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ABSTRACT 

111 

Antioxidant and hydration treatments were evaluated for their potential to improve the 

storability of soybean cvs. Amsoy and Davis under different ageing conditions (accelerated 

ageing at 40°C, 36-100% RH; controlled deterioration at 40°C, 20% seed moisture; or slow 

ageing at 35°C, 9 or 12% seed moisture). 

Despite previous reports in the literature, no protective effects of treatment were found using 

1 % a-tocopherol, 0.1 % butylated hyroxytoluene (BHT) in acetone solution for 16 h, �

mercaptoethanol 0.52·52 ppm in aqueous solution or 0.1-1% iodine in calcium carbonate. 

High concentrations of BHT (2.2%) or iodine (1  %) caused toxic effects to germination 

performance (as determined by normal germination, viability, fresh and dry weights of normal 

seedling axes). Acetone, used as a carrier tor antioxidant treatments, was toxic to soybean 

seeds. Initial seed moisture contents, levels of mechanical damage, treatment duration and 

seed lot variation were key factors affecting susceptibility to acetone toxicity. T etrazolium 

staining showed that acetone did not cause damage to a specific tissue but rather increased 

the area of dead tissue which had been mechanically damaged. 

Hydration-dehydration pre-storage treatments of soybean also showed damaging effects. 

Soaking treatments caused injury to low vigour lots immediately and reduced ageing 

resistance in high vigour material. Moisture equilibration (ME) for 24-48 h had no effects on 

seed performance, but an extended moisture equilibration period up to 72 h increased rates of 

germination loss during subsequent ageing. However, post-storage hydration treatments 

showed some capacity to repair damaged seeds. 

Increased conductivity of seed leachate was always significantly correlated with loss of 

germination per formance, suggesting that membrane damage was related to seed 

deterioration. Changes in lipid and membranes were assessed in seeds aged at 40°C, -100% 
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RH or 35°C, 9% constant seed moisture. No changes in total lipid content due to ageing or 

treatments suggested that changes in storage lipid were not related to germination 

performance. Significant losses of phospholipid (PL) from cotyledons occurred 4 days after 

accelerated ageing. These losses were correlated with loss of seed performance, but no 

changes in PL contents from axes were detected throughout the ageing period. By itself, this 

result suggests that cotyledon damage may be an important contributing factor to seed 

deterioration, but the transmission electron microscopy (TEM) study indicated that damage 

occurring in axes due to accelerated ageing was more severe than in cotyledons. 

Acetone or water soaking pretreatments increased rates of loss of germination performance 

which were associated with PL losses or ultrastructural abnormalities in both axes and 

cotyledons. In  addition, ME treatment (72 h) applied to slowly aged seeds accelerated PL loss 

in axes but, this was unrelated to seed performance. These data therefore indicate that PL 

losses per se are not a fundamental cause of seed deterioration and may not be the first event 

in membrane damage. Also germinating seeds seem to be able to repair some damage of this 

type. No changes in proportions of polyunsaturated fatty acids were observed in either total 

lipid from seed tissues or microsome fractions, indicating that lipid peroxidation was not 

involved in seed deterioration due to ageing or treatments. This, of course, explains the 

ineffectiveness of the antioxidant treatments in this study and suggests that hydrolytic damage 

may be involved in PL loss and seed deterioration. 

Possible reasons for the differences between these results and the small amount of other work 

published on seed treatments in soybean are discussed, but it was clear that chemical or 

hydration treatments of soybean are unlikely to be a commercially viable option for 

maintenance of soybean quality where poor storage conditions are inevitable. Nevertheless, 

this study indicates some interesting areas for future research into the critical events involved 

in soybean deterioration. 
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CHAPTER 1 

INTRODUCTION 

1 . 1  RATIONALE FOR THIS  STUDY 

The need to store seeds arises from the fact that seeds are seldom planted immediately 

after h arvesting. Normally, most bulk seeds are stored for relatively short periods to 

await p lanting or sale, but longer  storage periods m ay be necessary for insurance 

agains t  crop fai lure ,  o r  for seeds which are expensive  or d i fficul t  to produce.  

Germplasm banks, however, require seed storage for as long as possible for future 

breeding programmes (Roos, 1 9 80). Seeds with high germination and vigour are 

required for all the above purposes. Unfortunately, seeds deteriorate continuously after 

reaching  m aximum germinabil ity and vigour, usually attained at physiological 

maturity (Delouche, 1982). The rate of deterioration depends on genotype, pre-storage 

h istory and, ultimately ,  the ambient conditions of seed storage (Roberts and Ellis, 

1 978) .  

Soybean seed has a high oil content and is  inherently short- lived (Delouche et  ai., 

1 973) ;  it  c an be stored successfully under low relative humidity, low temperature 

conditions, but otherwise it  deteriorates rapidly , especially under hot and humid 

storage conditions of tropical regions. For example, in Thailand, one experimental 

study conducted at Kasetsart University showed that recommended soybean cultivars 

( i. e .  S1 .2  and  SJ.4) lost  >35% germinability after 6 m on th s  i n  store at ambient 

conditions during January-July in Bangkok (Ratanaubol , 1988) .  The difficulty in  

m aintaining vigour or  gem inability of  soybean seed from harvest to  the next season is  

one of  the major impediments to extension of  soybean production in South East Asia 

because of the problems of shortages of high quality seed (Gregg. 1 982). Preserving 

the vigour of soybean seed is a challenging problem, especially as i deal storage 

conditions are often difficult to achieve in these countries .  Although there is an 

enormous body of literature on soybean storage, the key factors at the biochemical 
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level ,  w h i c h  m ay l i m i t  seed p erform a n ce a n d  i ts preservation a re st i l l  poorly 

understood. An understanding of the m etabolism of seed deterioration may lead to 

better ideas and practice for pre serving or improving seed quality. 

S eed deterioration is a consequence of various deteriorative biochemical events (see 

Priestley, 1 9 8 6  for review). Peroxidation of membrane lipids has been suggested to be 

a primary e vent in seed ageing (e.g. H arrin gton ,  1 973 ; Parrish and Leopold, 1 978 ;  

Wilson and McDonald, 1 986). Damage to membranes relates to conductivity of seed 

leachate, l oss of p hospholipid  ( PL) c ontent,  o r  change s  i n  ultrastructure of cell 

o r ganelles. In soybean,  determi nation o f  m e m brane damage by exam i nation o f  

ultrastructural changes has not been reporte d ,  a n d  reports o n  PL changes have been 

contradictory (e.g. Priestley and Leopold, 1 979; Nakayama et ai. , 1 98 1 ; Chapman and 

Robertson , 1 978) .  There have also been some conflicts of opinion about the role of 

oxidation d amage in soybean seed deterioration under different c onditions (Buchvarov 

and Gantcheff, 1 984; Priestley et  ai. ,  1 985 ;  see als o  Section 2.2. 1 ). 

Generally,  the l ower the temperature and moisture content at which seeds are stored, 

the longer their storage l i fe ( R o berts , 1 972) .  As i n d ic ated above, ideal storage 

conditions m ay be expensive to maintain,  and techniques of antioxidant or hydration

dehydration seed treatments have received considerable attention as alternative means 

o f  im proving the storability of some crop seeds.  S ome methods have shown good 

pote ntial for a range of spec ies even under adverse conditions ( e.g.  B asu,  1 976;  

W o o dstock e t  ai . ,  1 9 8 3 ; Dey and M ukherj e e ,  1984;  Francis, 1 9 8 5 ;  Gorecki and 

Harman, 1 987;  S aha and B asu, 1 984). Lipid antioxidants have the potential to protect 

dry seed by neutralizing destructive free radicals and free radical derived compounds 

(e.g. Woodstock et ai., 1 98 3 ;  Gorecki and Harman, 1987), while hydration treatments 

m ay have the potential both to terminate free radical chain reactions by quenching and 

to activate e nzymes for repair (e.g. Saha and B asu, 1984).  

S eed treatments are not without their problems h owever: for instance, soybean is well 

known to suffer from soaking i njury, and this may be an o bstacle to a successful 

hydration treatment. Several techniques h ave been attempted to minimize soaking 

damage by slowing down rates of water uptake (e.g. Woodstock and Taylorson, 198 1 ;  

Tilden and West, 1 985). Moisture equilibration pretreatment (I. e. holding the seeds for 
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specified periods at high humidity) is one method which shows promising effects both 

to avoid soaking  inju ry and to protect and/or repair soybean seeds (Saha and Basu, 

1 984). As an al ternative option, acetone has often been recommended as a suitable 

solvent for non-aqueous seed treatments when it is desirable to in troduce chemicals 

into d ry seed (e.g. Milborrow, 1963; Lewis et aI. , 1 979). However, for soybean, there 

is a dearth of information about effects and mechanisms of acetone b ased treatments, 

particularly for storage purposes. 

1 .2 OBJECTIVES OF THIS STUDY 

Specifically the objectives of this research were as follows: 

1 )  To evaluate the effectiveness of different types of antioxidants for prolonging 

storability of soybean seeds subjected to both rapid and slow ageing regimes, 

2) To characterise any effects of acetone per se on the performance of soybean 

seed lots of different quality, 

3) To assess the utility of hydration-dehydration treatments, which have been 

shown to be effective for this or other species in the l iterature, for protection 

and/or repair of soybean seeds stored under accelerated or slow ageing 

conditions. 

4) To investigate how changes in seed performance due to ageing  and seed 

treatment  rel ate to the status of total  and membrane  l i p i d s  and  the 

ultrastructure of cell organelles and membranes. 

5 )  To characterise the role of l ipid peroxidation as a possible cause of seed 

deterioration in soybean. 

There has been a lot of conflict in the literature on the effectiveness of seed treatments 

for storage improvement. It was clear that a careful study designed to evaluate some 

of the different effects which have been reported may lead to a better understanding of 
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the l i m i ta t io n s  o f  the  techn iques  u sed  and  a l l ow  sugges t ion  o f  appropr iate 

modifications. Therefore, an emphasis on the comparison of effects in different ageing 

regimes, careful evaluation of different parameters of germination, and characterisation 

of seed lot variability were underlying features of the experiments carried out i n  this 

research. 

As mention above, differences of opinion on possible causes of seed deterioration have 

arisen. This may be due to variations in methodology, choice of tissue and/or storage 

condi tions .  I n  th is  s tudy  invest igat ions on l i p i d  and membrane damage were 

conducted on axes and cotyledons separately and on different lipid fractions under two 

different ageing conditions. All data were carefully related to changes in germination 

performance due to ageing and/or seed treatments .  

1 .3 ORGANISATION OF THE THESIS 

This thesi s  comprises 8 chapters. Following this in troduction is a review of the 

l iterature on the physiology of seed deterioration with a critical d iscussion on seed 

treatments for storage protection or repair and their problems (Chapter 2). Chapter 3 

describes the general materials and methods used in  this research .  The results from the 

four m ain  series of experiments are presented in Chapters 4-7. Each of these chapters 

contains  a brief introduction,  results, d iscussion and conclusions. The effects of 

antioxidants and solvent treatments are evaluated in  Chapter 4, emphasis being placed 

on the toxic effects of acetone when used as a solvent for pre-storage treatments of 

soybean and how to overcome these problems to make antioxidan t  treatments more 

effective. In Chapter 5 the effectiveness of hydration-dehydration treatments for both 

protection and repair are assessed ,  with particular attention being given to soaking 

i nj ury p roblems. The effects of accelerated o r  s l ow ageing wi th and  without 

treatments on total and membrane l ipids are characterised, and relationships between 

germination performance and some aspects of membrane damage are examined in 

Chapter 6. Some changes in the ultrastructure of cel l  membranes and organelles as a 

result of accelerated ageing, soaking or acetone pretreatments are identified in  Chapter 

7. In the last chapter (8) ,  the achievements and key conclusions of this work are 

discussed,  and suggestions for future work are given. 
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C HAPTER 2 

REVIEW OF LITERATURE 

2 . 1 INTRODUCTION 

In order to develop successful seed treatments for the improvement of seed storabi lity, 

it is necessary to develop an understanding of mechanisms of seed deterioration. This 

review first d iscusses the physiology of seed deterioration, and evidence to suggest 

possible c ruc ia l  events during  this process is h igh l ighted .  Tech n iques of seed 

treatment for protecting  seed in storage and/or improving seed performance after 

deteriorat ion are then d i sc ussed, i nc lud ing  the reported problems of using such 

methods. 

2.2 THE PHYSIOLOGY OF SEED DETERIORATION 

Deterioration is a common phenomenon occurring in al l  organisms and ultimately 

leads to loss of viabi l i ty .  Deterioration of seeds h as been defined as " irreversible 

degenerative changes in the quality of a seed after it has reached its m aximum quality 

level" (Abdul-Baki and Anderson , 1 972) .  Although seed deterioration is ultimately 

inevitable, it is now clear that, in the early stages of deteriora tion  at least, some 

damage is repairable (e.g. Coolbear et at. , 1 984; Saha and Basu, 1 984). Deteriorative 

processes m ay begin during seed development itself (Harrington ,  1 973) ;  and the 

subsequent rate of seed deterioration is influenced by genotype, prestorage history 

conditions (e.g. mechanical damage, maturity) and storage conditi ons,  particularly 

relative humidity and temperature (Roberts and Ellis, 1 978). The consequence of seed 

deteriorat ion is the production of aged seeds w ith symp toms of reduced vigour. 

possibly loss in germ inability (the abi lity to produce a normal seedling) and ultimately 

losses in viability (Bewley and Black, 1 982). Normally, individual seeds within a seed 

lot deteriorate at different rates. Consequently, a partially deteriorated seed lot may 

inc lude seeds  of high and low vigour as wel l  as non-germinable seeds (Priestley, 

1 9 86). 



6 

From the physiological point  of v iew, i f  a s ingle m echanism is a c ause of seed 

deterioration under all storage conditions, the concept of prim ary cause or secondary 

effect  may be less important. In fact, different conditions of ageing appear to initiate 

d ifferent ageing mechanisms (see following d iscussion). Each may lead d irectly to the 

d e at h  o f  seeds o r  m ay a ffec t  c h anges i n  o ther  mechan i sms associ a te d  w i th  

deterioration. Thus, i t  i s  important to be careful to distinguish between first c auses of 

seed deterioration and secondary effects in studying seed ageing. There is a difficulty 

i n  th i s  type of researc h :  a l though there i s  m uc h  ava i l ab le l i terature on seed 

deterioration, our understanding of this process is still incomplete. Further, it must be 

remembered that microorganisms and external agents are also important causes of seed 

deterioration (Halloin, 1 986). This discussion is, however, confined to a consideration 

of important physiological aspects. especial ly factors affecting the integrity of cell 

membranes. 

2.2. 1 Membrane deterioration 

Membranes have been suggested as a primary site of age-induced lesions in seeds 

(Abdul-Baki and B aker, 1 97 3 ;  Parrish and Leopold,  1 97 8) .  General symptoms of 

membrane damage include both compositional and structural c hanges. A possible 

cause of the damage may be free radicals. Both symptoms and causes are discussed in 

detail below. 

2.2. 1 . 1  Symptoms of membrane damage 

Loss of lipid from membrane 

Membranes c o mprise l i p ids  and  prote in s .  Phosphol ip ids  (PL) a re the major  

component of  membrane lipids (Bewley, 1 986);  and, thus, losses of PL can evaluated 

to determine membrane damage. Two suggestion have been offered to explain 

decreased PL levels in aged seed : either the lipias have been subjected to peroxidation 

or they may have been degraded by l ipolytic enzymes, particularly phospholipases 

(both of these possibi lities will be discussed  in detai l later in Sections 2.2. 1 .2 and 

2.2.2). 
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There i s  much evidence showing loss of PL i s  associated with seed deterioration 

during ageing. The results reported in  the literature summarised in  Table 2. 1 show that 

m o is tu re s tatus dur ing  agein g ,  seed species ,  c u lt ivars used ,  o r  extent of seed 

deterioration may cause differences in  PL changes. Care must be taken in these studies 

to equate c hanges i n  v iabi l i ty or  v igour resu l ting from seed ageing by d ifferent 

methods, otherwise some comparisons may be misleading. I n  Priestley and Leopold's  

studies (Table 2 . 1 ) ,  for example, naturally aged soybean seeds lost only 1 2 %  viability 

w i th no PL l oss (Priestley and Leopold ,  1 983) ,  while u nder their high humidity 

artificial ageing regime, seeds lost 95% viability and approximately 50% PC ( al though 

little total PL) (Priestley and Leopold, 1 979). 

I n  case changes in PL extracted from membrane per se m ay be d ifferent  from PL 

extracted from total seed tissues, a few workers have attempted to determine changes 

of PL from specific organelle membranes. In soybean, Senaratna et al. ( 1988) reported 

dramatic decreases in PL from the microsomal fraction taken from axes of naturally 

aged soybean as seed lost more than 80% viability (Table 2. 1 ) . However, even in this 

case, the evidence is purely correlative: no causal relationship has been demonstrated 

between membrane damage and loss of germ inability, and possible trivial explanations 

for results cannot be excluded .  For example, in the m icrosomal study there may be 

differences in extraction efficiency of membranes from aged and unaged tissues. 

There have even been a few reports showing i ncreased PL content i n  seed during 

ageing e.g. in cucumber (Koostra and Harrington, 1 969) or corn (Lin and Pearce, 

1 990), but the increases in these species are only m arginal. Surprisingly, Chapman 

and Robertson ( 1 977) have reported a marked incre ase i n  PL from whole seed of 

soybean after ageing at high RH. They have explained that the increased moisture 

content during storage may account for increases in  PL levels. Since no germination 

data were provided in this study, how increased PL relate to germination performance 

is not known. 

Although an association between PL loss and viabil i ty does not c onfirm cause and 

effect, and there are other uncertainties, as d iscussed above, the bulk of evidence 

presen ted  in Table 2 . 1  suggests that this i s  one primary c ause of seed damage, 

espec ially when losses of PL are detected early in deterioration, e.g. in com (under 

AA), peas, sunflower, wheat and tomato (depending on cultivar). 



Table 2.1 Effects of ageing conditions on viability/germ inability and percentage of phosphOlipid loss in different crop seeds. 

Species! Ageing Ageing on 
cultivars conditions period or germ inability (%) assayed loss References 

Initial Final 

Cucumber 38°C, - 100% RH 4 wks 67 Koostra and 
24°C, 40% RH 10 yrs 1 00 70 141 

Com 45°C, - 100% RH 4 days Whole seed 33 Lin and Pearce ( 1 990) 
40°C, 80% RH 28 days 90a 0 9 
25°C, 79% RH 92 days 90a 0 1 21 

French bean 45°C, -100% RH 4 days 90a 0 Whole seed 46 Lin and Pearce ( 1 990) 
40°C, 80% RH 28 days 90a 0 44 
25°C, 79% RH 92 days 90a 0 3 1  

Pea 25°C, 94% RH 9 wks 97b 44 Cotyledons 48 Powell and Matthews (198 1 )  

Pea 25°C, 94% RH 6 wks 88 Cotyledons 32 Powell and Harman(1985) 
30°C, 94% RH 8 wks 98a 83 8 

45°C, 20% SMC 18 hrs 98a 100 1 7  

Sunflower 28°C, 95% RH 50 days 90 0 Whole seed 22 Halder et al. ( 1 983) 
CV. EC-684 14 28°C, 1 5 %  SMC 40 days 90 0 22 

42°C, - 100% RH 8 days 95 Whole seed 40 Gidrol et ai. (1989) 
cv. Rodeo 

00 



Table 2.1  (continued) 

Soybean 
cv. Chippewa 40°C, -100% RH 5 days 98 5 Whole seed 10 Priestley and Leopold ( 1979) 

(-50% PC) 
Soybean 
cv. Wayne 4°C, 8-10% S MC 44 mths 98 86 Whole seed 0 Priestley and Leopold ( 1983) 

Soybean 35°C, 85% RH 23 days NI NI Whole seed Chapman and Robertson ( 1 977) 

Soybean 35°C, 1 3 %  SMC 6 mths NI NI Whole seed 4 1  Nakayama et ai. (198 1 )  

23°C, NI 5 yrs 93 16 Axis microsomes 50 Senaratna et al. ( 1988) 
cv. Maple Arrow 

20°C, 50-70% RH 24 mths 83 57 Axes 1 4  Petruzzelli and Taranto (1984) 
30°C, 1 2.5% SMC 40 days 83 60 27 
30°C, 1 4.5% SMC 35 days 83 57 3 1  
30°C, 1 6.5% SMC 35 days 83 55 34 

cv. Moneymaker 45°C, 70% SMC 168 hrs 100 0 Whole seed 34 Francis and CooIbear ( 1984) 

Whole seed 6 Francis and Cool bear ( 1 987) 
cv. Kingley cross Natural ageing 7 yrs 95 5 7 1  

a '" % normal seedlings, otherwise radicle emergence, except b '" viable seeds from Tetrazolium staining test. 
Nt not indicated; t indicates increase compared to control. 
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Ultrastructural changes 

Changes in the u ltrastructure of cell organelles are another indicative phenomenon of 

membrane d amage due to ageing (e.g. Hallam et  al. ,  1973; Vishnyakova et at. ,  1976). 

One of  the most common features observed from unimbibed, fixed aged s eeds i s  

coalescence of lipid bodies (e.g. Anderson e t  aI. , 1 970 in  wheat; Hannan and Granett, 

1972 in peas� Vill iers, 1 972 in lettuce) .  Evidence of fusion of l ipid bodies was also 

detected in both unimbibed and imbibed rye embryos (Hallam et al. , 1 973),  or imbibed 

tomato seeds (Francis, 1985)  after ageing .  Vishnyakova et ai. ( 1 976), on the other 

hand, found that l ipid bodies in dry embryos of viable and non-viable rice were in  

contact with  each other but  did not  fuse ; where as the onset of fusion was observed 

after 24 h soaking, and the process progressed after 48 h. This  suggests that detection 

at different states of imbibition may give d ifferent results. Although to date, there is  

not enough infonnation to explain the mechanisms responsible for this kind of damage, 

the suggested possibility is membrane rupture (Anderson et ai. ,  1 970; Francis ,  1 985). 

Withdrawal of  plasmalemma from cell walls i s  also often observed in aged seeds. 

Events of this kind have been reported in both dry (Anderson et ai, 1 970 in wheat; 

Opik, 1972 in rice;  Harman and Granett, 1 972 in pea) and imbibed embryos (Hallam et 

ai.,  1 973 in rye; Villiers, 1 972 in lettuce). There have been some queries as to whether 

these are fixation artifacts when dry tissues were fixed in aqueous solution, because 

some plasmalemma disruption was also observed from u n  aged seeds (Chabot and 

Leopold ,  1 98 2  i n  soybean ; Opik,  1972  in rice) .  However, Hallam et  aI. ( 1 973)  

repo rted the occurrence of d isruption in  both unimbibed and imbibed non-viable 

tissues of rye embryos; and , al though the lesions became m ore frequent and more 

obvious after imbibition in these tissues, this kind of event was not apparent in either 

unimbibed or imbibed tissues of viable embryos. 

There are d ifferent types of mitochondrial abnonna1ity found in aged seeds. These 

include distorted mitochondrial profiles or abnormal inner membranes ( Berj ak, 1 978  in  

m aize ;  Hannan and Granett, 1 972 in peas; Hallam et ai., 1 97 3  in  rye; Vishnyakova et  

ai., 1 976 in rice). Damage to  mitochondria appears to be an early event during ageing. 

Berjak and V illiers ( l972a) showed that m aize embryos held for only 6 days at 14% 

S M C ,  40°C and sti l l  possessing a high viabi l i ty (>95% )  exhibited degenerative 

changes in mitochondrial structure which could be repaired within 48 h of imbibition. 
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Evidence of  dense patches of chromatin in cells of aged seed (Vil l iers, 1 972 i n  lettuce; 

Francis, 1 985 in tomato; Hallam et al. ,  1 973 in rye), shrinkage of nuclei and a decrease 

in distinctness o f  the nuclear membrane (Vishnyakova et a l. ,  1 976 in rice), and an 

increase in the number of lobed nuclei (Berjak and Villiers, 1 972a in  maize; Opik, 

1 972 in rice), indicates deterioration of nuclei. However, most of these characteristics 

h ave been observed in non-viable seeds. Vi l l iers ( 1 972) reported the sequence of 

nuc leus  alterati o n  in le ttuce as fo llows : in un aged embry o s  the n ucle i  stained 

homogeneously except for a fine network of darker material of  heterochromatin ,  but, 

as ageing proceeded; deeply stained heterochromatin occurred first, followed by dense 

patches of chromatin in a low viability lot, w ith the nuclear membrane eventually 

becoming difficult to distinguish as a continuous membrane system as viability was 

lost completely. 

Changes in nuclear structure m ay resul t  in (or be the resu l t  of) damage to genetic 

m ateriaL Chro mosome aberrations have been shown to be a good index of genetic 

damage in many species including soybean (e.g. Roberts et a l. ,  1 967 ; Chauhan and 

Swaminathan, 1 9 84; Murata and Vig, 1 985). M any chromosomal aberrations may be 

lethal to the cells,  and loss of a critical number of cells can compromise viabil ity 

(Roberts et ai. ,  1 967). Although total levels of DNA do not change much as seed age, 

it  has been shown that certain qualitative changes may take place, e.g. the amount of 

spool able DNA from rye embryos of reduced viability was decreased (Osborne et al., 
1 9 80). This is indicative of DNA fragmentation and was confirmed by separation of 

total nuclear DNA on alkaline sucrose density gradients, which revealed that randomly 

sized fragments of low m olecular weight DNA were accumulated in stored aged seeds. 

Recently, Guy et al. ( 1 99 1 )  have used a Restriction Fragment Length Polymorphism 

(RFLP) analysis technique to determine DNA changes during accelerated ageing. 

They found non-random changes in the restriction pattern of the embryo DNA probed 

with wheat ribosomal DNA. Such changes were first detectable after only 1 2  h ageing, 

while vigour loss was detected after 4 days ageing. Further, in  grains which h ave only 

lost vigour, the restriction pattern of the extracted DNA almost completely repaired 

dur ing i mbibi t ion .  The finding of n on-random fragmentation o f  D N A  is quite 

surprising because, in general, DNA is expected to be randomly fragmented. Normally 

repair enzymes (e.g. ligases) may repair the breaks in DNA, providing fragments are 

stil l  held in position by histone protein; for example, DNA synthesis is m ore intense in 

partially deteriorated seed (Osborne, 1 983). 
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Reports o n  changes in  other organelles appear t o  b e  l imited t o  a few species. For 

example, loosely associated golgi stacks (BeIjak, 1 978) ,  distension of ER cisternae, or 

distort ions of plastid membranes were found in aged maize (B erj ak and Vil liers, 

1972a, b, c) .  A distorted ribosomal matrix or ruptured plastids were observed in peas 

as a result of ageing and/or fungal infection (Harman and Granett, 1 972).  

Loss of selective permeability 

Loss of membrane permeabil ity results i n  metabolites leaking  i nto the imbibition 

medium. Leakage from seeds often increases with ageing (e.g. Ching and Schoolcraft, 

1968 in crimson clover; Powel l and Matthews, 1 977 in pea; Parrish and Leopold, 1 978 

in soybean). Accordingly, conductivity has become a routine test for determining the 

integrity of cell membranes and thus seed vigour (AOSA, 1983;  Matthews and Powell ,  

1987a). However, the relationship between imbibitional leakage and ageing cannot be 

assumed for all  species or all types of ageing. In seeds with a large inert endosperm 

(i.e. sorghum : Perl et at. , 1 978; wheat: Ram and Wiesner, 1988;  tomato: Coolbear et 

at., 1984 ;  ryegrass: Ching and Schoolcraft, 1968) the conduc tivity of seed leachates 

does not always correlate with viabi l ity. For example. Coolbear et al. ( 1984) reported 

a considerable increase in  leakage of reducing sugars and amino acids in  tomato being 

associated with ageing, which suggests hydrolytic damage had occurred during ageing. 

but there was no associated increase in conductivity of leachate. 

There are other factors which may affect solute leakage. Mechanical damage (Abdul

Baki and Anderson ,  1 970) or cellular rupture due to rapid water uptake (Schoettle and 

Leopold, 1 984; Spaeth, 1987) reflects complete breakage of cel ls and tissues, rather 

than membranes per se, and thus strictly is not com parable with that resulting from 

ageing. The permeability of the seed coat and amount of solutes available to leak out 

may also mask the effect of ageing. 

However, most reports simply present correlative evidence associating leakage o f  

sol utes with ageing with n o  evidence suggesting primary causes o r  effects. Moreover, 

much evidence may be merely indicative of an i ncrease in the proportion of dead seeds 

in a population or an increase in the area of dead tissue in individual viable seeds 

(Priestley, 1 986). Firm evidence to suggest membrane damage increases as l iving cells 

in seeds become damaged by ageing was given by Powell and Matthews ( 1977).  They 
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showed that storage of pea seeds in both humid and 
"
excessively dry conditions resulted 

in increased leakage before any significant loss of viability (indicated by TZ staining 

studies) had occurred. This finding does indeed suggest that membrane damage is a 

primary event in seed deterioration. 

To interpret evidence based on leakage, it is  important to understand how m embrane 

leakage occurs. Cellular membranes are based on a lipid bilayer structure composed  of 

polar heads of phospholipids and apolar tails of fatty acid  chains. According to 

Simon's ( 1 974) ideas, an inverted hexagonal (H II) phase is formed in dry seeds. When 

rehydration occurs the bilayer is formed. Although, these ideas are such an attractive 

explanation for leakage through the membranes of imbibing seeds, n o  e vidence has yet 

been found to show that this membrane structure is found in living dry tissue. The 

reason for this is that the membrane phospholipid, phosphatidyl ethanolamine (PE) is 

the only membrane component likely to go into the HII phase under physiological 

c o n di ti on s ,  b u t  the  fac t  that this  c o m p o u n d  is m ixed w ith o ther  m e mb ra n e  

phospholipids probably inhibits this phase change: m oreover, the presence of  sugars 

such as sucrose is likely to prevent membrane inversion occurring in the way that 

Simon suggests (Crowe et ai. , 1 989). These observations led Crowe et af. to suggest 

that the reason for leakage might lie in a different type of phase change affected by 

dehydration, that of the transition from the gel to the liquid crystalline state. The status 

of a particular type of phospholipid bilayer depends on temperature, ambient moisture 

and/or sugar concentration. Increase in one or a combination of these factors may 

result in membrane phospholipids passing from the gel to the liquid crystalline state. 

Although both gel and liquid crystalline states are impermeable, leakage occurs ,  during 

the transition phase, especially when different areas of the membrane may h ave 

different transition temperatures due to different phospholipid composition or contact 

with different  sugar concentrations. This may be the state i n  which the cell is most 

prone to damage  if, d urin g  h ydratio n  i t  c an n o t  do any necessary rep air  and 

reorganisation in pace with the physical expansion and increased enzymatic activity of 

the cell. 

2.2. 1 .2 Free radicals: a cause a/membrane damage 

Free radical damage to cell membranes is a main candidate for a primary cause of seed 

deterioration. Free radicals are molecular species which contain an unpaired electron 
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and are thus h i g h l y  reac tive . There are m a n y  s pecies o f  free radicals, with the 

superoxide (°2'-) being the most damaging (Benson, 1 990). The superoxide radical is 

reactive in hydrophobic environments such as the interior of the membrane bilayer 

(Thompson et ai. , 1 987) .  It has bee n  proposed that during ageing free rad ic als are 

formed and  acc u m u l ate  i n  dry seeds  ( Harrin g to n ,  1 97 3 ) .  The format ion  and  

s ign i ficance o f  free radicals  has been reviewed b y  a n u m b e r  o f  w o rk e rs ( e .g .  

Harrington, 1 97 3 ;  Priestley, 1 986;  Thompson e t  aI. ,  1 987 ;  Benson, 1990). Although 

several researc h  s tudies  have dealt  with free radical actions on seed ageing,  the 

evidence avai lable is still in disagreement. This part of the review will include only 

reports on changes in proportions of fatty ac id composition, a relevant approach to 

detect lipid peroxidation in seeds. 

Free radical  d a m ag e  to m e m branes is m e d iated throug h  the  p rocess of l ip id  

peroxidation . S ince membrane l ipids contain high levels of fatty acids with two or 

m ore double bonds  (polyu n saturated fatty ac ids ,  PUFA's) ,  they are particularly 

electron rich and ideal targets for free radical attack. The process of lipid peroxidation 

starts when a hydrogen atom is abstracted from a PUFA resulting in fatty acid free 

rad ica ls .  The s e  free rad i cals  c a n  be s tab i l i sed  a n d  for m  a conj ugate d diene 

independently of oxygen by molecular rearrangement of double bond system, or i n  the 

presence of oxygen, react funher with oxygen producing new free radical species such 

as peroxides , which can then react with another u nsaturated fatty acid resulting in  

formati on of  l ip id  radical and hy dropero x ides ,  thus in i t iatin g  a chain  reaction 

u l timately  lead ing  to a whole ran ge of toxic breakdown prod ucts. The series of 

process can be summarised as follows: 

-II' 
RH - - - -7 R' - - - -7 conjugated diene 

----7 R02' cyclic 

R02' + RH - - - -7 R OOH + R'  
1+ Fe3+ 

reaction 

other free radical 
reactions involving 
metal ions 

Where RH = PUFA, R- = fatty acid or lipid radical, ROt = peroxide radical, ROOH = 

hydroperoxide (Benson, 1 990). 



1 5  

As this process may occur spontaneously, the term " autoxidation' is  often used, but the 

reaction c an also be enzyme driven at greatly accelerated rates by lipoxygenases which 

are found in many different seeds, especially soybeans (Wilson and McDonald, 1 986; 

Benson, 1 990). Lipid peroxidation may result in losses of  PL' s due to disruption of  the 

membrane b ilayer ( Priestley, 1 986)  and accumulation of free fatty aci ds (Dey and 

Mukherjee, 1 986). Free radicals may also attack membrane proteins or nucleic acids 

(Benson, 1 990). Free radical chain reactions can be termi nated by reaction with 

another free radical , natura] scav engers, quench ing  wi th w ater, or  supero x i de 

dismutase activity (e.g. Porter and Wagner, 1 986; Priestley et  aI.,  1985;  Puntarulo and 

Boveris. 1 990). 

From the above d i s c u s s i o n ,  i t  can  be seen that ,  i f  l ip id  peroxidat ion occurs,  

polyunsaturated acids would be expected to d ecre ase as the seed deteriorates, while 

other common fatty acids such as 1 6 :0,  1 8 :0 and 1 8 : 1  carbon acids should rem ain 

relatively c onstant. If  lipids were being damaged by other enzyme activity (e.g. f3-

oxidation or hydrolytic damage), all fatty acids m ight be expected to decrease at equal 

rates. The technique of fatty acid analysis has widely been used by m any workers for 

various seed species, and a summary of results reported in l iterature are presented in 

Table 2.2.  Clearly, species, seed tissues, or ageing conditions i nfluence changes in  

proportions of  fatty acids. For example, Lin and Pearce ( 1990) showed the responses 

of different species (French bean and corn) under various conditions. 

