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Abstract. Low temperature and oxygen stresses were imposed during the first 48 hr of germination on 2 lines of 
snap bean (Phaseolus vulgaris L.)> stress tolerant (PI-165426-BS) and stress-sensitive (‘Goldcrop’). At 22°C, 0 2 
concentrations of 0%, 1%, and 2% increased leakage from the seeds, delayed emergence, and reduced growth, 
compared to 5% and 21% 0 2. These effects were aggravated by reducing the initial seed moisture from 12% to 8% 
in ‘Goldcrop’, but not in PI-165426-BS. At 10°, the effect of oxygen deficiency was minimized. Low temperatures 
inhibited growth of ‘Goldcrop’, but not of PI-165426-BS, and increased leakage from seeds of both lines. The survival 
of seeds exposed to the low temperature decreased when initial seed moisture was reduced from 12% to 8%. Flooding 
the seeds for 24 hr increased leakage and reduced emergence and growth much more than 24 hr of complete anoxia. 
Since the effects of anoxia are different than flooding injury, a mechanism of flooding injury not related to oxygen 
deficiency is discussed.

Poor emergence of snap bean is a major problem for bean 
growers. Factors contributing to poor stands can be divided into 
2 categories: preplanting factors, such as genotype, initial seed 
moisture, and mechanical damage (8, 19, 26); and post-planting 
environmental factors, such as excess or deficit of water, low 
temperature, soil compaction, and pathogen infestation (12, 19, 
24). Soil flooding after planting is not uncommon as a result of 
heavy rains, which frequently result in poor stands especially 
when temperatures are low (12, 13). It is often assumed that 
flooding causes injury through oxygen starvation (20), though 
other mechanisms of injury have been suggested (16, 29, 30). 
Susceptibility to these conditions can be influenced largely by 
initial seed moisture (12, 19) and variety (25, 26).

Recent cultivars of snap beans, such as ‘Goldcrop’, were 
developed primarily for disease tolerance, processing quality, 
and yield (20). With emphasis in these areas, seed quality char-
acteristics did not receive sufficient attention. The U.S. plant 
introduction, PI-165426-BS (black-seeded selection), is a col-
lection of wild, viney bean seed from Mexico that is superior 
to most domesticated varieties in its ability to germinate in cold, 
wet conditions (26).

The objective of this study was to determine the difference 
in sensitivity between PI-165426-BS and ‘Goldcrop’ to anoxia, 
imbibitional chilling, and low initial moisture content of the 
seed. In addition, the study attempted to reveal the interaction 
between anoxia, cold temperature, and seed moisture content 
during germination of bean seeds.

Materials and Methods
Experimental procedures. A factorial experiment was de-

signed to expose seeds of 2 bean lines with initial moisture
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Fig. 1. Germination and radicle elongation of 12% moisture seeds of 
‘Goldcrop’ (left) and PI-165426-BS (right) after 48 hr of 0 2 treat-
ments at 22°C.

contents of 8% and 12%; to oxygen concentrations of 0%, 1%, 
2%, 5%, and 21%; and to temperatures of 10° and 22°C during 
the first 48 hr of imbibition and germination. Twelve seeds were 
planted 2.5 cm deep in each of 50 plastic beakers (400 ml) 
containing 244 g of acid-washed fine sand with 25% (dry-weight 
basis) deionized water. The sand was pre-equilibrated to the 
correct temperature for about 2 hr. Immediately after seeding 
the beakers were sealed with melted paraffin, and designated 
mixtures of air and N2 were passed over the sand surface at a 
flow rate of 500 ml-min-1 per beaker. The treatments were 
applied in a growth chamber set at either 10° ± 1° or 22° ± 
1°. Each 48-hr run (50 beakers) consisted of 5 replications of 
the 2 lines at 5 0 2 levels for one temperature-seed moisture 
combination. Four runs were required to accommodate the 2 
temperatures and 2 seed moisture levels.

