3 solutions. For treatments requiring 

STS, a 20 pL aliquot (1mM) was applied once as a pre-treatment immediately 

after splitting and deseeding the fruit. Hormone solutions were applied 30 

minutes after STS application. For all experiments, the pericarps were 

enclosed in a clear plastic bag to maintain moisture. Hormone-treated fruits 

were harvested during late morning at 3, 4, 5, 6, and 7 DAA (1, 2, 3, 4, and 5 

days after initial treatment) and stored at -80°C for carbohydrate analysis.

Carbohydrate Analysis 

Frozen pericarps and seeds were lyophilized. Lyophilized pericarps and 

seeds (minimum of 2 whole or 14 pericarps, or seeds from 2 fruits) were 

ground in liquid N2 using a mortar and pestle to a fine powder with the 

exception of pericarp tissue that was 10 DAA and older which also contained 

some fibre pieces (of sclerenchyma tissue) after thoroughly grinding that 

would not completely break down to a powder. A 2 -  114 mg (pericarp) or 40 

-  103 mg (seeds) dry weight sub-sample was extracted with 10 mL of 80% 

ethanol. The extract was placed at room temperature for 1 hour, then 

immersed in a 75-80°C water bath for five minutes, and then centrifuged at 

3000 rpm for 10 -  15 minutes. The supernatant was removed and the pellet 

re-extracted with an additional 10 mL of 80% ethanol. After removal of the 

supernatant, 2 mL of dimethylsulphoxide (DMSO) was added to the pellet and 

the pellet was stored at -20°C prior to starch analysis. The supernatants were 

pooled, dried under vacuum, and the residue was resuspended in hexane (4 

mL), followed by 4 mL water for organic solvent partitioning to remove 

chlorophyll and lipids. The sample was partitioned 3 times (4 mL each) with 

hexane and the aqueous phase was dried under vacuum and stored at -20°C 

until glucose and sucrose determination.

The dried sample was rehydrated with water (1 to 8 mL) before the 

glucose assay. A 50 pL aliquot of the sample was used. Invertase [(1500
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U*mL"1) Sigma I 4504] was added to one of a pair of aliquots to hydrolyze 

sucrose in the sample. The samples were incubated for 15 minutes at room 

temperature. Next, 1.5 mL of glucose oxidase/peroxidase (GOPOD 600 U*L'1 

glucose oxidase, 325 U*L‘1 peroxidase -  Megazyme International Ireland) 

was added and the samples were incubated in closed disposable culture 

tubes for 20 minutes in a 50 °C water bath. The optical absorbance of each 

sample was read in a spectrophotometer (Varian Cary 1E UV-Visible) using 

1.5 mL disposable cuvettes at 510 nm and compared to a glucose standard 

curve made from a dilution series (100%, 80%, 50%, 40%, 25%, 20% of 

glucose standard) of 1g*L'1 glucose stock. To test the efficiency of invertase, 

a 1 g*L'1 sucrose stock standard was used. Each assay sample was run in 

duplicate. Sucrose was determined by subtracting total glucose of the buffer- 

treated sample from total glucose of the invertase-treated sample.

Total starch was determined based on the amyloglucosidase/a amylase 

method (Megazyme International Ireland ltd.). Three mL of a-amylase (50 

U*mL"1) was added to each tube, the contents were vortexed and incubated 

in boiling water for six minutes. After the incubation, 50 pL of 

amyloglucosidase (200 U*mL'1) and 4 mL of 200 mM sodium acetate buffer 

(pH 4.5) were added to each sample. The samples were vortexed and 

incubated for 30 minutes at 50 °C. After the incubation, the volume of each 

sample was adjusted to 12 mL volume with water. An aliquot of 1 mL was 

taken from each tube and centrifuged (3000 rpm for 10 minutes). From that 

one mL, a second aliquot of 50 uL was used for the glucose analysis as 

described in the soluble sugar assay.
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Results

Pericarp and Seed Growth

Intact pericarp growth (length, width, fresh weight and dry weight) was rapid 

from 2 to 9 DAA, and then slowed from 10 to 20 DAA (Figure 3.1, Figure 3.2 

B and C). Additionally, pericarps increased in diameter from 7 to 12 DAA to 

accommodate the rapidly developing seeds (Figure 3.1 B and C). Seed 

growth (fresh and dry weight) increased rapidly from 8 to 20 DAA (Figure 3.2 

B and C).

Starch profiles of pericarps and seeds of intact pea fruit

Pericarp starch levels on an mg dry weight basis were minimal at anthesis (0 

DAA; 0.28 pMol glucose eq.*mg dwt'1), increased by 2.7-fold after 24 h (1 

DAA; 0.76 pMol glucose eq.*mg dwt'1), and were maintained at this level from 

1 to 4 DAA (Figure 3.3 B). Pericarp starch levels then increased by 1.5-fold 

from 4 to 5 DAA obtaining the highest starch levels per mg dry weight 

observed from 0 to 20 DAA, and remained at this level until 8 DAA (1 to 1.2 

pMol glucose eq.*mg dwt'1; Figure 3.3 A). From 8 to 12 DAA, the pericarp 

transitioned from a sink organ to a source organ for the seeds (characterized 

by a decrease in pericarp growth and rapid increase in seed growth) (Figure 

3.2 B). During this transition period (8 to 12 DAA), pericarp starch levels 

decreased by 2.5-fold to 0.4 pMol glucose eq.*mg dwt'1), and were 

maintained at this level until 16 DAA (Figure 3.3 A). From 16 to 20 DAA, 

pericarp starch levels decreased by half to 0.2 pMol glucose eq.*mg dwt'1 

(Figure 3.3 A).

On the per organ level, pericarp starch levels were minimal from 0 to 3 DAA 

(0.75 pMol glucose eq.*pericarp'1), then increased linearly from 4 to 8 DAA to 

reach a maximum of 390 pMol glucose eq.*pericarp'1 at 8 DAA (Figure 3.3 B). 

During the pericarp sink-source transition period (8 to 12 DAA), pericarp 

starch decreased two-fold to 189 pMol glucose eq*pericarp"1 by 12 DAA and 

remained at this level until 20 DAA (Figure 3.3 B).
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Figure 3.1: Intact pea pericarp development
Development of pericarps during the rapid phases of growth in length, 
width (-2, 0, and 1 to 7 DAA; flower bud and flower at anthesis are -2 and 
0 DAA, respectively; A) and diameter (5 to 12 DAA; B). Growth of pericarp 
in length, width, and diameter (-2 to 20 DAA; C). Data are means ± s e , n 
= 4 to 12.
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Figure 3.2: Pericarp and Seed Growth
A: Seed development from 6 DAA to cotyledon contact point (20 DAA: 
from left to right, row 1, 6 to 9 DAA seeds; row 2, 10, 12, 14, 16, and 
20 DAA seeds; and row 3, embryos dissected from 10, 12, 14, 16, and 
20 DAA seeds).

B: Growth in fresh weight of pericarps and seeds from -2 to 20 DAA. 
Data are means ± s e , n = 4 to 12 for pericarp fresh weight; n = 2 to 4 
for seed fresh weight.