The conditions of seed ageing are a crucial factor affecting the mechanisms of seed 

deterioration. Although several reports indicate that l ipid peroxidation occurs in dry 

storage conditions (e.g. Priestley and Leopold, 1 98 3 ;  Ferguson et al. . }990b in soybean; 

Flood and S inclai r,  1 98 1  in c lover) , this i s  not  al ways the case because l ipid 

peroxidation has also been detected under high RH conditions (e.g.  Priestley and 

Leopold, 1 979 in soybean; Harman and Mattick, 1 976 in  pea). 

In  soybean, Ferguson et al. ( l990b) showed the presence of l ipid peroxidation i n  one 

out of two cultivars detected, which confirms the idea of cultivar differences (Table 

2.2) .  Further, generally soybean axes contain a higher proportion of PUFA's than 

cotyledon tissue (Priestley and Leopold, 1979 and 1 983; Ferguson et al. , 1 990b) and 

m i ght thus be expected to be more susceptible to free radical attack. In addi tion, 

c h anges occurri n g  in  the polar l ip id  fraction would more convincingly suggest 

membrane damage rather than measurements of total lipid. 



Table 2.2 Changes in the proportions of fatty acids in deteriorating seeds. 

Species! Ageing % Viability Lipid 

cultivars conditions change analysed assayed References 

Com 45°C, - 100% RH 90 � 60% TL Whole seed No change Lin and Pearce ( 1990) 

40°C, 80% RH 90 � 0% TL No change 

25°C, 79% RH 90 � 0% TL No change 

French bean 45°C, - 1 00% RH 90 � 0% TL Whole seed J, in 18:3 Lin and Pearce ( 1 990) 

40°C, 80% RH 90 � 0% TL J, in 18:3 

25°C, 79% RH 90 � 0% TL i in 1 8:3 

Pea 30°C, 92% RH 100 � 5% TL Whole seed Preferential Harman and Mattick ( 1 976) 
and Axes J, in PUFA's 

Peanut 'Natural' 94 � 39% NL, GL, PL Whole seed No change Pearce and Abdel Samad ( 1980) 
38°C, 90% RH 95 � 15% NL, GL, PL No change 

Soybean 40°C, - 100% RH 1 00  � 5% TL Whole seed No change Priestley and Leopold ( 1 979) 
cv. Chippewa 

'Natural' 98 � 28% TL Whole seed 30% in 1 8:3,  Priestley and Leopold ( 1 983) 
cv. Chippewa 8% J, in 1 8:2, 

37% i in 1 8: 1 ,  
no change in 
others 

'Natural' 98 � 28% Polar Whole seed 20% J, in 1 8:3,  Priestley and Leopold ( 1 983) 
no change in 
others 



Table 2.2 (continued) 

Soybean 'Natural' 98 � 28 %  TL Axes 40% ..L. in 1 8:3, Priestley and Leopold ( 1983) 
cv. Chippewa 15% ..L. in 1 8:2, 

no change in 
others 

Soybean 'Natural' 98 � 86% TL Whole seed 32% ..L. in 1 8:3 ,  Priestley and Leopold ( 1 983) 
cv. Wayne 7 % ..L. in 1 8:2, 

no change in 
others 

40°C, -100% RH 98 � 38% TL Whole seed No change Priestley and Leopold ( 1983) 

Soybean 45°C, -100% RH 60 �  0% Polar Axes Preferential Stewart and Bewley ( 1980) 
cv.Pride x005 ..L. in PUFA's 

45°C, low RH 60 � 60% Polar Axes No change 

Soybean 'Natural' 93 � 16% TL Axis microsomes No change Senaratna et af. (I 988) 
cv. Maple arrow 

Soybean 'Natural' No germination TL Whole seed No change Ferguson et ai. ( 1990b) 
cv. Union change, decrease 

vigour 
TL Axes No change Ferguson et al. ( 1 990b) 

Polar Axes No change 
TL Axis mitrochondria 10% j in 1 6:0 

Soybean 
cv. Desoto 'Natural' No germination TL Cotyledons No change Ferguson et al. ( 1 990b) 

change, decrease 
vigour 

,..... 
-.....I 



Table 2.2 (continued) 

Soybean 'Natural' No germination TL Axes No change Ferguson et al. ( 1990b) 

cv. Desoto change, decrease Polar Axes No change 

vigour TL Axis mitrochondria 16% i in 16:0, 

1 8 %  i in 1 8:0, 
1 5 %  � in 1 8:3, 
no change in 

others 

Soybean 1 05°C, 9% S MC Non viable TL Cotyledons No change Priestley et al. ( 1 985) 

cv. William Polar Cotyledons No change 
TL Axes No change 

Polar Axes Preferential 
� in PUFA's 

Soybean 25°C, 20% SMC 89 � 8% Polar Whole seed No change Ohlrogge and Kernan ( 1 982) 
cv. Amsoy 

Subterranean 'Natural' ? �  10% Whole seed Preferential Flood and S inclair ( 198 1 )  
Clover � in PUPA's 

Sunflower 42°C, � 100% RH 98 � 75% TL Whole seed No change Gidrol et al. ( 1989) 
(dehulled) 

Diacyl- Preferential 
glycerdl � in PUPA's 

Polar No change 

Tomato 45°C, 70% SMC TL Whole seed � 1 6:0, i18 :0, Francis and Coolbear ( 1988) 
� 1 8:2 

TL '" Tota/ lipid, NL '" Neutral lipid, GL '" Glycolipid, PL '" Phospholipid, i or .j, indicates increase or decrease, repectively, as compared to control. .-
00 
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Lipid peroxidation i s  expecte d  to cause damage to membranes as mentioned earlier, 

and m itochondri a  o r  microsomes have been reported to contain high proportions of 

PUFA's (cf. Demopoulos, 1 973).  Studies on these organelle membranes m ay result in  

some interesting information. Very few reports i n  this area are available so far. Also 

the results obtained are contradictory. Senaratna et al. ( 1 988)  reported no changes in 

p roportions of fatty acids in the microsome fraction from soybean axes in 5 years 

stored seeds despite significant decline in normal germination, while Ferguson et al. 

( l990b) detected reduction of 1 8 :3  fatty acid in the mitochondrial fraction from axes 

even before seed lost vigour. 

According to Wilson and McDonald ( 1 986), besides loss of PUFA ' s, there are several 

other practical approaches to detect the action of free radicals i n  seed tissue. H owever, 

as stated earlier, clear cut evidence seems to be difficult to achieve. Examples of these 

m ethods and their associated problems are d iscussed briefly below: 

1 )  Direct d etection of free radical levels by electron resonance techniques at any time 

during storage m ay not always suggest i ts action, because free radicals are highly 

unstable and m ay be trapped by drying or quenched by high m oisture content. The 

reports in the literature are also conflicting, e.g. while Priesley et al. ( 1985) found little 

change in free radical levels in soybean axes u nder 'natural ' ageing but  a - 1 00% 

increase under an a rtificial regime, Buchvarov and Gantcheff ( 19 84) contended that 

m arked increases occurred in both types of ageing conditions. 

2) The often used method of detection of primary products of l ipid peroxidation, 

which involves oxidation of iodide ions to iodine by hydroperoxides, is not entirely 

specific; because other compounds may reduce the hydroperoxides naturally. Sharma 

( 1977) reported a 100% increase in hydroperoxides by this method in sesame stored 

for 1 8  m on ths ,  and a 30% increase in cotton and castor bean . On the other hand, 

Pearce and Abdel Samad ( 1 9 80)  showed no evidence of hydroperoxides in aged 

peanut; while Powell and Harman ( 1 986) found only a trace in aged peas. 

3 )  Secondary product analysis centres around the determination of  m alondialdehyde. 

This is a p roduct of peroxidation of 1 8 : 3  fatty acids and thus dependent on their 

concentration. Stewart and Bewley ( 1980) showed increased m alondialdehyde levels 

in deteriorated soybean, which support the free radical hypothesis; but this work has 

been critic ised, because the ageing conditions were too severe. In thi s  case, both 

viable and non-viable embryos produced m alondialdehyde, but the increased levels 

were evident only on non-viable embryos. 
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4) Data from work using protecti ve antioxidan ts m ay provide some of the m ost  

convincing. if  indirect evidence, in  favour of the free radical hypothesis. This involves 

determining the levels of endogenous compounds which may play a role as free radical 

scavengers such as the superoxide d ismutase enzymes (Puntarul o  and Boveris, 1 990). 

a-tocopherol (Priestley et aZ., 1980), or the effects of applied antioxidants e.g. cathodic 

protection used by Pammenter et af. ( 1 974). This topic is discussed in detail in S ection 

2.3 .2.  

2 .2.2 Changes i n  enzyme activity as a cause of seed deterioration 

Enzyme activities are often considerably reduced in aged seed (e.g. Anderson, 1 970a), 

although accord ing to Perl et aZ. ( 1 97 8),  some h ydrolytic e nzymes e.g. amylase, 

glutamic-pyruvic-transaminase, ribonuclease, glutamic acid decarboxylase increased in 

the early stage of accelerated ageing of sorghum s eeds, whi le  protease increased 

throughout the ageing process. The increase in hydrolytic enzymes could be ignored 

on the basis that  under high moisture conditions i n  the ini t ial s tages of the ageing 

process, seeds begin processes leading to germination. The increase of protease 

activity may result in destruction of other enzymes in the seed. So, determination of 

gross changes in enzyme activity may be misleading. A loss of compartmentali sation 

is l ikely to be c rucial .  Conflicting evidence may also arise when different parts of 

tissue are analysed. For example. Kunert (ef Priestley, 1 986) reported that lipase in 

castor bean decreased more rapidly in the peripheral layers of the endosperm than 

deeper within the tissue. 

Kole and Gupta ( 1982) have shown that the rate of decline in activity of amylase and 

l ipase was the m ost sensitive to ageing in safflower and may be a cause of seed 

deteri o rat ion . Losse s  of  phosphol i pids which are rel ated to accu m ulation of 

phosphatidic aci d  or lysophospholipid during ageing (Priestley and Leopold,  1979; 

Nakayama et al. , 198 1 )  may suggest the activity of phospholipases. Priestley ( 1986) 

assumed that phosphol ipase-D cleaves the polar head group from PL' s to leave 

phosphatidic acid while phospholipase-A may remove single fatty acids from PL's to 

form lysophospholipids, but there is l ittle evidence from plant systems at present. 

Loss  of activity of detoxification or repair  e nzymes can also be an i m portant 

component of  seed ageing. Puntarulo and B overis ( 1 990) reported that superoxide 

dismutase (SOD) activity measured after 2 h imbibition showed a marked decrease in 
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activ i ty that  correlated wi th l o sses of  v igour  during ageing , a n d  after 3 0  h o f  

imbibition, the SOD activity in  aged axes was only 1/5 o f  that i n  fresh axes. These 

obse rvations were s imilar i n  both naturally and artificially aged seeds. S i m il arly, 

S tewart and B ewley ( 1 980) found that non-viable soybean seeds failed to show any 

S OD activity during the early s tages of germination. However, working with non

viable seeds does not identify a crucial role for this enzyme. 

2.2.3 Changes in  respiration 

S eed d eteriorat ion i s  o ften associated wi th c hanges i n  one  or m ore aspects of  

respiratory metabolism such as  a decrease in the rate of 02 uptake (e.g. Abdul-Baki, 

1 98 0 ;  Parr i sh  and Leopo l d ,  1 97 8 ) ,  an  i n c rease i n  res p iratory q u o t i e n t  (RQ) 

(Woodstock e t  al. , 1 984) or changes in  ATP l evels (Lunn and M adso n ,  198 1 ) .  

However, this  correlation i s  not universal ; and, once again, correlative relationships do 

not  n ecessari l y  i m ply cause and e ffect .  S e veral studies show that changes i n  

respiration d o  not always correlate with vigour loss (e.g. Abdul-Baki ,  1969 i n  barley 

and wheat; Anderson, 1 970b in Wheat). For example , B yrd and Delouche ( 197 1 )  

demonstrated that there was l i ttle difference i n  rate of oxygen consumption among 

ageing treatments in soybean seeds despite s ignificant losses of vigour in some 

samples. This suggests that oxygen uptake per se may not always be a reliable index 

of seed deterioration. Furthermore, care must be taken when comparisons are made 

between different tissues, because em bryonic tissues seem to be m ore sensitive to 

ageing than c otyledonary or endospermic tissues (Buchvarov and Alekhina,  1 984; 

Anderson and Abdul-Baki , 1 97 1 ). 

Working with soybean, Woodstock and coworkers (Woodstock and Taylorson, 198 1 a, 

b ;  W oodstock et ai. , 1984) reported a dramatic decrease in rates of O2 uptake but an 

increased RQ in both whole seeds and axes with vigour loss. They suggested that 

im balances in the com ponents o f  respiratory metabo lism, e.g.  the uncoupling of 

oxidative phosphoryiation or a loss of coordination between the activity of glycolysis 

and the Krebs cycle , may be an early indication of ageing. Excess glycolysis may 

result in anaerobic respiration and the production of ethanol and acetaldehyde, both of 

which are toxic (Woodstock and Tayiorson, 1 9 8 1 b ;  Gorecki  et al. , 1 9 8 5 ;  Amable 

Obendorf, 1 986 and Reedy and Knapp, 1 988 ) .  Similarly ,  Abu - Sh akra and Ching 

( 1 967) confirmed that there were only small differences between new and old soybean 
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seeds (4 years storage) i n  the rates of 02 consumption in  mitochondria isolated from 4 

day- old seedlings,  although the ADP:O ratios of m itochondria from aged m aterial 

were about half of those unaged ones which suggests that d irect  measurements of 

damage to mitochondria may be sensitive indicators of deterioration. Crawford ( 1 977) 

suggested that  h i g h  levels of e th anol  m a y  c ause destruct ion  of m itoc h o nd ri al 

membranes, but he  provided no evidence to support. Recently, Ferguson et al. ( 1990a) 

presente d  experimental evidence showing that the early occurrence of respi ratory 

changes was associated with mitochondrial damage in soybean axes, which strongly 

suggests that this may be an important cause of seed deterioration. 

During ageing, respiratory pathways may shift from normal respiration to the Pentose 

Phosphate P athway (PPP ) (e. g .  Takayanagi ,  1 97 7  i n  rape see d ;  Kharl uk h i  and 

Agrawal, 1 984 in  chickpea, wheat and green gram; Leopold and Musgrave, 1 980  in 

soybean).  The occurrence of alternative respiration m ay have little significance per se, 
except that it is less sensitive to ageing damage than normal respiration and it can thus 

compete for oxygen more effectively when conventional respiration loses efficiency. 

2 .2 .4 Impaired RNA and protein synth esis 

Protei n  synthesis ,  which is  usually evident at very early stages of i mbibit io n ,  is 

reduced in aged seeds (e.g. Osborne et al., 1 974; Anderson, 1 977). The declining rate 

of protein synthesis in deteriorated seeds m ay be due to damage to conserved m RNA, 

i mp ai re d  synthesis of new mRNA, damage to ribosomes or l osses of activating 

components in protein synthesis. Several or all of these factors may serve to reduce 

the overall abil ity of aged seed to synthesize protein. This deficiency, in tum, has 

severe consequences for the effectiveness of cellular repair m echanisms that operate 

during the early stages of imbibition. Bray and Smith ( 1985)  suggested that lesions 

affect ing the p attern of decay of sto red mRNA could be an e arly indication of 

deterioration i n  wheat. Recently, Gidrol et al. ( 1 988)  demonstrated that accelerated 

ageing greatly decreased protein synthesis during the first hour of imbibition in both 

pea and soybean seeds, but effects were greater in soybean. They attributed this to 

degradation o f  pre -existing ' long-l ived ' mRNA's  during ageing in both pea and 

soybean, and that soybean aged seeds were also not able to synthesize new mRNA nor 

to translate messages during the first hour of imbibition because of lack of ATP, which 

is in agreement  with Anderson ( 1 977) .  However, lesions appearing at the level of 
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ribosom al activity as well as tRNA synthetase activity h ave been demonstrated to be a 

cause of vigour loss in wheat seeds (Blowers et a l. ,  1 985).  Usual ly  protein synthesis is  

organi sed on a membrane surface. Therefore, membrane damage m ay be an important 

factor  contributi n g  to loss  of act ivi ty ,  and loss  of activity m a y  i n  turn impede 

opportunities for detoxification and/or repair. 

2 .3 SEED TREATMENTS FOR THE PROTECTION OR 

REPAIR OF STORED SEEDS 

Seed treatment is  a broad term and there are a vast number of different t reatment 

options available (Scott, 1 989). Some are already commercially viable, some are still 

at the expe rimental or developmental s tage. This section discusses methods and 

mechanisms of seed treatments designed to improve and/or repair the physiological 

condition of  stored seeds with particular references on hydration-dehydration and 

antioxidant treatments. 

2.3 . 1  Hydration-dehydration treatments 

2.3. 1 . 1  Background and principles 

The fact that aged seeds can germinate and develop into apparently  normal seedlings 

suggests that seed s  are capable of recovery by rehydration . This hypothesis was 

supported by BeIjak and Villiers ( 1 972a), who demonstrated that in maize which had 

previously been subjected to accelerated ageing, ultrastructural abnormalities present 

upon rehydration gradually disappeared 24 to 48 h after the start of imbibition. Villiers 

( 1 974)  showed that lettuce seeds which were s to re d  ful ly i mbibed but u nable to 

germinate had very low levels of chromosome aberrations compared to seeds stored at 

moisture contents belo w  1 8%.  Alternatively, subjecting lettuce seeds to occasional 

brief in terludes o f  wetting and d ryin g  during conventional low mois ture con tent 

storage largely e l iminated the usual  aged-induced accumulation of  chromosome 

damage (Villiers and Edgcumbe , 1 975) .  These data all provided evidence for the 

existence of a continuous repair system in imbibed seeds; and, consequently, interest 
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h as developed in  hydration-dehydration treatmerits for storage i mprovement. Such 

treatments m ay be aimed at either improving the vigour  and germination performance 

of aged seed or protecting seed from deterioration under less than ideal conditions. 

2.3. 1 .2 Methods of hydration-dehydration treatments 

The principle of hydration-dehydration treatment i nvolves allowing seeds to take up a 

c ontrolled amount o f  water fol lowed by  d rying back to the required moisture level. 

Seeds m ay be allowed to take up water by different m ethods: soaking or dipping in  

w ater ( e . g .  B as u ,  1 97 6 ;  K u ndu a n d  B as u ,  1 9 8 1 ;  Dey and  M uk he rjee,  1 986) ,  

equilibration with water vapour from a high humidity atmosphere ( e.g. Pan and B asu, 

1 985; Rudrapal and B asu, 1 982; Saha and Basu, 1984), imbibition from a wet substrate 

(Tilden and West, 1 985;  Pandey, 1988), priming i n  a solution of polyethylene glycol 

(PEG) ( Knypl and Khan, 1 98 1 ;  Burgass and Powell,  1984» or salt (Haigh et al. , 1 986; 

Argeric h  and B radford, 1 989),  or  low temperature p resowing treatment (LTPST) 

(Coolbear e t  ai. , 1 9 84) .  As only soaking and m o isture equilibration treatments are 

relevant to this study, detailed discussion is restricted to these methods. 

Soaking has heen found to he effective in severa] species. For exam ple.  Savino et al. 

( 1979) showed that soaking pea, carrot or tomato seeds for 1 8  or 24 h at 20°C and then 

drying back prior to accelerated ageing maintained their vigour and viability for a 

longer period of time than untreated controls. Soaking for only 2 h and drying also 

successful ly  extended viability of wheat seeds stored under a range of condi tions 

(Rudrapal and Basu , 1 9 82 ) .  S imi larly,  D ey and M ukherj ee ( 1 986) found a 6 h 

soaking-drying treatment showed a remarkable effect in prolonging the storabi lity of 

maize or mustard held in different ageing conditions. Soaking techniques show a good 

potential for protection in many other species, e.g. carrot (Kundu and Basu, 198 1 ), 

C ' H y ,:, r  bppf (R ", c l I  ,:, n rl f) h ,:, r  1 C)79) iutP C l 1 n flr""pr ri pp n1 l l cpc "' n rl vpgpt" b 1pc (Ras" V""'O_A __ l.. \. � _U \oA  _A ,f _ _  .f ' _A , 4 "'"  I " J  "'_ , 0..7 _ • ., A 'O,J 1fY  ...... .t. ,  ,1, ,4  _ _  , Y _AV_V _£"'_ ._ "", \..U "'_V \- '-" , 

1 976). 

Beneficial effects often seem to be more pronounced in relatively low vigour rather 

than high vigour or badly deteriorate d  seeds (e .g.  B asu, 1 97 6 ;  B rocklehu rst  and 

Dearman ,  1 983;  Dey and Mukherjee, 1 986). Working with brussels sprouts , Burgass 
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and Powell  ( 1984) found that a 3 h soaking-drying treatment showed both protective 

and repair  effects.  The repai r  effects of short soaking treatments have also b een 

clai med to work well in wheat for m any seed lots (Goldsworthy et ai., 1 982), but as the 

resu lts i n  this study l acked complete statistical  analysis, these data a re not  ful ly 

convincing. In soybean, variations in response have been reported. For example, Saha 

and B asu  ( 1 984)  found that pretreatment of soybean by soaking for 2 h at 28°C 

fol lowed by d rying ,  reduced germ inabi l i ty i n  medium and l ow vigour seeds e ven 

before age ing ,  and  reduced ageing resistance in high vigour seeds, although the 

tre atment pro v ided p rotection of  remaining germinable seeds of  medium v igour 

against both accelerated and natural ageing. In contrast, Dey and M ukherj ee ( 1986) 

also reported (without  presenting the data) that soaking-drying treatments c aused 

detrimental effects on soybean seeds after subsequent storage under three different 

conditions. 

While it is generally accepted that cells must approach a state nearing full imbibition 

for metabolic repair to be active, Kundu and B asu ( 1 9 8 1 )  showed that soaking for 

either 2 h or 2 min followed by drying in  the same manner were equally effective in  

ageing protection for carrot seeds. Similar evidence has been reported in several other 

species (e.g. wheat, sunflower, rice or pulses: B asu,  1 976;  mustard: Rudrapal and 

B asu,  1982; maize:  Dey and Mukherjee, 1 986).  It was suggested that the m aximum 

benefi ts of hydration treatments for wheat seeds could be obtained from 5 or 30 

minutes, provided that a slow rate of drying was used for the former case so as to 

a l low the seeds to remain wet for longer a fter soaking, thus i ncreasing the time  

available for repair (Goldsworthy et  aI., 1 982). I t  seems possible that in  m any species 

a brief soaking period may be enough for embryo axis tissue to become imbibed well 

before the rest of seed (e.g. Grosh and Milner, 1 959 in wheat; McDonald et al. , 1988 in  

soybean). Self repair thus might possibly be facilitated in these seeds. Clearly the 

effectiveness of the soaking period may vary depending on the seed i tself and the 

speed of subsequent drying. 

Although soaking treatments show a tendency to give positive results in a variety of 

seeds, in some species, when seeds or embryonic axes take up water rapidly, soaking 

injury may occur,  espec ially in low vigour lots (Powell and Matthews, 1978 in pea; 
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Woodstock and Taylorson, 1 98 1b ,  Woodstock and Tao, 1 98 1 ,  Saha and Basu, 1 984, 

Tilden and West, 1 985 all in soybeans; Pandey, 1 988  i n  French bean) .  These problems 

may  be overcome by s lowing d own the rate of water u ptake, e.g .  by mo is ture 

equilibration (ME) techniques. Such treatments, fol lowed by drying ,  have shown to be 

effective in prolonging storabil i ty in various species, e.g. carrot (Kundu and Basu, 

1 9 8 1 ) , mustard and wheat (Rudrapal and B asu, 1 982) ,  m aize (Dey and Mukherjee, 

1 986)  and lettuce (Pan and Basu ,  1 985 ) .  For soybean, Saha and B asu ( 1 984) h ave 

evaluated the effectiveness of ME-drying treatment on seeds of different vigour. They 

found  that 24 h ME where SMC's were raised from -9% to -20% before drying back, 

protected high vigour seeds from ageing and repaired medium and low vigour seeds; 

but Dey and MukheIjee ( 1 986) found only little benefit from this type of treatment. 

However, as neither germination nor  SMC data were provided by the latter, i t  i s  

difficult to  evaluate why these resul ts are d ifferent: possibly i t  was due to  variation 

between the seed lots and/or cultivars used or the moisture conten ts attained during 

ME. Kundu and Basu ( 198 1 ) have shown that ME treatment for 24 h increased the 

SMC of carrot from 7 to 1 8 . 6% .  These changes were paralleled by incre ased 

germinability of 5 d aged seeds from 1 7 %  in  the untreated aged sample to 67%.  

Pro l on ged  M E  treatment for up  to  48  h res u l ted i n  a s i gn i ficant  decrease in  

germination, although the S MC reached 23%. This may be due to accelerated seed 

deterioration (Rudrapal and Basu , 1 982) or fungal attack (Rao et al. , 1 987) .  

2 .3. 1 .3 Mechanisms related fa hydration-dehydration treatments 

Although hydration-dehydration treatments have been shown to have beneficial effec ts 

on storability in many species, our understanding of the physiological mechanisms to 

explain how such treatments affect vigour and germination performance of seeds is 
very limited. The key basis for effective treatments of seeds seems to be to allow self

repair and detoxification, and benefits of the treatments are retained after drying back. 

As has already been indicated (Section 2 .2) ,  it has been often suggested that free 

radical chain reac tions in  aged seeds are terminated by the treatments through 

quenching and the induction of scavenging mechanisms (e.g. B asu, 1 976;  Mitra and 

Basu, 1 979) .  Evidence to support this is provided by Dey and coworkers . B y  using 

the  t h i o ba rb i t u r i c  ac i d  (TB A )  m e t h o d  to de term i n e  c hanges  i n  l e ve l s  o f  

ma londial dehyde, Dey and Mukherjee ( 1 986 )  found that hyd ration-dehydration 
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treatments (soaking,  d ipping or ME followed by drying) reduced lipid peroxidation 

and free fatty acids in maize and mustard seeds during  different subsequent storage 

conditions. S imilar observations were reported previously in sunflower (Dey and 

Basu, 1 982). Their claims were made without statistical analysis, and no other reports 

to support such observations have been published, thus i t  is difficult to draw any clear 

conclus ion .  Reduced free radical activity m ay also be a function of the enzyme 

superoxide dismutase which has been found to appear in hydrated seeds (Stewart and 

Bewley, 1 980; Puntarulo and Boveris, 1 990). 

Additionally, protective effects of the treatments may relate to prevention of changes 

in activities of some enzymes. Dey and Mukherjee ( 1986) have reported that maize or 

m ustard seeds treated with soaking, d ipping or M E  fol lowed by drying maintained 

high germinability accompanied by greater dehydrogenase and peroxidase activities, 

but lesser l ipase activities than untreated seeds. Once again, because the data were 

presented without statistical analysis, the validity of suc h  findings is questionable. 

It has been establ ished that hydrated seeds  have a high metabolic activity. For 

example, respiration is evident (Powell et al., 1 983), membrane lipids and proteins are 

subjec t  to turnover (Cuming and Osborne, 1 978a ,  b ) ,  active polysomes are present 

(Fountain and Bewley, 1 973) ,  and chromosome aberrations are reduced (Vil l iers, 

1 97 4 ;  V i l l iers and Edgcumbe, 1 975 ) .  Tilden and West ( 1 985)  assumed that the 

existence of such active metabolic functions m ay a llow repair of damage within 

soybean seeds as i t  accumulates, but they presented no direct evidence. 

As repair is a metabolic process, conditions to allow the process to operate effectively 

are important. The moisture content of the seed is a key factor. As discussed in a 

previous section (2. 3 . 1 .2) ,  a ful l  imbibi tion s tate is not necessarily important for 

metabol ic repair mechanisms to beg in  to become functionaL This  idea has been 

supported by experimental evidence. For example, Saha and Basu ( 1984) showed that 

SMC -20% (from ME treatment) or- 50% (from ME + soaking treatment) gave 

similar effec ts for repair on aged soybean (Saha and Basu, 1 984). These effects are not 

surprising, because the findings of Vertucci and Roos ( 1 990) confirm that the onset of 

respiration occurred at  a SMC in equilibrium with 9 1 %  RH (-27% SMC for soybean 

seeds. 
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There are a few reports showing an importance of temperature and/or oxygen pressure 

for effective repair p rocesses. Goldsworthy e t  a l. ( 1 982) demonstrated that after 

soaking treatment at 35°C wheat seeds germi nated faster and produced l onger 

coleoptiles than after treatment at  lower temperatures . I n  soybean, Tilden and West 

( 1985) reported that imbibing seeds at 25°C foll owed by drying at 25°C was the most 

effective repai r treatment (in terms of reduction of electrolyte leakage) relative to 

combinations of other lower imbibing and/or drying temperatures. 

Goldsworthy e t  al. ( 1982) showed that soaking at 35°C for 2 h in water bubbling with 

air offered no advantage over bubbling with nitrogen which led them concluded that 

oxygen might not be required for the initial rep air  mechanism s  o f  imbibed seeds. 

There i s, however, no other evidence in this or other species to support this finding. 

Most reports suggest that repair processes during storage are strictly dependent on the 

avai labili ty of oxygen. Ibrahim and Roberts ( 1 983) showed that l ongevity of lettuce 

seeds was promoted when their S MC was increased above 1 5-20% providing oxygen 

was being supplied (Ibrahim et al. , 1 983). 

2.3.2 Anti oxidant treatmen ts 

Pammenter et al. ' s ( 1 974) demonstration that cathodic protection c an protect m aize 

seed i n  high temperature storage c onditions ( 1 3 .6% SMC, 40°C RH) supports the 

hypothesis that free radicals and/or l ipid peroxidation could be a m ajor cause of seed 

deterioration.  It seems l ikely, therefore, that the use of chemical antioxidants may 

have the potential to be a cost-effective mechanism for prolonging storage l ife (Wilson 

and McDonald ,  1 986).  Although attempts to use such treatments have become an 

increasing focus of interest for many workers, they have met with variable success. 

Different responses to antioxidants reported in the l iterature seem to depend on three 

m ai n  fac tors : selection of antiox i dants, techniques of app li cation,  and  storage 

conditions. These factors are discussed in  detail  below. 

2.3.2 . 1 Selection of antioxidants 

The re are several types of natural o r  syntheti c  a n tioxidants avai l able .  A lpha

tocopherol ,  vitamin E (a mixture of a,�,'Y-tocopherol) ,  and ascorbic acid are examples 

of naturally occurring antioxidants , whi le butylated hydroxy toluene (BHT), butylated 
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hydroxyanisole (BHA), Propyl gallate (PG), Monotertiary butylated hyd roquinone 

(TB HQ), tJ-mercaptoethanol and sod ium lhiosulphate are syntheti c .  Iodine is  an 

antioxidant e lement (Dey and Mukherjee, 1 984) . These chemicals are commercial ly 

available and have been widely evaluated by m any workers (e.g. Woodstock et  al. , 
1 983 ; Gorecki and Harman, 1 987 ; Okundaye, 1977 ;  Parrish and Bahler, 1 983 ;  Francis, 

1 985 ;  Basu ,  1 976 ;  Dey and Mukherjee, 1 9 84). S tructure and/or properties of some 

antioxidants which are relevant 10 this research are given as follows: 

a) a-tocopherol 

2,5,7 ,8-tetramethyI-2-( 4,8, 12-trimelhyl tridecyI)-6-chromanoI .  

Chromanols derived from plastoquinones are ubiquitous in  plants and are known as 

natural antioxidants. Total tocopherol contents in whole seed soybeans range from 

1 .2- 1 .8 mg  per g lipid with only 7% being a-tocopherol (Priestley et  ai. , 1 980), but a

tocopherol in axes may be as high as 50  mg.g- 1  lipid (Senaratna et al. , 1 985). Alpha

tocopherol is l ight and moisture sensitive, nearly insoluble in water but soluble in 

acetone (BDH, 1 986). 

b) BHT (Butylated hydroxy toluene) 

2,6-di tert-butyl-4 methylphcnol. 

BHT has extremely low solubility in water but is highly soluble in fats (BDH, 1 986) 

and acetone (Woodstock et at. , 1 983) 
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c) �-mercaptoethanol 

Beta-mercaptoethanol is a volatile l iquid and completely soluble i n  water or most 

organic solvents (BDH, 1 986). 

d) Iodine (12) has a crystalline structure and easily sublimes. 

To deal w i th  an ti ox idant  seed treatmen ts ,  i t  i s  importan t to u nderstand  how 

antioxidan ts p lay a ro le  i n  seeds. I f  l ip id  perox idation is invo lved  i n  ageing ,  

antioxidants would, a t  least in  theory, be  effective. I n  plan t  tis sue :  for example, 

tocopherol (a,� or "( isomer) is a naturally occurring lipid peroxidation i nhibitor (porter 

and Wagner, 1 986) found in association with lipid bodies. In vitro, one molecule of a
tocopherol c an prevent 2,000 molecules of unsaturated fatty acids from oxidation 

(Gruger and Tappel, 1 97 1 ) , while "{- tocopherol has been found to be 1 .4 times as 

effective as the a-isomer (Wu et ai. ,  1 979). The protective role of a-tocopherol is  due 

to i ts ability to quench both the superoxide and lipid peroxy free radicals (Leibovitz 

and Siegel .  1 980). In the process of quenching, a-tocopherol is first oxidised to the 

tocopherol radical and subsequently to tocopheryl quinone (Gorecki and Harman, 

1 987). Since tocopherol is consumed in the process of quenching free radicals, lipid 

peroxidat ion accelerates only after tocopherol levels have dec l i ned .  Applied 

antioxidants may thus  substitute for any shortages of tocopherol, res ulting in ageing 

protection. However, reports on levels of natural tocopherols in  seeds during ageing 

are inconsistent. Sharma ( 1 977) found a decrease of tocopherol in sesame, castor bean 

or cotton embryos which paralleled loss of seed viability. Similarly Ramarathnam et 

a i .  ( 1 989 )  reported that a-tocopherol decreased markedly when rice seeds were 

artificially by ,,{-irradiation"  In contrast, Fielding and Goldsworthy ( 1 980) and 

Priestley e t  al. ( 1 980) showed no changes of a-tocopherol levels i n  whole seed of 

wheat and soybean, respectively during rapid ageing. It is possible that other natural 

antioxidants may provide more resistance to free radical damage e.g. oryzanol in rice 

(Ramarathnam et at. , 1 989);  procyanidins in Vigna angularis (Ariga et al. .  1 988) ;  

phytic acid in  legumes or cereals (Graf et ai . ,  1 987) have stronger activity than a

tocopherol. 
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Apart from free radical quenching, Basu and Rudrapal ( 1 980) have proposed that 

antioxidants may play a role on lipid stabil ization by reacting with c arbon-carbon 

double bonds of polyunsaturated fatty acids. This idea might explain why antioxidants 

are effective even in newly harvested seeds, although free radical levels may be high in 

senescing material (Benson, 1 990). However, there i s  no hard evidence for this i dea. 