After each 48-hr imbibition treatment, 20 ml of deionized 
water was added to each beaker and the seeds were removed by 
floatation. The seeds were replanted 2.5 cm deep in a green-
house soil mix [1 soil : 1 river sand : 1 peat (by volume)] with 
20% water (dry weight) in pans (46 x 25 x 15 cm), 120 seeds
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Table 1. Emergence from 8% and 12% moisture seeds of 2 bean 
lines, as affected by 5 0 2 concentrations and 2 temperatures during 
a 48-hr imbibition period.

_______________ Days to 50% emergence_______________
Seed moisture Seed moisture

___________(8%)__________  __________( 12%)__________

Temperature (°C)
P 2 (%)_______10__________ 22__________ 10__________ 22

Goldcrop
0 4.8 0.05z 4.6 ± 0.23 4.7 0.11 3.6 0.05
1 4.8 0.11 4.8 ± 0.17 4.7 ± 0.11 3.7 0.07
2 4.9 0.09 3.8 Hh 0.08 4.6 0.06 2.6 0.08
5 4.8 ■± 0.08 2.6 0.08 4.7 0.07 2.0 0.08

21 4.8 ± 0.17 2.5 ± 0.08 
PI-165426-BS

4.7 0.11 1.9 0.12

0 4.1 0.05 3.0 0.20 3.7 0.09 3.0 0.11
1 4.1 ± 0.13 2.9 0.12 3.5 ± 0.06 2.9 0.06
2 4.2 0.09 2.4 ± 0.06 3.6 0.04 2.3 0.10
5 4.0 ± 0.17 2.2 ± 0.10 3.6 ± 0.03 1.7 0.08

21 4.2 -± 0.05 2.0 ± 0.08 3.6 ± 0.04 1.6 0.04

zMeans and s e m .

per pan. After planting, the soil surface was sprayed with 500 
ppm Ridomil to prevent infection by Pythium spp. The pans 
were placed in a growth chamber for emergence and growth of 
the seedlings at day and night temperatures of 25°C for 16 hr 
and 22° for 8 hr, respec tive ly . L ight in tensity  of 132 
p,mol-s_1*m-2 at plant level was provided by VHO fluorescent 
lamps. Emergence was recorded daily at the appearance of the 
hypocotyl hook. After a 10-day growth period, seedling tops 
were harvested and dry weight was measured after 15 hr of 
drying at 95°.

Estimation leakage. Following removal of seeds, the water 
was extracted from the sand by vacuum. Conductivity was mea-
sured, and sugars and related substances were estimated by phenol- 
sulfuric acid reaction (9).

Leakage was expressed on a “ per seed” basis. No adjust-
ments of leakage to seed size were made. The ratios of the 
dimensions between seeds of ‘Goldcrop’ and PI-165426-BS are 
1.33:1 by weight, and 1.21:1 by surface area (considering the 
seeds a sphere).

Oxygen regimes. Five 0 2 levels were obtained by mixing 
atmospheric air and N2. Each of the 5 gas regimes was mixed 
and humidified by bubbling through a water column and dis-
tributed by a manifold to 10 beakers (5 replications x 2 lines). 
Air samples were taken above the sand and at seeding depth, 
and 0 2 concentration was determined with a Varian Aerograph 
gas chromatograph (model 90-P). Oxygen concentrations at seed 
depth were found to be the same as those above the sand and 
in the original N2/air mixtures (determined 5-10 min after seal-
ing the beakers).

Demonstration o f the effects o f 0 2 deficiency and flooding. 
A completely randomized experiment consisted of 3 treatments 
in 5 replications: 24-hr imbibition under flooding, under N2, 
and under atmospheric air.

‘Goldcrop’ seeds with 11% moisture were planted in flasks 
with 300 g of sand containing 75 ml deionized water (15 seeds/ 
flask). The flasks were sealed, and N2 or air was passed over 
the sand surface. In the flooding treatment, 36 ml deionized 
water was added immediately after planting. To the nonflooded 
flasks, 36 ml deionized water was added after the 24-hr treat-
ments. After treatment, the seeds were removed and the water 
extracted from the sand by vacuum. Leakage was evaluated as 
described. The seeds were replanted as described and held in a 
growth chamber for 14 days.