C: Growth in dry weight of pericarps and seeds from 0 to 20 DAA. 
Data are means ± s e , n = 4 to 12 for pericarp dry weight; n = 6 for seed 
fresh weight.
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Seed starch level (on an mg per dwt basis) increased linearly from 4 

DAA (0.23 pMol glucose eq.*mg dwt'1) to 20 DAA (1.39 pMol glucose eq.*mg 

dwt"1; Figure 3.3 A). On a per organ level, seed starch levels remained 

relatively low from 4 to 8  DAA (0.1 to 4 pMol glucose eq.‘ seed'1), then 

increased by nearly 7-fold from 8  to 12 DAA (4 to 28 pMol glucose eq.*seed'1; 

Figure 3.3 B) as the seed developed into a sink organ. From 12 to 20 DAA, 

seed starch increased linearly to reach a level of 330 pMol glucose eq*seed' 1 

by 20 DAA (Figure 3.3 B).

Sucrose levels in pericarps and seeds of intact fruit

During the early stages of pericarp growth (0 to 4 DAA), sucrose levels 

were minimal (0.05 pMol glucose eq.*mg dwt'1; 1.4 pMol glucose 

eq.‘ pericarp'1; Figure 3.3 C and D). At 5 DAA, coincident with the maximum 

rate of pericarp growth in length (Figure 3.1 C), pericarp sucrose levels 

increased by 5-fold to 0.21 pMol glucose*mg dwt' 1 (or 16-fold to 27 pMol 

glucose eq.‘ pericarp'1) and these levels were maintained within the same 

range until 20 DAA when expressed per mg dwt (Figure 3.3 C). When 

expressed per organ, pericarp sucrose levels increased to 100 pMol glucose 

eq.‘ pericarp' 1 by 7 DAA and, in general, this level was maintained to 20 DAA 

(Figure 3.3 D).

Seed sucrose levels were also low at 4 DAA (0.08 pMol glucose 

eq *mg dwt'1) and increased 3.4-fold by 6  DAA and remained at this level, in 

general, until 20 DAA (Figure 3.3 C). When expressed per organ, seed 

sucrose levels were relatively low from 4 to 8  DAA (0.04 - 2 pMol glucose 

eq.*seed1), then increased 3.3-fold from 8  to 12 DAA to 6.5 pMol glucose 

eq .‘ seed' 1 (Figure 3.3 D). Seed sucrose levels increased linearly from 12 to 

20 DAA to 81 pMol glucose eq.*seed' 1 by 20 DAA (Figure 3.3 D).
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Glucose levels in pericarps and seeds of intact fruit

In pericarps, glucose levels were low from 0 to 2 DAA (0.1 - 0.6 pMol glucose 

eq.*mg dwt"1), then increased linearly from 2 to 10 DAA to 0.75 pMol glucose 

eq.*mg dwt' 1 by 10 DAA (Figure 3.3 E). Pericarp glucose levels were 

maintained between 0.50 to 0.75 pMol glucose eq.*mg dwt' 1 from 12 to 20 

DAA. On a per organ basis, pericarp glucose levels were low from 0 to 3 

DAA (0.3 to 4.6 pMol glucose eq.*pericarp'1), then increased rapidly from 4 to 

7 DAA (from 18 to 190 pMol glucose eq.*pericarp'1), then at a slower rate 

from 8  to 20 DAA (from 208 to 391 pMol glucose eq.*pericarp"1; Figure 3.3 F). 

Seed glucose levels remained low throughout the developmental period 

studied (4 to 20 DAA; 0.01 to 0.03 pMol glucose eq.*mg dwt'1; 0.005 to 6.9 

pMol glucose eq.*seed'1; Figure 3.3 E and F).

SP and SPNS control treatments 

When pericarps were split 2 DAA and the seeds remained attached to the 

pericarp (SP treatment), pericarps increased in fresh weight by 20-fold from 2 

to 7 DAA (0.06 to 1.18 g) (Figure 3.4 A). However, when the seeds were 

removed immediately after pericarp splitting, pericarp growth was inhibited 

and subsequently the tissue senesced (fresh weight loss due to senescence 

was evident by 6  DAA; Figure 3.4 B). Starch levels in SP pericarps were 

maintained between 0.5-1 pMol glucose eq.*mg dwt"1 from 2 to 7 DAA. SP 

pericarp glucose levels increased 11-fold from 2 to 5 DAA (0.1 to 0.7 pMol 

glucose eq.*mg dwt'1) and remained at 0.7 pMol glucose eq.*mg dwt' 1 until 7 

DAA. SP pericarp sucrose levels were consistently lower than intact pericarp 

levels throughout the experiment; however, the increase in sucrose levels 

between 4 and 5 DAA in intact pericarps was also observed in SP pericarps 

(0.05 to 0.08 pMol glucose eq.*mg dwt'1; Figure 3.3 C and D, Figure 3.4 A) 

Seed removal (SPNS treatment) did not affect pericarp starch levels within 

the first 24 h after seed removal (3 DAA; Figure 3.4 B). However, after 48 h 

(4 DAA), pericarp starch levels declined to near zero and remained at this 

level until pericarp senescence (6-7 DAA; Figure 3.4 B). SPNS pericarp
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glucose levels increased only three-fold from 2 to 5 DAA (0.1 to 0.4 pMol 

glucose eq.*mg dwt'1), then decreased to 0.16 |jMol glucose eq.*mg dwt' 1 by 

7 DAA. In addition, a significant increase in glucose levels was not 

concurrent with starch degradation from 3 to 4 DAA (Figure 3.4 B). Sucrose 

levels in SPNS pericarps were generally lower than in SP from 4 to 7 DAA 

(SP, average 0.07 ± 7.8124e-3 (SE) pMol glucose eq.*mg dwt' 1 and SPNS 

average 0.0360 ± 8.1088e-3 (SE) pMol glucose eq.*mg dwt'1; Figure 3.4 A 

and B).

IAA and Ethephon treatments 

Application of IAA (50 pM) to deseeded pericarps did not stimulate pericarp 

growth; instead, pericarp senescence was stimulated compared to SPNS 

controls. Fresh weight decreases started earlier between 4 and 5 DAA (0.09 

to 0.07 g) for lAA-treated pericarps compared to SPNS controls between 5 

and 6  DAA (0.18 to 0.12 g) (Figure 3.4 B and C).

Twenty four hours after the initial IAA treatment, pericarp starch levels 

decreased 7-fold (0.67 to 0.13 pMol glucose eq.*mg dwt-1; Figure 3.4 C). By 

48 h, pericarp starch levels further decreased to near zero and remained at 

this level until 7 DAA. Concomitant with starch degradation, pericarp glucose 

levels increased five-fold (0.06 to 0.32 pMol glucose*mg dwt'1) in lAA-treated 

deseeded pericarps 24 h (3 DAA) after initial treatment and remained 

elevated for an additional 24 h (4 DAA), then gradually decreased to near 

zero by 7 DAA (Figure 3.4 C).

Application of Ethephon (1000 ppm) to deseeded pericarps stimulated 

pericarp senescence more rapidly than IAA. Ethephon-treated pericarps 

decreased in fresh weight by 4 DAA (0.1 to 0.08 g), compared to IAA at 5 

DAA (0.09 to 0.07 g) (Figure 3.4 C and D). Ethephon-treated deseeded 

pericarps ( 1 0 0 0  ppm; single application on first day of experiment), exhibited 

a similar carbohydrate profile as that of lAA-treated deseeded pericarps 

(Figure 3.4 D). Pericarp starch levels decreased 7-fold (0.67 to 0.13 pMol 

glucose eq.*mg dwt'1) 24 h after the Ethephon treatment. By 48 h, pericarp
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starch levels further decreased to near zero and remained at this level until 7 

DAA. Pericarp glucose levels increased eight-fold (0.06 to 0.52 pMol 

glucose*mg dwt"1) in deseeded pericarps 24 h (3 DAA) after Ethephon 

application, and glucose levels remained elevated for an additional 24 h (4 

DAA), then gradually decreased to near zero by 7 DAA (Figure 3.4 C).