At present, there are only a few reports provid ing evidence of mechanisms involving 

antioxidant treatments .  Using iodine, Dey and Mukherjee ( 1 984) found that treatments 

which slowed rates of loss in  dehydrogenase or amylolytic activity, reduced l ip id 

peroxidation ,  and decreased seed leachate conductivity in  sunflower and soybean. 

Similar effec ts of iodine or p-hydroxybenzoic acid  were found in maize or mustard, 

respectively (Basu and Rudrapal , 1 980; Dey and Mukherjee, 1 988). Antioxidants may 

react synerg is t ica l ly  w i th phospho l ip id s  to  i n c re ase l i p i d  o x i d ative stab i l i ty 

(Hildebrand, 1 984). In addition to the amine groups on phosphatidylchol ine (PC) and 

phosphatidylethanolamine (PE) , the reducing sugar on phosphatidylinosi tol (PI) can 

facilitate hydrogen or electron donation to partially oxidized tocopherol. By delaying 

the oxidation of tocopherol to an irreversible stage, PL's c an extend the effectiveness 

of tocopheroL Working on soybean, Aho ( 1990) found that improved germination as a 

result of TBHQ treatment was associated with loss of phospholipids from embryos. 

He concluded that TBHQ may act in conjuction with PL's to quench free radicals 

within the seed. 

Although a wide range of antioxidants have been tested on various seed species and 

evaluated under different storage conditions, there are no generalisations about which 

antioxidants are more effective. An ideal chemical would be expected to be effective 

on a wide range of seed species and storage conditions. In fact, often seeds of d ifferent 

species respond differen tly to the same antioxidant, or different antioxidants have 

d ifferent effects  on the same species. Woodstock et al. ( 1 983) have evaluated the 

effectiveness of butylated hydroxy toluene (BHn and vitamin E on the storage life of 

o n ion ,  p arsley and pepper seeds held  i n  des icc ators over zeol i te at ambient 

temperature, and found that parsley seeds soaked in acetone solutions of both BHT 

(0. 1 M or 2.2%) and vitamin E (20 units .mr 1 or 2%) had improved storability, while 

these antioxidants accelerated the rate of deterioration of pepper seeds .  BHT has the 
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capacity to protect onions in store, whereas vitamin E accelerated their deterioration 

under identical storage conditions. Similarly,  Gorecki and Harman ( 1 987) applied 8 

d i fferent antioxidants to pea seeds and found that o nly 0 . 1 % (w/w) B HT and (J.,
tocopherol ( 1 .0 % ,  w/v) impregnated via acetone for 1 6  h gave some measure of 

protection under high humidity conditions (92% RH, 30°C). Protective effects of (J.,

tocopherol were also found in mustard, maize (Dey and Mukherjee, 1 988)  and soybean 

(Okundaye, 1 977). 

Sodium thiosulphate in aqueous solution has been c laimed to have protective effects 

during both natural and accelerated ageing of a variety of species including wheat, rice, 

pu l ses ,  sunflower (Basu 1 976) ,  but as the e ffectiveness of these treatments was 

compared without statis ti cal analysis in this report, i t  is difficult to ensure that the 

c laims are reliable. Other workers have used various water soluble antioxidants ,  

i nc lud ing mercaptoethanol and sod ium thiosulphate, and showed that they were 

effective in improving the storabi lity of carrot (Kundu and Basu, 1 98 1 )  and tomato 

(Francis, 1985). However, l ittle or no effect was observed over hydration treatment 

alone on sugar beet (Basu and Dhar, 1 979), maize (Barnes and Berjak, 1 978) ,  pea 

(Gorecki and Harman, 1 987) or wheat (Sharma, 1 988). 

2 .3 .2 .2 Techniques oj application 

General ly ,  the aim of these techniques is to allow the required concentration  of 

antioxidant to be available to the embryos of seeds without causing severe damage. 

There are three main factors interacting here: solvent used, antioxidant concentration 

and treatment  duration. Antioxidants can be applied in aqueous solution, via organic 

solvents or as a solid.  Choice of solvent is l imited i f  the selected antioxidant i s  

sparingly soluble i n  water, but soluble i n  organic solvents. Treatment durations vary 

with seed types and carrier solvents (Tao and Khan , 1 974). It seems that choice of 

concentrations of antioxidants and treatment durations are quite arbitrary in this type of 

study. Basu ( 1 976) suggested that 2-6 h in  aqueous solution is enough for a w ide 

range of species, while a period of 2-4 h in organic solvents (e .g. acetone, benzene, 

dichloromethane, xylene) ,  with 4 h in acetone being the most favoured ,  has been 

reported to be effective for various crop seeds (e .g.  maize and mustard : Dey and 
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Mukherjee, 1 98 8 ;  parsley and onion: Woodstock et ai . ,  1983 ;  soybean: Okundaye, 

1 977 and Parrish and Bahler, 1 983) .  Gorecki and Harman ( 1987) successful ly used a 

1 6  h acetone soak for pea seeds. Recently, Aho ( 1 990) applied 50 m M  BHT, BHA, 

PG or TBHQ to soybean seeds by soaking i n  d imethyl sulphoxide (DMSO) for 1 5  min, 

and reported that BHT, BHA or PG did not show any effect, although the toxicity of 

TBHQ was detected. I t  appears that no validation of treatment times were undertaken 

in this study. Thus, it is unclear whether these antioxidants could reach the embryo 

with this method of treatment. 

To evaluate effectiveness of antioxidants, care must be taken when solvents are used as 

a vehicle to c arry antioxidants .  In aqueous solutions, water i tself c an quench or 

scavenge free radicals or, alternatively, cause soaking injury to seed which results in 

antioxidants being less effective (e.g. Basu and Dhar ,  1 979 in sugar beet; Kundu and 

Basu, 198 1 in c arrot; Gorecki and Harman, 1 987 in  pea; see also Section 2 .4. 1 for a 

m ore com p l ete d i scuss io n ) .  O n  the other  h an d ,  organic  so lvents  ( e .g .  2 ,4 -

dinitrophenol ,  acetone) may be  toxic to  seeds or i nduce seed dormancy (Dey and 

Mukherjee,  1 988 ;  Woodstock et ai., 1 983; see also Section 2.4.2). An alternative to 

the use of solutions is to treat seeds with chemicals in the vapour phase or via a solid 

medium. B asu and Rudrapal ( 1 980) described a procedure for iodine application to 

mustard seeds by iodine vapour. The technique involves all owing sol id iodine to 

volatilize in a closed container before exposing seeds in that atmosphere for a required 

period. This technique has been modified to be more convenient by using a m ixture of 

solid iodine and an inert carrier powder (such as CaC03)'  A proportion of one part of 

0 . 1 % iodine/CaC03 mixture to four parts seeds (wlw) h as successfully improved the 

seedling growth of soybean and sunflower compared to untreated controls after both 

rapid and slow ageing conditions (Dey and Mukherjee, 1984). 

2 .3 .2 .3 Storage conditions 

As d i cussed in  Section 2 .2 ,  the mechanisms of seed deterioration u nder d ifferent 

storage conditions may be different. This may be one of the key reasons why reported 

effects of antioxidant treatments are variable. Okundaye ( 1 977) showed evidence of 

interactions between antioxidants and subsequent storage conditions in  soybean and 



34 

corn in that a-tocopherol ,  B HA and FeCl3 were al l  effective i n  retarding the rate of 

v iab i l i ty loss under  high temperature conditions (40DC, 30% RH) with the most 

effective being BHA, but these antioxidants did not give any beneficial response under 

low temperature and l ow RH (30DC, 35% RH) conditions. At l ow temperature and 

medium RH (30DC, 78% RH) a-tocopherol was more effective than BHA. There was 

n o  explanation given why d ifferent low RH conditions (30 and 35%) were used to 

compare effects of temperatures in this study. Parrish and Bahler ( 1983) also reported 

that i n  spite of initially harmful effects, PG and TBHQ proved to have some protective 

value on soybean during storage (at 40DC, 8 .3% SMC), while PG was toxic when seeds 

were stored at 1 3 %  SMC and ambient temperature. However, Dey and Mukherjee 

( 1 988)  reported that a-tocopherol, p-hydroxybenzoic acid and aminobenzoic acid were 

effective in controlling deterioration of maize and mustard under both accelerated and 

natural ageing conditions. Similar evidence has been provided by the same group for 

iodine treatments (Dey and Mukherjee, 1984 and Rudrapal and B asu, 1 980) and water 

soluble antioxidants (Basu, 1 976). 

2.4 POTENTIAL PROBLEMS WITH SEED TREATMENTS 

2.4. 1 Soaking injury in  hydration-dehydration treatments 

Soaking injury i s  a damaging phenomenon occurring in any tissue as a result of a rapid 

inrush of water. In seed, this type of damage may be reflected by loss of vigour and 

germinabil ity. There is much evidence showing that soaking causes damage to dry 

seed particularly to l arge-seeded legumes (e .g. pea: Powel l  and Matthews, 1 978 ;  

soybean: Woodstock and Tao, 198 1 ; French bean: Pandey, 1988). Factors which may 

affect  the extent of  soaking  damage inc lude seed species/cu l tivars, mechanical 

damage, initial moisture contents, vigour of seeds and ambient temperatures. These 

factors relate to each other (e.g. Hobbs and Obendorf, 1 972; Wolk et ai. ,  1 989; Saha 

and B asu 1984). Among these, seed moisture is c rucial : for instance, soaking at very 

low initial SMC's, at low temperatures, and to low vigour seeds is l ikely to cause much 

more severe damage than the sum effects of these factors i ndividually. 

According to Vertucci and Leopold ( 1 984) , damage to soybean seeds due to imbibing 

water is greatest when init ial SMC' s are bel ow 7.5% (fresh weight basis) ,  while 
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d amage is lessened when SMC's  are increased to  7.5- 1 9.5% and i s  absent  at SMC's 

greater than 1 9.5%.  Saha and Basu ( 1 984) have provided evidence that no  damage 

occurred when low vigour soybeans were soaked at an initial SMC of 20% for 2 h at 

28°C, while at 9% these seeds lost more than 50% of their germinability. High vigour 

seeds were resistant to soaking injury.  Different responses associated with variations 

i n  seed vigour in soybean have also been reported by other workers (e.g. Woodstock 

and Tao, 1 98 1 ;  Woodstock and Taylorson, 1 98 1 ;  Tilden and West, 1 985). 

In general, intact seed coats can protect seeds against imbibitional injury by slowing 

rate of water uptake. Without seed coats, seeds may be prone to soaking damage (e.g. 

Rowland and Gusta, 1 977 ;  Powell and Matthews, 1 97 8 ;  Ashworth and Obendorf, 

1 980; Duke and Kakefuda, 1 98 1 ). Considering temperature effects, Wolk et ai. ( 1989) 

showed that levels of SMC's that m ark the onset of imbibitional inj ury (breakpoint) in 

Phaseolus vulgaris varied with temperature and cultivar. At 20°C, the breakpoints 

were 1 3% for cv. Tendercrop and 1 0% for cv. Kinghorn Wax, while at 5 °C the 

breakpoints were 16% and 14% for Tendercrop and Kinghorn Wax, respectively. In 
soybean, Hobbs and Obendorf ( 1972) reported that 1 3% SMC was safe for soaking at 

both 5 and 25°C;  at 5% SMC, soaking injury occurred at both temperatures, but was 

greater at 5°C. 

I n  an attempt to avoid problems of soaking i njury, several techn iques h ave been 

evaluated by many workers on different species. The concept of the techniques is to 

slow down the rate of water uptake. In addition to moisture equilibration (discussed in 

S ect ion 2 .2 . 1 ) ,  other approaches to avoid soaking  i njury h ave been evaluated . 

Woodstock and Tao ( 1 98 1 )  showed that when excised soybean axes from accelerated 

aged seeds were imbibed on blotters containing 30% polyethylene glycol (PEG) the 

i nj ury d uring an 8 h imbibition period was greatly reduced ( determined by an 

improved axis length and decreased conductivity of axis leachates) in both high and 

low vigour lots .  Likewise , Ti lden and West ( 1 985 )  assessed the technique of  

imbibition on  different layers of absorbent paper soaked with the same amount of  

water. They reported that viability of  50  h accelerated aged seeds was increased from 

1 0  to 90% on 1 to 5 layers. Pandey (1988) also reported the effectiveness of this 

method to improve vigour of French bean after long-term storage. 

Damagi ng  effects of soaking on seed performance relate to both physical  and 

physiological changes. Mcristematic regions of the radicle and plumule, and possibly 
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some of the surrounding tissue seem to be the first areas to be damaged as a result of 

soaking e ffects (Harri son ,  1 973 ;  Ashworth and  Obendorf, 1 9 80) .  In i t ia l ly  the 

damaging effects of soaking are physical rather than chemical (Powell and Matthews, 

1978 ;  Vertucci and Leopold, 1 983) ; the former g roup showed that when seeds were 

imbibed without seed coats, cell death in pea cotyledons occurred within 2 m inutes of 

imbibition .  They proposed that cell death occurred as a consequence of the complete 

d isorganisation of cell structure resulting in physical d isruption of membrane. Spaeth 

( 1 987) used light and scanning electron microscopy to examine quantities, forms and 

composit ion of m ateri als re leased from bean (Phaseolus vulgaris L . )  and pea 

cotyledons without seed coats during imbibition. He found that there were both large 

and small sizes of extrusion streams being released. Large streams contained starch 

grains and protein bodies, and small  streams contained protein bodies. The size of the 

streams and the presence of starch grains led h im conclude that cellular rupture 

occurred during imbibition. S imilarly,  Duke and Kakefuda ( 198 1 )  found leakage of 

macromolecules such as mitochondria marker enzymes from bean or soybean embryos 

when seeds were imbibed without testae, but not from embryos of seeds with testae. 

There are a few reports showing that soaking  may  cause dam age to metabol ic  

p rocesses . Powel l  and Matthews ( 1 978)  showed that, after 24 h imbibition, the 

respiration of imbibitionally damaged pea embryos was less than half of that of intact 

ones. Woodstock and Taylorson ( 198 1 b) reported increased RQ values and levels of 

acetaldehyde or ethanol in soybean, which also suggested respiratory damage. Most 

recently, Pretorius and Small  ( 1 99 1 ) found that soaking reduced the capac i ty for 

protein synthesis as well as al tered the complement of proteins produced. Working 

with l ima bean, Roos and Pollock ( 1 97 1 )  reported a reduction of R.Nase activity in 

submerged axes parallelled with decreased axis growth, although the reduction of the 

enzyme was more dramatic than that of the growth of seedling. 

2 .4.2 Organic sol vent toxicity 

Recently there has been renewed interest in the use of organic solvents for introducing 

chemica ls into seeds (e. g .  S hortt and S inc lai r ,  1 980 ;  Woodstock e t  a l . ,  1 9 8 3 ;  

Petruzzelli and Taranto, 1985). There are two m ain  reasons o f  using such solvents. 
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Firstly, some chemicals are insoluble or only sparingly soluble in water. Secondly, the 

susceptibi l ity of seeds to soaking injury in some species may m ask the effects of 

beneficial seed treatment. Thus, i t  may be prudent to avoid aqueous solutions for 

application of chemicals. 

There have been many reports showing that organic solvents have been successfully 

used in a wide range of seed species as carriers for applying fungicides (e.g. S hortt and 

Sinclair, 1 980), pesticides (Eckenrode et  a/. , 1 974), growth regulators (Persson, 1988 ;  

Petruzzelli and Taranto, 1 985) and anti-ageing chemicals (e.g. Gorecki and Harman, 

1 987 ;  Dey and Mukherjee, 1988).  

Acetone has been recommended as one of the most effective solvents, as i t  h as the 

properties of being a good carrier (Eckenrode et al., 1 974; Persson, 1988) and causing 

l i t tle  damage (Mi lborrow ,  1 96 3 ;  Dadlani and  Agrawa l ,  1 9 8 5 ;  Persson ,  1 988 ) .  

Nevertheless, there are occasional, if inconsistent, reports i n  the l iterature of toxic 

effec ts of acetone on a range of species. The effect of acetone may differ with seed 

species/cultivars, qual ity of seeds to be treated,  duration of treatment, purity of the 

acetone and the drying method after treatment. Table 2.3 summarises the reports in the 

l iterature of effects of acetone per se on various seed crop species when seeds were 

treated for different durations and dried by different methods. For example, the report 

of Milborrow ( 1 963)  showed that nine out of ten species had no germination losses 

after 3 months soaking in acetone. Lewis et al. ( 1 979) found no damaging effects of 

acetone on different cultivars of soybeans and peas soaked for 24 h, although in 

contrast, soaking for 24 h decreased germ inability of some cultivars of snapbean. The 

susceptibility of snapbean to acetone had been also reported by Muchovej and Dhingra 

( 1 980), who found that these seeds lost viability if soaked in acetone for longer than 

1 .5 h.  
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Table 2.3 Effects of acetone on different crop seeds. 

Crop Duration Drying Effects References 

Barley 3 mths 1 2h, 3 5°C 54 % reduction of Milborrow ( 1 963) 
germination 

Bean 6 h  overnight, reduced gennination Muchovej and and Dhingra 
(Phaseolus air of 3 out of 4 ( 1 980) 

vulgaris) cultivars 

Carrot 24 h 24h, no effect on nonnal Dadlani and Agrawal ( 1 985) 
25-26°C germination in unaged 

seeds, 38% reduction 

in aged seeds 

Cotton 7 2 h 24h, air no effect on sound Halloin ( 1977) 
seed but killed 
excised embryos 

72 h 24h, 70% necrotic Halloin ( 1 977) 
vacuum seedlings 

24 h overnight, 75% reduction of Lewis et al. ( 1979) 
air viability 

Cucumber 4 h  not no effect on Tao and Khan (1 974) 
indicated viability 

1 6  h 24h, air 200% increase in Nelson and Sharples (1 980) 
viability after 2 1  d 
sowing 

Lentil 24 h 24h, no effect on nonnal Dadlani and Agrawal ( 1 985) 
25-26°C gennination in unaged 

seeds, 43% reduction 

in aged seeds 

Lettuce 44 h vacuum no effect on Meyer and Mayer ( 1 97 1 )  
viability 

24 h 30 min, no effect on Khan et aI. ( 1973) 
vacuum viability after 

20 months storage 

1 h Ih, vacuum no effect on Tao et al. ( 1 974) 
viability 

Lima bean 1 h air increased suscepti- Eckenrode et al. (1 974) 
bility to maggot 
damage 
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Table 2.3 (continued) 

Crop Duration Drying Effects References 

Linseed 3 mths 12h, 35°C no effect on Milborrow ( 1963) 
germination 

Maize lO h 3h, 3 5°C no effect on Dey and Mukherjee ( 1988) 
germination 

Mungbean 3 mths 1 2h, 35°C small increase in Milborrow ( 1963) 
germination 

Muskmelon 1 6  h 24h,  air 70% reduction of Nelson and Sharples ( 1 980) 
viability after 21 d 
sowing 

Mustard 3 mths 12h, 35°C small increase in Milborrow ( 1 963) 
germination 

lO h 3h, 35°C no effect on Dey and Mukherjee ( 1988) 
germination 

Oat 3 mths 12h, 35°C no effect on Milborrow ( 1 963) 
germination 

Parseley 4 h  overnight, stimulated Woodstock et ai. (1983) 
air germination during 

early stage of 
ageing (2-3 months), 
decreased germination 
of low germinable old 
seeds (6 years) 

Pea 3 mths 1 2h, 35°C no effect on Milborrow ( 1 963) 
germination 

44 h vacuum small reduction in Meyer and Mayer (1971)  
viability 

24 h overnight, no effect on Lewis et ai. ( 1979) 
air viability 

1 6  h 24h, 43°C no effect on Gorecki and Harman ( 1987) 
viability in unaged 
seeds, 20% reduction 
after 8 weeks ageing 
at 92% RH and 30°C 
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Table 2.3 (continued) 

Crop Duration Drying Effects References 

Pepper 4 h  overnight, no effect on Woodstock et ai. ( 1983) 
air normal germination 

in unaged seeds, 43% 
reduction after 9 mlhs 
stored dry at ambient 

Ryegrass 3 mths 1 2h , 35°C small increase in Milborrow ( 1 963) 
gemination 

Snapbean 24 h overnight, no effect on Lewis et al. ( 1979) 
air viability in 2 out of 

4 cultivars tested 

Soybean 24 h overnight, no effect on Lewis et ai. (I 979) 
air viability 

24 h air no effect on 
viability, increased 

Shortt and S inclair ( l980) 

damage to exposed coty-
ledons, reduced fungal 
infection to seedcoat 

4 h  air no effect on normal Parrish and Bahler ( 1 983) 
germination in unaged seeds 
1 3% reduction after 90d 
ageing at 8% S MC, 40°C 

Sugar 3 mths 12h, 35°C 22% improvement Milborrow ( 1963) 
beet of germination 

Tomato 3 mths 12h, 35°C 94% improvement Milborrow ( 1963) 
of germination 

Wheat 3 mths 1 2h, 35°C 80% improvement Mil borrow ( 1963) 
of germination 

24 h 24h, gemination reduced Dadlani and Agrawal ( 1985) 
25-26°C 1 1  % for unaged seeds 

and 30% for aged 
seeds, reduced seedling 
growth on aged seeds 

Wheat 30 m in vacuum no effect on Petruzzelli and Taranto 
viability in unaged ( 1 985) 
seeds, 45% reduction 
after 35d ageing at 
14.5% SMC, 30°C 
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I t  i s  possible that the penetration of the solvent into 'seeds may be an important variable 

as Lewis et al. ( 1 979) found that no further solvent uptake occurred after the first hour 

of a 24 h soak in pea and snapbean, but soybean sti l l  continued taking  up the solvent 

during this period. On the other hand, Dadlani and Agrawal ( 1985), using methyl red 

dye, argued that no penetration of acetone occurred beyond the seed coat of soybean 

even after 24 h soaking :  it is not c lear whether these differences represent variation 

between seed l ots/cultivars or methodological problems. Determination  of weight 

increase i n  Lewis et al . '  s ( 1 979) study can be m is leading if solvent accumulates 

between the seed coat and the cotyledons. It has been shown i n  cotton (Hal loin,  1 977) 

and soybean (Shortt and S inclair, 1980) that if  acetone penetrates beyond the barrier of 

the seed coat into l iving tissues, damage may occur. On the other h and,  penetration of 

a dye into seeds may not directly reflect penetration of the carrier solvent. 

There are a few reports showing that acetone m ay c ause more severe damage i n  

combination w ith other reagents . Lewis et  al. ( 1979) presented evidence that while 

soybean seeds were not sensitive to 1 h immersion in  acetone, they were to an acetone 

sol ution of 50% PEG (Polyethylene glycol ) ,  1 0% TEA (Triethanolamine)  or 20% 

water. After treatment, seeds are normally dried to remove the solvent from the seeds. 

Again, drying may affect seed performance . Halloin ( 1 977) found that cotton seeds 

treated with acetone and then vacuum-dried produced more abnormal seedlings when 

they were germinated in a covered container. They suggested that this was due to 

residual acetone because similar types of abnormal seedlings were found when non

treated seeds were germinated in a container in the presence of acetone. 

As acetone appears to cause no problems in a wide range of seed species, information 

on i ts mechanism of action  in seeds is l acking.  Hal loin ( 1977)  found increased 

leachate from acetone treated ti ssue of cotton embryos, and proposed, without data 

support, that acetone might cause disruption of lipid systems. Acetone m ay decrease 

the activity of invertase (Eldan and Mayer, 1 97 6) or depress oxygen uptake (Meyer 

and Mayer, 197 1 )  in lettuce seeds, but in each case germinability was unaffected .  
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CHAPTER 3 

MA TERIALS AND M ETHODS 

Thi s  chapter deals with general methodology. Details of experimental design and any 

spec ial approaches wil l  be indicated alongside the appropriate data in the subsequent 

chapters. 

3. 1 SEED MATERIALS 

Nine seed lots of cv. Amsoy and one large lot of cv. Davis were used during the course 

of this study. These seed lots were harvested in different years and obtained from 

different sources (Table 3 . 1 ). Seed lot A-7 was further sorted visually into damaged 

and undamaged seeds. 

Table 3.1 Soybean seed lots used in experiments. 

Cultivar 

Amsoy 

Sourcel 

Wrightson 
Wrightson 
Wrightson 
Corson 
STC 
Corson 
STC 
Corson 
Corson 

Year of 
harvest 

1987 
1 987 
1 987 
1 988 
1988 
1988 
19862 

1 988 
1988 

Davis Wright-Stephenson 1988 

Initial 
germination 

86.5% 
8 1 %  
86% 
83% 
82% 
12% 
83% 
79% 
99% 

8 1 %  

Initial 
S MC 

1 0.8% 
1 1 .6% 
1 0.9%3 

1 1 .8% 
10 . 1% 
1 0.6% 
8.2% 
12.0% 
1 2. 1 %  

9 . 1 %  

1 Addresses: Wrightson L td (now Challenge Seeds Ltd), Palmerston North, New Zealand 

Corson Grain Ltd, PO Box 1046, Gisborne, New Zealand 

Code 

A-O 
A-I 
A-2 
A-3 
A-4 
A-S 
A-6 
A-7 
A-8 

Davis 

STC = Seed Technology Centre, Massey University, Palmerston North, New Zealand 

Wright-Stephenson and Co (Australia) Pry Ltd, PO Box 357, Seven Hills, NSW, Australia 

2 Hand threshed 

3 SMC later increased in this lot due to moisture accumulation in SOC store. 



3 .2  S EED TREATMENTS 

3 .2 . 1 Antioxidant treatments 

Antioxidant treatments were conducted using different c arriers: 

3 .2 . 1 . 1  f3-mercaptoethanol in water 
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Four concentrations: 0, 1 ,  1 0, or 1 00 ppm (v/v) of f3-mercaptoethanol  in water were 

added to seed samples of 10 . 8% moisture content in  moisture proof packages to raise 

the moisture content of seed (SMC) up to 20% fol lowed by ageing treatments. The 

active concentrations of f3-mercaptoethanol per total seed moisture were thus 0, 0.52 ,  

5 .2  or 52  ppm. 

3.2 . 1 .2 a-tocopherol or BHT in organic solvents 

In order to avoid the effects of soaking injury when water was used as a carrier (e.g. 

Woodstock and Tay lorson, 1 98 1 b) and because a-tocopherol and BHT are sparsely  

soluble in  water, solutions of 1 % a-tocopherol or  either 0. 1 M (2.2%) or 0. 1 % BHT 

were prepared i n  acetone or hexane. 

Analar grade acetone and Hipersolv hexane (BDH c hemical NZ Ltd) were used as 

supplied throughout. Previous work by the group of Coolbear et al. ( 199 1 )  had shown 

that redistil l i ng  the acetone provided no advantage. Soaking was carried out by 

completely immersing each replicate of seeds in acetone or hexane for up to 1 6  h at a 

constant 20°e. Fol lowing soaking, samples were spread out on one layer of absorbent 

paper and left to dry at 20°C for 24 h unless otherwise stated. Controls were acetone 

or hexane soaking without antioxidants. Subsequently, untreated seeds wil l  be referred 

to seeds without chemical or  hydration treatment, though they may stil l  have been 

subjected to ageing. 

3 .2 . 1 . 3  Iodine with calcium carbonate 

Iodine treatments were c arried out by mix ing crysta l l i sed iodine with ca lc ium 

carbonate after the method described by Dey and MukheIjee ( 1 984). Each replicate 

sample of seeds was placed into a conical flask contain ing  powdered ca lc ium 

carbonate with 0 ,  0 . 1 ,  1 % iodine in the proportions of 4 : 1  (wlw) seeds : CaC03 + 
iodine. These flasks were tightly covered with parafilm and kept at 25°C in the dark 

for up to 24 h with frequent shaking. After treatment, excess calcium carbonate was 

removed using a fine sieve. Seeds were then wiped with a muslin c loth before drying 

at 35°C or at ambient in fume hood for 24 or 48 h depending on experiments. 



3 .2.2 Hydration treatments 

Three methods of hydration treatment were c arried out in  this study. 

3 .2 .2 . 1  Moisture equilibration (ME) 
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Seed samples were held in closed jars above water at 25°C for up to 72  h .  S ince seeds 

were bagged up rather than in a monolayer, variations in moisture content within the 

seeds may be a m ajor source of vari at ion .  There were also variations i n  SMC's  

obtained during  moisture equilibration i n  different experiments . Possible variables 

include seed lots, initial seed moisture contents and/or the quantity of seeds within the 

container. Relationships between initial and final SMC and quantities of seed for the 

experiments with CV. Davis are shown in Table 3.2. The SMC's  before ME differed 

between experiments due to drying methods after ageing as indicated alongside the 

table. 

Table 3.2 M easured s eed moisture contents (SMC)  after 72 h moisture equilibration of 

different q uanti ties of seeds w i thin a container of cv. Davis. 

means of 3 replicates (±S.E.). 

S eed Seed 
Experiment quantity sample 

A 1 x 1 20 g SA O wk 
SA 8 wk 

SA I S  wk 

B 4 x SO g AA O d  
AA 1 d 
AA 2 d  
AA 3 d  

C 4 x 90 g AA O d  
AA 2 d  
AA 4 d  
AA 6 d  

Note: SA '" Slow ageing at 3CJ'C, 9% SMC 

AA '" Accelerated ageing at  4(J'C, - 100% RH 

'" without drying after slow ageing (Expt. A) 

'" drying at 2CJ'C for 2 d after AA (Expt. B) 

SMC* 
before 

ME 

9.2±O.07 
8.7±0.03 
8 .9±0.OO 

1 3.6±O.O3 
14.S±O.06 
14 .3±0.07 
14.3±O.03 

1 O.2±O.S3 
1 O.3±O.33 
1 O.2±O.07 
1 O.3±O.03 

= drying at 2(J'C for 2 d and then at ambient for 2 d after AA (Expt. C) 

Data presented are 

SMC 
after 
ME 

1 8.3±0. 1 7  
1 8.8±O.27 
l S .6±0.22 

1 7.4±O. l S  
1 7.3±0. 1 7  
1 7 .9±0.25 
17 .4±O . 14  

14.9±O.53 
l S .S±O. lO  
14.9±O.59 
1 5 . 2±O. 1 3  
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3.2.2 .2  Imbibition 

Absorbent papers wetted with tap water as used for normal gennination testing (ISTA ,  

1 985) were used for seed imbibition. Seeds were placed onto two layers and c overed 

wi th another layer of paper before being rolled as a tube and kept i n  a plastic bag at 

25°C until the SMC reached required levels. Imbibed seeds were blotted dry before 

determining SMC or d rying back in a laminar flow cabinet at ambient temperature for 

4 days. 

3 .2.2.3 Soaking 

Soaking treatments were conducted by i mmersing each rep l ic ate o f  seeds e i ther 

d i rectly into deionized water for 30 min (Expts. in Section 5 .2. 1 . 2  and in Chapter 6), or 

for 2 h i mmediately after 24 h moisture equilibration (Section 5 .2 . 1 .2). After seeds 

were hydrated, they were either germinated immediately or dried-back under various 

c onditions. Appropriate details are noted with each experiment. 

3 .2.3 Surface  s terilization treatment 

S eeds of each replicate were placed in a nylon bag and completely submerged in 1 % 

sodium hypochlorite (NaOCl) for 1 5  min, and then transferred to 0.01  N HCl for 1 0  

min  in order t o  completely remove residual NaOCl from seed surface ,  as suggested by 

Abdul-Baki ( 1 974). These seeds were then washed 3 times in distilled water for 5 min 

followed by drying back in a laminar flow cabinet at ambient temperature for 4 days 

(until original weights were obtained). 

3 .3  GENERAL METHODS FOR SEED QUALITY ASSESSMENT 

3.3 . 1 Seed moisture contents 

Moisture contents were determined by the oven method according to the International 

Seed Testing Association (1ST A) Rules ( 1985). Seeds were ground and then dried at 

1 moc for 17 h. The SMC s were expressed as % of wet weight basis. In case of wet 
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seeds (> 1 0% SMC),  which were d ifficult  to grind properly, a two-stage drying was 

used. Firstly, seeds were predried at 1 03°C for 5� 1 O  m in ,  and then dried in a wann 

condition ( for at least 2 h )  until the S MC's  were low enough to be ground  (ISTA, 

1 985).  Secondly, seeds were processed as to a general method described above. 

Where seed moisture needed to be adjusted downwards, drying  w as ach ieved by  

storing the seeds over s ilica gel in a desiccator a t  room temperature until the required 

c alculated weight was reached. Alternatively, m oisture c ontents w ere raised by adding 

the calculated amount of distilled water to a weighed sample of known initial m oisture 

content and then equil ibrating overnight at 1 0°C in heat-sealed polyester-aluminium 

foil-polyethylene laminated packages. These packages are moisture proof (i. e .  water 

vapour transmission rate is zero). After these adjustments the actual moisture contents 

were checked for each replicate. 

3 .3.2 Ageing treatments 

Accelerated ageing treatments were c arried out by holding seed samples i n  1 00%, 90% 

or  36% RH for up to 6, l O  or 30 days at 40°C. A nominal l OO% RH was achieved by 

equilibrating seeds over water after the method described by Baskin ( 19 87).  However, 

Tomes et al. ( 1 988)  have shown that the actual RH under such conditions during 24 to 

72 h is in the range of 90-95%. Thus,  the RH obtained from these conditions will be 

referred as an approximate (-)  1 00 %  RH. Proportions of 3 2 : 6 8  or 84 :  1 6  ( v/v) 

g l ycerine and water were used as per Hi l l  ( 1 9 8 7 )  to  modify R H  to 90 o r  3 6 %  

respectively.  SMC' s  were determined before a n d  after subjecting seeds t o  these 

conditions. After ageing (both AA and CD) seeds were germinated directly without 

d rying back. Except that AA or SA seeds, which were used for post-storage ME 

treatments were dried back before treatment. After various treatments the SMC's of 

d ried-back seeds could vary by several percentage points from that of the controls. 

Details will be given with each experiment as appropriate. 