Plant material. Two bean lines were used: ‘Goldcrop’, a do-
mesticated cultivar (25); and a black-seeded selection out of PI- 
165426. Seeds free of mechanical damage were screened for 
uniform size between 12 and 14 mesh (4.8-5.6-mm width of 
the screen holes) for ‘Goldcrop’ and between 10 and 12 mesh 
(4.0-4.8-mm width) for PI-165426-BS. Average seed weight 
was 305 and 225 mg per seed for ‘Goldcrop’ and PI-165426- 
BS, respectively.

•  O P I - 1 6 5 4 2 6  

■ □  GOLDCROP

■  • ------------- 2 2 ° C

□ O ------------- 10°  C

Fig. 2. Dry weights of 10-day-old seedlings from 8% and 12% moisture seeds of 2 bean lines, exposed to 5 0 2 levels and 2 temperatures 
(bars = s e m ).
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8%  SEED MOISTURE 12% SEED MOISTURE

% OXYGEN

8% SEED MOISTURE 12% SEED MOISTURE

Fig. 3. Electrolyte leakage from 8% and 12% moisture seeds of 2 bean lines exposed to 5 0 2 levels and 2 temperatures (bars = s e m ) .

Table 2. Effects of anoxia and flooding during the first 24 hr of germination of ‘Goldcrop’ seeds with 11% moisture 
content.

Treatment

Fresh wt 
increase2 

(%)

leakage 
equivalent of Days to 

50%
emergence

Total
emer-
gencey

(%)

Seedling 
top wty 

(mg-plant-1)

Normal
plantsy

(%)
KC1Z
(M-g)

CH2Oz
(M-g)

Air 106 ± 0.3X 144 ± 10 21 ± 2 1.9 ± 0.07 100 234 ± 4 98
Nitrogen 92 ± 0.2 411 ± 2 4 79 ± 13 2.8 ± 0.04 100 208 ± 4 98
Flood 105 ± 0.08 1023 ± 11 313 ± 9 3.8 ± 0.16 92 129 ± 6 46
zRecorded at the end of the 24-hr treatment period. 
yRecorded 14 days after emergence. 
xMeans and s e m .

Initial seed moisture was determined by a Steinlite moisture 
tester or gravimetrically by drying at 95°C to constant weight. 
Seeds from storage had 11.6% moisture (fresh weight basis) in 
both bean lines. To reduce the moisture content, the seeds were 
dried for 3 weeks at 22°-25° to 7.5% moisture (designated 8%).

Results

Effects of imbibitional stresses on germination and 
emergence

G erm ination and  em ergence as affected by 0 2 concentration. 
Exposure to anoxia during the 48-hr treatment phase affected

germination and emergence only at 22°C. Germination and ra-
dicle growth were the same for both lines at 5% and 21% 0 2 
but were reduced at 2% 0 2 (Fig. 1). At 1% 0 2 only seeds of 
PI-165426-BS germinated during the treatment phase; and at 
0% 0 2 neither line germinated during the treatment period (Fig. 
1 ).

Emergence after replanting was affected by 0 2 stress at 22°C, 
but not at 10° (Table 1). Oxygen levels of 0% and 1% resulted 
in delayed emergence of the 12% seeds by 1.7 and 1.4 days for 
‘Goldcrop’ and PI-165426-BS, respectively. Seeds with 8% 
moisture were delayed 2.1 days for ‘Goldcrop’ and 1.0 day for 
PI-165426-BS. The final percentage of emergence of 12% mois-
ture seeds was not affected by the 0 2 treatments (data not shown).
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"ig. 4. Leakage of sugars and related substances from 8% and 12% moisture seeds of 2 bean lines exposed to 5 0 2 levels and 2 temperatures 
(bars = s e m ).

Mso the emergence of 8% moisture seeds of PI-165426-BS was 
lot affected, but that of 8% moisture seeds of ‘Goldcrop’ seeds 
was reduced from 99% to 86-90%.