Sucrose levels for IAA- and ethephon-treated deseeded pericarp were 

maintained between 0.02 to 0.04 pMol glucose eq.*mg dwt' 1 with one 

exception (Figure 3.4 C and D). Twenty four h after the initial (IAA) or only 

hormone (ethephon) application, pericarp sucrose levels increased two-fold in 

lAA-treated deseeded pericarps (0.04 to 0.08 pMol glucose eq.*mg dwt’1) and 

decreased 14-fold in Ethephon-treated deseeded pericarps (0.04 to 0.003 

pMol glucose eq.*mg dwt"1). By 7 DAA, all carbohydrate levels measured in 

IAA- and Ethephon-treated deseeded pericarps were near zero, and pericarp 

fresh weight was lower than at 2 DAA (Figure 3.4 C and D).

GA3, STS, and GA3 combination hormone treatments

GA3 (50 pM) treatment stimulated deseeded pericarp growth (12-fold increase 

in fresh weight from 2 DAA to 7 DAA; Figure 3.5 A). GA3-treated deseeded 

pericarps maintained starch levels between 0.4 to 1 pMol glucose eq.*mg 

dwt-1 from 2 to 7 DAA (Figure 3.5 A). Pericarp glucose levels linearly 

increased (12-fold) from 2 to 7 DAA (Figure 3.5 A). Sucrose levels in GA3- 

treated deseeded pericarps were 1.6  and 5.8 fold higher than SPNS control 

pericarps at 24 (3 DAA) and 48 h (4 DAA) after initial treatment, respectively, 

then decreased to that of SPNS from 5 to 7 DAA (Figure 3.5 A and Figure 3.4 

B).

Application of IAA (daily application) or Ethephon (single application on 

day 1) to GA3-treated deseeded pericarps inhibited the action of GA3 on 

pericarp growth and starch maintenance (Figure 3.5 B and C). Pericarp 

starch levels dramatically decreased within the first 24 h after initial (IAA) or 

only (Ethephon) compound application and remained at these low levels until
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7 DAA, similar to the IAA- and Ethephon-treated deseeded pericarps (Figure

3.5 B and C, Figure 3.4 C and D).

Interestingly, when IAA was applied to GA3-treated deseeded 

pericarps, glucose levels did not increase concomitantly with starch 

degradation but after a 24 h delay (4 DAA), then decreased to minimal levels 

by 6 DAA (Figure 3.5 B). When Ethephon was applied to GA3-treated 

deseeded pericarps, the glucose profile was similar but levels were lower 

than in Ethephon-treated deseeded pericarps (Figure 3.5 C and Figure 3.4 

D). Sucrose levels were lower 24 h after the initial (IAA) or only (Ethephon) 

application to GA3-treated deseeded pericarps (IAA + GA3, 0.03 pMol glucose 

eq.*mg dwt'1; Ethephon + GA3, 0.05 pMol glucose eq.*mg dwt'1; GA3, 0.09 

pMol glucose eq.*mg dwt"1) but within the same range as GA3-treated 

deseeded pericarps thereafter (Figure 3.5 A, B and C).

STS application (ethylene action inhibitor) to deseeded pericarps did not 

stimulate pericarp growth but did slow pericarp senescence (pericarps 

maintained fresh weight through 7 DAA; Figure 3.5 D). Although STS 

treatment did not inhibit starch degradation in deseeded pericarps, by 4 DAA, 

STS-treated deseeded pericarps had 6.5 times more starch than SPNS 

controls (0.2 compared to 0.03 pMol glucose eq.*mg dwt'1) (Figure 3.5 D and 

Figure 3.4 B). Similar to the SPNS control, a concomitant increase in 

glucose levels was not observed with starch degradation in STS-treated 

deseeded pericarps.

When STS was applied as a pre-treatment to GA3 plus IAA-, or GA3 plus 

Ethephon-treated deseeded pericarps, the effects of IAA and Ethephon on 

GA3-induced pericarp growth, starch content, and glucose profiles in 

deseeded pericarps were eliminated (Figure 3.5 E and F).
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Figure 3.3: Starch (A and B), sucrose (C and D), and
glucose (E and F) profiles of pericarps and seeds of intact 
fruit from 0 to 20 DAA.

Data are means ±  s e , n = 4 to 6 (except 4 and 7 DAA seed, where 
n = 1)
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Figure 3.4: Starch, sucrose, glucose and fresh weight
profiles of split-pericarps with seeds (SP; A), deseeded 
split-pericarp (SPNS; B), and deseeded pericarps treated 
with IAA (C) or Ethephon (D).

Two DAA pericarps were split (SP) or split and deseeded and 
immediately treated with 0.1% (v/v) aqueous Tween 80 (SP, SPNS) 
or IAA (50 pM) or Ethephon (1000 ppm) and once daily thereafter 
from 3 to 6 DAA. Data are means ± s e ; n = 2 to 6 for carbohydrate 
data; n = 8 for fresh weight data.
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Figure 3.5: Starch, sucrose, glucose and fresh weight 
profiles of deseeded pericarps treated with GA3 (A), GA3 + 
IAA (B), GA3 + Ethephon (C), STS (D), GA3 + IAA + STS (E), 
and GA3 + Ethephon + STS (F).

Two DAA pericarps were split and deseeded and immediately 
treated with 50 pM of GA3l GA3 + IAA or 0.1% (v/v) aqueous Tween 
80 (SPNS) and daily thereafter for 5 days. Ethephon (1000 ppm) 
was applied only one time to the deseeded pericarps 90 minutes 
after the initial GA3 treatment (GA3 + Ethephon 1000 ppm, GA3 + 
Ethephon + STS). STS (20 pi, 1 mM) was applied once on the first 
day of experiment (STS) or once as a pre-treatment 30 minutes 
prior to hormone treatment (GA3 + IAA + STS and GA3 + Ethephon 
+ STS). Data are means ± s e ; n = 2 to 4 for carbohydrate data; n = 
8 for fresh weight data.
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4-CI-IAA and 4-CI-IAA combination hormone treatments

Similar to GA3, 4-CI-IAA stimulated pericarp growth, maintained starch levels, 

and increased glucose levels in deseeded pericarps (Figure 3.6 A). However, 

starch levels were lower in 4-CI-IAA-treated than in GA3-treated deseeded 

pericarps 24 (3 DAA) to 48 (4 DAA) h after initial hormone application. Pericarp 

glucose levels increased from 2 to 6 DAA, with the largest increase occurring 

between 3 and 4 DAA (Figure 3.6 A). Pericarp sucrose levels were maintained 

between 0.04 to 0.06 pMol glucose eq.*mg dwt'1 from 2 to 7 DAA (Figure 3.6 A).

When deseeded pericarps were treated with 4-CI-IAA plus GA3, growth was 

greater than deseeded pericarps treated with either 4-CI-IAA or GA3 alone 

(Figure 3.6 B). Pericarp starch levels were higher than 4-CI-IAA-treated 

pericarps 24 to 48 h after initial hormone treatment, but not greater than GA3- 

treated pericarps (Figure 3.5 A, Figure 3.6 A and C). Pericarp glucose and 

sucrose profiles were similar to 4-CI-IAA- and GA3-treated deseeded pericarps 

(Figure 3.5 A, Figure 3.6 A and C).