Controlled deterioration treatments were a modification of the technique of M atthews 

and Powell ( l987b). To obtain the required moisture contents, the calculated amount 

of water was added and the seeds allowed to equilibrate overnight at l OoC for 24 h as 

described above. The conditions used were seed moisture contents of 20, 1 2 ,  or 9% 

and a temperature of  40 or 35°C. The durations of ageing treatment varied from 1 day 

to 1 5  weeks depending on the experiment. 



3.3 .3  Normal seed germination and seedling growth testing 
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Germination trials were normally conducted on 50 seeds per replicate kept at 25°C in 

the dark. The between paper method (1ST A, 1 98 5) was used, recording percentage 

normal seedlings 8 days after sowing.  These normal seedlings are seedlings which 

show the potential for continued development into satisfactory plants when grown 

under favourable conditions (IS TA ,  1 985) . Seeds were duste d  with thiram prior 

setti n g  up germin ation trials .  Percentage seed viability (normal and abnormal 

seedlings plus fresh ungerminated seeds) was also recorded, as were the fresh and dry 

weights of embryonic axes (cotyledons removed) of normal seedlings 8 days from 

sowing (Association of Official S eed Analysts or AOSA, 1 983). Fresh ungerminated 

seeds are ungerminated seeds which are still fIrm and therefore regarded as still viable. 

Dry weights were measured after drying for 4 days at 65°e. 

3 .3 .4 Germination rate trials 

In addition to the standard germination test, germination rate trials were initially 

carried out to compare the effect of treatments. Seeds were germinated on top of two 

layers of Whatman No. 1  filter paper wetted with 25 rn1 distilled water in 1 2.5 cm petri

dishe s .  Seeds showing radicle protrusion were counted and removed at least three 

times daily during peak periods of germination activity until no further germination 

occurred. The median germination time (T 50) was calculated according to Coolbear et 

al. ( 1 9 84). As the results seem to be unreliable (discussed in Chapter 4) , this technique 

was not used in further experiments. 

3.3.5 Conductivity testing 

Conductivity measurements were carried out on 50 seeds per replicate as described by 

Matthews and Powell ( l987a). S eeds were soaked in a 250-ml conical flask with 1 00 

rn1 deionized water at 20°e. Conductivity of seed leachates was measured after seeds 

were soaked for up to 24 h using a direct reading conductivity meter. The results were 

expressed as J..1.S.cm- 1 .seed -1 rather than per gram of seeds as in the original method 

so that results can be compared when seeds of different SMC's were used. 
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3.3.6 Staining procedures 

3. 3.6. 1 Tetrazolium test 

Tetrazolium (TZ) testing was c arried out as per AOSA ( 1 970). Seeds were placed 

between moist paper towels overnight for imbibition before soaking in a 1 % aqueous 

solu tion of 2,3 ,5-triphenyl tetrazolium chloride and kept in 3 5 ° C  for 3 h. A fter 

staining, the seeds were washed in running water. If not evaluated immediately, seeds 

were held in water and stored at 5°C until evaluations were made. The seeds were 

individually e xamine d  for the staining p atte rn  of embryos and cotyledons .  The 

position and size of unstained areas were examined. 

3 .3 .6.2 Ferric chloride (FeCI3) test 

A ferric chloride test was used to visualise mechanical damage on seeds. A 20% (w/w) 
solution of ferric c hloride was prepared in distilled water (Lankford, personal 

communication) .  S eed were submerged in the solution for up to 1 5  min. Separation of 

damaged and undamaged seeds was done within 5 - 1 5  min after soaking. Seeds with 

black stain were considered as mechanically damaged (plate 3 . 1 ). S eeds of each group 

were dried back to required SMC's above silica gel in a desiccator at 20°C. However, 

preliminary trials suggest that seeds separated by ferric chloride cannot be used for 

further study because the ferric chloride itself had toxic effects on soybean as revealed 

by the TZ test (Plate 3 .2) and conflrmed by germination results (data not shown) .  As 

the two staining procedures were obviously incompatible, damaged seeds were then 

separated visually. The toxic effects of ferric chloride do not appear to have been 

reported in literature before. 

3.3.6.3 Methyl red penetration 

A saturated solution of methyl red in acetone was u sed in an attempt to examine 

acetone penetration of the seed. S eeds were submerged in the solution for 1 6  h at 

20°C. S olutions were decanted and seeds were then dried for 24 h to evaporate the 

acetone. Staining patterns were evaluated individually on cut through or halved seeds. 
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Plate 3.1 Responses of undamaged (A) or mechanically damaged seeds (B) of 
soybean lot A·7, CV. Amsoy to 20% ferric chloride soaked for 5·15 min. 
The black staining on the testa indicates sites of mechanical damage 
penetrated by the salt which is subsequently oxidised. 
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Plate 3.2 Responses to tetrazol i  um ch loride of undamaged (A,  C) and 
mechanically damaged seeds (B, D) sorted by 20% ferric chloride 
staining (A, B) or visual separation (C, D) of soybean seed lot A-7, cV 
Amsoy. FeCl3 clearly affects the letrazoHum staining response and 
makes evaluation difficult and inaccurate. 

50 



5 1  

3.4 SOIL EMERGENCE TRIALS 

A soil emergence trial was conducted to compare the effects of ageing and moisture 

equilibration treatments on emergence and growth of seedlings. Smi th ' s  potting m ix 

was p laced i n  Plix bedding root trainers and watered until the potting  mix was well 

moistened and compact. A single seed was then placed in each trainer and covered 

with potting mix to a depth of 2 cm.  Watering was supplied daily.  Three replicates of 

50 seeds were sown per treatment. Emergence (appearance of a visible hypocotyl 

hook) and establishment of photosynthetic seedlings (cotyledons emerged above the 

soil surface) was scored daily until no more emergence occurred. The experiment was 

conduc te d  i n  a vent i l ated gl asshouse where the temperature was regu lated to 

approximately 20°C. After 1 7  days from 50% establishment (T 50) in each separate 

plot, all seedlings were removed and percentages of normal and abnormal shoots were 

recorded. Fresh and d ry weights of  shoots and roots of  normal seedlings were then 

determined as described in Section 3 .3 .3. 

3 .5 LIPID EXTRACTION FROM SEED TISSUES AND MEMBRANES 

3.5 . 1 Lipid extraction from seed tissues 

The total l ipid from seed tissues was extracted from excised axes and cotyledons using 

a modification of the method described by Francis and Cool bear ( 1 988) .  Twenty axes 

or an equivalent weight of cotyledons were boiled for 2 min in 1 m! water saturated 

butanol (WSB) containing l OO j.lg.mr 1 of BHT and then hand ground in a mortar and 

pestle to a slurry and washed into a centrifuge tube with a further 1 ml WSB. The 

suspension was centrifuged for 10  m in at l 300 g and the supernatant decanted. The 

precipitate was then re-extracted with an additional 1 m l  of WSB and recentrifuged. 

Supernatants were pooled and dried under nitrogen. The dry weight of total lipid 

extracted was measured. 

3 .5 .2 Membrane Jipid extraction 

The m icrosomal membrane fractions from axes and c otyledons were prepared as 

described by Senaratna et aZ. ( 1 984). For each treatment, 20 axes or an equivalent 

weight of cotyledons were homogenized in 2 .0-2 .5 m! of 0 .3  M sucrose, 50 mM 

NaHC03' pH  7.0 using a glass homogenizer. The homogenate was filtered through 2 



52 

layers of silk cloth and centrifuged at 10 ,000 g for 20 min. The resulting supernatant 

was m ad e  1 5  m M  w ith CsCl before layeri n g  on  7 50 III o f  1 . 3  M sucrose and 

centrifuged a t  1 65 ,000 g for 2 h. Smooth microsomal membranes were collected at the 

interface by Pasteur pipette. The membranes were diluted with 3 volumes of 50 mM 

NaHC03 , and pelleted by centrifugation at 1 65 ,000 g for 1 .5 h. 

Total membrane lipid was extracted from isolated microsomal membrane fractions .  

Pelleted membrane fractions were dissolved in  2 ml of WSB and then boiled for 2 min. 

The suspension was centrifuged, re-extracted and dried as per the procedures for seed 

tissues described in a previous Section (3.5 . 1 ). 

3 .6 LIPID ANALYSIS 

3.6. 1 Phospholipid extraction 

Phospholipid in the total l ipid extract was quantified by measuring the amount of 

phosphorus (P)  according to the method of B artlett ( 1959). A 200 III aliquot of 

supernatant (lipid in  butanol) extracted from seed tissue before d rying or the total 

amount of dried microsomal membrane lipid was used. To each sample was added 0.5 

m! of 1 0  N H2S04 before heating on  a 1 50- 1 60°C d igestion b lock for at  least 3 h .  

Two drops of 30% H202 were then added, and the digestion was continued for at least 

1 .5 h in order to ensure completion of reaction and decomposition of all the peroxide. 

After adding 4.4 ml distilled water, 0.2 ml of 5% ammonium molybdate and 0.2 ml of 

Fiske-SubbaRow reagent (total volume of the solution was 5 ml) ,  the solutions were 

thoroughly mixed and heated for 7 min in boil ing water. The optical density at 830 

mil was recorded and compared to  a standard c urve which w as prepared using 

inorganic orthophosphate. Solutions containing 0-5 Ilg phosphorus were prepared in 

4. 1 ml  with water to which was added 0.5 ml 10 N H2S04, 0.2 m l  of 5% ammonium 

molybdate and 0.2 ml of Fiske-SubbaRow reagent before processing in the same way 

as the sample solutions. 

In an attempt  to assess the reproducib i li ty of the method used for phospholipid 

extraction, three subsamples of 200 III aJiquots were taken from the same sample of 

seed l ipid (taken from water soaked seed samples aged at different durations) and 

digested as described previously. Results showed that variation occurring between 

these internal replicates was very low (maximum range was only  8 .7 or 4.8% of the 
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means of PL from axis or cotyledon, respectively) which indicated that there was no 

need to use internal replications. Thus, except for this set of experiments the results 

presented in Chapter 6 are always externally replicated .  

For membrane phospholipid analysis ,  an  additional standard curve made from H2S04-

digested inorganic orthophosphate was also included so that if there are any losses of 

phosphoru s  occurr in g  du ri ng  d i ges t ion ,  the amou n ts of P detected were s t i l l  

comparable. The resul ts were calculated from this ' d igested standard curve ' and 

expressed as  a proportion of phosphorus present in  total membrane lipid (P:L ratios) . 

3.6.2 Fatty acid analysis 

In prel iminary trials,  fatty acid methylation for GLC analysis was c arried out using 

boron fluoride (BF3) in methanol (described by Francis and Cool bear, 1 988). 500 jll 

of 1 0% H2S04 i n  methanol , and 50  jll of 1 00 jlg .m l- 1  heptadecanoic aci d  (as an 

internal standard) were added to lipid dried from a 200 jlI aliquot) and incubated for 

3 h at 70°C before adding 1 ml of 1 4% BF3 in methanol and incubating at 80°C for 

1 h .  The samples were washed into separation funnels with hexane ( 1 5  ml) and 2 m! 

of distilled water were added. After thorough mixing, the funnels were left to stand for 

30 min .  The lower layer was discarded, the upper part was filtered through Watson 

No . 1 f i l te r  paper and  dr ied under  n i trogen .  These methylated samples were 

redissolved in  1 00 jll hexane before injection i nto the GLC (Perkin-Elmer 8500) . A 

J&W DB-wax megabore 30 m column was used with a 6 ml .min- l flow rate of helium 

and an oven temperature of 1 60-230°C, while both detector and injector ports were 

maintained at 300°C. Detection was by a flame ionisation detector. Peak areas of the 

samples were estimated from the GLC signal by i ntegration controlled by a d ata 

acquisi tion and control system (Software : Delta Chromatography System, Digital 

Solutions Pty Ltd). Identification of fatty acid methyl esters was based on the presence 

of heptadecanoic acid (C 17 :0) and by comparison of peak retention times to authentic 

fatty acids methyl ester standard. Results were expressed as relative proportions of 

fatty acid from lipid extracts. For this trial, an oxygen trap was not connected into the 

gas l ine .  After an extensive series of trials, there was a gradual l oss of resolution 

particularly between 1 8:0 and 1 8 : 1 fatty acids, which indicated column deterioration. 

Details of problems with fatty acid analysis and their possible causes are discussed in 

Appendix 3. 1 .  

Accordingly, in the studies described in Chapter 6 ,  a modified analysis procedure was 

used from the method of Ferguson et al. ( 1990b). Briefly, dried lipid (from a dried 1 -3 
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ml aliquot) was d is so lved in 3 m l  hexane, and fatty acids were esterified by the 

addition of  3 ml 1 % H2S04 in methanol including '3 ml of 100 Ilg.ml- 1  heptadecanoic 

acid. For membrane lipid, 1 ml of each reagent was used for the whole sample of dried 

lipid. The hexane layer was evaporated at 60°C for 3 h and methylation completed at 

85°C for a further 1 h .  The fatty acid methyl esters were partitioned and analysed by 

GLC as described above, except that an oven  temperature of 1 60- 1 90°C was used, and 

the carr ier  gas  (he l i u m )  first fl owed throug h  an o xygen t rap so that oxygen 

contaminants were removed. 

For  m e mbrane ana lysi s .  v ariati on s  occurred both between the two repl icated 

extractions and between injections of subsamples from the same extraction (Appendix 

3.2). In general internal rep lications were used when there were anomalies between 

external replicates or there were problems of interpretation of individual peak areas on 

the trace obtained. For the latter case, injections were repeated with varied amount of 

sample. Where the second injection  did not agree with the first, a third repl icate 

injection of the same sample was assayed. Data for membrane fatty acid  proportions 

presented in Chapter 6 were analysed from means of all injections from two replicated 

ex tracti ons. 

3.7 ELECTROPHORESIS OF MEMBRANE PROTEINS 

Gels (7 . 5%  resolving and 2 .5% stacking) were p repared between g lass p lates (as 

described by Hames and Rickwood. 1 98 1 )  using the "PROTEAN II SLAB CELL" 

vertical slab e lectrophoresis system.  The protein precipitate remaining after lipid 

extraction of membrane fractions was solubilised i n  1 m l  of extracting solution (2% 

SDS, 5% 2-mercaptoethanol , 1 0% glycerol in 62.5 mM Tris-HCl) and stored at -20oe 

until required. After thawing, urea was added to a concentration of 6 M. Five III of 

bromophenol ( tracking d ye) were added to 1 95 III of sample ,  which was then 

denatured by heating at 1 03°e for 5 min .  A 30-60 III of denatured sample solution was 

loaded per sample well .  Gels were run at a temperature of 5 °C and initially at a 

constant current of 25  rnA until the dye front entered the resolving gel, when the 

current was increased to 35 rnA. The power was disconnected when the dye front  was 

about 1 cm from the end of the resolving gel. Gels were then stained with Coomassie 

Blue overnight, and destained with 600 ml distilled water : 300 ml methanol : 1 00 ml 

acetic acid until the gel background was clear and then over stained with silver (Merril 

et at., 1 98 1 ). 
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3 .8  TRANSMISSION ELECTRON MICROSCOPY (TEM)  

Axes and cotyledons of  untreated, 1 6  h acetone soaked and 30 min  water soaked seeds 

of unaged and 6 day-accelerated aged samples were prepared. Two seeds from each 

treatment were imbibed betwecn moistened absorbent paper for 24 h .  The seed coats 

were removed and the axes exciscd. Radicles or cotyledons were transversely sliced 

into several pieces of approximately 0.5- 1 mm thick. These sliced tissues (excluding a 

1 m m  sect ion from a rool t i p  (F igure 3 . 1 »  were c haractcrised under the l ight  

m icroscope. Sections cut through epidermal, procortical and pro vascular tissues were 

chosen for TEM study (examples of tissue lypes are shown in Platc 3.3) .  These tissues 

were then processed as described in Appendix 3 . 3  by Mr. D. Hopcro ft of Fruits and 

Trees Division, DSIR , Pamerston North . Electron micrographs were taken on a Phil ips 

20 lC  TEM at Fruit and Trees Division, DSIR, Palmerston North. 

I ntact see� 
chosen slices $. -0.5 - 1 .0 m m ----I ... -

� 1 mm section 
excluded 

Radic le  cotyle d o n  

Figure 3.1 Side view diagram of radicle and cotyledon of soybean cv. Davis. Tissue 
slices were taken for TEM study as indicated in ule diagram. 



P late 3.3 Light micrographs of transverse s ections of the radicle (A) o r  cotyledon (8)  

s howing the re lationship between epidermal cel ls  (E) , a djacent procortical 

(C) a nd p rov a s c u l a r  (V) c e l l s  i n  s oy b e a n  s ee d s  CV. D a v i s  aft e r  24 h 

imbibitio n .  Magnification 640X. 
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3.9 DATA ANALYSIS 

Data were normally collected from four replications of all treatments for the different 

lots of cvs. Amsoy and Davis, except that (due to limited stocks of seed) for cv. Davis 

three replicates were gathered from experiments on post-storage ME treatments, slow 

ageing and l ipid analysis ,  and two replicates on membrane lipid analysis. All data 

were replicated externally. For phospholipid from seed tissues ( Section 3.6 . 1 )  and 

membrane fatty acid analyses (Section 3.6 .2 ,  Appendix 3 .3) internal repl icates were 

also additionally done as to evaluate reproducibil ity of the techniques. 

Either split p lot or randomized complete block (RCB) designs were used depending on 

the experiment. In the split plot designs, seed treatments were regarded as main plots 

and  agei n g  durations as subplots unless otherwise stated . The least significant 

difference (LSD) values for comparisons across main plots were calculated according 

to Mead and Curnow ( 1 983), using the appropriate t-value with the m ain  plot degrees 

of freedom. Germination and viability data were transformed to arcsin -vpercentage for 

analysis, unless otherwise stated. 
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CHAPTER 4 

A NTIOXIDANT AND SOL VENT TREATMENTS 

4 . l  INTRODUCTION 

Several reports in the literature suggest that antioxidants have the potential to improve 

storability of seeds, and that acetone is a safe solvent to use for such seed treatments on 

various species including soybean (reviewed in Sections 2.3.2 and 2.4.2). The effects 

of antioxidants and acetone were thus characterised on the performance of several seed 

lots o f  soybean c vs. Amsoy and Davis under both accelerated and slow ageing 

conditions. The results presented are grouped into three main  sections. Firstly, the 

effects of antioxidant treatments administered via organic solvents are p resented ,  

followed by the effec ts of  acetone treatment on seeds per se .  The experiments carried 

out for these two sections are summarised i n  Table 4. 1 .  The last section describes the 

results of investigations of treatments using applications of either aqueous solutions of 

l3-mercaptoethanol or iodine in inert powder. Variations in responses of seeds to these 

treatments are then d iscussed. 

4.2 RESULTS 

4.2. 1 Effects of a-tocopherol and B HT treatments in 

acetone and/or hexane 

The results reported here are collated from 6 separate experiments on two cultivars, 

where the effect of the treatment has been variously assessed on seeds subjected to 

controlled deterioration, accelerated ageing or slow ageing techniques (Table 4. 1 ,  

experiments I-VI). The data presented are accordingly grouped by methods of ageing 

applied to the seed after treatment. 



Table 4.1 Summary of experiments of acetone series. 

Chemical Ageing 
Experiment Seed Iota treatmentb conditions 

I I  

I I I  

I V  

V 

VI 

VII 

VIII  

IX 

X 

XI 

XII 

XIII  

A- I UC, Ac, Ac + 1 % a-loe 40°C, 20% SMC 

A-I UC, Ac, Ac + 0. 1 M B HT 40°C, - 1 00% RH 
40°C, 20% SMC 

Davis UC, Ac, Ac + 1 % a-toe 40°C, - 1 00% RH 

Davis UC, Ac, Ac + 0. 1 M B HT 40°C, -100% RH 

Davis UC, Ac, Ac + 1 % a-loe, 35°C, 1 2% SMC 

Ac + O. l % B HT 

Davis UC, Hex, Hex + 1 % a-toe 40°C, -100% RH 

A-2 UC, Ac 40°C, 20% SMC 

A-2 UC, Ac 40°C, -100% RH 

A-2 UC, Ac 40°C, 20% SMC 

A-2,3,4,5 UC, Ac 40°C, 20% SMC 

A-3 UC, Ac 40°C, 20% SMC 

A-8 UC, Ac 40°C, 20% SMC 

A-7 UC, Ac 40°C, 20% SMC 

a For a full description of cv. Amsoy seed lots, A· 1 through A·B, refer to Table 3. 1. 

b UC = untreated controls 

Ac = acetone treatment 

Cl-toC = Cl-tocopherol 

BHT = butylated hydroxytoluene 

Hex = hexane 
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Maximum 

ageing 
durations 

5 d  

5 d  

6 d  

6 d  

1 2  wk 

6 d  

3 d  

3 d  

3 d  

3 d  

3 d  

3 d  

3 d  
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4.2. 1 . 1  Treatment prior to controlled deterioration (CD) 

Analysis of n orm al germ ination and viabil ity data for untreated ,  acetone and a

tocopherol in  acetone treated seeds of lot A- I (Expt. I) showed n o  interactions between 

treatments and  d urations of ageing .  Accordingly,  d ata are p lotted in Figure 4 . 1 

showi n g  the overal l  mean effects o f  ageing o r  treatment. A signi ficant decline 

(P<O.OO1 )  in germination and viability was observed during ageing. Seeds began to 

lose germinability after 3 d, and after 5 d the proportion of normal germinants was l ess 

than 20%. There was no significant effect of treatments on germ inability , but acetone 

caused a smal l ,  but significant (P<0.05), decrease in overall viabil ity. 

B HT treatment (Expt. II) resulted in many abnormal seedlings with retarded roots from 

unaged seeds (Plate 4. 1 ) .  As a resu lt, normal germ ination of unaged seeds  was 

significantly (P<O.O l )  decreased by B HT, but in  contrast to this, viabi lity was slightly 

i mproved compared to seeds treated with acetone alone ( P<0.05)  (Figure 4 .2) .  

Subsequent damage during CD was a function of acetone rather than B HT, but there 

was no evidence of any significant protective effects of the antioxidant. 

Data on times to 50% radicle emergence (Tabl e  4.2)  indicated that a significant 

(p<0.05) inhibitory effect of a-tocopherol is  evident after 3 days CD,  while B HT 

m arginally increased the T 50 of only unaged seeds. It was also noted, however, that 

the e ffects of acetone treatment d i ffered s l ight ly between e xperiments,  as n o  

significant toxic effect o f  acetone occurred i n  experiment I ,  but in experiment I I  it  was 

evident after 1 d CD. In both experiments, the general pattern of changes in seedling 

growth (Appendix 4. 1 )  followed that of the normal germination percentage data. 
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Figure 4.1 The e ffects of subsequent control led deterioration (40°C, 20% SMC) 
(averaged over treatment) or chemical treatments (averaged over duration 
of CD) on viability ( 0 , open histogram) and normal germination ( D . 
closed histogram) of soybean seed lot A-I ,  cv. Amsoy. Data presented are 

arcsin ..J% transformed m eans o f  4 replicates. Bars represent least 
significant differences (P:::D.05). 
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Plate 4.1 The effects of acetone and BHT on gel1Tl inability and seedling growth of 
unaged soybean seed lot A·I cv. Amsoy. 

A: Acetone alone; 
B: 0.1 M BHT in acetone; 
C: Stunted root abnormalities from BHT treatment. 
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Figure 4.2 The effects of chemical treatments and subsequent controlled deterioration 
(40°C, 20% SMC) or acceleratcd agcing (40°C,-lOO% RH) on nonnal 
germination (A and C) and viability (B and D) of soybean seed lot A- I ,  
c v .  Amsoy. Data presented are arcsin ..J% transformed means of 4 
replicates. 0-0: Untreated controls;l:::,.-6 Acetone alone;o.- n: 0. 1 
M BHT in acetone. Bars represent least significant differences (P=01l5). 
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Table 4.2 The variations in time to 50% radicle emergence between experiments after chemical 
treatment and controlled deterioration (40°C, 20% SMC) of soybean seed lot A- I ,  cv. 
Amsoy. 

Time to 50% radicle emergence (T 50) (h) 

Experiment I 

Chemical treatment Unaged I d CD 3d CD Unaged 

Untreated controls 14.0 1 5.8 20.3 16.5 

Acetone alone 1 2. 5  1 3.8 2 1 .8 16.5 

1 % a-tocopherol 

in acetone 12.5 1 5.8 3 1 .8 

0.1  M B HT in acetone 1 8.5 

LSDO.05 1 .69 2.40 5.39 1 .77 

(Note that % radicle emergence after 5 d CD was too low for accurate estimation of TS(/ 

4.2. 1 .2 Treatment prior to accelerated ageing (M) 

Effects on cv. Amsoy (Expc II) 

Experiment II  

1 d CD 3 d CD 

1 3 .8 1 7.5 

15.8 2 1 . 3  

14.0 1 9.8 

1 .25 2.53 
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In  lot A- I the effects of acetone and BHT treatments were similar to those under CD 

conditions, but AA caused less damage to seeds than did CD for equivalent periods of 

t ime (Figure 4.2) .  Acetone treatment had some inconsistent effects on T 50 during 

accelerated ageing (compare 1 and 5 days AA, Appendix  4.2) .  Data for seedling  

growth reveal that the effects of  treatments on th i s  parameter were similar to  the 

germinat ion data, a l though 1 d AA reduced the normal seedl i ng weight wh i le 

germination i tself was only reduced at 5 d (compare Append ix 4.3 and Figure 4.2C). 



Effects on cv. Davis (Expts. III and IV) 
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When a-tocopherol and BHT were applied to cv. Davis, the pattern of response was 

broadly similar to that found for cv. Amsoy. In order to avoid the toxic effects of 

acetone at h igh seed moisture contents, the moisture contents of seeds were adjusted 

prior to soaking (for a detailed experimental evaluation see Section 4 .2 .2 .4). The 

effects of a-tocopherol and acetone treatments on normal germination and viability at 

each level of initial moisture content are shown in Figure 4.3. AA caused significant 

reductions in germination and viability percentages. At 6% and 9% S MC ,  a dramatic 

deterioration  in normal germination occurred after 4 d ageing, while at 1 2% S MC 

seeds deteriorated immediately. There was no s ignificant effect of a-tocopherol on 

normal germination and viabil i ty at any level of seed moisture when compared to 

acetone treatment (Figure 4.3) .  Similar results were obtained from B HT treatment 

(Appendix 4.4) except that BHT significantly reduced normal germination of unaged 

seeds at all levels of seed moisture ( data summarised in Table 4 .3 ) .  At 6% seed 

moisture, B HT also inhibited normal seedling growth in unaged seeds (Figure 4.4), but 

note that accelerated ageing for 2 days significantly improved seedling weight. 

Table 4.3 The effects of B HT treaunent on nonnal gennination percentage of unaged soybean 
seeds, cv. Davis at different seed moisture contents (% FWf) before soaking.  Data 
presented are means of 4 replicates (Arcsin transfonned data ± SE in brackets). 

% nonnal gennination (arcsin "j% transfonns) 

Chemical treatment 6% SMC 9% SMC 1 2% SMC 

Acetone alone 89 85 75 
0 .23 ± 0.02) ( 1 . 1 8  ± 0.04) ( 1 .04 ± 0.03) 

0.1 M BHT in acetone 62 66 6 1  
(0.91 ± 0.(4) (0.95 ± 0.04) (0.89 ± 0.(4) 

For untreated control data and effects of accelerated ageing, refer to Appendix 4.4. 
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The effects of chemical treatments, soaking seeds at 6% SMC and subsequent 
accelerated ageing (40°C, -100% RH) on axis fresh weights of nonnal soybean, 
cv. Davis seedlings 8 d after sowing. Q---C'i- Untreated controls;.6,_.-l:X 
Acetone alone:o_ -0: 0.1 M B HT  in acetone. 13ar represents least significant 
difference (p=0.05). 
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Hexane used as  an alternative solvent (Expt. VI) 

When hexane was used as an alternative solvent to introduce a-tocopherol to cv. Davis 

seeds before ageing under AA conditions, no toxic effects of hexane were observed on 

seeds with either 6% or 9% moisture contents prior to soaking for 1 6  h. However, 

once again a-tocopherol showed no significant effect on seed storability. Germination 

data for seeds treated at 9% SMC are presented in Figure 4.5. There were also some 

indications of a small toxic effect of a-tocopherol on seedling fresh weight at 6% SMC 

(Table 4.4) , although this effect was not observed in any other experiment and requires 

confirmation. 

Table 4.4 The effects of chemical treatments (averaged over durations of AA) on fresh weights of 
normal seedlings of soybean cv. Davis, after 8 d from sowing seeds soaked at 6% seed 
moisture content in hexane as a solvent for a-tocopherol . 

Chemical treatment 

Untreated controls 

Hexane alone 

1 % a-tocopherol in hexane 

LSDO.05 

Seedl ing fresh weight 
(mg.embryonic axis-! ) 

832.00 

840.67 

799 . 1 1 

1 7.9 1 
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4.2 . 1 . 3 Slow ageing 

I n  case the conditions of seed ageing affected the mechanism(s) of seed deterioration 

(see Chapte r  2 )  a nd  thus the e ffi c iency of the app l ied  a nt iox id ants ,  a further 

experiment (Expt. V) was conducted using a slow ageing regime, storing seeds for up 

to 12 weeks at 35°C, 1 2% SMC. Due to the apparent toxicity of 0 . 1 M (2.2%) B HT, a 

lower concentration of 0. 1 % BHT (effective in prolonging storage life i n  pea, Gorecki 

and Harman, 1 987) was used. 

The effects of acetone, 1 % <x-tocopherol and 0. 1 % BHT on normal germination when 

seeds of CV. Davis were soaked at 6% SMC and then aged at 35°C, 1 2% SMC for 

different periods are given in Figure 4.6. Again,  no protective effects of antioxidants 

were found, and there was clear evidence of acetone toxicity. Viability changes were 

similar to germination, and the data are not shown. The treatments did not affect the 

growth of normal seedl ings in  relation to untreated controls at any ageing times 

(Appendix 4.5). 

4.2. 1 .4 Conductivity measurements 

In all cases, there were significant ( P<O.O l )  negative correlations between normal 

germination percentage and conductivity of seed leachate during ageing. Combined 

and i nd iv idua l  treatment c orre lat ion coeffic ients ( r) between germination and 

conductivity leachates from seeds of CV. Davis are presented i n  Table 4.5 .  Note that 

the correlations for slow aged seeds are significantly better than those subjected to 

accelerated ageing. The relationship between the two parameters was not changed by 

antioxidant treatmenl<; nor acetone. As an example, the correlations of data from each 

treatment for slow ageing are shown in Figure 4.7. 
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Figure 4.6 The effects of chemical treatments, soaking seeds at 6% SMC and subsequent 

slow ageing (35°C, 12% RH) on normal gennination of soybean seeds, cv. Davis. 
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Table 4.5 The effects of chemical treatments and ageing conditions on the correlations between 
conductivity and normal germination of soybean, cv. Davis, when seeds were soaked at 
6 %  seed moisture content. 

Correlation (r) l 

AA S low ageing 
Chemical treatment (40°C, -100% RH) (3SoC, 1 2% S MC) 

All treatments -0.73 -0.92 

Untreated controls -0.80 -0.89 

Acetone alone -0.63 -0.96 

a.-tocopherol in acetone -0.832 -0.92 

BHT in acetone -0.86 -0.91 

1 All significant at P '" 0.0 1 .  

2 From separate experiment. 
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Figure 4.7 The correlations between normal germination and conductivity during 
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4.2.2 Evaluation of acetone as a solvent medium for 

delivering antioxidants to seeds 
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I t  i s  evident from section 4 .2 . 1 that a 1 6  h acetone soak caused damage to soybean 

seeds, particularly when they were subsequently aged. Experiments VII-XI I I  were 

designed to characterise the effects of acetone using differen t  techniques. 

4 .2.2. 1 Effects of duration of soaking in acetone 

The effects of duration of acetone treatment were first assessed in seed lot A-2 under 

both CD and AA conditions. Data for the effects on germination percentage under CD 

conditions (Exp. VI I) are shown in Figure 4 .8 .  There was a small ,  but significant 

(P<0.05) increase in normal germination as a result of raising SMC to 20% (0 d CD) 

compared to untreated unaged controls (Figure 4.8) .  A significant (P<0.05) toxic 

effect of acetone treatment was evident on unaged seeds (0 d CD) after just 2 h 

soaking, percentage germination decreasing from 95 to below 90. However, there was 

no  evidence of further effects due to longer soaking times. There was no evidence of 

acetone toxicity after 1 d CD, but clear progressive toxic effects were evident after 3 d 

CD. Seeds soaked for 2 h lost 25% of  their germinability, whi le the numbers of 

normal germinants of seeds soaked for 1 6  h dropped sharply to less than 10%. Data 

for viabil ity fol lowed the pattern of germination and are not shown. There was no 

c hange in  e i ther fresh or d ry weights of remaining normal seedlings as a result of 

soaking duration during CD (Appendix 4.6). 

Under AA conditions (EXpL VI I I )  there were no interactions between durations of 

soaking and ageing.  Accordingly, data are tabulated i n  Table 4.6 and show overall 

mean effects of soaking duration. Increased times of soaking in acetone significantly 

(P<O.O l )  decreased germinability and viability_ Seeds began to lose germination 

significantly after soaking for 8 h ,  while only 78% of  seeds soaked for 1 6  h were 

germinable. A small , but significant reduction in viability was evident after only 2 h 

soaking.  Although seed l ing d ry weights were not affected (data not  shown),  4 h 

acetone soaking significantly (p<O.05) reduced fresh weights of normal seedlings of 

unaged seeds, and interestingly, the seedling fresh weights of acetone soaked materials 

were significantly (P<O.OO l )  improved after 1 d AA and ,  with less pronounced effects, 

after 3 d AA (Figure 4.9). 
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Figure 4.8 The effects of different durations of soaking in acetone and subsequent controlled deterioration (40°C. 20% 
SMC) on the normal germination of soybean seed lot A-2, cv. Amsoy. Data presented are arcsin ""% 
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Table 4.6 The effects of durations of soaking in acetone on germinability and viability of soybean 
seed lot A-2, cv. Arnsoy, after accelerated ageing (40°C, - 1 00% RH). Data presented are 
overall means for 0, 1 and 3 d AA (see text) .  (Arcsin -/% transformed data in brackets) . 