Emergence as affected by chilling. Exposure of ‘Goldcrop’ 
seeds to 10°C during the 48-hr treatment phase delayed emer-
gence of 8% and 12% moisture seeds 2.3 and 2.8 days, re-
spectively (Table 1). Low temperatures did not affect the final 
emergence of 12% moisture seeds (99%), but reduced emer-
gence of 8% moisture seeds of ‘Goldcrop’ to 74-88% and sur-
vival to 72-80%. Some ‘Goldcrop’ seedlings that did emerge 
from 8% moisture seeds, after exposure to 10°, showed loss of 
geotropism, inability to unfold the hypocotyl hook, loss of the 
apical meristem, and loss of the cotyledons or primary leaves. 
Exposure of PI-165426-BS seeds to low temperature delayed 
emergence of 8% and 12% moisture seeds 2.2 and 2.0 days, 
respectively (Table 1). Reducing the moisture content of PI- 
165426-BS seeds did not decrease their final emergence (86- 
92%) and survival (86-90%) as much as in ‘Goldcrop’, and 
only a few seedlings were abnormal.

Effects o f seed moisture and bean line on emergence. Re-
ducing initial seed moisture prior to seeding delayed emergence 
by about 0.5 day for both lines (Table 1). Emergence of ‘Gold- 
crop’ seeds at either moisture level was about 0.5 day slower 
than that of PI-165426-BS. ‘Goldcrop’ seeds were generally 
more sensitive to all stresses than PI-165426-BS seeds. There-
fore, differences between the 2 lines were larger under stress 
conditions than under optimal conditions.

Effects of the stresses on seedling growth

Effects o f  anoxia on growth. Growth was evaluated 10 days 
after replanting by measuring the dry weight of the surviving 
seedlings. At 22°C, the seeds exposed to low 0 2 produced smaller 
seedlings than those that germinated in 5% 0 2 and in air (Fig. 
2), but all the seedlings appeared normal. This anoxia effect

was greater for ‘Goldcrop’ than for PI-165426-BS. At 10°, the 
0 2 treatments had no significant effect.

Effects o f chilling on growth. Exposure of ‘Goldcrop’ seeds 
to imbibitional chilling retarded the growth of the seedlings 
(Fig. 2). Seeds of both moisture levels responded similarly, in 
agreement with emergence data (not shown), which indicated 
that 8% seed moisture primarily affected the survival of seeds 
exposed to 10°C. Seedlings of PI-165426-BS showed no reduc-
tion of dry weight as a result of imbibitional chilling (Fig. 2).

Effects of imbibitional stresses on leakage from seeds

Evaluation of leakage from seeds after 48 hr of imbibition 
and germination is particularly important, because leakage from 
seeds and roots indicates membrane damage (18, 30) and stim-
ulates pathogen germination and infection (14).

At 22°C, low 0 2 concentrations increased leakage of electro-
lytes and sugars, with the most pronounced effect at 0% 0 2 
(Figs. 3 and 4). Leakage of electrolytes at 5% 0 2 was consis-
tently lower than at 21% 0 2, though not always significantly 
different. At 10°, oxygen treatments had little or no effect on 
leakage. Imbibitional chilling resulted in higher leakage from 
seeds of both lines. This low temperature effect was accentuated 
greatly by low initial seed moisture in ‘Goldcrop’. At 22°, leak-
age was slightly higher from 8% moisture seeds than from 12% 
seeds of either line. Leakage of electrolytes and sugars from 
‘Goldcrop’ seeds under stress was much more pronounced than 
that from PI-165426-BS seeds.