Application of Ethephon to 4-CI-IAA-treated deseeded pericarps did not 

inhibit pericarp growth as observed for GA3-treated deseeded pericarps (Figure

3.6 C and Figure 3.5 C). Pericarp starch levels were elevated from 3 to 5 DAA 

and glucose levels reduced from 4 to 6 DAA compared to deseeded pericarp 

treated with 4-CI-IAA only (Figure 3.5 A and Figure 3.6 C). Sucrose levels varied 

from 0.02 to 0.08 pMol glucose eq.*mg dwt'1 (Figure 3.6 C).
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Figure 3.6: Starch, sucrose, glucose and fresh weight profiles of 
deseeded pericarps treated with 4-CI-IAA (A), 4-CI-IAA + GA3 (B), and 4- 
CI-IAA + Ethephon (C).
Two DAA pericarps were split and deseeded and immediately treated with 50 
pM of 50 pM 4-CI-IAA, or 4-CI-IAA + GA3i or 0.1% (v/v) aqueous Tween 80 
(SPNS) and daily thereafter for 5 days. Ethephon (1000 ppm) was applied 
only one time to the deseeded pericarps 90 minutes after the initial 4-CI-IAA 
treatment. Data are the means ± s e ; n = 3 to 4 for carbohydrate data; n = 8 
for fresh weight data.
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Discussion

The nature of phloem unloading along the path from the source tissue to the sink 

tissue is dynamic and, by responding to the prevailing source/sink balance, 

regulates photoassimilate supply to the terminal sink (Patrick, 1997). In 

developing pea fruit, the ovary (pericarp) is the primary sink for photoassimilates 

following pollination and fertilization of the ovules (2 to 8 DAA) until seed 

development advances to a point that the seeds become the major terminal sink. 

For most sinks, phloem unloading follows symplasmic routes (Patrick, 1997). 

During early pea pericarp development (0 to 8 DAA), Estruch and Beltran (1991) 

monitored the activity of the sucrose metabolizing enzymes, invertase (cell wall- 

bound, cytosolic, and vacuolar) and sucrose synthase. Following anthesis (0 

DAA), the activities of soluble acid (vacuolar) invertase and neutral (cytosolic) 

invertase increased and correlated with the maximum rates of pericarp growth. 

Pericarp cell-wall invertase and sucrose synthase activity remained low and 

unchanged from 0 to 8 DAA (Estruch and Beltran, 1991). The higher activity of 

the inter-cellular pea pericarp sucrose metabolizing enzymes suggests that 

phloem unloading of sucrose into the pericarp tissue occurs symplasmically via 

the plasmodesmata, rather than apoplasmically during early pericarp 

development. These data are consistent with data from studies on other fruits 

where symplasmic phloem unloading into young developing fruit tissue usually 

occurs (Patrick, 1997).

During this early developmental period that included the rapid phase of 

pericarp growth in length (2-8 DAA), starch formed a temporary reserve that 

accumulated in the pericarp up to 8 DAA (Figure 3.3 A and B). Sucrose and 

glucose also accumulated in the pericarp during this rapid growth phase (Figure

3.3 C, D, E and F). A similar profile was observed in P. sativum cv. Finale, 

where starch levels (mg/pericarp) increased up to 10 DAA, followed by a gradual 

decrease during seed filling (15 to 20 DAA). Pericarp soluble carbohydrate 

(sucrose, glucose and fructose) levels (mg/pericarp) increased from less than 10 

mg*pericarp‘1 at 5 DAA to 75 mg/pericarp by 10 DAA (Rochat and Boutin, 1989).
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Studies monitoring carbon transfer from the leaflets, stipules, and the 

pericarp of the first reproductive node of field pea (Pisum arvense L.) to the 

seeds showed that prior to 10 DAA, the pericarp did not export surplus carbon to 

the seeds (Flinn and Pate, 1970). The pericarp transitioned from a sink to a 

source of photoassimilates for the developing seeds by 10 DAA (Flinn and Pate, 

1970). From 10 to 25 DAA, the pericarp supplied about 25% of the total carbon 

required by the developing seeds by contributing recycled respired carbon from 

the seeds (about 45%), fixing CO2 from the atmosphere (about 10%) and 

mobilizing dry matter (likely starch) accumulated earlier in the life of the pod 

(about 45%). From 6 to 28 DAA, the leaflets and stipules subtending the same 

flowering node contributed about 40% of the total carbon required by the 

developing seeds. The remaining 35% of the carbon requirement for the 

developing seeds was acquired from sources external to this flowering node 

(Flinn and Pate, 1970).

The timing of the pericarp transition from a sink to a source organ for the 

seeds in this study (between 8 to 12 DAA) was similar to that observed by Flinn 

and Pate (1970). During the transition period (8-12 DAA), the growth rate of the 

pericarp slowed from a peak of 0.7 g fwt'1day'1 at 7 DAA to 0.3 g fwt'1day'1 by 12 

DAA. Concurrently, pericarp starch levels also decreased (2.5-fold, 1.0 to 0.4 

pMol glucose eq.*mg dwt'1; 1.75-fold, 390 to 200 pMol glucose eq.*pericarp'1, 

respectively; Figure 3.3 A and B). Meanwhile, during the pericarp transition 

phase (8 to 12 DAA), seed growth rate (11.5 to 35.9 mg*day'1) and starch levels 

(0.6 to 0.8 pMol glucose eq.*mg dwt'1 and 4 to 27.5 pMol glucose eq.*seed'1) 

increased (Figure 3.3 A and B).

In tomato fruit, the transition from starch to soluble sugar accumulation is 

accompanied by changes in the post sieve element pathway (Offler and Horder, 

1992). During starch accumulation in the tomato outer pericarp, the 

plasmodesmata can accommodate sucrose transfer symplasmically (Offler and 

Horder, 1992). As the fruit develops, hexose accumulation occurs directly by the 

transfer and hydrolysis of sucrose into the apoplast, and then hexose uptake 

through the plasma membrane (Offler and Horder, 1992). During this later
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period, the symplasmic route to the phloem parenchyma cells is maintained 

(Johnson et al., 1988; Offler and Horder, 1992) but structural restriction to 

symplasmic transfer is imposed by a significant decrease in plasmodesmatal 

cross-sectional area (Johnson et al., 1988; Offler and Horder, 1992).

Although detailed studies on symplasmic/apoplasmic transport have not 

been reported for pea fruit, phytohormones are likely signals to coordinate the 

pericarp’s transition from sink to source tissue. One important enzyme 

expressed in both pea pericarps and seeds is PsGA3ox1 which converts GA2o to 

biologically active GAi. PsGA3ox1 message levels peaked at 8 DAA and rapidly 

dropped from 8 to 12 DAA (Ozga et al., 2003), coinciding with the transition from 

sink to source tissue in the pericarps (Figure A.2 to A.7). The role of hormones 

has been implicated in regulation of plasmodesmatal conductance through 

calcium-related signaling pathways (Baluska et al., 2001) by altering callose 

deposition/hydrolysis and physiochemical states of key cytoskeleton components 

located around and in the neck regions of the plasmodesmata (Botha et al., 

2000). Exogenous GA3 has been shown to stimulate phloem unloading in non

pollinated pea pericarps (Pereto and Beltran, 1987). One possibility is that the 

drop in pericarp PsGA3ox1 levels from 8 to 12 DAA reduced the levels of 

biologically active GAi, thereby reducing the extent of symplasmic transport of 

sucrose to the pea pericarp.