Soaking period, h % Germination % Viability 

0 9 1 .0 1 00  
( 1 .27) ( 1 .56) 

2 88 .0 98.5 
( 1 .22) ( 1 .44) 

4 88 .0 96.0 
( 1 .22) ( 1 .37) 

8 84.5 93.5 
( 1 . 1 7) ( 1 .3 1 ) 

1 6  78.0 89.5 
0 .08) ( 1 .24) 

LS DO.05 (0.063) (0.065) 

CV ( %) 6.44 5 .75 
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Figure 4.9 The effects of different durations of soaking in acetone and subsequent accelerated ageing (400C, 
- 100% RH) on axis fresh weights of normal soybean seedlings 8 d after sowing of lot A-2, CV. 
Amsoy.0--Q : O d  AA; fr 'TI : 1 d AA; G - EJ: 3 d AA. Data are means of 4 replicates. Bar 
represents least significant difference (P=0.05) between any two means. 
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4.2.2.2 Drying methods (Expt. IX) 

I n  o rder to confirm that all the acetone i n  the seed was completely removed after 

soaking in acetone for 1 6  h, seeds were dried at 20DC or 35DC for 24 h or 48 h. The 

effects on moisture contents and germ inability after d rying are presented in Table 4.7 . 

There were no significant (P<O.05)  d ifferences between drying regimes on normal 

germination, although the SMC' s of seeds dried at 35DC were 3-4% lower than those 

of seeds dried at 20De. In all cases, the damaging effects of acetone were evident 

(P<O.05) .  The toxicity of acetone was particularly evident in 3 d CD seeds. Neither 

drying nor acetone treatment affected growth of remaining normal seed lings (data not 

shown). 

Table 4.7 The effects of different drying conditions after 1 6  h soaking in acetone on seed moisture 
content (% FWT) and normal germination of soybean seed lot A-2, cv. Arnsoy. Data in 
brackets are arcsin �% transformed. 

Alalline treatment % Germination 
an rymg % SMC after drying Ullaged 3 d CD  
Untreated controls 12 .4 1�:S3) &.-f5s) 
1 6  h Acl - 20°/24 h 9.9 �t:96) 0 
1 6  h Ac - 35°C124 h 7.0 �g:9l ) 0 
1 6  h Ac - 20°C/48 h 9.4 �t:�7) 0 
1 6  h Ac - 35°C/48 h 5 .6  �g:�) (a.04) 
LSDO.05 0. 1 6  (0. 17 )  (0. 10) 
CV (%) 1 .28 9 . 1 4  27.8 

1 Ac = Acetone. 
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4.2.2.3 Seed lot variation (Expt. X) 

A soaking duration of 1 6  h followed by ageing under CD conditions for 3 days was 

chosen to investigate the effects of seed lot  variation on susceptibi li ty to acetone 

toxicity. There was high variation of seed moisture and germi nation quality among 

seed lots before acetone treatment (Figure 4. 1 0) .  

A considerable variation in  susceptibility of  seed lots to both ageing and acetone 

toxicity was noted. The toxicity of acetone was not observed in unaged seed of high 

vigour, lots A-2 and A-3, but after 3 d ageing acetone soaked seeds of  lot A-2 were 

completely killed and lot A-3 lost 80% germination. While acetone caused a highly 

significant reduction in germination percentage of lot A-4 on both unaged and aged 

seeds, these effects were undetectable in the remaining germinable seeds of the very 

low quality seed lot A-5. 

4.2.2.4 Influence of seed moisture before soaking in acetone 

From the results of the previous experiment, the possibility arose that d ifferences in 

initial seed moisture before treatment might affect susceptibility to acetone. This was 

investigated in three further studies (Expts. XI-XIll) as follows. When the moisture 

contents of seeds of lots A-3 and A-8 were adjusted prior to soaking  in acetone for 

1 6  h, the seeds showed a simi lar pattern of response (Figure 4 . 1 1 ). At a moisture 

content below 7 .5% the toxic effects of acetone were not eviden t  i n  unaged seeds 

( al though they still were in aged seeds, e.g. Appendix 4.7 for lot A-8). Increasing 

SMC from 7 .5- 1 0.5% increased the seeds susceptibility to damage, as viabil i ty of 

un aged seeds of Jot A-3 dropped from 95 to below 60%, and lot A-8 from more than 

99 to 90%. No further damage occurred beyond 10.5%. Germination data ( not shown) 

followed a similar pattern. Seeds of lot A-3 were more prone to ageing damage than 

those of A-8 (data not shown), and untreated seeds at low SMC were more susceptible 

to CD effects than seeds at 9% SMC or higher (e.g. Appendix 4.7 for data for lot A-8). 
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Figure 4.10 The genninaLion responses of different seed lots of soybean cv. Amsoy to 
1 6  h soaking in acetone and subsequent ageing under 40°C , 20% SMC 
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For cv. Davis, data were collated from experiments III and  IV which have already been 

ment ioned (Figure 4 .3  and  Append ix  4 .4 ) .  W hi le  at 6 %  SMC ne ither normal  

germination nor viability were affected by previous acetone soaking either before or 

after AA, at  9% SMC the toxic effects of acetone were evident on the viability of aged 

seeds. However, at 1 2% S MC losses of both normal germination and v iability were 

evident i mmediately after soaking. Under slow ageing at 35°C and 1 2% SMC, even 

though seeds were soaked in acetone at 6% SMC, the toxicity of acetone became 

obvious during  subsequent ageing, for example, acetone treated seeds lost more than 

80% of their remaining germinability after 6 weeks of ageing (Figure 4.6) . 

4.2.2.5 Effects of seed damage 

When seeds from a single l ot (A-7) were sorted into damaged and undamaged groups, 

and their moisture adjusted before soaking in acetone, the solvent had a much greater 

toxic effect on damaged samples compared to undamaged seeds (Figure 4. 1 2, Plate 

4.2). The safe levels of seed moisture content which protect against acetone toxicity 

are also lower for damaged seeds than undamaged ones. While no appearance of 

acetone toxici ty occurred in undamaged seeds at m oisture contents below 7 . 5% ,  

damaged seeds required around 6% of  moisture for safe treatment. A t  9 to 1 0.5% seed 

moisture, the rate of viabil ity loss increased considerably, dropping from 96 to 83% 

and from 46 to 1 4% in undamaged and damaged seeds,  respectively. A similar pattern 

of response was obtained from germination data (not shown). 

4.2.2.6 Penetration and site of acetone damage 

In an attempt to fol low solvent penetration in soybean seed, the addition of methyl red 

to acetone showed that in intact seed there was little o r  no movement of dye beyond 

the seed coat, compared to extensive penetration in mechan ical ly  damaged material 

(Plate 4.3) .  Seeds either sorted by FeC13 staining (Plate 4.3A) or by visible damage 

(Plate 4 .3B) gave similar resulLs. The results from tetrazolium staining (Plates 4.4 and 

4.5) also reveal that cracked or high SMC seeds were much more sensitive to acetone 

damage. 
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Acetone. Vertical bars represent SE's calculated for individual means of 
4 replicates and are shown w hen larger than the symbols used. 



Plate 4.2 Germination responses as a resul t  of initial seed moisture content or 
mechanical damage and its interactions with 16 h acetone treatment of 
unaged soybean seed lot A-7. cv. Amsoy. 
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4.2.3 Other antioxidants delivered as aqueous solutions or as solids 

4.2.3. 1 �-Mercaptoethanol 

�-Mercaptoethanol in aqueous solution was applied to cv. A msoy seed lot A-O, and 

seeds were aged under control led deterioration conditions (40°C, 20% SMC). There 

was no signi ficant effect of any �-mercaptoethanol treatment (0- 1 00 ppm) on normal 

germ i n at ion,  v i ab i l i ty and seed l i n g  growth duri n g  agein g ,  a l though s igni ficant 

(P<O.O l )  losses of these attributes were detected due to the effects of ageing (Appendix 

4.8). 

4.2.3.2 Iodine treatments 

Effects of storage regime 

In an attempt to confirm whether 0. 1 % iodine applied for 2 h i n  the CaC03 mixture 

had the potential of prolonging the storage l i fe of soybean seeds (as reported by Dey 

and M ukherjee, 1 984), this was applied to seed lot A-2 which was subsequently aged 

under three different conditions. Analysis of each ageing condition indicated that there 

were no significant interactions between iodine treatment and ageing duration, thus 

overall means of germination responses to ageing under different storage regimes are 

shown in  Figure 4. 1 3 . After ageing for 3 days under 40°C, - 1 00% RH, seeds lost their 

germ inability significantly (P<0.05), and no more normal germination was detected 

after 5 days. Under the less stressful conditions of 40°C, 90% RH, deterioration was a 

l i tt le s lower. Under slow age ing  of 40°C,  36% RH, seeds lost only 5% normal 

germination (P<O.oo l )  over the duration of the experiment. Only under 5 d ageing at 

40°C and - 1 00% RH was the viability of iodine treated seeds significantly (P<O.ool )  

improved and was 4 fold that of untreated seeds (Figure 4. 14). Note that under 40°C 

and - 1 00% RH seeds were not dried to drive off excess iodine after treatment, while 

they were for the other two storage condi tions (see details in Chapter 3). No other 

evidence of im proved germ ination performance due to iodine treatment (either i n  

germ inabil ity or  seedling growth) was detected under any storage conditions. I n  an 

attempt to confirm these results, seeds of cv. Davis with or without iodine treatment 

were aged at 35°C, 1 2% SMC for up to 12 weeks. There was no significant effect of 

iodine treatment on any aspect of seed performance (data not shown). 
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Effects o f  treatment duration and iodine concentration 

In a further attempt to reproduce the one positive result with iodine, seeds of lot A-3 

w ere treated for up to 24 h with 0. 1 % iodine prior to accelerated ageing but no 

beneficial effects were observed (data not shown). In a final study using 0. 1 and 1 % 

iodine, there was a small, but significant (P<0.05) reduction of seed viability caused by 

1 % iodine treatment, but normal germination was not affected (Figure 4. 1 5). One 

percent iodine treatment also showed toxic effects on seedling fresh weight (Appendix 

4.9). 
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4 .3 DISCUSSION 

4.3 . 1 Effects of antioxidant treatments 

4.3 . 1 . 1  Antioxidants in acetone or hexane 

The effectiveness of (X-tocopherol and BHT dissolved in  acetone or hexane as storage 

p rotectants were assessed i n  s ix experiments on  two culti vars of soybean using  

different storage regimes. Unexpectedly , these antioxidants d id  not give any benefit 

(Figures 4. 1 to 4.6 and Appendix, 4.4). In fact these two antioxidants appeared to have 

m inor toxic effects on some aspects of seed performance. Contrasting results have 

been reported by Gorecki and Harman ( 1 987)  who found that 1 % (X-tocopherol or 

0 . 1 % BHT maintained germ inabil ity and vigour  in pea stored at 30°C,  92% RH. 

B eneficial effects of (X-tocopherol were also found for maize and mustard stored under 

b oth  40°C , 40% RH, and 27-32 °C,  65-75 %  RH with the treatment bei n g  more 

effective under the former conditions than the l atter (Dey and Mukherjee, 1 988) .  

Okundaye ( 1 977) claimed that seeds treated for 4 h with 1 % (X-tocopherol i n  acetone 

solution caused a reduced rate of viability loss in both maize and soybean. However, 

effects on soybean were very marginal : after 90 d storage at 30°C ,  7 8 %  RH, (X

tocopherol treated seeds showed just 2% germination compared to 0% in untreated 

controls, and there was only a 6% improvement of germination i n  seeds stored at 40°C, 

30% RH. Clearly the viability of this evidence is questionable. 

In this study, the higher concentration (2.2% or 0. 1 M) of BHT was toxic particularly 

to unaged seeds (Figure 4.2, Appendix 4.4). The toxic effect of BHT found in this 

study did not correspond with a recent report on soybean, where Aho ( 1 990) found that 

1 % BHT treatment had no effect on germination performance of soybean seeds. 

Possibly the 1 5  min soaking in DMSO solution in  Aho's study may be not enough to 

allow the chemicals to reach the embryo. According to Woodstock et al. ( 1 983) ,  

application of vitamin E (a mixture of (X,p;y-tocopherol) or BHT to different species of 

small seeded vegetables, produces variable results. They found that, in  some cases, 

germ inability after 6 years storage was markedly improved by both antioxidants. 2.2% 

B HT treatment had protective potential on onion, but it caused damage to pepper. A 

high concentration  (2%) of vitamin E was toxic to both onion and pepper. In all 
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species, low concentrations (0.8% Vitamin  E or 0.2% BHT) showed no  or l ittle effect. 

Although soybean is an oily seed l ike onion, it responds to the treatments applied in a 

similar fashion to pepper seeds; however, the toxic effects observed i n  this study are 

less marked than those in Woodstock' s report. 

In the present study, BHT (2.2%) reduced normal germination and seedling weights of  

unaged material (Figures 4 .2  and 4.4, Table 4.3, Appendix 4.3), and 1 % a-tocopherol 

occasional ly increased the time to 50% radicle emergence (Table 4 . 1 )  and decreased 

fresh weights of normal seedlings (Table 4 .3) .  It could be that a-tocopherol may 

reduce rate of water absorption of seeds, due to i ts l ipid properties, while BHT seems 

to specifically inhibit root growth, resulting in retarded roots (Plates 4. 1 B  and C). This 

latter observation corresponds with Bekendam and Grob ( 1 979) ,  who described that 

chemical toxicity is a possible cause of retarded seedling root growth; however, BHT 

is not mentioned specifically. Similarly, Parrish and Bahler ( 1 983) also found harmful 

effects of PG (propyl gallate) and TBHQ (monotertiary butylated hydroquinone) on 

soybean seedling growth , but these antioxidants proved to have some protective value 

on germination during storage at 40°C, 8% SMC. In contrast, treatment of soybean 

with 1 00 m M  PG prior to 6 months s torage at ambient temperatures ,  1 3 %  S MC 

decreased germ inabi l i ty (Parri sh and  Bahler ,  1 983 ) .  The toxic  effects of B HT 

disappeared during ageing under both CD and AA conditions (Figure 4.2, Appendix 

4.3). This is in agreement with the report on the related compound B HA by Okundaye 

( 1 977 ) ,  who found that treatment with this chemical  reduced seed l ing  weight of  

unaged seeds, but that the toxic effect was not detected after 90 days storage at 40°C, 

30% RH. 

Explanations for these variable results may include the following: 

i )  damage caused by BHT can be repaired when SMC is increased, as occurs 

during CD or 3-5 d AA where SMC 's were around 20% or more (Figure 

4.2, Appendix 4.3). This was also supported by data presented in Figures 

4.4, 4.8 and 4.9 showing that high SMC seeds ( 1 -3  d AA or 0 d CD) are 

capable of some repair or invigoration despite elevated temperatures. High 

SMC may increase the rate of growth in  nonnal seedlings (Figures 4.4 and 

4.9) or amend some defect of abnormal seedlings resulting in improved 

normal germination (Figure 4.8). This type of finding is explored further in 

Chapter 5 .  
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ii) It may also be the c ase that loss or improvement of vigour or germination is 

the outcome of interactions between both damaging and protective effects 

of these antioxidants. 

Because antiox idants are expected to prevent membrane damage ( e. g. B asu  and 

Rudrapal , 1 980), one possibility was that antioxidants might have prevented membrane 

damage even though there was no protection of viability. Data on conductivity of seed 

leachates suggested that this was not the case, since there was no evidence of changes 

in these measurements being induced by antioxidants (e.g. Figure 4.7) .  

4.3. 1 .2 �-Mercaptoethanol and iodine 

Although �-mercaptoethanol ( 1 -20 ppm) has been reported to p revent the loss of 

viability of tomato seeds (Francis, 1 985) ,  beneficial effects of J3-mercaptoethanol on 

soybean were not found in this study. Similar negative results were reported in maize 

by B arnes  and B e rj ak ( 1 97 8 ) w h i le S h arma ( 1 9 8 8 )  and C o o l bear  ( personal  

communication) were unable to  find any protective effects on wheat and tomatoes, 

respectively .  Differences in responses may depend on the species and/or seed lots 

used and be related to factors like endogenous levels of antiox idants and type of 

damage sustained during deterioration. 

Iodine is another type of chemical antioxidant which has been used to avoid solvent 

toxicity and/or water soaking injury. In the study here, application of 0. 1 % iodine to a 

single seed lot under different ageing regimes (Figure 4. 1 3) and also to different seed 

lots under the same storage regime (Figures 4. 1 3-4. 1 5) had no effect on any aspects of 

seed performance with the exception of when lot A-2 was held at 40°C, - 1 00% RH, 

where i odine showed promising effects of protection of viability loss on 5 d aged 

seeds. However, a h igher concentration of iodine ( 1  %) used for a longer period (24 h) 

caused loss of viability (Figure 4. 1 5) and vigour (Appendix 4.9). These results are not 

in agreement with the report of Dey and Mukherjee ( 1984) who found that 0. 1 % iodine 

treated for 2 h in CaC03 powder protected soybean and sunflower seeds from vigour 

and germination losses during ageing at 40°C and 90% or 36% RH. They also 

reported that the high concentrations of iodine (up to 2%) did not cause harmful  effects 

to soybean, although the advantage gained was less than with 0. 1 % .  Successful use of 
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iodine treatment for p rolonging the s torage l i fe of  soybean was associated with 

protection o f  l osses in membrane integrity and/or dehydrogenase activity (Dey and 

MukheIjee, 1 984) . Similarly,  B asu and Rudrapal ( 1980) also reported these types of 

changes in mustard as a result of iodination. Because these antioxidants u sed were not 

effective in the lots of soybean used here, attempts to investigate any related changes at 

a molecular level were not included in this study. 

4.3. 1 . 3  A ctions of applied antioxidants 

It is unclear why all antioxidants used in this study were not effective. Possibilities for 

their ineffectiveness may be: 

i )  antioxidants may not reach the site of action, 

ii) antioxidants may not be completely soluble in the solvents used, 

iii) endogenous antioxidants may be already sufficient, or 

iv) the mechanisms of deterioration in those seeds used in these studies may 

not involve peroxidation. 

The idea that applied antioxidants cannot reach the embryo is supported by the 

evidence of l ittle penetration of acetone into undamaged seeds (Plate 4.3 :  as shown by 

the movement of solute dye (methyl red) in acetone; Shortt and Sinclair, 1 980; Halloin, 

1 977). However, whether penetration of chemicals and transport to the active site in 

the required concentration has occurred is difficult to evaluate, as discussed in Section 

4.3.2.3. 

Besides this factor, effectiveness of applied antioxidants may depend on levels of 

endogenous  an tiox idants in  seeds .  Accord ing  to  Porter and Wagner ( 1 986 ) ,  

endogenous or natural antioxidants are consumed in the p rocess of  quenching free 

radicals, and levels would be expected to decline considerably under c onditions where 

l ipid peroxidation continues. As a result, additional applied antioxidants would be 

expected to be effec tive. The l i terature, however, is inconsistent on the role of 

endogenous antioxidants, as determinations of levels of endogenous antioxidants in 

seeds during ageing have given variable results (reviewed in Chapter 2) .  Declines in 

a-tocopherol associated with viability losses have been found in maize, mustard (Dey 
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and Mukherjee ,  1 988) ,  cotton, castor bean or sesame (Sharma, 1 977), but not i n  wheat 

(Fielding and Goldsworthy, 1 980).  For soybean ,  Priestley et al. ( 19 80) found no 

changes in  levels of  total tocopherol nor the proportions of their principal homologues 

(a;y,8) during either slow or rapid ageing conditions. Further, they also reported no 

changes in organic radical levels throughout the course of storage. These findings 

support both the ideas that seeds have enough endogenous antioxidants so that when 

extra antioxidants are added they may be in surplus resulting in inhibitory effects, and 

that mechanisms of seed deterioration may not always involve lipid peroxidation .  

Although i t  was not the objective here to determine levels of natural antioxidants ,  the 

results on lipid changes during ageing reported in Chapter 6 may provide a reason why 

antioxidants were not effective. 

4.3.2 Effects of solvents 

4.3.2. 1 Effects of acetone used as a solvent for delivering antioxidant to seeds 

Under all ageing conditions acetone, either alone or as a solvent for antioxidant, caused 

significant toxic effects on seed performance in both cultivars Amsoy and Davis. 

Effects were more evident on aged, high SMC or cracked seeds (e.g. Figures 4.2, 4.3 

and 4. 1 2) .  A few similar observations have been reported by other workers in  different 

species (e.g. soybean : Parrish and B ahler, 1 983;  pepper: Woodstock et al. , 1 983 ;  pea: 

Gorecki and Harman, 1987 ; wheat, lentil and carrot: Dadlani and Agrawal, 1 985), but, 

i n  c o n trast ,  m ost  reports i n  the l i terature show no toxi c  effect of acetone on  

germination o r  vi abili ty even for long periods of treatment (e .g. various species: 

Milborrow, 1963; pea: Meyer and Mayer, 1 97 1 ;  soybean: Lewis et ai., 1979 and Shortt 

and Sinclair, 1 980) or in connection with ageing (lettuce: Khan et aI. , 1 973 ;  m aize and 

mustard: Dey and Mukherjee, 1988) .  

4.3.2.2 Effects of acetone on other aspects of seed performance 

Different aspects of seed performance indicated the heterogeneous responses of seeds 

in that acetone tended to cause damage to seed viability before normal germination 

(e .g .  Figures 4 . 1 and 4.2 ,  Table 4 .5 ) ,  while weights of residual normal seedlings 

remained unchanged (e.g. Figure 4.4) .  This contrasts with usual ideas suggesting that 
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l osses i n  vigour occur earlier than losses of germ inability and then  viability during 

ageing :  here abnormals and/or l ow vigour seeds are severely damaged before higher 

vigour ones are affec ted at all .  Furthermore, changes in fresh but no t  dry weights of  

norm al seedlings for acetone soaked seeds after AA (Figure 4.9) imply that acetone 

treatment may also affect water relations during germination. 

In terestingly, T 50 data, often used as a sensitive vigour index (e.g. Coolbear et aI., 

1 984) showed a l ack of reproducibil ity between experiments i n  this p resent study 

(Table 4. 1 ,  Appendix 4.2) and are thus too unreliable to be used for evaluating the 

effects of acetone treatments. This may be due to the following confounding factors: 

i )  treatmen ts caus ing  variation i n  mo i s tu re contents of un  aged seeds 

(Append ix  4 . 1 0) .  In earl ier experiments (Expts .  I I - IV)  i n v olv i ng  

accelerated ageing, seeds were not re-equilibrated after pretreatment with 

acetone alone or antioxidants in acetone. Data for actual seed moisture 

contents after treatment a re shown i n  Appendix 4. 1 0. It was thought 

possible that this may have affected the rate of change of seed performance 

during ageing, since at high initial SMC seeds lost their germ inability due 

to ageing faster than seeds of low SMC (Figure 4.3 and Appendix 4.4,  

compared between d i fferent SMC' s  of untreated controls) . However, 

results in experiments VI (where SMC's were equilibrated to simi lar levels 

before ageing) show that interactions between treatments and seed moisture 

are in fact related to SMC' s  before treatment and not the SMC' s attained 

afterwards. 

ii) a variation in sensitivity of soybean seeds to imbibition injury during the 

germination test which may mask the effects of treatments in some cases. 

iii) variations in ability of seeds to undertake repair at early stages of ageing 

(Figure 4.4) . 

4.3.2.3 A cetone soaking durations and drying 

The time course of acetone treatment (Figure 4.8 and Table 4.5) clearly indicated that 

toxic effects of acetone are related to durations of soaking and ageing. The longer the 
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soaking duration, the more pronounced were toxic effects, particularly on aged seeds. 

According to Milborrow ( 1 963) ,  seeds of various species were safe from acetone 

toxicity even though seeds were soaked for up to 3 months, provided that solvent was 

removed before sowing. The present results (Table 4.6) show that drying did not alter 

the toxic effects of acetone, and adverse effects of acetone were apparent even when 

seeds were soaked for only 2 h (Figure 4.8) .  Lewis et al. ( 1979) provided contrasting 

evidence, as they did not find toxic effects of acetone in 4 cultivars of soybean even 

when seeds were soaked for 24 h .  

B rewer and Wilson ( 1 975)  reported in lettuce that the absence of  toxic e ffects of 

acetone was due to the fai lure of so lvent penetration  to embryo t issues .  I t  i s  

questionable whether acetone penetrated into embryos of  those seeds used by Lewis el 

al. ( 1 979) or not. Although, by determining changes of seed weights, Lewis et al. 

( 1 979)  c laimed that seeds took up considerable amount of acetone when soaking 

durations were prolonged, it does,  of course , not guarantee that acetone actually 

penetrated into the seeds.  The resul ts in Figure 4 . 1 2  and Plate 4.2 a lso demonstrate 

that seeds w ith less mechanical damage c an resist detrimental effects of acetone 

soaking even at the higher moisture levels. In other words, mechanically damaged 

seeds were prone to acetone damage because acetone could penetrate deeper i nto 

damaged seeds (Plate 4 . 3 )  and ki l l  those tissues i t  reached.  The results are in 

agreement with Shortt and Sinclair ( 1980), who found that acetone killed cotyledonary 

tissues in soybean seeds with cracked seed coats. The findings of Halloin ( 1 977) also 

showed no toxic effects of acetone on germination of sound seeds of cotton,  but 

excised embryos or damaged seeds were inju red by acetone treatment. He also 

demonstrated that acetone caused injury only when i t  reached the embryos. On the 

contrary, Tao and Khan ( 1 974) reported that, although acetone reached the embryos of 

cucumber or squash seeds, it did not cause any damaging effect on seed germination. 

The evidence in this study based on methyl red penetration (Plate 4.3) indicated that 

acetone accumulated only around the seed coat of intact seed without or w ith l ittle 

penetration. The results found in intact seeds here do not conform to O'Neill et al. 

( 1 979), who reported that the quantity of ethazol (dye) infused into soybean seed after 

1 h immersion was direc tly proportional to the ethazol concentration i n  acetone 

treatment. When treated for longer times, greater quantities of ethazol were not 
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infused into the seed.  but deeper penetration of ethazol occurred .  They did not, 

however, mention the qual ity of the seeds used. Relationships between permeation 

time and the depth of chemical penetration were also reported by Khan et al. ( 1 973 )  

and Tao and Khan ( 1 974) for lettuce. However, in the present study there is a query 

whether methyl red was left behind the acetone front as it moved into the seed, because 

it  was also observed that while both high and low moisture seeds showed a similar 

pattern of methyl red movement, the high SMC seeds were damaged m ore than the low 

SMC m aterial. 

4.3.2.4 Interactions between seed quality and moisture content and 

susceptibility to acetone 

According to data in Figure 4. 1 0, three out of four  seed lots were not significantly 

affected by a 1 6  h acetone soak when seeds were germinated immediately, but acetone 

caused significant damage to aged seeds of all seed lots. Further, seed lot A-3 which 

was not affected by acetone toxicity (Figure 4. 1 0  before ageing), became s usceptible to 

acetone (Figure 4. 1 1 ) after another 3 months in store, suggesting rapid loss in vigour of 

this seed lot. It is possible that critical stage of seed deterioration had begun during 

that period. This indicates that acetone causes hidden damage to seeds which can be 

repaired if seeds were germinated immediately but cannot be prevented/repaired after 

ageing. It is possible that Lewis et al. ( 1 979) used only high vigour lots in their study, 

and thus hidden damage effects remained undetected. 

Although the response differences between seed lots to acetone did not relate to seed 

moisture contents (Figure 4. 1 0) .  the most interesting observation obtained in this study 

was the results of soaking seeds of the same lots at different initial moisture contents. 

The data presented here (Figures 4. 1 1  and 4. 1 2, Plate 4.2) demonstrate that acetone 

toxicity could be reduced if seed moisture contents were lowered. At around 6%, all 

seed lots tested become more tolerant to 1 6  h soaking in acetone. However, it must be 

remembered that hidden damage still shows up after ageing (Figure 4.6). These results 

generally  agree with our findings in peas (Coolbear et ai., 1 99 1 ) ,  where a study of 

different pea cultivars showed that the most susceptible cultivar became tolerant to a 

1 6  h acetone soak when seed moisture was reduced to below 8%. 
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These data are quite different from those of other workers, as the other workers did not 

use the approaches l ike these to evaluate the effects of acetone. Only two relevant 

reports were found in the l i terature .  Both mentioned increased toxicity of solvents 

when relatively large amounts of water were added to the solvent itself. Lewis et al. 

( 1 979) found that acetone diluted with 20% water reduced germination of cotton seed 

in the glasshouse and of soybean in the field while pure acetone did not. Similarly 

Persson ( 1 988)  reported that Brassica and Linurn species showed an increase in the 

degree of  ethanol toxicity when the water content of solvent was increase from 0 to 

1 0%. Note that contaminants in the acetone seem not to be a cause of toxicity in this 

study ,  becau se we had shown that redisti l ling the n ormal  stock solvent did not 

ameliorate toxicity effects (Coolbear et at., 1991 ) .  

Al l  these results emphasise that the interactions between mechanical damage and 

moisture contents are of c rucial importance in the resistance of seeds to acetone 

treatment. This was supported by the results from tetrazolium test (Plates 4.4-4.5) .  

An understanding of how acetone causes damage to seeds may faci l itate the success of 

seed treatment for soybean storage. While Meyer and Mayer ( 1 97 1 )  found that 

acetone depressed oxygen uptake, Eldan and Mayer ( 1 974) reported a decrease in 

activity of invertase, although genninability was unaffected. I t  has also been proposed 

that acetone causes injury to aged or mechanically damaged seeds by disrupting some 

inherent protection against ageing (Woodstock et al., 1 983) or by disrupting the lipid 

system (Hal loin ,  1 977 ) .  This latter idea is supported by the evidence of a c lose 

association between loss of normal germination and increased leachate during ageing 

(e.g. Figure 4.7). From the results presented here, i t  is speculated that penetration of 

acetone i nto cell membranes may result in  disruption of the crystalline lipid bilayer 

which exists in dry tissue (Crowe et at., 1 989) . This disruption could be exacerbated 

in h igher SMC seeds if the solvent can bring water molecules into the apolar region of 

the membrane. High vigour seeds may have some capacity for repair of this kind of 

damage, but this may become increasingly difficult for low vigour or ageing seeds. 

Evidence of lipid and membrane changes caused by acetone and ageing is reported in 

Chapters 6 and 7.  

The use of a solvent with a lower dielectric constant such as hexane avoids toxicity 

problems (Figure 4 .5). Hexane could be safer than acetone because of i ts ability to 
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penetrate d ry membranes without disrupting the amphoteric structure o f  the bilayer. 

This idea was supported by Jain and Shivanna ( l988a and b), who demonstrated that 

although neither acetone nor hexane showed toxic effects on viability of pollen grains, 

acetone caused more extensive leaching of phospholipids than hexane. To date, there 

are no other reports of the use hexane as a solvent for seed treatment, but its cost and 

toxicity to humans may prohibit its routine use. 

4.4 PRELIMINARY CONCLUSIONS 

F rom these results and  d i scussion o n  evaluat ions of effect iveness of d i fferent 

antioxidants and the toxicity of solvents used as a carrier, several conclusions can be 

drawn as follows: 

1 )  There were no protective effects of any antioxidant treatments used on stored 

soybean seeds of either cv. Amsoy or Davis .  

2) Possible reasons of ineffectiveness of antioxidant  treatments may be: 

i) antioxidants cannot reach the active site, 

ii) levels of endogenous ox idation inh ibi tors m ay be suffi c ient  for 

protection, or 

i i i) mechanisms of seed deterioration may not involve lipid peroxidation. 

3) Levels of acetone toxicity vary with seed lot, levels of mechanical damage 

and seed moisture contents. 

4) Although toxicity of acetone could be reduced by lowering initial  moisture 

contents of seeds before treatment, hidden damage was still observed after 

subsequent storage. 

5) Hexane can be used as an alternative solvent for chemical seed treatments; 

however, the costs of this solvent and i ts harmfulness to humans should be 

considered. 
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CHAPTER S 

HYDRA TION-DEHYDRA TION TREATMENTS 

5 . 1 INTRODUCTION 

In the literature, there is evidence showing promising  effects of hydration-dehydration 

treatments for either the protection of seeds against ageing or for the repair of aged 

seeds (reviewed in Section  2 .3) .  In particular, S aha  and Basu ( 1 984) noted that 

moisture equilibration (ME) and/or soaking showed beneficial effects in  soybean. In 

this chapter  the effects of hydration-dehydration  treatments inc luding moisture 

equilibration, soaking or imbibition and their interactions with subsequent accelerated 

ageing were identified for different seed lots of cvs. Amsoy and Davis in an attempt to 

improve their storage l i fe. Attempts were also m ade to assess the effectiveness of 

moisture equilibration treatments for repair of damage incurred as a result of previous 

slow or accelerated ageing. 

5.2 RESULTS 

Result" presented are divided into two main sections, firstly pre-storage and then post

storage treatments. For ease of reference, a summary of effects of hydration treatments 

is given in Table 5 .0, with details of results following. 



Table 5.0 A summary of resu l ts on hydration treatmenls 

Type TreaUnenl 
of 

ageing 

Pre-storage treatments 

A A  24 or 4811 M E  

A A  24h ME, 2411 ME+S 

24, 48 or nil ME, 
24il ME+S 

AA 24 or 4811 M E, 
2411 M E+S followed 
by S S  

A A  S , S S  

AA 1 , 3  or 5tJ H 3±SS 

Post-storage treatments 

A .  Laboratory trial 

S low ageing nil M E±drying 

AA nh M E±drying 

B. Soil trial 

S low ageing ± nil ME 

S eed 
101 

A-3 
A-5 
A-6 

A-7 

A-8 
Davis 

Davis 

Davis 

Dav i s  

Davis 

Davis 

Davis 

ME moisture equilibration 

5 soaking 

5S surface sterilisation 

18 Imbibition 

Effect Oil 
gennination 
perfonnance 

110 e ffect 
damage 
improvement on 
Ullaged seeds 

M E+S caused 
damage 
no e ffect 
ME+S and nil M E-
caused damage 

S S  caused damage 
48 h ME reduced 
SS damage 

damage 

damage 

improving effecL<; 

ME without drying 
caused improving 
effects 

occasionall y  caused 
improving e ffects 

AA ageing at 4(}' C, - 1  00% RH for up to 6 days 

510w ageing '" ageing at 9% SMC, 35"C for up 10 15 weeks 
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5 .2 . 1 Effects of pretreatments 

5 .2 . 1 . 1  Responses of different seed lots to ME treatments 

The moisture contents of different seed lots before or after hydration treatments 

wi thout  and wi th drying back are shown i n  Table  S . l .  Seed mois ture contents 

increased as the duration of moisture equilibration increased, but rates of water uptake 

varied considerably with seed lot. For example, after 24 h ME, lots A-6 and Davis had 

the highest rates of water uptake (4.9%.day- l ) ,  while lots A-3 and A-7 gained water at 

only just half of this rate. The initial SMC did not seem to affect rate of water uptake 

during ME (e.g. compare A-7 and A-8 or A-3 and Davis). ME for 24 h followed by 

2 h soaking, regard Jess of seed lot differences, raised the moisture content up to around 

SO% (Table S. l ). After drying, the SMC's attained depended on d rying methods rather 

than seed lots. The SMC's of lots (A-3, A-S and A-6) dried at 2SoC for 4 d ranged 7 .S-

8 .0% which were lower than those of lots (A-7, A-8 and Davis) d ried at ambient (8 .3-

1 1 .6%).  Except for lots A-3 and A-6, the SMC's  of hydrated-dried seeds were similar 

to those of untreated controls. 