The leakage trends of sugars and electrolytes were similar 
(Figs. 3 and 4), but differed in magnitude. Leakage of sugars 
from ‘Goldcrop’ seeds at 8% initial moisture was 10.6 times 
higher at 10°C than at 22°, while leakage of electrolytes was 
only 2.7 times higher. However, the increase in leakage result-
ing from low 0 2 was slightly less when estimated by sugars 
than by electrolytes.
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Effects of imbibitional anoxia and flooding on leakage, 
emergence, and growth

The relatively mild effect of anoxia and its interactions with 
the other experimental variables indicate that anoxia is either 
not involved in flooding injury of imbibing bean seeds or is only 
partially involve. Therefore, a 24-hr flooding treatment was 
compared to 24-hr anoxia and to control (air) (Table 2). Flood-
ing seeds of ‘Goldcrop’ resulted in high leakage, delayed and 
reduced emergence, reduced plant weight, and produced many 
abnormal plants. The consequence of anoxia matched more closely 
that of the control than that of flooding. During the 24-hr treat-
ment period, the control seeds and the flooded ones took up 
significantly more water than seeds in anoxia. However, weight 
increase of control seeds reflected both imbibition and growth, 
whereas that of flooded seeds reflected only imbibition, since 
no growth occurred. The increased influx of water into flooded 
seeds may be related to flooding injury.

Discussion

The effects of anoxia, low temperature, seed moisture, and 
bean line

Anoxia had a pronounced effect on electrolyte leakage and a 
smaller effect on leakage of sugars, whereas temperature stress 
had a large effect on leakage of sugars compared to electrolytes. 
These different responses may indicate a different mechanism 
of leakage. The large release of electrolytes due to low 0 2 could 
reflect increased leakage of K due to reduced ATP availability 
(22). Leakage of large sugar molecules, which followed chilling 
treatments, may have resulted from relatively large membrane 
discontinuities (3, 27).

Increasing the initial seed moisture content gave some pro-
tection against temperature stress, especially in ‘Goldcrop’, which 
is more sensitive than PI-165426-BS. Therefore, moistening the 
seeds prior to seeding might reduce injury from adverse field 
conditions. The impracticality of moistening large volumes of 
seed and the large differences in stress sensitivity between the 
lines suggest that incorporating genetic characteristics for stress 
tolerance into commercial cultivars would be more practical.

The effects of flooding vs. anoxia on seed germination

Despite the adverse effects of anoxia during the first 48 hours 
of imbibition and germination, the role of 0 2 deficiency under 
flooding is questionable. The present results support the con-
clusions of investigators who indicate that factors other than 0 2 
deficiency are involved in flooding injury (1, 2, 10, 13, 29, 
30). Three differential responses between anoxia and flooding 
can be identified: 1) Flooding injury was much more severe 
than the injury caused by anoxia (Table 2); 2) chilling aggra-
vated flooding injury (12, 13) but reduced the effect of anoxia 
(Table 1; Figs. 2 and 4); and 3) low seed moisture increased 
the sensitivity of seeds and embryos to flooding (12, 23) and 
increased flood related leakage (3), but did not increase leakage 
as a result of anoxia in either bean line and did not affect the 
sensitivity of PI-165426-BS to anoxia (Table 1; Fig. 2).

These arguments conflict with evidence that indicates the pri-
mary cause of flooding injury is 0 2 deficiency (6, 7, 16, 17, 
23). A hypothesis that may resolve this apparent conflict as-
sumes that the initial flooding injury during imbibition results 
from physical membrane damage caused by rapid hydration of 
the seed (15, 29, 30). At a later stage, when respiration begins, 
limited 0 2 availability may cause additional injury due to ethanol 
accumulation (7, 16, 30).

Similarities between the effects of flooding and chilling dur-
ing imbibition may indicate the involvement of a common 
mechanism. Both injuries occur at the onset of imbibition (4, 
17, 21, 28), they are aggravated by low initial seed moisture 
(Figs. 3 and 4) (2, 12, 29, 23), and both result in high rates of 
leakage (Figs. 3 and 4; Table 2).