The increase in sucrose phosphate synthase activity which synthesizes 

sucrose in source and sink tissues (ap Rees, 1989) was observed by 8 DAA in 

pea pericarps. At the same time a decrease in pericarp soluble (vacuolar) acid 

invertase and soluble (cytosolic) neutral invertase activities (Estruch and Beltran,

1991) occurred. These changes in the pericarp’s sucrose synthesis and 

metabolism enzyme activities reflect a change in sucrose metabolism. These 

changes may be dictated by a reduction in symplasmic phloem unloading into the 

pericarp tissue coincident with an increase in phloem loading into the vascular 

tissue for transport of sucrose to the developing seeds, similar to what was 

observed in tomato (Offler and Horder, 1992).
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As pericarp starch is mobilized to the seeds during the rapid phase of 

seed development, pericarp cellular integrity must be maintained during starch 

breakdown and therefore at least the initial stages of starch degradation must 

occur in the plastids. Studies of the sub-cellular distribution of the enzymes of 

starch metabolism in leaves suggest that starch is mobilized by the combined 

activities of endoamylase and starch phosphorylase (Stitt, 1984; Stitt and Steup, 

1985). Characterization of the products of starch degradation in isolated 

chloroplasts revealed that glucose 1-phosphate produced by phosphorylase was 

metabolized within the chloroplast to triose phosphates and 3-phosphoglycerate, 

whereas the other products, glucose and maltose, were probably exported to the 

cytoplasm depending on the status of the cell. Both endoamylase and starch 

phosphorylase could be targets for phytohormone control during pericarp 

transitioning.

Reflective of a source tissue actively involved in phloem loading, pericarps 

from 15 to 20 DAA maintained lower starch levels than those prior to the 

sink/source transition. Sucrose and glucose levels (pMol/mg dwt) were 

maintained at levels similar to those observed immediately prior to the 

sink/source transition (Figure 3.3 A, C, and E).

In legume seeds, including pea, embryos are not vascularly connected to 

the maternal tissue. During early embryo development (0 to 8 DAA), the 

embryonic cells divide in a nutrient rich apoplastic liquid (endosperm) supplied by 

the surrounding seed coat. In P. sativum cv. Greenfeast, during the pre-storage 

phase (6 DAA) a few starch grains were observed in the testa (seed coat) in the 

cells underlying the outer epidermal layer and ovular cells adjacent to it 

(Hardham, 1976). In this study, seed starch levels between 4 to 8 DAA 

increased 36-fold (0.1 to 4 pMol glucose eq.*seed'1); however, the amount of 

starch per seed was only 1.2% (pMol glucose eq.*seed"1) that of seeds at 20 

DAA (Figure 3 B). Sucrose levels per seed were relatively low from 4 to 8 DAA 

(Figure 3.3 C and D). Another pea cultivar, cv. Finale also had low starch and 

sucrose amounts (mg*seed'1) in the embryo during the pre-storage phase of 

seed development (10 DAA) (Rochat and Boutin, 1989).
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In the legume Vicia fava, the seed coat sieve elements also unload 

sucrose into the apoplastic space between the seed coat and the developing 

embryo (Weber et al., 1995). During the seed pre-storage phase in this species, 

seed coats had a much higher amount (pMol*g fwt‘1) of sucrose than either the 

apoplast or the cotyledons. However, hexose levels (pMol*g fwt'1) were much 

higher in the apoplast and cotyledons compared to the seed coat (Weber et al., 

1995). A developmental profile showed that cell wall-bound invertase enzyme 

activity increased from 12 DAA and peaked between 15 to 22 DAA (pre-storage 

phase), and decreased to low levels between 30 and 40 DAA (seed filling 

phase). Cell wall-bound invertase enzyme activity was found in the seed coat 

and not the embryo from 15 to18 DAA (Weber et al., 1995). One cell wall-bound 

invertase gene was expressed during the pre-storage phase in the thin-walled 

parenchyma of the seed coat, a region know to be the site of photoassimilate 

unloading (Weber et al., 1995). Weber et al. (1995) proposed the following 

model for sucrose metabolism in seed tissues during the pre-storage phase. 

After unloading from the seed coat, sucrose is hydrolyzed by cell wall-bound 

invertases. The hexose products are then loaded into the cotyledons and control 

carbohydrate partitioning by modulating the sucrose synthase/sucrose- 

phosphate synthase pathway [the high ratio of hexoses to sucrose within the 

cotyledons during the pre-storage phase postulated to maintain a low sucrose 

synthase/sucrose-phosphate synthase ratio and inhibit the synthesis of the main 

storage protein, legumin B; (Weber et al., 1995)]. Sucrose-phosphate synthase 

(forms sucrose 6-phosphate from UDP-glucose and fructose 6-phosphate) 

activity increased from 15 to 22 DAA (pre-storage phase) in the cotyledons 

(Weber et al., 1995). Weber et al. (1995) proposed that hexoses transferred into 

the embryo during the pre-storage phase are reformed into sucrose 6-phosphate 

by sucrose-phosphate synthase.

Weber et al. (1995) observed the degradation of the thin-walled 

parenchyma cells that express the invertase prior to the initiation of the seed 

storage phase and postulated that this event initiated the storage phase 

(characterized by a switch to a low hexoses/ sucrose ratio) in the seed of V. fava.
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It is possible that the same event may initiate the seed storage phase in P. 

sativum, as the increase in seed sucrose levels (per organ basis) from 8 to 12 

DAA (2 to 6.5 pMol glucose eq.*seed'1; Figure 3.3 D) signals a change in 

sucrose metabolism in the seed prior to the initiation of the seed storage phase 

12 to 14 DAA (Figure 3.3 D).

During pea seed filling (10-24 DAA) in nine cultivars including ‘Alaska 

Sweet’, sucrose synthase activity in the seed coat and in the embryo showed a 

significant positive, linear correlation to the relative rate of starch synthesis -  a 

key indicator of sink strength (Dejardin et al., 1997). By cleaving sucrose, 

sucrose synthase in the seed coat and the embryo could maintain sucrose 

unloading into the seed during the seed-filling stage. The increase in starch 

accumulation in P. sativum cv. Alaska seeds by 14 DAA (Figure 3.3 A and B) is 

likely correlated with an increase in sucrose synthase activity in the seed coat 

and embryo of the seed. The low amount of glucose in the seed (Figure 3.3 E 

and F) during seed filling (14-20 DAA) also suggests that sucrose is unloaded, 

cleaved by sucrose synthase, and the resultant products, UDP-glucose and 

fructose, are used for starch synthesis in the cotyledons and metabolic 

processes within the embryo.

Seed PsGA3ox1 levels increased 8-fold from 3 to 4 DAA [10 to 80 fg *mg 

fwt"1, respectively; (Ozga et al., 2003)], preceding the initiation of endosperm 

development by approximately 1 day (Hardham, 1976). Seed starch, sucrose, 

and glucose levels increased [7-fold, 11-fold, and 14-fold, respectively (per seed 

basis); Figure 3.3 B, D and E] from 4 to 6 DAA following the increase in 

PsGA3ox1 levels. Seed PsGA3ox1 levels remained between 53 to 100 fg*mg 

fwt'1 from 4 to 14 DAA; by 20 DAA PsGA3ox1 levels decreased to 23 fg*mg fwt'1 

(Ozga et al., 2003). Seed starch was maintained between 0.2 to 1 pMol glucose 

eq.*mg dwt'1 and 0.1 to 27 pMol glucose eq.*seed'1 from 4 to 12 DAA (Figure 3 A 

and B) then increased linearly from 14 to 20 DAA (Figure 3.3 A and B). Sucrose 

was maintained between 0.3 and 10 pMol glucose eq.*seed"1 from 4 to 12 DAA 

then increased linearly from 14 to 20 DAA (Figure 3.3 D). These data suggest
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that GA could trigger endosperm development and maintenance of pre-storage 

phase carbohydrate status in the seed.