The effects of different ME durations on genninability of seed lots both before drying 

and during subsequent accelerated ageing after drying back are shown in Figure S . l .  

There was no significant (p<O.OS) effect of ME on nonnal germination of lot A-3 at 

any time. However, both 24 and 48 h ME treatments significantly (P<O.OS) improved 

germinability of unaged seeds of lot A-6 by l O  and l S%,  respectively, and the benefits 

of the treatments were still retained even after drying. There was repair effect of 2 d 

ageing noted on all treatments of lot A-6 ,  this effect allowed untreated but aged seeds 

to perform extremely well resulting in no protecti ve effects of the treatments observed 

on subsequent ageing. In the poor quality seed l ot A-S, there was no significant 

enhancement of performance as a result of M E  and, unsurprising ly ,  no normal 

germination after 2 d ageing. Drying showed a smal l ,  but  significant (P<O.OS) 

d amaging effect on the surviving seeds of this lot after ME. 
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Table 5.1 Moisture contents (% fresh weight basis) of  six seed lots subjected to different hydration 
treatments. Data presented are means of 4 replicates (S.E. 's  are given in brackets below 
each mean). 

Seed lot 

Treatments A-3 A-5 A-6 A-7 A-8 Davis 

Untreated control 1 1 .6 8.3 1 0.6 12 .0 1 2.2 9.3 
(0.08) (0.00) (0.09) (0.05) (0.05) (0.03) 

Untreated + D 8.2 8.9 
(0.05) (0.06) 

24 h ME  14.3 12 . 1  15 .5 14.6 1 6.0 14.2 
(0.08) (0. 13) (0 . 10) (0.09) (0. 17) (0.22) 

24 h ME + D  7.5 7.6 7.9 8.3 9.0 8 .9 
(0.07) (0.06) (OL05) (0.04) (0.06) (0.03) 

48 h ME  1 6.2 14 .4 1 8.8 1 8.0 
(0. 14) (0.26) (0.21) (0.48) 

48 h ME + D  7.5 8 . 1  8 .0 9.2 
(0.05) (0.03) (0.06) (0.03) 

72 h ME  19.9 
(0.49) 

72 h ME + D  9.6 
(0.06) 

24 h ME +  Soak 5 1 .3 47. 1  47.7 
(0.72) (0.23) (0.78) 

24 h ME + Soak + D 8.5 1 1 .6 8.5 
(0.04) (0.24) (0.04) 

ME moisture equilibration at 25"C, -100"lo RH. 
Soak := submerge seeds in water at room temperature for 2 h. 

D drying under the conditions given below: 

- lots A-3, A-5, and A-6 a t  25"C for 2-3 days 

- lots A-7 and A-8 at ambient for 4 days 

- Davis at  ambient in laminar flow cabinet for 3 days (fan on occasionally). 
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Figure 5. 1 The e ffects o f  24 or 48 h m o isture equ i l i bration (ME) at 25°C on 

germ inability of three soybean seed lots of cv. Amsoy and interactions with 
subsequent accelerated ageing (40°C, -100% RH) after drying back. Data 

presented are arcsin ..J% transformed means of 4 replicates . •  and -0-: 

Untreated controls;[3and . _ +. -:  24 h ME; []and - -*- -: 48 h ME. B D= 
before drying, bars represent least significant differences (P= 0.05) (a) 
between treatments before d rying ( B D) ,  6 degrees of freedom and (b) 
between any two single means during ageing (df= 33 for IOL� A-3 and A-6, 
and 6 for lot A-5). 
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Again, there were no significant effects of 24 h ME treatments on seed lots A-7, A-8 

(Figure 5 .2 )  nor for Davis after 24 or 48  h ME (data not shown). In  all these cases 

moisture contents were well  below the 20% attained in Saha and B asu 's  ( 1984) work. 

Accordingly,  the effects of 72  h ME treatment were also assessed on Davis. This 

duration of treatment allowed 20% SMC to be reached (Table 5 . 1 ) , but no beneficial 

effects were observed. Although 72 h treated seeds did not exhibit any d ifferences in 

germ inability from untreated seeds before ageing, they lost germinability more rapidly 

(Figure 5.2) .  Another problem was that ME treatment, particularly for 72 h i ncreased 

the level of fungal infection observed after 6 d ageing. 

Except for lot A-6 (viability was unaffected), treatment effects on viability ( data not 

shown) were s imi lar to those of germ inabi l i ty .  Growth of normal seed l ings was 

always unaffected by any ME-drying treatments ,  although it was reduced by ageing 

(Appendix 5 . 1 ). 

5 .2. 1 .2 Effects of soaking treatments 

As an alternative method of raising seed moisture levels during treatment, 2 h soaking 

following 24 h ME was applied to seed lots A-7 , A-8 and Davis; and the resulting 

germ inabil ity data are shown in Figure 5 .2 .  A significant ( P<0.05) reduction of 

germinabil i ty due to ME-soaking treatment was found on seed lot A-7, while ME

soaking followed by drying caused damage to Davis even on unaged seeds. In all seed 

lots, viabil ity responded to the treatments similarly to germination, but treatments had 

no effect on seedling weights (Appendix 5 . 1 ). 

In  an attempt to avoid problems of mould infection during ageing ,  surface sterilization 

was applied after ME using the Davis seed lot. Surface steril i zation significantly 

(P<0.05) reduced the subsequent ageing tolerance of seeds  i rrespective of whether 

moisture equilibration treatments had been applied (Figure 5 .3). However, prior ME 

treatments, especially 48 h, significantly reduced the rate of germination loss due to 

surface sterilization as compared to untreated sterilized seeds (Figure 5 .3) .  Figure 5.4 

shows that surface steril ization and water soaking treatment significantly (P<O.OOl )  

caused damage to seeds at sim ilar levels, suggesting that surface steril ization caused 

damage as a result of soaking injury rather than any toxicity of sodium hypochlorite 

i tself. 
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The effects of 24 or 48 h moisture equilibration a t  25°C followed by 
surface sterilization (SS) on  germ inability of soybean seeds, CV. Davis, 
during subsequent accelerated ageing (40"C,-lOO% RH) after drying back. 
Data presented are arcsin -,J% transformed means of 4 replicates. Bars 
represent least significant differences between any two single means of (a) 
surface sterilized seeds, 24 degrees of freedom, and (b) of all seeds, 33 
degrees of freedom. 
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I n  an attempt to speed up the rate of water uptake and also to avoid fungal problems, a 

preliminary trial using a pre-imbibition treatment of up to 5 h followed by surface 

steri l ization was also conducted on the Davis seed lot. The data from this set of 

experiments (not shown) suggested that a S h  preimbibition duration reduced levels of 

soaking injury due to surface steri l ization, however, the storability of these surface 

sterilised seeds was still poorer than untreated controls. During this study, it was noted 

that there was a high variation in imbibition rates of individual seeds as shown by the 

frequency distribution diagrams of Figure 5 .5 .  For example, after 8 h from the start of 

imbibition, the amounts of water taken up were between 0-200 m g.seed- 1  with the 

most common value being 80- 1 00 mg.seed- 1 , while rates of water uptake d uring  

8- 1 1  h imbibition ranged from 0-2 1 mg.seed- 1 .h- 1 . 

5 .2 .2 Effects of treatments on aged seeds 

Both slowly and rapidly aged seeds were used to evaluate repair possible effects of ME 

treatments, because the deterioration mechanisms incurred under different conditions 

m ay be d ifferent (reviewed in Sec tion 2. 1 Chapter 2). A moisture equil ibration 

treatment for 72 h where the SMC was raised up to around 20% for unaged material 

(Table 5 . 1 )  was chosen as a treatment for repair of aged seeds in cv. Davis, since 

previously Saha and Basu ( 1 984) had reported the effectiveness of ME treatments at 

this  moisture level for repair of aged soybean seeds. However, there was considerable 

variation i n  the SMC's  obtained after ME treatments between experiments .  For 

example, after 72 h ME the SMC obtained from slowly aged seeds was 1 8.6  (± 0.3)% 

higher than that ( 1 5. 1  ± 0. 19%) from accelerated age d  seeds. These all were lower 

than that obtained from pre-storage treatment (Table 5 . 1 ). 

5 .2 .2 . 1 Slowly aged seeds 

Seeds aged at 35°C and 9% SMC for up to 1 5  weeks (when normal germination was 

significantly (P<O.OO 1 )  reduced from 95 to 32% )  were treated with ME. Despite no 

effect  on unaged seeds,  ME treatments showed signifi can t  (P<0 .05) e ffects  of 

restoration on 15 weeks aged seeds, where normal germination was improved by more 

than 60% (Fi gure 5 .6 )  compared to untreated aged seeds .  Neither ageing nor 

treatments affected viability (Figure 6.2A, data for seeds before drying not shown). 



40 

30 I-

'-

1 0  l-

o .... 

30 I-

A r--

-

r---

I--

r---r-
o 20 40 60 80 1 00 1 20 1 40 1 60 1 80 200 

Amount of water uptake after 8 h imbibition 
(mg . seed -1 ) 

8 """'-1---

1 12 

g 20 
r--

l-
Q) :J cr 

I---

� 
� 1 0  I-

r--

o '- I I f-----l 

o 3 6 9 1 2  1 5  1 8  21  

Rate of water uptake from 8 - 1 1  h after imbibition 
(mg . seed -1 . h-1 ) 

Figure 5.5 Frequency distributions of amount of water taken up by individual seeds at 
8 h after the start of imbibition (A), and of rates of water uptake during 8-
1 1  h after the start of imbibition (B). 



l OOr-
------------------------

90 

c 80 
0 

.- 70 
0 c 60 
E 5 0  I.... 
(]) 

Cl 40 
� 30 

10  

o 
o 8 1 5  

A ge ing  durat i on (weeks) 

Figure 5.6 The effects of slow ageing (35°C, 9% SMC) alone (B) or followed 

by 72 h moisture equilibration without ( � )  or with drying (CD on 
germ inability of soybean seeds cv. Davis. Data presented are arcsin 
..J % transformed mean s of 3 repl icates . B ars represent  least 
significant differences (P=O. 05) between treatments at each ageing 
time (4 df). 

1 1 3 



1 14 

Many slowly aged seeds showed primary root abnormali ties (Plate S. I A).  It was the 

frequency of these abnormal seed l ings  which was  reduced by subsequent M E  

treatment. 

There was a significant (P<O.OO l )  reduction of both fresh and dry weight of normal 

seedl ings due to sl ow ageing whic h  were evident after I S  weeks ageing,  but ME 

treatment significantly  (P<O.OO l )  improved weight of  these seedl ings in all unaged and 

aged seeds (Figure S .7 ,  fresh weight data not shown). Regardless of ageing, seedling 

dry weights from moisture equilibrated seeds were increased by 20%. The beneficial 

effects of ME treatments on seedling growth were, however, reduced by drying back 

(Figure 5.7) as were the effec ts on germ inability (Figure S .6). 

S.2.2.2 Accelerated aged seeds 

When seeds aged for up to 3 days at 40°C , - 100% RH were used as a material for 

characterising the effectiveness of ME treatments, there was no significant (P<O.OS) 

effects of ageing nor treatments detected (data not shown) .  As a result, seeds aged for 

up to 6 days were then used. Seeds lost a significant  (p<0.05) germ inability due to 

ageing after 4 days. when more than 20% loss was detected, and only 4 1  % normal 

germinants were noted after 6 d AA. Viabi l i ty ,  however, remained unchanged 

throughout the ageing period (data not shown) .  On these accelerated aged seeds, 

neither germ inabi l i ty nor viabi l i ty was s ignificantly (P<O .OS )  affected  by ME 

treatments (Appendix 5 .2). 

However, analyses at each ageing period showed that mean fresh weights of normal 

seedlings were improved >20% and 1 1 - 14% on unaged and aged seeds, respectively by 

72 h ME treatments (Figure 5 .8) .  Again ,  as with slowly aged seeds,  drying back 

reversed the advantage of ME treatments. Changes in seedling dry weight showed a 

similar pattern to fresh weight (data not shown). 
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5 .2 .2 .3 Soil trial 

Since the results from the laboratory test suggested the promising effects of 72 h ME 

treatment (without drying) for improving normal germination of slowly aged seeds 

(Figure 5.6) ,  a soil trial was conducted on 1 5  weeks aged seeds and unaged controls. 

Although total seedling emergence of 15 weeks aged seeds was significantly (P<0.05) 

lower than that of unaged seeds, both unaged and aged seeds were unaffected by ME 

treatments compared to untreated controls (Figure 5.9) .  Neither slow ageing nor 72 h 

ME treatments had any significant (P<0.05) effects on numbers of normal seedlings 

(based on norm al shoot growth as shown in Plate 5 . 1 B) (Figure 5 .9)  nor weights of  

seed l i ng  axes  or roots of those normal  seedl ings ( Append ix  5 . 3 ) .  The rate o f  

establishment of seedlings from soil was not affected by  ageing ,  but ME significantly 

improved the time to 50% establishment of unaged seeds (Table 5 .2). 

Table 5.2 The effects of 72 h moisture equilibration (ME) on time to 50% seedling establishment 
(T 50) in soil of unaged or slowly aged (35°C, 9% S MC) soybean seeds,cv. Davis. Data 
presented are means of 3 replicates. 

T 50 (d) 

Treatment Unaged Aged 

Control 6.67 7.00 

ME 5.67 7 .30 

LSDO.05 0.92 

Note: Least significant difference (LSD) between any two single means at 5%. 
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5.2.2.4 Correlations between conductivity and germination performance 

Conductivity measurements were used to d etermine changes in membrane integrity 

which may be associated with seed vigour. With one exception, the total correlations 

between conductivity of leachate ( after 24 h soaking) and normal germination or 

viability were significant (P<0.01 )  i n  a l l  seed lots tested either with pre- or p ost

storage treatments (Tabl e  5 . 3 ) .  I nterestingly ,  the exception was cv . Davis given 

treatments before ageing, b ut without surface sterilisation. Conductivity of leachate 

from these seeds remained low (6.0- 1 2.3 IlS .seed- 1) while seeds lost up  to 82% of their 

germinabili ty. 

Table 5.3 Correlation coefficients (r) between conductivity and genninability or viability during 
ageing for all treatments applied before or after ageing on different soybean seed lots. 

Seed lot Genninability Viability 

B efore accelerated ageing treatments 

A-3 
A-6 

A-8 
Davis 
Davis + S S  

After ageing treatments 

Davis after AA 
Davis after s low ageing 

NS = not significant at P = 0.05 

• •  = significant at P = 0.0 1  

Before ageing treatments = 

After ageing treatments 

-0.86* *  -0.90** 

-0.96** -0.92** 

-0.72* *  -0.8 1** 

_O.27NS 
_0.39NS 

-0.73* *  -0.75** 

-0.73* *  -0.61 ** 

-0.80* *  -0.61** 

24 and 48 h ME (lots A-3 and A-6) or 24 h ME and 24 h ME + 2 h 

soaking (lots A-8 and Davis), followed by drying, 34 degrees of 

freedom. 

72 h ME with and without drying after accelerated ageing (34 df) or 
slow ageing (25 df). 

SS = surface sterilization after untreated, 24 and 48 h ME (46 df) 

(In all cases untreated controls are included). 
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5 .3 . 1  Pretreatment effects and seed Jot variations 
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The hydration-dehydration pretreatments d id not show any protective effects on 

germinability, viability or  seedl ing growth over untreated controls in al l  the seed lots 

tested (Figures 5 . 1 and 5 .2) .  Moreover, sometimes the treatments, especially those 

involving soaking, caused damage to seeds. These results do not support the concept 

that hydration-dehydration treatments have the potential to protect seeds against ageing 

of various species (e .g. Basu,  1 976 ;  Savino et aI. , 1 979;  Kundu and B asu, 1 9 8 1 ;  

B urgass and Powell ,  1 984) including soybean (Sah a  and  B asu, 1 984) .  From the 

l i terature, the beneficial effec ts of hydration-dehydration pretreatments are expected to 

be  the d etox i fication of seeds  from damaging free radicals and/or o ther toxic 

compounds as well as allowing a gearing up of repair systems to be ready for action so 

that additional damage incurred during subsequent storage will be prevented. Kundu 

and B asu  ( 1 98 1 )  have suggested that ME treatments may primarily counteract free 

radicals ,  while soaking may facilitate both removal of free radicals and detoxification. 

This suggestion was supported by previous evidence in wheat, mustard and maize 

(RudrapaI and Basu, 1982;  Dey and Rudrapal, 1985 ;  Dey and Mukherjee, 1 986). All 

reported evidence that hydration-dehydration treatments reduced physiological 

deterioration by minimizing lipid peroxidation. However, they only measured changes 

in malonaldehyde, a secondary product of lipid peroxidation, no direct measurement 

was made. Additionally, in maize and mustard the treatments were shown to maintain 

the activities of dehydrogenase and peroxidase enzymes, while minimi zing l ipase 

activity and free fatty acid levels (Dey and Mukherjee, 1 986). However, the results in 

the present study are consistent with the findings of Dey and Mukherjee ( 1986), who 

claimed, despite no data to support, that only slight improving effects of ME-drying 

treatment on soybean seeds. and that soaking-drying treatment caused detrimental 

damage to seeds under three different subsequent storage conditions including 40°C 

and - 1 00% RH as used in this study. 

Using identical treatments to the present study. Saha and Basu ( 19 84), on the o ther 

hand, demonstrated that the effectiveness of the treatments for both protection and 

repair was vigour dependent. They found that ME-drying had protective effects on 
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high vigour ( 1  month-aged) seeds, and had repair effects on medium (6 month-aged) 

and low vigour ( 1 2  month-aged) seeds, while ME-soaking-drying showed both repair 

and protective effects on those medium and low vigour seeds. Saha and B asu ( 1 984), 

however, used sub lots of a single soybean seed lot which had been stored for different 

periods to vary seed quality, the germ inabilities of the resulting 'high ' ,  'medium' and 

' low vigour' seeds being 76 ,  76 and 67% ,  respectively .  In this study ,  the normal 

germination of 5 seed lots used ranged from 79-99% plus one lot of 1 2% (Table 3 . 1 ). 

A possible explanation for the contradiction between the results presented here and 

those of S aha and Basu ( 1 984) seems to be seed lot and cultivar differences. The 

inefficacy  o f  hydration-dehydration treatments i n  th is  study cannot  be s imply 

explained in  terms of  differences in  either initial or  obtained SMC's. If the removal of 

free radicals is the key effect of hydration, SMC's above 1 2% should be high enough 

to quench or scavenge free radicals (Priestley et at. , 1 985) .  If so,  the high initial 

S MC's  of seed lot A-3 ,  A-7 and A-8 ( 1 0- 1 2 .2%) might be the cause of treatment 

ineffectiveness. However, the initial SMC of Davis at 9 .3% was similar to that of the 

seeds used by Saha and B asu ( 1 984). 

Only the resul ts from lot A-6, which showed improving effects of ME treatments on 

germ inabil ity of seeds prior to ageing (Figure 5. 1 )  are in agreement with the results 

from medium and low vigour seeds in Saha and Basu's  ( 1984) study. It is possible that 

d amage incurred in lot A-6 during 2 years s torage at 5°C may be similar to that in 

seeds, which Saha and B asu ( 1 984) stored for 6 and 1 2  months (medium and low 

vigour) to vary seed vigour; and such damage can be repaired by ME treatments. It is 

speculated that the seed lot that Saha and B asu ( 1 984) used may have experienced 

conditions that allowed seeds to accumulate some damaging free radicals, and the 

benefit derived from hydration treatments was thus caused by their removal. 

In seed lot A-6 ME treatment improved only normal germination, but not viability or 

seedling growth. This suggests that repair mechanisms occurring in this seed lot may 

be l im i ted  to abnormal  germinable seeds.  Much e vi dence has suggested  that 

hydration-dehydration treatments can improve only some aspects of seed quality (e.g. 

germination rate in tomato: Cool bear et al., 1984; Argerich et al., 1 989 or in soybean: 

Knypl and Khan,  198 1 ) .  
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Another factor which may contribute to the success of ME treatments is ME duration. 

If the treatment duration is too short, the required S MC will not be achieved. Saha and 

B asu ( 1 984) showed that 24 h was long enough to raise the SMC of soybean seeds 

from -9% up to around 20%. In this study, on the other hand, ME for 24 or 48 h never 

allowed seeds to reach 20% SMC (Table 5. l ). When ME duration was prolonged up 

to 72 h to allow 20% SMC to be obtained, pretreated seeds lost  their resistance to 

ageing. It is possible that, for CV. Davis at least, the relatively low SMCs ( 14.2- 1 8%) 

of 24 or 48  h ME seeds may not be as critical as that at 20% where the moisture 

content is high enough to allow damage and repair reactions to compete. During the 

long period of incubation under the conditions of relatively high SMC (near 20%) and 

25°C, in this study,  seeds may favour deterioration rather than activation and repair 

(Hegarty, 1 978) .  Anoyhcr factor may be problems of mould infection induced by 

extended treatments and subscquent ageing. Further studies to overcome these kinds 

of problems are reported in Section 5 .3 .2 .  The resul ts presented here partly agree with 

the findings in wheat of Rudrapal and B asu ( 1982),  who found that m aximum benefits 

of ME treatments were obtained at 24-48 h, but these beneficial effects were reduced 

when the ME duration was continued to 72 h. Surprisingly, they also found that the 

loss of benefits due to extended ME in their wheat seeds was associated with increases 

of  l ipid peroxidation. The possibJe role of l ipid peroxidation and other aspects of 

membrane integrity in these experiments is considered in subsequent studies (Chapters 

6 and 7) .  

5 .3 .2 Soaking injury 

According to Saha and B asu ( 1984), ME for 24 h fol lowed by 2 h soaking-drying was 

effective for both repair and protection of soybean seeds of medium or low vigour 

from ageing, although it reduced the resistance of high vigour seeds under adverse 

storage conditions. In contrast, not only was ME-soaking-drying ineffective on all 

seeds lots used here, but both ME-soaking-drying and soaking-drying  treatments also 

caused damage to lots A-7 and Davis both before and after ageing (Figures 5 . 2, 5 .3  and 

5 .4). While both Saha and Basu ( 1984) and Dey and Mukherjee ( 1 986) reported that 

presoaking-drying treatment reduced ageing resistance of high vigour lots, the seed 

lots used in this study were damaged prior to exposure to adverse ageing conditions 

and appear to have suffered soaking injury. Despite the fact that prior ME could 

reduce soaking damage appreciably, damage from soaking was s ti l l  evident after 
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ageing (Figure 5 .3) .  These results conform to various reports in ,  for example, peas 

(Ellis et ai. ,  1 990) and soybean (Saha and Basu, 1 982;  Ashworth and Obendorf, 1 980). 

Soaking reduced normal germ ination (Figure 5 .2) and viability but not the growth of 

remaining normal seedlings (data not shown), suggesting heterogeneity of seeds within 

a given seed lot, and that while poor seeds do not survive, high vigour seeds were l ittle 

affected by soaking damage. The evidence of high variation in rate of water uptake 

between ind ividual seeds (Figure 5 . 5) supports the idea of heterogeneity within the 

seed lot which would result in markedly different responses to soaking. 

Although many attempts have been made by several workers (e .g. Woodstock and 

Taylorson, 198 1 b ;  Woodstock and Tao, 198 1 ,  Tilden and West, 1 985) to overcome 

problems of soaking injury, it is still unclear how a seed suffers fom soaking damage. 

Woodstock and Tay]orson ( l 98 1 b) noted that ageing or soaking had similar effects on 

soybean seeds as both produced greater ethanol and acetaldehyde concentrations than 

untreated controls .  This supports the idea of Crawford ( 1 977), who suggested that 

high levels of ethanol may cause destruction of mitochondrial membranes. Changes 

re l a t i ng  t o  mem branes which  may occur  as a result of soaking  damage were 

investigated in subsequent studies and are reported in Chapter 6 and 7 .  

5 .3 .3  ME treatments on aged seeds 

Although ME treatments (either with or without drying) did not alter viability, ME 

without d rying-back considerably improved the normal germination of slowly aged 

seeds (Figure 5 .6) ,  but not of accelerated aged seeds (data not shown). The improving 

effects of ME on normal germination of CV. Davis echoes the action of ME pre

treatment on lot A-6 in this study (Figure 5 . 1 and Section 5.2. 1 )  and the work of Saba 

and B asu ( 1984).  These results suggest that the type of damage suffered by seeds 

during long term storage (2 years at 5°C for lot A-6) or slow ageing ( 1 5  weeks at 30°C, 

9 %  SMC for Davis) may be different from that occurring under accelerated ageing. 

The ability of ME to improve the growth of normal seedlings, which was found in both 

slowly and rapidly aged seeds (Figures 5.7 and 5 . 8), is in agreement with findings of 

Knypl et al. ( 1 980) and Saha and Basu ( 1984). Knypl et al. ( 1980) suggested that ME 

treatments improved soybean vigour by repair  or  re-arrangement  of membrane 

structure and activation of prote in turnover, while Woodstock and Tao ( 1 9 8 1 )  
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suggested similar effects i n  their studies wi th PEG. However, R ao e t  al. ( 1 987) 

working with lettuce suggested that an alternative key event was the repair  of 

chromosome aberrations. The idea of membrane repair and re-arrangement in  soybean 

seeds is supported by evidence showing considerable reduction of solute leakage from 

M E  treated seeds in  this study (Append ix 5 .4). Generally, solute leakage measured by 

the conductivity test is recommended as a useful  vigour test for soybean (Matthews 

and Powel J ,  1 987)  and can also be used to determine in tegrity o f  cell membranes 

(Woodstock and Tao, 1 98 1 ;  Tilden and West, 1 985) .  The close relationship between 

conductivity and germinability or viabil ity usually observed in this study (Table 5 .3) 

supports such recommendations, and emphasises that losses of membrane integrity are 

a key event in  l osses of germ inabi l i ty or v i ab i l i ty dur ing age ing .  The l ack of  

correlation in  one  set of  experiments for CV. Davis i s  quite surprising and  remains 

unexplained. In this case, conductivities were low, suggesting that the deterioration in  

this lot (shown in Figure 5.2) was due to other causes. However, when soaking injury 

d id  occur in this seed lot, correlations between germination and conductivity were 

evident. This is explored further in Chapter 6 .  

Interestingly, the soil trial results differed from laboratory germination tests ; because, 

although the emergence percentage was reduced by ageing, there were very few 

abnormal seedl ings when these were evaluated by the condition of shoo ts .  This 

impl ies that many seedl ings w hich m ight show primary root abnormalities in  the 

laboratory test (Plate 5. I A) recover when grown in soil. I t  is possible that these 

abnormal primary roots were compensated for by lateral root growth (Plate 5 . 1 C) so 

that shoot growth was not affected (Plate 5. 1 B). The optimal conditions of the soil test 

effectively reproduce the beneficial effects of ME in the laboratory. B oth these results 

emphasise that seedlings of less severely damaged seeds are capable of recovery from 

ageing damage. 

The results from Davis demonstrated that d ry ing  after treatments reduced the 

advantage gained from ME on improving normal germination (Figure 5 .6) or seedling 

growth (Figures 5,7 and 5.8). This does not correspond with the results from lot A-6 

(Figure 5 . 1 )  where the beneficial effects of ME on germinability were still retained 

after drying. Similarly,  Knypl and Khan ( 198 1 )  found no loss of benefit due to drying, 

al though their work was conducted on advancement in time of germination and 

emergence at suboptimal temperature as a result of osmoconditioning. 
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Plate 5.1 Primary rool abnormalities in seedlings of slowly aged (35°C, 9% SMC for 15 weeks) soybean, cv. Davis. A: from laboratory germination test (8 d 
after sowing); B: seedlings grown in soil 17 d after 50% establishment: all apparently normal shoots, but all except left hand seedling shown root 
abnormalities (ABN); C: close up of seedling showing sufficient lateral roots suggesting compensation for some defects of primary root development. 
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5 .4 PRELIMINARY CONCLUSIONS 

From the results and discussion presented in this chapter, conclusions can be drawn as 

fol lows: 

1 )  Although S aha  and B asu ( 1 9 84) found  benefic ial effects of hydration

dehydration treatments for both repair and protection for soybean, careful 

evaluation of several lots found no reproducible protective effects of such 

treatments in this study, and only occasional beneficial effects of moisture 

equilibration on seed germ inability and vigour providing seeds were not 

subsequently dried-back. 

2) Techn ica l  p roblem s were n oted w i th bo th soaking i nj u ry and  m ould 

infection .  Attempts to avoid the l atter by surface sterilisation resulted in 

increased problems with the former. 

Some of these i deas wil l  be di scussed further in the context of the whole thesis 

(Chapter 8) .  
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CHAPTER 6 

LIPID AND MEMBRANE STATUS DURING SEED DETERIORATION 

6. 1 INTRODUCTION 

This chapter presents data on the s tatus of both total lipid and an isolated microsomal 

membrane fraction from seeds of soybean, cv. D avis during ageing under the two 

storage conditions of accelerated ageing and slow ageing. The effects on such status 

caused by acetone or water soaking treatment applied before AA or by mo isture 

equilibration following slow ageing were also studied. Details of ageing  and treatment 

reg imes are shown below: 

Table 6.0 Ageing conditions and treatments used for lipid and membrane studies. 

Accelerated ageing (AA) 
at 40°C, -1 00% RH 

Treatment 

Untreated seeds 
Seeds soaked in acetone for 16  h before AA 
Seeds soaked in water for 30 min before AA 

(Note: After treatment seeds were dried to original SMC before M) 

S low ageing 
at 30°C, 9% SMC 

Untreated seeds 
Moisture equilibration above water 

at 25°C for 3 d after ageing 

(Note: After treatment seeds were dried to original SMC before germinaaon testing) 

Samples of all seeds used for lipid and membrane analysis were tested for germination. 

The data are briefly summarised in the following paragraph. ( Results from similar, 

earlier experimenl� have already been presented in Chapters 4 and 5)  
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After 4 days  u nder A A  cond i t ions ,  un treated seed s  lo s t  nearly 40% of their 

germinability (numbers of normal germinants) although viability remained unchanged, 

whereas acetone and water treated material l ost nearly 75 and 98% germ inability (37 

and 5 5 %  viability), respectively (Figures 6 . 1 A, B ) .  After 6 days untreated seeds 

showed only 1 2% norm al germination; acetone and water soaked seeds none. The 

viabil i ty of seeds from these treatments was 85, 4 1  and 1 %, respectively. In the slow 

ageing conditions, which are presumed to be less stressful, germinability dropped from 

93 to 34% with no significant viability change after 1 5  weeks. There was no evidence 

o f  a n  improv ing  e ffe c t  of subsequent  m ois ture e qu i librat io n  (ME)  on either 

germinability or viability (Figures 6.2A and B). ME increased fresh (data not shown) 

and dry weights of seedling axes (Appendix 6. 1 )  in unaged seeds relative to untreated 

controls, but there was no effect in aged seeds. Ageing, acetone and water soaking 

treatments all increased the rate of e lectrolyte leakage (Appendices 6.2, 6 .3). In all 

cases ,  normal  germination l osses corre late d  wel l with conductiv i ty incre ases 

( Append ix  6 .4 ) ,  imp l ic atin g  membrane d a mage  as  a poss ib le  cause o f  seed 

deterioration. 

Lipid and membrane analysis are valuable tools for the investigation of some of the 

mechanisms of deterioration occurring under these different sets of conditions. Axis 

and cotyledon tissues were examined separately in each c ase. The implications of 

these results in the context of possible causes of seed deterioration are discussed. 
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Figure 6.1  Changes in germinabilily (A) and viability (B) of soybean seeds, ell. Davis, 
as a result of accelerated ageing (40°C, -100% RH) and interactions with 
preliminary acetone or water soaking.  Data presented are arcsin ,,% 
transformed means of three replications. 0-0: Untreated controls; +._.+ : 
Soaked in acetone for 16 h; *- ..... : Soaked in water for 30 min. Bar shows 
least significant differences (p=O.05) between any single means at df = 6. 
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6 .2 RESULTS 

6.2 . 1  Total l ipid (TL) status 

6.2. 1 . 1  TL in axes and cotyledons 

The overall mean amount of extracted TL from accelerated aged seeds (regardless of 

seed treatments) was 1 . 1 8  ± 0.02 or 1 .08 ± 0.02 mg per axis or equivalent weight of 

cotyledon. These corresponded well with the values obtained from slow aged seeds in 

the subsequent study ( 1 . 1 7  ± 0.02 or 1 .06 ± 0.0 1 mg per axis or equivalent weight of 

cotyledon,  respectively). Figure 6 . 3  shows the effects of accelerated ageing ,  and 

interactions between ageing and prior acetone or water soaking on TL extracted from 

either axes or cotyledons. Analysis of variance of each treatment indicated that there 

were no significant changes in TL content d uring AA. The extractable TL from 

cotyledons was s lightly lower than that from axes, on an equ ivalent weight basis. 

Acetone or water soaked seeds appeared to yield h igher levels of TL than untreated 

seeds, particularly after 2 days AA, but the differences were not significant. Similarly, 

the data for changes during slow ageing (Figure 6.4) showed no changes in TL from 

both axes and cotyledons of either untreated or moisture equilibrated seeds. 

6 .2. 1 .2 Total phospholipid (PL) in the TL extract 

The total phospholipid content o f  axis and cotyledonary tissue in untreated, unaged 

seeds (Figure 6 .5A, B) was 3 .73 ± 0. 14 Ilg P equivalents per axis and 2.73 ± 0.05 Ilg P 

equivalents per equivalent weight of cotyledon, respectively. The amount o f  PL was 

about 37% higher in axes than in cotyledons on an equivalent weight basis. 

An analysis o f  the PL contents from the TL o f  untreated, acetone or water soaked 

seeds showed that prior acetone or water soaking treatment increased the rate of PL 

depletion from both axes and cotyledons during AA (Figure 6.5). Untreated seeds 

showed no s ignificant losses of PL from axes and only a small decrease (-20%, 

P<0.05) in cotyledonary PL after 6 days AA. After 4 days AA, losses in cotyledons 

were significant from acetone or water soaked seeds (P<O.Ol ), and there was more than 

35% depletion after 6 days. A similar rate of loss was also detected in axis tissue. 