Faulty membrane reorganization at low temperatures has been 
suggested as the cause of chilling injury to imbibing seeds (3). 
Since imbibitional chilling injury is irreversible (5, 11), mem-
branes of seeds that imbibe at low temperatures may not reor-
ganize normally even after the temperature increases. When 
hydrated, membrane phospholipids cannot form a continuous 
layer across the relatively large quantities of water. Thus, mem-
brane reorganization may be restricted to relatively low levels 
of seed moisture content. Flooding injury was reported to cor-
relate with the rate of imbibition (2, 29) and could be prevented 
by soaking in PEG solutions (29, 30). This evidence supports 
a hypothesis that too-rapid imbibition prevents membrane re-
organization because the moisture content quickly exceeds a 
level that permits membrane reorganization. Thus, flooding in-
jury would be more severe in low-moisture than in high-mois-
ture seeds because more extensive membrane reorganization has 
to take place. Chilling may intensify the injury because the low 
temperatures prevent even partial membrane reorganization.
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31P-NMR Monitoring of Ethephon Decomposition 
in Olive Leaves
Gregory A. Lang1 and George C. Martin2
Department o f Pomology, University o f California, Davis, CA 95616
Additional index words. Olea europaea, abscission
Abstract. The possibility of using 31P-nuclear magnetic resonance (NMR) spectroscopy to detect ethephon (ET) in 
olive leaves has been examined. 31P-NMR spectroscopy can be used as a nondestructive technique (tissues excised but 
not extracted) with the unique attributes of monitoring ET hydrolysis internally and without radiochemicals. A 
characteristic spectral peak for the parent ET molecule was found 17-21 ppm (a measure of relative frequency, not 
concentration) downfield from the H3P 0 4 reference, and a nonreactive, minor contaminant spectral peak was found 
at 26-27 ppm. Absolute spectral peak location (“ chemical shift” ) is pH-dependent. The ET hydrolysis product, 
orthophosphate, produces a spectral peak at 2 to 3 ppm, which coincides with the broad spectral peak attributed to 
major endogenous phosphate compounds in leaves, such as inorganic phosphate. The lower limit of 31P-NMR detection 
of ET in solution was 10“3 m ; however, spray applications of ET were not detectable in olive leaves unless concen-
trations of 5 x 10~2 m  or more were used, which is far greater than current agricultural use levels for mechanical 
harvest of olive. Nevertheless, 31P-NMR spectroscopy was useful in following ET uptake and decomposition for more 
than 48 hr in olive leaves from xylem-fed shoots, and the resolution of the ET spectral peak into separate, adjoining 
peaks presents the potential to identify and quantify subcellular compartmentalization of ET according to pH-induced 
chemical shifts. Such knowledge would contribute to understanding long- and short-term in vivo decomposition of 
ET to ethylene. Chemical name used: (2-chloroethyl)phosphonic acid (ethephon).

Agricultural scientists have long sought to control the periodic 
abscission of plant organs. Control of abscission to synchronize 
fruit harvest is a top-priority concern of growers of olive, one 
of the world’s major tree crops. More than 30 years of research 
into the specific problem has yielded a promising class of ab-
scission chemicals: the ethylene-releasing compounds (ERCs) 
such as ethephon (ET). Yet these often induce leaf abscission 
as well as fruit abscission, which can reduce the following year’s 
crop (3).

Selective stimulation of horticulturally beneficial ethylene re-
sponses, such as fruit abscission without leaf abscission or fruit
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coloring without softening, has been hypothesized to be largely 
a function of the timecourse profile of ethylene release from 
ERCs (6, 15). In pursuing the above hypothesis, we have been 
interested in monitoring the internal ET-to-ethylene hydrolysis 
reaction in plant tissue without having to rely on standard tech-
niques using mercuric perchlorate trapping of radiolabeled eth-
ylene from 14C-ET. A s  the ET molecule is hydrolyzed, there is 
an equimolar change in the phosphorus species from phosphon- 
ate dianion to orthophosphate (8). Consequently, 31P-NMR 
spectroscopy should be able to detect this change in the P chem-
ical environment. This technique would provide an indirect, 
concomitant measure of the ethylene released within the tissue, 
as opposed to the radiochemical method, which directly mea-
sures the ethylene diffusion from the tissue.

31P-NMR spectroscopy only recently has been applied suc-
cessfully to studies in plant physiology (10). The inherent in-
sensitivity has been decreased with the advent of Fourier 
Transform NMR and high field-strength superconducting mag-
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