Although the major sink tissue in the fruit was the pericarp from 0 to 8  

DAA, the presence of the seeds is required for pericarp growth (Ozga et al.,

1992) and sink status for photoassimilates. When seeds are removed, pericarp 

growth was inhibited, starch levels dropped to near zero by 48 hours, and the 

pericarps senesced [(Ozga et al., 1992) Figure 3.4 B], The 24h delay in starch 

degradation in deseeded pericarps might be due to endogenous growth factors 

that are still present in the pericarps immediately following seed removal (Figure

3.4 A and B). Starch degradation in the SPNS pericarps from 3 to 4 DAA did not 

result in a concomitant accumulation of glucose in the tissue. The majority of the 

starch could be degraded by starch phosphorylase instead of a-amylase resulting 

in an abundance of glucose-1-phosphate, instead of glucose (Figure 4 B).

GA3 can replace the requirement of the seeds for maintenance of 

pericarps growth and sink capacity during early pericarp development (Ozga et 

al., 1992). GA3-treated deseeded pericarps maintained starch and glucose 

levels (pMol glucose eq.*mg dwt-1) within the same range as SP or intact 

pericarps (2 to 7 DAA). GA3 increased sucrose levels in deseeded pericarps 

compared to the SPNS control at 24 h (3 DAA) and 48 h (4 DAA) after initial 

treatment (Figure 3.5 A and Figure 3.4 B). Pereto and Beltran (1987) also found 

that GA3 treatment significantly stimulated [C14]-sucrose accumulation in non

pollinated pea ovaries by increasing phloem unloading at the sink. The increase 

in phloem unloading by exogenous GA3 could be a result of its effect on invertase 

activity. Estruch and Beltran (1991) found that daily GA (20 pL, 300 mM) 

treatment to non-pollinated ovaries from the equivalent of 2 DAA increased 

pericarp cytosolic, vacuolar, and cell wall-bound invertase activities by the 

equivalent to 4 DAA. The peak in GA-induced invertase activities also coincided 

with the peak in GA-treated ovary growth rate (at the equivalent of 4 DAA). In 

shorter term studies, GA treatment increased cytosolic and cell wall-bound 

invertase activities within 90 min after GA application to non-pollinated ovaries. 

GA treatment maintained vacuolar invertase activity in non-pollinated ovaries

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



compared to the loss of activity observed in the untreated controls. Increasing 

cytosolic and cell-wall bound invertase activities via GA may be a rapid way to 

increase phloem unloading of sucrose into the pericarps via symplasmic and 

apoplasmic routes, whereas vacuolar invertase is likely more important for 

longer-term modulation of cellular sucrose levels.

4-CI-IAA is a naturally occurring auxin in pea seeds and pericarps 

(Magnus et al., 1997) that stimulates pericarp GA biosynthesis, specifically, the 

conversion of GA19 to GA2o (van Huizen et al., 1995) and the message level of 

PsGA3ox1 (Ozga et al., 2003). Similar to GA3, 4-CI-IAA maintained starch levels 

and increased glucose levels in deseeded pericarps (Figure 6 A). However, 

starch levels were lower in 4-CI-IAA-treated compared to GA3-treated deseeded 

pericarps at 24h (3 DAA) and 48 h (4 DAA) after initial hormone application, 

suggesting that 4-CI-IAA is not equivalent to GA in this process. When non- 

pollinated ovaries were treated with 2,4-dichlorophenoxyacetic acid (2,4-D, a 

synthetic auxin) at the equivalent to 2 DAA, vacuolar, cytosolic, and cell wall 

invertase activities increased by the equivalent to 4 DAA (Estruch and Beltran, 

1991). However, in shorter term studies with GA3 or 2,4-D- treated non- 

pollinated ovaries, only GA3 stimulated cell-wall invertase activities [within 1 h 

after application; (Estruch and Beltran, 1991)]. These data suggest that the 

naturally occurring auxin, 4-CI-IAA, is also important for maintenance of sink 

potential in the pea pericarp.

When 4-CI-IAA and GA3 were applied in combination, growth (fresh 

weight) was greater than either treatment applied alone [(Ozga and Reinecke, 

1999), Figure 6 B]. Starch levels (per mg dwt) were higher than 4-CI-IAA-treated 

deseeded pericarps, but not greater than GA3-treated deseeded pericarps 

(Figure 3.6 A and B, Figure 3.5 A). Likely, the 4-CI-IAA plus GA3 treatment 

stimulated an increase in phloem unloading of sucrose into the pericarp 

compared to either applied alone and this additional carbohydrate was used to 

enhance pericarp growth instead of increase starch levels.

IAA (50 mM) inhibited deseeded pericarp growth both alone and in 

combination with GA3 [(Reinecke and Ozga, 1995; Reinecke et al., 1995); Figure
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3.4 C and Figure 3.5 B]. IAA also enhanced starch degradation in deseeded 

pericarps within 24h after initial application (Figure 3.4 C). One of auxin’s known 

effects is to stimulate ethylene biosynthesis via 1-aminocyclopropane-1- 

carboxylic acid synthase (ACS) [(Kende, 1993); Chapter 2]. Silver thiosulphate 

(STS - an ethylene action inhibitor) is able to block the inhibitory effect of IAA on 

GA3-treated deseeded pericarps [(Reinecke and Ozga, 1995); Figure 3.5 E and 

F], strongly suggesting that lAA-induced ethylene is causing the growth inhibition. 

Ethylene [produced from Ethephon (1000 ppm)] and lAA-induced production of 

ethylene both stimulate starch degradation earlier than deseeded pericarp 

controls (2 to 7 DAA) (Figure 3.4 C and D). Ethylene inhibited the starch 

maintenance effects of GA3 application, and this effect was reversed by the 

ethylene action inhibitor silver thiosulphate (STS) (Figure 3.5 E and F). One role 

for endogenous ethylene in fruit development may be to moderate the growth 

stimulating effect of GA possibly resulting in pericarp senescence or changing a 

sink tissue into a source tissue for photoassimilates.

In regards to sugar sensing, the Arabidopsis glucose insensitive mutant 

(gin1) can be phenocopied by treating wild-type seedlings with 1- 

aminocyclopropane-1-carboxylic acid (ACC) (Zhou et al., 1998). Hexokinase- 

dependent pathways (of which gin1 is a factor) coordinate regulation of many 

developmental transitions in Arabidopsis. Another possible role for endogenous 

ethylene in fruit development may be to modulate the pericarp’s level or 

sensitivity to hexoses.

Application of Ethephon (1000 ppm) to 4-CI-IAA-treated deseeded 

pericarps did not inhibit pericarp growth (Figure 3.6 C). Starch, sucrose and 

glucose profiles were similar to or greater than 4-CI-IAA-treated pericarps. 

These results show that 4-CI-IAA blocks the effect of ethylene on starch 

degradation in pea pericarps and confirms the hypothesis that 4-CI-IAA and IAA 

play different roles during pea fruit development. Specifically, that 4-CI-IAA acts 

to stimulate fruit growth and development, and IAA via ethylene acts to inhibit it.