..-.... c: 0 -0 Q,) 
� 0 0 
� 0 
+'" 
..c: 
t:1) 'cu 
;t 

+'" c: � c .2: 
::s 
t:r Q) 
'-0 

.-
I 
en .-x c 
. 

t:1) 
E .......,.,; 

+'" c: Q) +'" c: 0 
0 

-0 .-
o.. .-

c +'" � 

1 .30 

1 .20 

1 . 1 0  

1 .00 

0 

1 .30 

1 .20 

1 . 1 0  

1 .00 

0 

1 .30 

1 .20 

1 . 1 0  

A Axis: U ntreated seeds 

C Axis:  Acetone soaked 

", '  ,A 
� ,- , - , � , - ,- ,�, '" 

E Axis: Water soaked 

�" / " / " / " / " / s _  Ef - - '"EJ 

8 Cotyledon:  U ntreated seeds 

I 

D Cotyledon :  Aceton e  soaked 

lA, 
/ " 

/ "-
/ " 

/5.' '� 
. ....... 4' ......... ' '8.  

I 
F Cotyledon:  Water soaked 

& - - --8- _ .,. 
-- -g" 

'" 
£] '" .,. 

o 2 4 6 0 2 4 6 

Duration of accelerated ageing (days) 

Figure 6.3 The effects of accelerated ageing (40°C,�lOO% RH) and interactions with 
preliminary acetone or water soaking on total lipid extracted from axis and 
cotyledonary tissue of soybean seeds, cv. Davis. Data presented are means 
of 3 replicate extractions. 0-0 :  Untreated c ontrols; fr '�; Soaked in 
acetone for 16 h; G - EJ : Soaked in water for 30 min. Bars show least 
significant differences (p=O.05) between means, 

1 32 



Axis: Untreated seeds Cotyledon: U ntreated seeds 

----
$2 
] 
;;..., 0 () 

....... 
c 
-
� 
'I.) � 
c: 
..:: 
� 
� 
... 
c 

'7 Cotyledon : M E  Axis :  ME .� 
x 

1 .20 e:: 
e.b 
E ---
c: 1 . 1 5  <U 
c: 
C () 

1 . 1 0  

c 1 .05 E-

1 .00 0 8 1 5  

Duration of slow ageing (weeks) 
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total l ipid extracted from axis and cotyledonary tissue of soybean seeds, cv. Davis. Data presented are 
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Figure 6.5 The effects of accelerated ageing (40°C,-100% RH) and interactions with 
preliminary acetone or water soaking on phospholipid content of axis and 
cotyledonary tissue of soybean seeds CY. Davis. Data presented are means 
of threc replicate extractions. (}-(): Untreated c ontrol; 6-6: Soaked in 
acetone for 16 h; G - EJ : Soaked in water for 30 min. Bars show least 
significant differences (P=O.05) between means. 
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The e ffects o f  the less severe s low ageing cond i tions and subsequent m oisture 

equilibration treatment on PL changes are shown i n  Figure 6 .6 .  Losses i n  PL from 

both axes and cotyledons were not significant in untreated seeds after 1 5  weeks under 

these storage conditions, but after subsequent ME treatment significant losses emerged 

in axes, the PL content declining from 4.74 1lg P equivalents.axis- 1  to 4 .3 1 and 4.25 1lg 

P equivalents . axis- 1 after ageing for 8 and 1 5  weeks, respectively (P<O.05 ) .  The 

changes were observed despite the fact that, as previously  noted (Section 6 . 1 ), no 

significant changes in either germ inability or viability were detected as a result of ME 

treatment. 

Relat ionships between PL l osses duri ng AA and other aspec ts o f  germi nation 

performance 

Appendix 6.5 shows details of correlations between PL changes w ith germinability, 

v i ab i l i ty ,  seed v i gour  and conduc t iv i ty  du r i ng  AA.  There were s i gn i fi cant  

relationships between losses of axi s  PL and germinability for both acetone treated 

(P<O.05) and water soaked (P<O.O 1 )  seeds during subsequent AA, but not in untreated 

seeds (Figure 6 .7) .  Only for water soaked seeds was there a significant correlation 

between losses of PL and viability during AA. There was a significant (p<0.0 1 )  linear 

relati onsh ip  between the leve ls o f  PL from c otyledons and  dec reases i n  both 

germinability and viability in all untreated, acetone and water soaked seeds during AA 

(Appendix 6 .5) .  With respect to germinability ,  s eeds treated with acetone gave the 

highest positive correlation coefficient (r=0.83, P<O.01 )  (Figure 6 .8) .  

Changes in  seed vigour of  untreated seeds during AA were determined by measuring 

the fresh and dry weights of seedling axes 8 d after sowing. Only the former was 

corre lated significantly (P<O.O l )  with PL content and then only from coty ledons 

(Appendix 6 .5) .  Results from acetone and water treatments were not analysed because 

no normal seedlings were obtained in some or all replications of each treatment after 4 

and 6 d AA, respectively. 

Neither PL changes in axes nor cotyledons o f  untreated seeds were significantly 

correlated with conductivity (Appendix 6.5). For acetone treated seeds, PL changes in 

axes did not significantly correlate with conductivity,  but those in cotyledons did 

(P<O.O l ,  Figure 6.9) .  There was a highly significant correlation for water soaked seeds 

from both axes and cotyledons (Figure 6. 1 0  for axes). 
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Figure 6.9 Relationship between conductivity and phospilOiipid from axis (A) and cotyledonary (B) tissue of acetone soaked soybean seeds, cv. Davis. 
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6 .2 . 1 . 3 Fatty acid composition in TL 

The relative p roport ions of fatty acids  p resent i n  TL extracted fro m  axes and  

cotyledons are shown in  Tables 6. 1 -6.3. The composition of  fatty acids from untreated 

seeds did not  c hange significantly during either AA (Tables 6 . 1 and 6 . 2 )  or  slow 

ageing (Table 6 .3 ) ,  with no  indication of  decline in unsaturated forms. Likewise, 

changes were not detectable as a result of acetone or water soaking prior to AA, or 

after moisture equilibration following slow ageing. It was however noted that there 

were small but consistent differences between the AA and s low ageing studies in 

'estimates ' of proportions of unsaturated fatty acids (compare data for untreated,  

un aged axes and cotyledons in Tables 6. 1 -6 .3) .  

The data clearly showed that the proportions of  fatty acids from axes differed from 

cotyledons , the former tending to have a much higher proportion of 1 6:0 and 1 8 :3  

acids. For example, under AA conditions (Table 6. 1 )  the average proportions from all 

treatments of 1 6:0 and 1 8:3  fatty acids from axes were 17 .7 and 22 .0%, c ompared to 

1 1 .9 and 1 1 .0%, respectively, in cotyledons (Table 6.2). Proportions of 1 8 : 1 and 1 8 :2  

fatty acids were higher in cotyledons. 

6 .2 .2 Membrane status 

6.2 .2 . 1  P L in the membrane fractions 

Microsomal membrane fractions were extracted from unaged and 4 days AA seeds to 

investigate the effects of ageing and interactions with acetone or water soaking 

pretreatments. Data obtained are shown in Table 6.4. Anal ysis of phosphorus (P) 

from isolated membrane lipids (L) (expressed as P:L ratios) showed that there were no 

signi ficant e ffects apparent  in any treatment in either preparations from axes or 

cotyledons. The average mean ratio in axes was 0.46% which was considerably higher 

than that of 0.25% in cotyledons. 

Similarly, Table 6 .5  shows that slow ageing with or without subsequent ME had no 

significant effects on PL of microsomal membranes from both axes and cotyledons. In 
this study, the average ratio of phosphorus to total lipid (P:L) in the preparations was 

determined to be 0.30 and 0.20% for axes and cotyledons, respectively. 
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Table 6.1 The effects of accelerated ageing (40°C, - 1 00% RH) and interactions with preliminary 
acetone or water soaking on the fatty acid composition of total lipid from axis tissue of 
soybean seeds, cv. Davis. Data presented are means of three replicate extractions. 

Fatty Acids 
Ageing duration 

(days) C 1 6:0 C 1 8:0 C I 8 : l  C 1 8:2 C 18:3 

% of Total lipid 

Untreated controls 

0 1 7.5 3 .0 5 .2 5 1 .7 22.5 
2 1 8.3 3 .0 5 .0 50.8 22.7 
4 1 8.6 2.9 5.3 50.9 22.2 
6 1 8.3 3 . 1  5.0 5 1 .7 2 1 .5 
LSDO.05 NS NS NS NS NS 

Acetone soaked 

0 1 7.5  3 .0 5 . 1 5 1 .8 22.6 
2 17.5 3.0 5.0 5 1.7  22.7 
4 18 .3  3 .0  5.0 52.0 2 1 .7 

6 1 8.2  3 .2 5 .3  52 .5  2 1 .0 
LSDO.05 NS 0. 14 NS NS NS 

Water soaked 

0 17.0 3.0 5 .2 52.0 22.7 
2 16.9 3 . 1  5.6 52.3 2 1 .7 
4 17.2 3.5 5 .4 53.2 21 .8  
6 17 . 1  3 . 3  5.5 53.4 20.7 
LSDO.05 NS NS NS NS NS 

NS : not significant al P ,., 0.05 
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Table 6.2 The effects of accelerated ageing (40°C, - 100% RH) and interactions with preliminary 
acetone or water soaking on fatty acid composition of total lipid from cotyledonary tissue 
of soybean seeds, cv. Davis. Data presented are means of three replicate extractions. 

Fatty Acids 
Ageing duration 

(days) C1 6:0 C18:0 CI8 : 1  C 1 8:2 C I 8:3  

% of 

Untreated Controls 

0 1 1 .9 3 . 1  1 7.6 57.6 9.8 
2 1 1 .8 3 .0 1 5.9 58. 1 1 1 . 1  
4 1 1 .9 3.0 16 . 1  57. 1 1 1 .3  
6 1 1 . 8  2.9 1 6. 1  57.9 1 1 . 3  
LSDO.05 NS NS NS NS NS 

Acetone soaked 

0 1 1 .8 2.9 1 6.4 58.2 1 0.6 
2 1 1 .8 3 .0 1 6.4 57.8 1 1 .0 
4 1 2.5 3.2 16.4 57.2  10.8 
6 1 1 .8 3 . 1  1 6. 1  58.5 1 0.7 
LSDO.05 NS NS NS NS NS 

Water soaked 

0 1 1 .8 3 . 1  16.0 58.1  1 0.9 
2 1 1 .7 3.0 15 . 1  58.4 1 1 .8  
4 12. 1  3.2 1 5.0 58.2 1 1 .5  
6 1 1 .4 3 . 1  1 5.6 58.6 1 1 .2  
LSDO.05 NS NS NS NS NS 

NS : not significant at  P = 0.05 
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Table 6.3 The effects of s low ageing ( 3 5 °C, 9 %  SMC) alone or w i th subsequent moisture 
equilibration (ME) on fatty acid composition of total lipid from axis and cotyledonary 
t issue of soybean seeds, cv.  Davis .  Data presented are means of three replicate 

extractions. 

Ageing duration (wks) Fatty Acids 

and 
treatments C1 6:0 C 1 8:0 CI8 : 1  C 1 8: 2  C I8 :3  

% of  Total lipid 

Axes 

o - 1 3 .6 2 . 1  5 .4 54. 1 24.7 

8 - 1 3 .6 2.5 6.0 55.0 22.6 

1 5  - 14.0 2.5 5.7 54.4 23.5 

LSDO.05 NS NS NS NS NS 

o + ME 13 . 1  2 .3  5 .6 54.4 24.5 

8 + ME 12.9 2.3 6.4 54.8 23.6 

1 5 + ME 14.9 2.3 6 . 1  53 .8 22.9 

LSDO.05 NS NS NS NS NS 

Cotyledons 

o - 1 0.0 2 . 1  1 6.9 59.5 1 1 .5 

8 - 1 0.3 2 . 1  16 .4 59.4 1 1 .8 

1 5  - 10.7 2.2 1 6.7 59.0 1 1 .4 

LSDO.05 NS NS NS NS NS 

o + ME 9.8 2 . 1  16 .2 59.4 12 .5 

8 + ME 10.1 2.2 1 7.2 58.6 1 1 .9 

1 5 + ME 9 .6 2. 1 16.3 59.6 1 2.4 

LSDO.05 NS NS NS NS NS 

NS : not significant at P -= 0.05 
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Phosphorus (P):Lipid (L) ratios of microsomal membrane lipid extracted from axes and 

cotyledons of soybean seeds, CV. Davis affected by accelerated ageing (40°C, - 1 00% RH) 
and interactions with preliminary acetone or water soaking. Data presented are means of 
two replicate extractions. 

P:L (%) 

Treatments and ageing 

Untreated -
Untreated + 4 d AA 

Acetone soaks -
Acetone soaks + 4 d AA 

Water soaks -

Water soaks + 4 d AA 

LSDO.05 

NS : not significant at  P :: 0.05 

Axes 

0.405 
0.545 

0.490 
0.395 

0.450 
0.455 

NS 

Cotyledons 

0.230 
0.255 

0.245 
0.230 

0.320 

0 .235 

NS 

Table 6.5 Phosphorus (P):Lipid (L) ratios of microsomal membrane lipid extracted from axes and 
cotyledons of soybean seeds, CV. Davis affected by slow ageing OSOC, 9% SMC) alone 
or with subsequent moisture equilibration. Data presented are means of two replicate 
extractions. 

Ageing duration (weeks) 
and 

treatments 

o -
o + ME  
1 5  -
1 5 + ME  

LSDO.05 

NS . not significant at  P :: 0.05 

Axes 

0.300 
0.325 
0.280 

0.290 

NS 

P:L (%) 

Cotyledons 

0.205 
0.2 1 5  
0 . 180 

0.205 

NS 
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6.2.2.2 Fatty acid analysis of membrane fractions 

The fatty ac id  composition of microsomal membrane l ipids from both axes and 

cotyledons i s  shown in  Tables 6.6 and 6.7 for AA and slow ageing ,  respectively. 

There was no clear evidence that any treatment or ageing regime caused changes in 

fatty acid composition of mem brane extracts of either axes or cotyledons. Axes had 

higher proportions of 1 6:0 and ] 8:3 fatty acids but lower levels of 1 8: 1 and 1 8 : 2  acids 

than cotyledons. The proportion of 1 6:0 and 1 8 :0 fatty acids retrieved from membrane 

lipids (Tables 6.6 and 6.7) was higher than in total lipids (Tables 6 . 1 -6.3) for both axes 

and cotyledons. 

6.2.2.3 Protein in membrane fractions 

A set of samples of membrane protein from axes and cotyledons of unaged or 4 d AA 

seeds of untreated, acetone and water soaking treatments was analysed by SDS-PAGE. 

Plate 6 . 1 shows banding patterns of these proteins extracted from the microsomal 

membranes of axis tissue. The analysis showed no evidence of qualitative changes in 

these proteins resulting from ageing  and/or treatments. Six m ajor separate protein 

components were identified in both axes and cotyledons. The estimated molecular 

weights of these bands calculated from the relative electrophoretic mobility in 

comparison to known standards ranged from 72.4 to 20.0 kD. 
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Tahle 6.6 Fat t y  a c i d  com posi t ion of m icrosom a l  m e m brane l i pid e x tracted from axes and 
cotyledons o f  soybean seeds. C V .  Davis affected by accelerated ageing (40°C. - 1 00% RH) 
and interactions with preliminary acetone or water soaking. Data presented are means of  
two repl icate extractions. 

Fatty Acids 
Treatments and ageing 

C 1 6:0 C 1 8: 0  C I 8: 1  C 1 8:2  C 1 8: 3  

% o f  Total l ipid 

Axes 

Untreated - 2 1 . 3 3 . 6  7 . 5  49.3 1 8 .3  
Untreated + 4 d AA 22.9 4 .2  7 .4 4 5 .2 20.3 
Acetone soaks - 23.6 4 . 1 9 . 2  44.4 1 8 .7 
Acetone soaks + 4 d AA 24.9 3 .6 7 .7  44. 3  1 9. 5  
Water soaks - 25.0 3 .4 8.6 45.5 1 7. 5  
Water soaks + 4 d AA 2 1 .9 4.7 7 .4 46.9 1 9 . 1  

LSDO.05 NS NS NS N S  N S  

Cotyledonsa 

Untreated - 1 4.9  3.0 23.3 49.3 9 .4 
Untreated + 4 d AA 1 4 .6 2.6 23 .2 49 .9 9 .7 
Acetone soaks - 1 3 .8 3 . 5  22.3 49. 1 1 1 .3 
Acetone soaks + 4 d AA 1 3 .6 3 . 7  2 1 .9 5 1 .4 9 .4 
Water soaks - 1 4. 3  3 . 5  22.7 49.2 1 0. 3  
Water soaks + 4 d AAb 1 0.7 3 .0 1 7 .8 56.2 1 2. 3  

LS DO.OS NS NS 4. 1 NS NS 

a unequal replication analysis 

b 1 replication 

NS not significant at P = 0.05 
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Table 6.7 Fatty acid composition of microsomal membrane l ipid e x tracted from axes and 

cotyledons of soybean seeds, CV. Davis affected by slow ageing (35°C, 9% SMC) alone 

or witb subsequent moisture equilibration. Data presented are means of two replicate 

extractions. 

Ageing duration (weeks) Fatty Acids 

and 
treatments C 16:0 C18 :0  CI8 : I  C 18:2 C 1 8: 3  

% of  Total lipid 

Axes 

o - 18 .6 3.8 8.3 52.0 1 7.3 

8 - 2 1 .0 5 .3 8.6 50.3 1 4.8 

15 - 17 .4 2.7 6.8 53.4 1 9.7 

LSDO.05 
NS NS NS NS NS 

o + ME 19.7 3.3 7.9 50.8 18 .3  

8 + ME 2 1 .8 3 .7 8 .3  49.5  1 6.7 

I 5 + ME 18.9 3.3 7.3 5 1 .8 18 .7 

LSDO.OS 
NS NS NS NS NS 

Cotyledons 

o - 1 3 .2 2.8 1 8.8 53.5 1 1 .7 

8 - 1 2.8 2.8 1 9.0 53.9 1 1 .5 

IS - 1 0.4 2.S 18 . 1  56.5 1 2.5 

LSDO.OS 
NS NS NS NS NS 

o + ME 1 3 .0 2.7 1 8 .6 54.2 1 1 .5  

8 + ME 1 2.8 2.6 1 8.8 53.6 1 2.2 

1 5 + ME 1 3.6 2.S 18 .3  54.3 1 1 . 3  

LSDO.05 
NS NS NS NS NS 

NS : not significant at  p "" 0. 05 
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6 .3 DISCUSSION 

Before embarking on this discussion, it is important to c larify the use of the term 

'germination ' in both this study and the l iterature so that data are standardized and 

comparable. On examination of the l i terature there is amb iguity , because m any 

workers have used 'germination' in the sense of radicle emergence (e.g .  Priestley and 

Leopold, 1 979; 1983 ;  Petruzzelli and Taranto, 1 984 ;  Koostra and Harrington, 1 969). 

On the other hand, Ferguson et ai. ( 1 990a) used the term 'germination' in the sense as 

described by the Association of Official Seed Analysts (AOSA, 1987) .  

In this study, the term 'germination' is used to refer to normal germination as per the 

1ST A's  rules ( 1985) (see Chapter 3) and is therefore effectively the same as the criteria 

used by Ferguson et a f. ( 1 990a). 'Viability ' ,  which includes normal and abnormal 

seedl ings, is taken to have the same meaning as radicle emergence as used i n  the 

literature, there being no fresh ungerminated seeds in the seed lot used in this study. 

6.3. 1 Lipid changes and their possible associ ation with 

seed deterioration. 

6.3. 1 . 1  Lipid content 

Resul ts in this study indicate that, while a decline i n  germ inability during both AA and 

slow ageing was not related to the amount of extractable TL from axes or cotyledons, 

losses of PL were sometimes associated with germination and viability losses. This 

was particularly so for acetone or water soaked seeds. The close relationship between 

levels of cotyledon PL (but not axis PL) in untreated seed s  and germ inability is 

interesting as is the fact that the rate of PL depletion in  both axes and cotyledons was 

increased b y  the i n teractions between AA and prior acetone o r  water soaking 

treatments. 

There are a number of reports dealing with changes in l ipids during ageing (e .g. 

Koostra and Harrington , 1 969; Priestley and Leopold , 1979 and 1 983 ;  Pearce and 

Abdel Samad, 1 980; Stewart and Bewley, 1 980;  Francis and Cool bear, 1 984). Of 
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these only a few have mentioned changes in amounts of TL, and even these provide 

contradictory evidence. While Gidrol et al. ( 1989) found that TL content (obtained 

from sum ming the amounts reported for i ndividual l ipid fractions) in sunflower 

decreased during AA, Priestley and Leopold ( 1 979) demonstrated a slight increase 

(from 1 20 to 1 55 mg per g seed weight) in TL extracted from whole seed of soybean. 

Neither of these trends was seen in the data in this study. Figures 6 . 1 and 6 .2  show no 

evidence of changes in TL content from either axes or cotyledons during accelerated or 

slow ageing. Extractable TL averaged 275 mg  per g seed dry weight (calcu lated from 

the TL c ontent of cotyledons at 9 . 3 %  SMC) ,  which is about double the amount 

reported by  Priestley and Leopold ( 1979). In general , the range of l ipid contents of 

soybean seeds has been quoted as 1 4-26% of seed dry weight (cal culated from 

Trelease and Doman, 1 978)  or 17-22% (Bewley and B lack, 1 978). This suggests that 

the cultivar used in this study belongs to the highest l ipid content group, while that 

used by Priestley and Leopold ( 1979) is in the lowest. Differences between TL results 

may be related to species, cultivars or methods of lipid extraction. Gidrol et al. ( 1989) 

and Priestley and Leopold ( 1 979) both used c hloroform I methanol for extraction of 

sunflower and soybean seeds, respectively. In this study water saturated butanol was 

used for soybean extractions. 

Losses in PL accompanying losses of viabil ity have been reported for various species 

(e.g. cucumber, Koostra and Harrington, 1969 ;  pea, Powell and Matthews; 1 98 1 ;  and 

tomato, Francis and Coolbear, 1 984). Reports on whole soybean seeds however are in 

disagreement. Nakayama et  al. ( 1 98 1 )  found that 45% of total PL had decomposed 

after 6 months storage at 35°C, 1 3% SMC. In contrast, Chapm an and Robertson 

( 1 977) reported that the amount of PL was doubled after ageing at 35°C, 85% RH for 

1 0  days. However, no germination or viability data were supplied in either c ase, so, it 

is difficult to in terpret whether a relationship exists between these PL changes and 

cellular events which might be necessary for germination.  Priestley and Leopold 

( 1 979) detected a sl ight decrease of phospholipid in whole seeds during AA when 

seeds markedly lost their viability from 100 to 5%.  

In this study, levels of PL from axes and cotyledons were quantified separately, and 

data for A A  conditions (Figure 6 .5)  reveal that only the results from cotyledons 

correspond with findings of Priestley and Leopold ( 1 979) and Nakayama et al. ( 19 8 1 ) .  
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As the soybean axis represents only about 2.5% of-the weight of the whole seed in cv. 

Davis, changes in this part of the seed would be expected to be masked by the huge 

amount of cotyledon. That the losses of PL from cotyledons, but not axes, are related 

to germination losses during AA (Appendix 6.5) suggests that a decrease in amount of 

PL from cotyledon may be an important contribution to seed deterioration under high 

temperature and relative humidity .  However, simple correlations do not imply cause 

and effect: besides PL losses, ageing may cause damage to seeds via other effects such 

as changes i n  respiration or enzymes (see Section 2.2) .  Further, no information is 

p resented here on changes in d ifferent types of PL. It h as also been reported that 

during ageing  there are changes in different c lasses of PL (e.g. Nakayama et al., 198 1 ;  

S impson and Nakamura, 1 989 i n  soybean, Powell and Matthews, 198 1 i n  pea). These 

interchanges are, for example, small increases of phosphatidyl glycerol (PG) in pea or 

phosphatidic acid  (PA) in soybean,  whi le phosphatidyl cho line (PC)  decreases 

dramatically. 

There was no evidence of whole seed phospholipid depletion occurring during slow 

ageing in the present study, and although the germination capacity of seeds dropped 

significantly (from 93 to 34%), there were no changes in viability. Slow ageing caused 

a g reater proportion of abnormal seedlings. Data presented in Figure 6 . 6  are in 

agreement with Priestley and Leopold ( 1 983) who stored soybean seeds under 'natural 

ageing' (4°C, low RH), where seeds lost viability from 98 to 86% after 44 months, but 

suffered no loss in PL. Their results however were with whole seeds. In both c ases, it 

is possible that seed deterioration (indicated by viability l osses) has not proceded 

sufficiently for significant PL depletion to be measured, since the depletion under AA 

was detected after greater losses of their viability ( 1 4% in Figure 6. 1 B  and more than 

95% in the report of Priestley and Leopold, 1 979). The earliest repon on this subject, 

presented by Koostra and Harrington ( 1 969), showed that there were no PL losses 

during 'natural ageing' when cucumber seeds lost 30% of their viability, but losses of 

PL were detected under AA after seeds lost m ore than 97% viabil i ty. Thi s  would 

suggest that PL loss occurs as a consequence of seed deterioration rather than being a 

cause of it. 
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Zero or  little PL losses during slow ageing have alsD been reported in wheat embryos, 

despite the fact that the losses under artificial ageing were significant (Petruzzelli and 

Taranto, 1984). However, in that study, changes in viab ility were controlled to similar 

levels of  83  to 55% .  This appears to be  the only  study where i nvestigators have 

actual ly tried to c ompensate for the extent of  viabil i ty loss,  and suggests that the 

mechanism(s) which cause damage to these seeds during slow ageing are different 

from those in rapid  ageing. Although, after ME, a small decrease in axis PL was 

apparent in slowly aged seeds (Figure 6.6) ,  vigour losses were detectable in slowly 

aged seeds whether or not they had received subsequent ME (Appendix 6. 1 ) .  All this 

evidence suggests that PL changes are unlikely to be a primary cause of deterioration. 

As correlation may provide a key to possible mechanisms, relationships between losses 

in germ inability or viability during AA and both conductivity of seed leachate and PL 

changes in  axes and cotyledons have been examined extens ive ly  i n  this study. 

Obviously changes in conductivity of seed leachate are mainly a function of cotyledon 

integrity, while successful production of a seedling is highly dependent on the level of 

deterioration in the axes. Once again, the lack of correlation between PL losses and 

conductivity changes for untreated seeds during AA (Appendix 6.5) and the absence of 

a clear correlation between axis PL levels and loss of germination (Figure 6 .7 A) or 

viab i l i ty ( Appendix 6 .5 )  both argue against PL depletion being the sole primary 

mechanism of seed deterioration. 

The data in Figure 6.5 showed a dramatic decrease in  PL of axes and cotyledons due to 

the interactions of  acetone or water soaking treatment with s ubsequent ageing. In 
these seeds, there are strong correlations between l osses of PL, losses in germinability 

and i ncreased conductivity of seed leachate (Figures 6.7B and C and Appendix 6.5). 

Acetone causes damage to membrane systems .  Swanson el al. ( 1 973) reported from 

their electron microscopic work that acetone disrupted membranes in  cells of tobacco 

leaves. This m echanism was originally suggested by H al loin  ( 1 977) for acetone 

toxicity in seeds (Section 2.4.2) ,  although he presented no substantiating evidence 

apart from measuring an increased conductivi ty of leachate from acetone soaked 

embryos of cotton seeds accompanying viability loss. In the present study, although 
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evidence of membrane disruption was not observed in  either axes or cotyledons of 

unaged, acetone treated seeds (Section 7 .2), these seeds were still more susceptible to 

ageing damage. It could be that acetone may cause damage to seeds via other effects 

(Meyer and Mayer, 1 97 1 ;  E ldan and Mayer, 1 974). 

I ncreased leachate c onductivity associated with germination l oss has also been 

reported to be a resul t  of water soaking injury in soybeans (Woodstock and Tao, 1 98 1 ;  

Tilden and West, 1 985) .  However, the available evidence for mechanisms involved is 

mostly concerned with respiratory changes, although the implications are often related 

to membrane damage. For example,  W oodstock and Tayl orson ( 1 98 1 b) found 

i ncreases in subsequent RQ values and acetaldehyde and ethanol levels of water 

soaked soybean embryos (particularly in aged seeds). S imilarly, Powell and Matthews 

( 1 978) found a reduction in the respiration rate of pea. Both groups suggested that the 

alteration in respiratory metabolism resulting in a decline in vigour and viability can be 

attributed to damage to mitochondrial mem branes. Ferguson et al. ( 1 990a) showed 

that mitochondrial membranes (as measured by respiratory control ratio (RCR) and 

state 3 respiration rates) and tonoplast membranes (as m easured by conductivity) 

deteriorated during storage of soybean. It is  possible that damage to these membranes 

is aggravated by prior water soaking inj ury and may i nvolve hydrolytic enzyme 

activity. For example, evidence of soaking i nj ury causing reduced ribonuclease 

development with an accompanying reduction in axis growth has been reported in lima 

bean (Roos and Pollock, 1 97 1 ). 

6.3. 1 .2 Fatty acid composition in TL 

The data presented in  Tables 6. 1 -6.3 showed no evidence of losses in polyunsaturated 

fatty acids. The results from the AA and slow ageing studies showed some variation 

principally due to a small shift between the proportions of 1 6:0 and 1 8 :2  fatty acids. 

This is possibly due to slight deterioration of the GLC column during use. In general, 

however, the proportions of fatty acid obtained from both experiments agree with 

reports in the literature for soybeans (Table 6.8) .  From this table it can be seen that 

there are clear differences between cuItivars. 
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Table 6.8 Fatty acid composition of total lipid from soybean seed tissues as reported in the literature. 

Cultivars S eed materials 
Fatty Acids 

References 
C 16:0 C 18:0 C I 8 : I  C 18:2 CI8 :3  

% of Total lipid 

Chippewa 64 Whole seed 9.8 4 .0 1 7.7 58.5 9.9 Priestley and 
Leopold ( 1 979) 

Wayne Whole seed 1 0. 1  4 .6 25 .2 52.8 7 .3  Priestley and 
Leopold ( I <JR1)  

Union Whole seed 13 .5  4.2 24 . 1  5 1 .2 6.8 Ferguson el  at.  
( 1990b) 

Chippewa 64 Axes 1 0.3 2 . 1 4 . 1  5 1 .3 32.3 Priestley and 
Leopold ( 1 979) 

Union Axes 1 9.0 3 .2 7.5 56.5 1 3.8 Ferguson et al. 
( 1990b) 

Williams Axes 1 3 . 3  3.0 6.0 60.0 1 7 .7 Priestley el al. 
( 1985) 

Desoto Axes 20.0 3.2 6.0 54.6 16 . 1  Ferguson e l  al .  
( 1990b) 

Williams Cotyledons 1 0.0  3 .7  24.3 54.5 7.5 Priestley el al. 
( 1 985) 

Desoto Cotyledons 1 5 .2 4 .6 25.5 48.4 6.3 Ferguson et al. 
( 1990b) 

The absence of lipid peroxidation in total lipid which would be indicated by no decline 

of polyunsaturated fatty acids ( 1 8 :2 ,  1 8 :3) during ageing corresponds with the findings 

of Priestley and Leopold ( 1 979) during AA,  Ferguson et  at. ( 1990b) during 'natural 

ageing' ,  and Priestley et al. ( 1985) under h igh  oxygen pressure. In contrast, Priestley 

and Leopold ( 1 983 )  reported a decrease i n  levels of these fatty acids from TL in 

soybean during 'natural ageing' when viabil ity dropped from 98 to 86%. Possibly, the 

difference between the present result or that of Ferguson et al. ( l 990b) and Priestley 

and Leopold 's  ( 1 983)  is a function of greater deterioration under this lype of storage 

regime than in either this or Ferguson's study where no appreciable loss of viability 

occurred. 
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Although the acetone or water soaking treatment i ncreased rate of germination losses, 

there was no evidence of any changes in fatty acid composition being involved. This 

is novel information ,  as no other reports have concerned themselves with this area. 

Work by Francis and Coolbear ( 1988) on tomato seeds may be relevant, if somewhat 

contradictory, as they found that a low temperature hydration treatment apparently 

i ncreased all C 1 8  fatty acids in the polar lipid fraction of unaged seeds. On ageing, 

the level of 1 8 :0 and 1 8 :2 fatty acids decreased considerably in  treated seeds. These 

authors also suggested that the initial increases of C 1 8  fatty acids during treatment or 

ini tial ageing of untreated seeds might indicate desaturation reactions of stearic acid 

( 1 8 :0) for membrane repair, and that the losses of fatty acids caused by hydration and 

ageing m ight be due to hydrolytic activity. Such hydrolytic enzyme activity seems 

likely to be involved in the lipid losses in the soybean seeds in this study. 

6.3.2 The role of membrane changes 

Total lipid analysis mainly reflects changes in storage lipid; thus it is possible that any 

changes in membrane lipids may be hidden. Priestley et al. ( 1 985) found a decrease in 

proportions of 1 8 :2  and 1 8 :3 fatty acids of the polar lipid fraction from soybean axes 

after exposure of soybean seeds to high oxygen pressure and high temperature but no 

changes in TL. Stewart and Bewley ( 1980) analysed polar lipids and reported that the 

levels of these polyunsaturated fatty acids in soybean decreased due to AA, while none 

of these changes occurred in seeds stored at high temperature but low RH. Although a 

n u m ber of  workers (e .g .  Pearce and Abdel S amad ,  1 980  in  peanut; Francis and 

Coolbear, 1 988  in  tomato; Pukacka and Kuiper, 1 98 8  in maple) have attempted to 

i dentify changes in membrane lipids, only three reports prior to this one have been 

concerned with membranes from specific cell organelles, namely microsomes from 

soybean axes (Senaratna et a i. , 1 988) and sunflower seeds (Gidrol et ai. ,  1 989) or 

mitochondria from soybean axes (Ferguson et aI., 1 990b). The present results (Tables 

6 .4-6.5) indicate that there were no apparent changes in ratios of P:L affected by AA, 
slow ageing or seed treatments .  The average ratios of P:L were only 0.39% from axes 

or 0.23% from cotyledons. Surprisingly, the ratios from the membrane extracts are 

li ttle different from those of the TL preparations (Section 6 .2. 1 ). An expected ratio 

( based on  a ca lc ulat ion assum i n g  the membrane l ip id  cons i s ted of d io leoy I  

phosphatidyl choline) would be 3 .3%, ten times the observed value. 
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Accord ingly,  we must c onclude that, in  this study, l ipid contaminants have been 

brought down in the microsomal membrane fraction. TEM examination of the fraction 

(Plate 6.2) bears out this suggestion, as it is c lear that many lipid droplets are apparent. 