Pea fruit growth is a coordinated dynamic event between the pericarp and 

the seeds. We propose the following model of hormone regulation of
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carbohydrate partitioning during early pea fruit development (Figure 3.7). Firstly, 

photoassimilates are imported into the pericarps under the control of the 

developing seeds. Seed-derived 4-CI-IAA stimulates GA biosynthesis within the 

pericarp leading to an increase in biologically active GAi and promotion of GA 

tissue sensitivity (by blocking ethylene action). The higher pericarp GAi level 

and tissue sensitivity increase sucrose unloading into the pericarp, in part, by 

stimulating pericarp invertase activities. The transition from the pericarps as a 

sink to a source tissue for photoassimilates for the seed could be regulated by a 

decrease in GAi, possibly in conjunction with an increase in ethylene. Further 

experiments monitoring the dynamic flow of photoassimilates within the fruit 

could uncover how phytohormones are directing sucrose unloading.
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Figure 3.7: Model of the role of hormones in carbohydrate
partitioning in pre-transition pea pericarps
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Chapter 4: Summary and Conclusions

The objective of this research was to determine why 4-CI-IAA is active and 

IAA is not active in stimulating pericarp growth. Specifically:

1. to test if the difference in the activity (with respect to growth) of 4-CI- 

IAA and IAA in pea pericarp tissue is due to a differential effect on 

ethylene biosynthesis or action.

2. to test if ethylene is involved in the differential activity of 4-CI-IAA with 

GA3 (synergistic growth of pericarp) and IAA with GA3 (inhibits GA3- 

induced growth of pericarp).

3. to further understand how hormones (GA, auxin, and ethylene) affect 

carbohydrate partitioning into pea fruit.

Previous research has shown that pea fruit development is regulated by 

seeds (Ozga et al., 1992). Further experiments with the split-pericarp system 

have indicated that exogenous GA3 and 4-CI-IAA can replace the requirement 

of the seeds for pericarp elongation (Ozga and Reinecke, 1999). However, 

exogenous IAA was inhibitory when applied by itself or in combination with 

GA3 (Reinecke and Ozga, 1995).

Chapter 2 of this thesis explored the effect of 4-CI-IAA and IAA on 

ethylene evolution and reconfirmed their differential effect on pea pericarp 

growth (Reinecke and Ozga, 1995; Ozga and Reinecke, 1999). Both 4-CI- 

IAA and IAA stimulated ethylene evolution similarly in deseeded pericarps. 

IAA and IAA + GA3 treatment inhibited pericarp growth through the action of 

ethylene. Direct application of ethylene was also found to inhibit GA3- 

stimulated pericarp growth. However, ethylene evolution due to 4-CI-IAA
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treatment when applied separately or in combination with GA3 showed no 

inhibitory effect on pericarp growth. The enhanced rate of ethylene 

production due to 4-CI-IAA-treatment does not have an effect on its 

stimulation of pea pericarp growth.

Further experiments on the expression of genes involved in ethylene 

biosynthesis would help in understanding the role of ethylene in early pea fruit 

growth. A study on genes encoding 1-aminocyclopropane-1-carboxylate 

synthase (ACS) isoforms in etiolated pea seedlings showed the differential 

response of ethylene biosynthesis to wounding and auxin treatment (Peck 

and Kende, 1998). Previously cloned ACS gene sequences of pea seedlings 

could be used to identify ACS isolates that are expressed in pea fruit. The 

pea fruit ACS gene(s) could be monitored at both the activity and expression 

levels to corroborate ethylene evolution rates observed in Chapter 2 

experiments.

Silver thiosulphate (STS) was used as a synthetic ethylene action 

inhibitor to test the effect of ethylene on pea fruit growth. However, STS may 

have some other additional effects on tissue growth besides blocking 

ethylene action. Thus, the results observed when deseeded pericarps were 

treated with STS, could be reconfirmed by similarly conducted experiments 

using a different ethylene action inhibitor, such as 1 -methylcyclopropene (1 - 

MCP).

Based on the observations made in Chapter 2, further studies will be 

needed to examine the role of ethylene in pea fruit development. At present, 

ethylene signal transduction understanding is based mainly on ethylene 

insensitive or hypersensitive mutants of Arabidopsis sp. (McCourt, 1999). 

Though peas are distantly related to Arabidopsis (Fabaceae vs. 

Brassicaceae) (Woodland, 1997), results from Arabidopsis could be used to 

screen for similar genes in pea. Already, pea equivalents for the ethylene 

receptor gene have been identified in pea ovaries (Orzaeaz et al., 1999). 4-
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CI-IAA and IAA have similar effects in pea stem tissue, unlike in pea fruit 

(Reinecke, 1999). Using transgenic pea plants that involve specific 

expression of genes from the ethylene signal transduction pathway in the 

fruit, we could devise experiments to help in the understanding of ethylene’s 

role in pea fruit development.

In this study with pea fruit, we were interested in how phytohormones 

could regulate sink strength in the pea pericarp. Analysis of carbohydrate 

status in intact pericarps revealed a decrease in pericarp starch accumulation 

around 8  DAA (Chapter 3), followed by an increase in glucose levels. By 

using 2 to 7 DAA deseeded pericarps, we tested the effect of GA3, IAA, 4-CI- 

IAA, Ethephon and the ethylene action inhibitor, STS on starch, sucrose and 

glucose accumulation. GA3 and 4-CI-IAA maintained pericarp starch levels 

throughout the experiment. However, IAA and Ethephon immediately 

stimulated starch degradation when applied alone or with GA3. STS 

prevented IAA and Ethephon’s inhibitory effect on GA3-treated growth.

Current experiments in our research group to examine how bioactive 

GA influences early pea fruit growth include gene expression studies and 

manipulation of genes in the gibberellin biosynthesis pathway. Pericarp 

starch levels were compared to mRNA levels of gibberellin 3IJ-hydroxylase, 

the enzyme that converts GA2o to bioactive GAi (Appendix). The profile of 

starch accumulation and mRNA levels were similar. ‘Alaska’ pea plants that 

overexpress or underexpress gibberellin 3 B-hydroxylase in the fruit have 

been engineered by our group. Further experiments with these transgenic 

peas would help us to understand the action of gibberellin on starch, sucrose 

and glucose levels of the pericarp.

The stage when pericarps transition from a sink to a source of 

photoassimilates for the seeds is a key part of fruit development. Further 

studies to monitor the role of phytohormones at this stage could lead to the 

manipulation of the timing of the transition. The experiments from Chapter 3
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suggest that ethylene could be used as a signal for starch degradation within 

the pericarp, and its transfer to the developing seed. The use of ethylene 

action inhibitors to manipulate ethylene perception by the fruit would allow us 

to better understand the role of ethylene during this transition stage.

In conclusion, pea fruit development is a dynamic event where 

phytohormones influence fruit growth. Ethylene is an inhibitor of pea fruit 

growth and 4-CI-IAA and IAA stimulate ethylene biosynthesis similarly. 4-CI- 

IAA, unlike IAA is modifying the pericarp’s sensitivity to ethylene possibly by 

preventing ethylene perception or ethylene signal transduction. 4-CI-IAA has 

additional growth promoting effects separate from blocking the inhibitory 

effect of ethylene, since application of STS did not stimulate pericarp growth. 

4-CI-IAA could be transported from the seeds to the pericarp to block 

ethylene action and stimulate GA biosynthesis, thereby promoting GA 

response in this tissue.
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Appendix

Ethylene evolution and pericarp growth in hormone-treated pericarps 

bagged during the incubation period on the plant.

Pea plants (Pisum sativum L.) line b (Alaska-type) were grown as described 

in Chapter 2. To test hormone induction of ethylene evolution in deseeded 

pea pericarps, auxins (IAA or 4-CI-IAA and GA3 (30 pL, 50 mM hormone in 

0.1% [v/v] aqueous Tween 80), were applied to 2 DAA deseeded pericarps 

and incubated on-plant for 4, 8 , 12, or 24 hours. Treated pericarps remained 

attached to the plant and enclosed in a plastic bag. Pericarps were harvested 

after the incubation period to measure the rate of ethylene evolution. A 1 mL 

gas sample from the headspace of the vial was tested for ethylene 

quantitation on a GC fitted with a flame ionization detector, as described in 

Chapter 2. Ethylene content was determined by comparing the sample an 

equal volume of 0.96ppm ethylene primary standard.

Variable results were obtained from these experiments, probably due to the 

uncontrolled atmosphere surrounding the tissue in the bag.
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Figure A.1: Relative ethylene evolution and pericarp growth in 
hormone-treated pericarps bagged during the incubation 
period on the plant

Two DAA pericarps were split, deseeded and immediately treated 
with 50 pM IAA or IAA + GA3 (A and B); 4-CI-IAA or 4-CI-IAA + GA3 
(C and D); or GA3 (E and F). After hormone application, pericarps 
were bagged. Subsequently, pericarps were harvested at 4, 8, 12, 
and 24 hours. Data is presented as the relative rate of ethylene 
evolution where the rate of ethylene evolution of the SPNS 
pericarps is subtracted from the hormone-treated pericarps. Data 
are means ± 4 to 8.
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Comparison of GA 3ft-hydroxylase mRNA levels from Ozga et al. (2003) 

with starch, sucrose and glucose levels in the pericarp and seed (data 

from Chapter 3)

All GA3ft-hydroxylase mRNA data from:

Ozga JA, Yu J, Reinecke DM (2003) Pollination-, Development-, and Auxin- 
Specific Regulation of Gibberellin 3p-Hydroxylase Gene Expression in 
Pea Fruit and Seeds. Plant Physiology 131:1137-1146
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Figure A.2: Starch, GA3ox1 mRNA and Fresh Weight profiles
of intact pericarps from -2 to 20 DAA

Starch and Fresh Weight: Starch levels from 0 to 20 DAA in
pericarps expressed as pMol glucose eq.*mg fwt (A) or pMol
glucose equivalent*pericarp'1 (B). Data are means ± se , n = 4 to 6 ; 
pericarp fresh weight n = 4 (From Chapter 3).

Ps GA3ox1 mRNA modified from Ozga et al., 2003:
Developmental regulation of PsGA3ox1 mRNA levels in pea 
pericarps. PsGA3ox1 mRNA levels from -2 to 20 DAA in pericarps 
expressed as femtogram milligram fresh weight'1 (A) and 
femtogram pericarp'1 (B). Data are means ± s e , n = 2 to 6.
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Figure A.3: Sucrose, PsGA3ox1 mRNA, and fresh weight of
pericarps from -2 to 20 DAA

Sucrose and Fresh Weight: Sucrose levels from 0 to 20 DAA in 
pericarps expressed as pMol glucose eq.*mg fwt (A) or pMol 
glucose equivalent*pericarp'1 (B). Data are means ± s e , n = 4 to 6; 
pericarp fresh weight n = 4 (From Chapter 3).

Ps GA3ox1 mRNA modified from Ozga et al., 2003: 
Developmental regulation of PsGA3ox1 mRNA levels in pea 
pericarps. PsGA3ox1 mRNA levels from -2 to 20 DAA in pericarps 
expressed as femtogram milligram fresh weight"1 (A) and 
femtogram pericarp'1 (B). Data are means ± s e , n = 2 to 6.
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Figure A.4: Glucose, PsGA3ox1 mRNA, and fresh weight of
pericarps from -2 to 20 DAA

Glucose and Fresh Weight: Glucose levels from 0 to 20 DAA in 
pericarps expressed as pMol glucose*mg fwt (A) or pMol 
glucose*pericarp'1 (B). Data are means ± s e , n = 4 to 6 ; pericarp 
fresh weight n = 4 (From Chapter 3).

Ps GA3ox1 mRNA modified from Ozga et al., 2003: 
Developmental regulation of PsGA3ox1 mRNA levels in pea 
pericarps. PsGA3ox1 mRNA levels from -2 to 20 DAA in pericarps 
expressed as femtogram milligram fresh weight'1 (A) and 
femtogram pericarp'1 (B). Data are means + s e , n = 2 to 6.
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Figure A.5: Starch, GA3ox1 mRNA and fresh weight
profiles of seeds from 4 to 20 DAA

Starch and Fresh Weight: Starch levels from 4 to 20 DAA in 
pericarps expressed as pMol glucose eq.*mg fwt (A) or pMol 
glucose eq.‘ pericarp1 (B). Fresh weight from 0 to 20 DAA. Data 
are means ± s e , n = 4 to 6 (except 4 and 7 DAA, where n = 1); 
seed fresh weight n = 6 (From Chapter 3).

Ps GA3ox1 mRNA modified from Ozga et al., 2003: 
Developmental regulation of PsGA3ox1 mRNA levels in pea 
pericarps. PsGA3ox1 mRNA levels from -2 to 20 DAA in pericarps 
expressed as femtogram milligram fresh weight'1 (A) and 
femtogram pericarp'1 (B). Data are means ± s e , n = 2 to 6.
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Figure A.6: Sucrose, GA3ox1 mRNA, and fresh weight profiles
of seeds from 4 to 20 DAA

Sucrose and Fresh Weight: Sucrose levels from 4 to 20 DAA in 
pericarps expressed as pMol glucose eq *mg fwt (A) or pMol 
glucose eq.*pericarp'1 (B). Fresh weight from 0 to 20 DAA. Data 
are means ± s e , n = 4 to 6 (except 4 and 7 DAA, where n = 1); 
seed fresh weight n = 6 (From Chapter 3).

Ps GA3ox1 mRNA modified from Ozga et al., 2003: 
Developmental regulation of PsGA3ox1 mRNA levels in pea 
pericarps. PsGA3ox1 mRNA levels from -2 to 20 DAA in pericarps 
expressed as femtogram milligram fresh weight'1 (A) and 
femtogram pericarp'1 (B). Data are means ± s e , n = 2 to 6.
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Figure A.7: Glucose, GA3ox1 mRNA, and fresh weight profiles
of seeds from 4 to 20 DAA

Glucose and Fresh Weight: Glucose levels from 4 to 20 DAA in 
pericarps expressed as pMol glucose*mg fwt (A) or pMol 
glucose*pericarp'1 (B). Fresh weight is from 0 to 20 DAA. Data are 
means ± s e , n = 4 to 6 (except 4 and 7 DAA, where n = 1); seed 
fresh weight n = 6 (From Chapter 3).

Ps GA3ox1 mRNA modified from Ozga et al., 2003: 
Developmental regulation of PsGA3ox1 mRNA levels in pea 
pericarps. PsGA3ox1 mRNA levels from -2 to 20 DAA in pericarps 
expressed as femtogram milligram fresh weight'1 (A) and 
femtogram pericarp'1 (B). Data are means ± s e , n = 2 to 6.
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