It is also speculated that if there were any damage to the membranes, the extraction 

technique might bring down only intact membranes which are likely to invest lipid 

droplets or oil bodies. 

There appears to be only one set of reports i n  the l iterature where this approach has 

been used on simil ar materials: Senaratna et at. ( 19 8 8) used a s imilar method of 

microsome extraction for axes from soybean seeds and reported that -50% PL from 

m ic r os o m al membrane frac t ions  were l os t  a fter  seeds  l o s t  >80% v iab i l i ty _  

Unfortunately, they reported neither the amount of  membrane l ipids (L) nor P :L  ratios, 

instead only the amounts of phospholipid extracted from axis tissue and microsome 

fractions were given. Thus, comparisons with their  results may not be validated. In 

addit ion ,  the h igh level of variation associated wi th  the techn ique used for this 

quantitative analysis of membrane lipid may cause difficulties of interpretation. The 

extremely small  amount of lipid retrieved from the membrane fraction was difficult to 

weigh accurately, while the inherent variation of the seed stock may compound this 

problem further. 

Molecules of membrane lipids are the most susceptible to lipid peroxidation, and many 

studies demonstrated that l ipid peroxidation induces membrane d amage (e.g. Priestley 

and Leopold ,  1 983;  Harman and Mattick, 1 97 8). Nevertheless, the results in Tables 

6 . 6  a n d  6 . 7  provide n o  ev idence that l i p i d  peroxidat ion affected l ip ids  from 

m icrosomal membranes. The high proportions of m ore saturated fatty acids ( 16 :0, 

1 8 : 1 )  in  microsomal membranes (Tables 6.6-6.7) compared to TL (Tables 6 . 1 -6.3) are 

similar to reports from other workers on polar lipids from soybean, except that in some 

of these studies, levels of 1 8 :3 fatty acid are also high (Priestley and Leopold, 1 983 ;  

Priestley et  al. , 1985 ;  Ferguson et a i. ,  1 990b). There was a high variation between 

replications (both in internal and external replications as discussed in Appendix 3 .2),  

apparent changes in proportions of fatty acids in either axes or cotyledons were thus 

not significant. Nor was there any c lear evidence of changes i n  protein from the 

membrane preparation (Plate 6 . 1 )  at least from a qualitative point of view. Total 

protein of the microsome fractions was not determined. 



Plate 6.2 Microsomes isolated from axes of untreated u naged soybean seeds,  
cv. Davis. L = lipid droplet. 
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Somewhat, contradictory findings have been reported by Ferguson et al. ( 1990b). 

They found a slight decrease in the percentage of 1 8:3 fatty acids of mitochondria from 

axes in one cultivar of soybean accompanying a decline in seed vigour during natural 

ageing, despite no germination loss being noted, whereas a second cultivar did not 

show this effect. Gidrol et al. (1 989) attempted to evaluate the level of conjugated 

dienes in microsomes of sunflower seeds to estimate lipid peroxidation in microsomal 

membrane fractions, but no conjugated dienes were detected from fractions of either 

control or accelerated aged seeds, despite the fact that lipid peroxidation was found in 

seed tissues. Such evidence indicates that lipid peroxidation may occur in either 

membrane or reserve lipid, but we are no clearer about whether lipid peroxidation is a 

prior cause or a subsequent effect of seed deterioration. The data of both Gidrol et at. 
( 1989) and Ferguson et al. ( I  990b ) suggest that peroxidation is an early event, because 

it was detected when sunflower lost little viability and before soybean seeds lost any 

germinability .  Many other workers report, however, effects only after significant 

germination losses or even complete loss of viability (e.g. Stewart and Bewley, 1980). 

The results presented here correspond with Senaratna et al. ( 1988) in that they found 

no changes in fatty acid saturation in m icrosomal membrane fraction from soybean 

axes due to ageing, although they stored their seeds for 5 years and seeds had lost their 

viability considerably. 

6.4 PRELIMINARY CONCLUSIONS 

1 )  Amounts o f  total l ipid extracted from both axes and cotyledons were 

unaffected by either ageing or seed treatments. 

2) Decreases in PL contents in cotyledons (but not axes) were closely related to 

seed deterioration during rapid ageing 

3) Pretreatments with acetone or water soaking prior to accelerated ageing 

caused damage to axes as well as cotyledons, and to a greater extent than AA 

alone. 
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4) There were no PL changes from either axes or cotyledons due to slow 

ageing, probably seed deterioration had not preceded sufficiently. 

5) M E  applied after slow ageing accelerated PL losses in  axes but these changes 

were not associated with decreased seed performance, which suggests that 

PL losses in this tissue are either not important or that germinating seeds can 

repair this kind of damage, providing it is not too severe. 

6) No changes in microsomal membrane lipids were observed as a result of 

ageing or treatment but. this may be because of high levels of contaminating 

storage lipid in these fractions. 

7) Neither seed treatments (acetone, soaking, ME) nor ageing (AA and slow 

ageing) had any effects on fatty acid composition of TL from either seed 

tissue or from the microsomal membrane fraction,  which suggests that lipid 

peroxidation is unlikely to be a cause of seed deterioration in the seed lot of 

cv. Davis used in this study. 
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CHAPTER 7 

CHANGES IN THE ULTRASTRUCTURE OF CELLS 

DURING ACCELERATED AGEING AND EFFECTS OF PRIOR ACETONE 

DAMAGE OR SOAKING INJURY 

7 . 1  INTRODUCTION 

This chapter reports the results of an investigation to determine whether there was any 

evidence of alterations in the ultrastructure of soybean seeds cv. Davis resulting from 

accelerated ageing (AA) or its interactions with the prior seed treatments of either 

acetone or water soaking. Cells from axes and cotyledons were exami ned using 

transmission electron microscopy. Interpretations are made in  relation to physiological 

changes and seed performance data (presented in Section 6. 1 ). 

7 .2 RESULTS 

7 .2. 1 Ultrastructure of axes 

Sections from axes were confined to radicle tissue between the cotyledon attachment 

and the radicle tip (see details in Section 3. 1 3). These sections contained provascular, 

procortical, and epidermal tissues. 

7.2. 1 . 1  Effects of ageing 

Plates 7 . 1-7.2 show electron micrographs of axes from untreated, un aged material. 

The cytoplasm contains numerous protein bodies as well as lipid bodies (Plate 7. 1 A). 

By cross checking with the l i terature (e.g. Webster and Leopold, 1977; Chabot and 

Leopold, 1 982), it is c lear that lipid bodies are smaller than protein bodies and are 

scattered through the cytoplasm, lining the plasmalemma or surrounding protein bodies 
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(Plates 7 . 1 -7.2) .  Protein bodies are generally granular in appearance (Plates 7 . 1 B  and 

C). The n ucleus is large containing evenly staining chromatin and a prominent round 

n ucleolus. At h igher magn ification (Plates 7 . I B ,  C and D), there is evidence of the 

double membrane constitut ing the nuclear envelope. Protein bodies are of variable 

s i ze and shape wi th a range of 0.6-3.2 f..l diameter, and a few are found apparently 

merging  to each other (Plate 7 .2A). Cells  from the procortical area conta ined more 

n umerous and larger protein bodies than other parts of the radicle studied. Ribosomes 

are a b u n d a n t  a n d  rough e n d oplasm ic  reti c u l u m  c lear ly  v i s i b le  (P la te 7 . 1 0) .  

Dictyosomes, mitochondria and proplastids with starch grains are also present (Plates 

7 . 1 0  and 7 .2A) . The mitochondria evident i n  many sections are of different forms: 

e longated, round ,  d u mbbell - sh aped or oval and general ly  small .  Their average 

d iameter ranged from 0.3 to 0.6 f..l, comparable in size to those found by Chabot and 

Leopold ( 1982) in the same tissue. There was no evidence that the plasmalemma was 

detached from the cell wall (Plate 7 .2). 

After ageing under 40°C, - 100% RH for 6 days (when seed viability had fal len from 

99 to 85%), there are small changes in the organisation of cell organelles as shown in 

Plates 7 .3-7 .4. Plate 7 .3A shows a general view of procortical cells. It is apparent that 

a n um ber o f  p ro te i n  bod ies p ossess m e m b ra n e  b o u n d  v e s i c l es (as i n  m ai ze 

m i tochondria (Berjak and Villiers, 1972» , suggesting hydrolytic damage. Evidence of 

this type of damage also exhibited in signs of fusion of these bodies (Plate 7 .3A) and in 

the fac t that they were not uniformly staining, many containing electron-lucent areas 

(Plate 7 .4) .  Nuclei are still well defined, although patches of chromatin become more 

elecu·on dense (Plate 7.3B).  A few mitochondria appear to have a small area of cleared 

matrix (Plate 7 .3C). There appears to be some plasmalemma disruption indicated by 

some d isplacement of membrane from the cell  wall  (Plates 7 .3C and 7 .4). It was 

observed that this and other disruption occurred mainly in the cortical region near the 

epidermis, decreased towards the centre, and was absent in provascular cells. In Plate 

7 .4 ,  the plasmalemma of these procortical cells has withdrawn from the cell wall i n  

m an y  places, and the space between them i s  filled with a fine grainy  material. In Plate 

7 . 3C. i ncipient separation of plasm alem ma without  loss of cell contents appears to 

have occurred. This might represent an early stage of plasmalemm a  damage. 



Plate 7.1  Radicle cells from provascular (A,D) and procortical tissues (B,C) of  untreated, 

unaged soybean seed CV. Davis. 

CW = ce l l  wa l l ,  L = l ip id  body ,  PB = protein bod y ,  N = n u cl e u s ,  M = 

mitoch')ndrion, RER = rough endoplasmic reticulum, Pp = proplastid. 



P l ate 7. 1 
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Plate 7.2 Radicle cells from procortical t issue of untreated, unaged soybean seed cv. 

Davis. 

CW = cell wall ,  L = lipid body, PB = protein body, Arrowhead = merging protein 

bodies, M = mitochondrion, Pp = proplastid, PM = posit ion of plasmalemma. 
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Plate 7.3 Radicle cells from procort ical tissue of untreated, 6 d aged soybean seed cv. 

Davis. 

CW = cell wall, N = nucleus, L = lipid body, PB = protein body, Arrowhead = 

merging protein bodies, M = mitochondrion, PM = position of plasmalemma. 



" . 

Plate 7 .3 
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Plate 7.4 Radicle cells from procortical tissue of untreated, 6 d aged soybean seed cv. 

Davis. 

CW = cell wall ,  N = nucleus, L = lipid body, PB = protein body, PM = position 

of plasmalemma. 



P l ate 7 . 4  
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7 .2. 1 . 2 Effects of acetone 

There was no evidence of any changes apparent in any cells in all reg ions examined 

from acetone treated, unaged seeds. As shown in Plate 7 .5 ,  nuclei, mitochondria and 

protein bodies appear normal. Lipid bodies are distributed through the cytoplasm or 

l ine the plasmalemma. 

Plate 7.6 shows a genera l view (Plate 7 .GA) and h igh magn i ficat ion (P late 7 . GB - D) of 

the ultrastructure of provascular cel ls from acetone treated secds after 6 d AA. The 

n ucleus rem ains normal and is enclosed by a distinct double mem brane, as is  the 

proplastid (Plate 7.6D). Lamel lar membranes with in  the proplastid are clearly seen in 

th is  plate. Protein bodies are less uniform than in  unaged seed with both densely 

s ta in i n g  m ateri al and  areas of e lec tron  t ransp arency (P l ate 7 .6C) .  Freq uent  

mi tochondria are apparent with clearly v is ible boundaries, and (l ike untreated aged 

radicles, Sec tion 7.2. l . 1 )  many of them contained small electron lucent areas (Plate 

7 . 6C) .  Under high magn ification (P late 7 .7) ,  there is more evidence of these clear 

areas. Fragments of rough ER are well-defined , and ribosomes are plentifu l .  Some 

withdrawal of plasmalemma from the cell wall was again apparent in  those procortical 

cells close to the epiderm is (Plate 7.60). Evidence of extrusion of cytoplasm through 

the plasmalemma is indicated in the lower part of this plate. Nuclei of some cortical 

cells appear damaged after ageing as evidenced by condensed patches of chromatin 

(Plate 7 .60). 



Plate 7.5 Radicle cells from acetone treated, unaged soybean seed CV. Davis. 

N = nucleus, L = l ipid body, PB = protein body, M = mitochondrion. 



P l ate 7.5 



Plate 7.6 Radicle cells from acetone treated, 6 d aged soybean seed cv. Davis. 

CW = cell wall, L = lipid body, PB = protein body, Arrowhead = merging protein 

bodies, N = nucleus, M = mitochondrion, ER = endoplasmic reticulum, Pp = 

proplastid, R = ribosome, PM = plasmalemma. 
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Plate 7.6 



Plate 7.7 Radicle cells from cortical tissue of acetone treated, 6 d aged soybean seed 

cv. Davis. 

CW = cell wall ,  N = nucleus, L = lipid body, M = mitochondrion. Arrow = matrix 

clear area. 



1 74 



P l ate 7 . 7  
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7.2. 1 . 3  Effect of water soaking 

Plate 7 . 8  shows general views of cells from provascular tissue of water soaked seeds 

before ageing (Plate 7 .8A) and after 6 d AA (Pl ate 7 .8B) .  On examination  of cells 

from water soaked unaged axes, an obvious structural abnormal i ty is the appearance of 

the p rote in  bo d ies , these be ing  non- u n i fo rm w i th e l ec t r o n  dense g ra n u les .  I n  

procOl'tica l t issue (Plate 7 ,9A) these bod ies also appear severe ly  d is torted .  After 

ageing, there are a large number of cel ls where most organelles became unrecognisable 

(Plate 7.8B),  although nuclei,  protein and l ipid bodies are sti l l  d ist inguishable, their 

boundaries, particularly those of nuclei , in  many cases, lose their distinctness. Aged 

nuclei now contain dense patches of chromatin and the nucleolus appears d istorted, 

enlarged and less electron dense. All cells appear to be plasmolysed and have leaked 

cytoplasmic contents, Lip id  bod ies are aggregated near prote in bod ies wi th in  the 

shrunken cytoplasm or found l in ing the plasmalemma (Plate 7 .8B) .  Few are dispersed 

i n  the cytoplasm. S im ilar evidence was also observed i n  aged procortical cel ls from 

the same m aterial (Plate 7 .9B) .  Vacuol ati on of protein bodies is e v ident i n  both 

unaged and aged material (Plates 7 .9A and B ). 



Plate 7.8 Radicle cel ls from provascular t issue of water soaked, unaged (A) and 6 d 

aged (8) soybean seed CV. Davis. 

CW = cell wal l ,  N = nucleus, L = lipid body, P8 = protein body, PM = position 

of plasmalemma. 



Plate 7.8 



Plate 7.9 Radicle cells from procortical tissue of water soaked, unaged (A) and 6 d aged 

(B) soybean seed CV. Davis. 

CW = cell wall, N = nucleus, L = lipid body, PB = protein body, Arrowhead = 

merging position of protein bodies , Pp = proplastid, PM = plasmalemma. 
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7 .2.2 Ultrastructure of cotyledons 

1 80 

Electron micrographs of cel ls from cotyledons of untreated unaged and treated aged 

seeds are shown in Plates 7 . 1 0-7. 1 2. It was generally noticed that cotyledonary cells 

were less severel y  damaged than those from axes (e.g. compare P lates 7 . 1 1 with 7.6 or 

P lates 7 . 1 2  w i th 7 . 8 B  and 7 . 9 0 ) .  It i s  c lear  from Plate 7 . 1 0A that  c e l l s  from 

cotyledons are packed wi th both prote in  and l ipid bod ies. Whi le  most  of prote in  

bodies consist  of a homogeneous proteinaceous matrix ,  some contain possible globoid 

crystals (Plate 7 . lOB).  A wel1-defined nucleus with i ts double membrane boundary is 

also evident in th is  picture. Other cel l organel1es such as mitochondri a  wi th normal 

cristae and outer mem branes. short fragments of ER-l ike membranes and d ictyosomes 

were frequent ly  apparent  (P late 7. 1 OC) .  There was no c hange affec ted by A A  

observed from cotyledons of u ntreated seeds (data not shown). 

For acetone treated seeds, there was no evidence of any changes in unaged seeds. 

Electron micrographs of this material are not shown. For acetone treated, aged seeds, 

P l ates 7 . 1 1  A and B show that the nuc leus contai ns  patc hes of densely sta in ing 

chromatin ,  although the n ucleolus and n uclear envelope both appear unchanged. 

Protein bod ies (Plates 7. 1 1  A,  B and C) were not as granular as those from the axes 

from the s ame sample (compare Plates 7. 1 1  A-C with 7.6). 

Ultrastruc tura l  changes were not evident in cotyledons of unaged water soaked seeds, 

and electron micrographs are not shown. But, for aged material, Plate 7. 1 2  shows that 

there are obvious changes in n uclei, protein hodies and plasmalemma. There were few 

m itochondria, proplastids or ER visible; and thus changes in these organelles are not 

described. 

Nuclei from aged , soaked m aterial contain u nevenly s taining chromatin ,  although 

nucleo l i  are sti l l  round and prominent (Plate 7 . 1 2A). The nuclear envelope is now 

poorly defined .  Protein bod ies are granular, and some are merged with one another 

(Plate 7 . 1 2B) .  It is clear from Plate 7. 1 2C that the plasmalemma has pulled away from 

the cell wall. Leakage from cytoplasm appears to fill the resulting space. 



Plate 7.10 Cotyledonary cells from untreated, unaged soybean seed cv. Davis. 

CW = cell wall, PM = plasmalemma, L = l ipid body, PB = protein body, N = 

nucleus ,  G C  = globoid crystal ,  M = m itochondrion ,  D = d ictyosome, ER = 

e ndoplasmic reticu lum. 



Plate 7. 1 0  
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Plate 7.1 1 Cotyledonary cells from acetone treated, 6 d aged soybean seed CV. Davis. 

L = lipid body, PB = protein body, N = nucleus, ER = endoplasmic reticulum. 
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Plate 7.12  Cotyledonary cells from water soaked, 6 d aged soybean seed cv. Davis. 

PB = protein body, N = nucleus, CW = cell wall , PM = plasmalemma, 

L = lipid body. 



Plate 7. 1 2  
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7 . 3  DISCUSSION 

Although l imited in their extent, these electron m icroscopic studies reveal further 

information about physiological changes during ageing which may be reflected in seed 

perfonnance. However, care must be taken when comparisons with the literature are 

m ade, since there are two m ain variables involved: 1 )  differences in the condition of 

the tissues to be fixed (i. e. whether dry or imbibed), and 2) differences in flxation 

procedures. In this study, seed tissues were imbibed for 24 h and flxed in aqueous 

solution prior to preparation for electron m icroscopy (see Appendix 3.3).  

Soybean seed tissues, particularly from cotyledons, contain an abundance of protein 

and lipid bodies. These are of different shapes, types and sizes and are found from 

both axes (Plate 7. 1 )  and cotyledons (Plate 7 . 1 0).  The proteinaceous m atrix may be 

structurally homogeneous or may include small globoid crystals (Plate 7 .  l OB).  This 

fin ding corresponds with the report on this species by Lott ( 1 98 1 ) .  Lipid bodies 

normally are electron lucent (e.g. Plates 7 . 1 and 7 .2) ,  except in some cases they 

become apparently electron dense (Plate 7 .4). Quite why this happens is not clear, but 

this has also been found in the work of Chabot and Leopold (1982) and Hallam ( 1 972) 

in soybean and rye, respectively. Descriptions of lipid bodies lining the plasmalemma, 

around protein bodies or being scattered in the cytoplasm have also been reported in 
unaged tissues of soybean (Webster and Leopold, 1 977 ; Chabot and Leopold, 1982) 

and peas (Harman and Granett, 1972).  However, Hallam (1972) and Berjak ( 1978) 

found in  embryo cells of rye and maize, respectively, that the lipid bodies lined the 

plasmalemm a  i n  dehydrated seeds,  while they were often found throughout the 

cytoplasm after imbibition when the cytoplasmic streaming had begun. In accordance 

with this, Webster and Leopold ( 1 977)  found that, in i mbibed cells of soybean 

cotyledon, lipid bodies were not as numerous along the plasmalemma as those from 

dry seeds. Although several reports have shown the evidence of lipid coalescence in 

non-viable or fungally infected material in other species (e.g. Vishnyakova et ai. , 1 976 

in rice; Francis, 1 985 in tomato; Anderson et ai. , 1970b in wheat), this kind of change 

does not appear to be evident in the soybean used in this study. 
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The m o s t  obvious structural d i fference o f  aged seeds from u n  aged ones is the 

disruption of p l asmalemma from the cell wall .  Acetone and,  p articularly ,  water 

soaking prior to subjecting seeds to AA increased this effect. This evidence might 

relate to the increases in conductivity due to ageing and interactions of treatments and 

AA (Appendix 6 .2 ) .  In many c ases there w as apparent l eakage of cytoplasmic 

contents through the membrane. Withdrawal of plasmalemma has also been found in 

aged embryos o f  rye (Hallam, 1 972) ,  lettuce (Vill iers, 1 972) ,  peas (Harman and 

Granett, 1 972), rice (Opik, 1972) and in fungally infected wheat and peas (Anderson et 

aI., 1 970b; Harman and Granett, 1 972, respectively). According to Opik ( 1980), when 

d ry rice coleoptiles were subj ected to aqueous fix ation, the plasmalem m a  was 

characteristic al l y  pu lled away from the cell wall i n  many p l aces, but not for the 

material from anhydrous fixation. Chabot and Leopold ( 1982) also found disrupted 

plasmalemmae in axes of dry soybean. Webster and Leopold ( 1 977) have presented 

similar evidence for dry soybean cotyledons, but if the tissue was allowed to imbibe 

for 20 minutes before fixation, no disruption of plasmalemma was observed. In the 

present study, all tissu� samples were imbibed for 24 h before fixation, therefore any 

disruption of membrane is likely to represent cellular damage rather than artifacts. 

Moreover, similar results were obtained from all types of aged tissues studied, but not 

from u naged ones fi xed in a sim ilar manner. Although there were some small 

separations found in unaged material (Plate 7. 1D) ,  these are much less than those from 

the aged tissue. It  is also possible that the observed damage may only have occurred in 

aged seeds after imbibition. It may be present, but hidden in an aged dry seed. 

Plate 7 . 6D showing axis sections from acetone treated aged seed represents an 

interesting stage. The plasmalemma is pulled away from the cell wall ,  but apparently 

cytoplasmic leakage has only occurred through part of the membrane. Harman and 

Granett  ( 1 97 2 )  fo u n d  similar  re s u l ts in fu n g a l l y  infected p eas a n d ,  h a v i n g  

demonstrated that th is was n o t  a n  artifact, suggested that dehydration effects i n  

infected cells may be the cause. It i s  possible that acetone treatment may cause similar 

dehydration effects as well as breakdown of the semi-permeability properties of the 

membrane. Leakage of cell conten ts into the intercellular space indicates major 

damage to the membrane. Hallam et al. ( 1973) working with rye, suggested that the 
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m aterial which has leaked out from cytoplasm may be denatured proteins and signifies 

the loss of semi-permeability of the plasmalemm a  i n  the non-viable embryo. Here, the 

l e akage m aterial is o f  similar electron density and appearance to the c ytoplasm 

suggesting membrane leakage. 

We might speculate that incipient shrinkage is possibly repairable (e.g. Plates 7 . 1 D and 

7 . 3C) because seeds from which this material was taken still showed high viability 

(85%) ,  whereas much more pronounced effects (Plates 7.4, 7.8B and 7.9B) are not 

likely to be, resulting in the death of that cell .  The concept of cellular repair will be 

discussed further in Chapter 8. It must also be emphasised that (although they were in 

the same tissue) different cells behave differently (compare Plates 7 .3C and 7.4).  

Observations in this study suggest that the cortical cells near epidermis were severely 

d am aged by ageing, and the extent of damage decreased towards the centre. 

The evidence o f  clear matrix areas in the mitochondria (Plates 7 . 3C, 7.6C and 7.7) 

caused by ageing or an acetone-ageing interaction is interesting. In a report on non

viable rice embryos, Vishnyakova et at. ( 1 976) indicated that mitochondria of those 

n on-viable tissues exhibited signs of degeneration as evidenced by space between the 

internal and external membranes increasing, the number of cristae decreasing, and the 

m atrix clearing in the course of swelling for 24 h. Abu-Shakra and Ching ( 1 967) also 

found that mitochondria isolated from 4-day-old seedlings of new soybean seeds were 

i n tact and swollen, while those of old material appeared to have dilated or inflated 

cristae and coagulated matrix, and some were devoid of an intact outer membrane. In 
accordance with this, Hallam et al. ( 1 973) found swollen cristae in normal profile 

mitochondria of non-viable rye embryos, however the majority of mitochondria in this 

tissue showed distended outer mem branes. These findings are consistent w ith 

alterations in the respiratory metabolism of aged seeds in soybean (Abu-Shakra and 

Ching, 1 967 ; Woodstock et at. , 1 984) as well as in other species (Hallam et al. , 1 973; 

Vishnyoka et al., 1 976). All suggest that changes in the ultrastructure of mitochondria 

may reflect respiratory changes resulting in alteration of the performance of seeds. 
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Patches of densely staining chromatin (Plates 7.3B and 7.6D), less prominent nucleoli 

(Plates 7.4 and 7.9B) and poorly defined nuclear membranes (Plates 7.8B,  7 .9B and 

7 . 1 2) all suggest nuclear damage as a result of ageing and its interactions with prior 

soaking in acetone or water. Villiers ( 1 972) reported that, in lettuce embryos, normal 

u naged n uc lei were stained fai rly homogeneously, except for a fine network of 

heterochromatin. As ageing proceeded, the heterochromatin stained more deeply; and 

as seeds lost viability, dense patches of chromatin appeared, while eventually the 

nuclear membrane became difficult to distinguish as a continuous system. Condensed 

chromatin has also been reported in nuclei of non-viable tomato embryos (Francis, 

1 985) .  Nuclear d amage caused by ageing h as also been detected by examining 

chromosome damage in peas, broad beans and barley (Roberts et aI. , 1 967). 

Disorganisation of cytoplasm and disintegration of cell organelles were observed in 

aged, water soaked seeds, which lost almost all their viabi lity ( 1  %), although lipid 

bodies were still recognisable. This corresponds with the report on embryos of non

viable rye (Hallam , i 972),  where l ipid bodies were not as damaged as the other 

organelles. This is possibly because of differences in membrane systems between the 

monolayer surrounding lipid bodies and the bilayer of other organelles. In contrast, 

other workers reported the coalescence of lipid bodies in embryos of non-viable seeds 

(Villiers, 1 972  in lettuce; Vishnyakova et al. , 1 976 in rice; Francis, 1 985 in tomato), 

stored pea seeds (Harman and Granett, 1 972) and in fungally infected, aged wheat 

seeds (Anderson et al. , 1970b). 

Plates 7.2A, 7 .3A, 7.6A and 7 . 1 2B in all indicate merged or merging protein bodies in 

the cortical cells of axes and cotyledons, the frequency of which increases with ageing. 

No increase in the size/volume of protein bodies were evident. During treatments 

causing loss of seed viability, protein bodies appeared to become more granular and 

also to contain vac uoles. Swift and O' B rien ( 1 972) showed that this type of 

o bservation on protein bodies in wheat scutellum during germination, indicated 

hydrolytic activity. 



1 90 

The similarity in appearance of ER found in both untreated, unaged (Plate 7 . 1 0) and 

acetone treated, aged embryo (Plate 7 .6C) suggests that ageing or acetone treatment 

m ay have no effect on the structure of this system. Of course, no quantification of ER 

was attempted in this study. Although Berjak and Villiers ( 1972a) found abnormal ER 

of aged embryos in maize during early imbibition, this abnormality was corrected at 

later stages of germination . It is possible that the ER of viable aged seeds could be 

repaired under the high relative humidity conditions of AA in this study. 

7 .4 PRELIMINARY CONCLUSIONS 

Generally, ageing caused disruption and leakage of the plasmalemma, electron dense 

p atches of chromatin in n uclei ,  c learing m itochondrial matrices, and possible 

hydrolytic damage to protein bodies. Water soaking had more severe damaging 

effects, particularly after ageing, than acetone or ageing alone, as several organelles 

became unrecognisabie (e.g. mitochondria, plastids, dictyosomes), and some were 

distorted (i.e. nuclei, plasmalemmae, and protein bodies). Soaking i njury caused 

dramatic changes to protein bodies even in unaged seeds. Damage occurring in axes 

appeared to be greater than cotyledons. Because of limited access to facilities, only 

extreme treatments were examined. A much more detailed study would be necessary 

to determine which, if any, of these changes in ultrastructure might be a primary event 

in seed deterioration. 
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CHAPTER S 

GENERAL DISCUSSION AND SCOPE OF FURTHER WORK 

8. 1 INTRODUCTION 

The broad aims of this study were originally to improve the storability of soybean 

seeds by util ising seed treatment techniques and to understand some of the factors 

affecting seed performance after seed storage. In this [mal chapter, the achievements 

of this work and key conclusions are discussed. Limitations and scope for further 

work are outlined in the last section. 

8.2 ACHIb VEMENTS OF THE RESEARCH 

8 .2. 1 Protective effects of seed treatments 

Two types of seed treatments, i.e. antioxidant and hydration-dehydration treatments, 

have been evaluated on soybean seeds aiming to prolong seed storage life and also as a 

means of studying critical events in seed ageing. Contradicting several reports found 

in the literature, no beneficial effects of seed treatments were found in this study. 

However, several factors which may impinge on the effectiveness of seed treatments 

have been defined. 

Antioxidant effects 

From the literature many variables such as differences between seed species and/or 

cu ltivars, concentrations of chemicals used, techniques of application or storage 

condi t ions  appear to affect the effecti veness of antioxidants (Section 2 .3 .2). 

Accordingly,  in  this study, an evaluation was undertaken on d ifferent  types of 

antioxidants i. e.  a-tocopherol ,  BHT, iodine and �-mercaptoethanol on different 
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soybean seed cultivars subjected to CD, AA or slow ageing regimes. Although this 

work constituted an intensive series of experiments, much more comprehensive than 

previously published work, none of the antioxidants assessed showed beneficial 

effects. Instead, high concentrations of B HT (2.2%) or iodine ( 1  %) caused toxic 

effects to the seeds (Section 4.2. 1 ). B HT reduced normal germination and seedling 

growth of unaged seeds, but not viability. Iodine, on the other hand, reduced viability 

and seedling fresh weight, regardless of ageing. These findings do not conform to 

several published reports in other species (e.g. parsley, onion: Woodstock et ai., 1983; 

pea: Gorecki and Harman, 1 986 ;  or tomato: Francis, 1985) and other cultivars of 

soybean (Dey and M ukherjee,  1 98 4 ;  Aho, 1 990). This  may be interpreted as 

d i fferences between species or  cu l tivars in terms of the key events l imi ting 

germination performance in deteriorated seed (Section 4.3. 1 ). 

Possible reasons to explain these effects of antioxidants may include i) lack of or 

variation in rates of penetration, ii) toxicity due to excess concentration of antioxidants 

[as when the high concentration of B HT or iodine was toxic], and iii) absence of lipid 

pcroxidation in these seed lots under the storage conditions used. This last possible 

reason has been confirmed by the evidence of absence of lipid peroxidation in cv. 

Davis under either accelerated or slow ageing regimes discussed in Chapter 6. This is 

i n  contrast to most published l i terature on soybean,  but Ferguson et al. ( 1990b) 

reported that lipid peroxidation was a cause of soybean seed deterioration under long

term storage in only one out of two cultivars studied. Thus, it is apparent that there 

may be differences between cultivars. 

One key finding of this study was the demonstration that acetone used as a carrier 

solvent for antioxidants caused significant toxic effects on soybean seeds per se. This 

result is contradictory to several reports in the literature on a range of species (Table 

2.3) and particularly with the soybean results of Lewis et al. ( 1979). A comprehensive 

examination of acetone toxicity was accord ingly carried out as a separate study 

(Section 4.2.2).  The results from this series of experiments demonstrated that seed 

moisture content (SMC), treatment duration and levels of mechanical damage are key 

factors determining susceptibility of soybean seeds to acetone damage. Seeds at high 

levels of moisture or with mechanical damage are prone to acetone toxicity. Although 

soaking in acetone at an initial SMC below 7.5% could avoid damaging effects to 
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seeds subsequently germinated immediately, h idden damage became evident after 

treated seeds were aged. Mechanically damaged seeds may need lower levels of SMC 

before soaking, so that they can avoid the toxic effects of acetone. Tetrazolium 

staining patterns highlighted the relationships between SMC, mechanical damage 

levels and responses of seeds to acetone. Examination of the sites of acetone damage 

by tetrazolium staining indicated that acetone damage was not limited to specific 

t issues, but rather i ncreased the area of dead tissues which had been already 

mechanically damaged. These results are consistent with the methyl red study (Section 

4.2 .2 .6), which showed that methyl red in acetone solvent penetrated deeper into 

mechanically damaged seed. 

Two other points emerge from this research which may contribute to an increased 

u nderstanding of varying responses of seeds to solvent treatments. Firstly, variation in 

responses between seed lots cannot be explained by SMC status. Secondly, toxic 

effects of acetone may be less apparent in unaged seeds than in aged ones. A similar 

kind of study has also been undertaken in peas in this laboratory (Cool bear et aI. , 

1 99 1 )  and has produced similar results. It was noted that damage caused by aCdone is 

q uite d ifferent from that due to ageing because acetone tended to reduce overall 

viability or percentage germination rather than the vigour of remaining germinable 

seeds. Once again, this evidence emphasises the advantages of measuring several 

parameters of germination performance in this type of study. 

Hydration-dehydration effects 

Hydration-dehydration treatments. which have reportedly been used sucessfully to 

protect seeds from ageing (Saha and Basu. 1 984), were also assessed. However. 

results showed that such methods reported in li terature (soaking, ME+soaking. 24 h 

ME followed by drying), plus modifications attempted in this study, did not show any 

protective effects on the soybean seed lots investigated (Section 5.2. 1 ). This suggests 

that hydration-dehydration treatment is  not an appropriate technique for prolonging 

storability of soybean seeds. The data also illustrated that soaking treatment caused 

severe damage to low vigour lots immediately or reduced ageing resistance of high 

vigour lots. Although soaking injury could be reduced by pretreatments with moisture 

equil ibration (ME) or imbibition. hidden damage effects were still evident in aged 

seeds. Moisture equilibration treatments took longer time to produce an expected seed 
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m o isture content  than that reported in  the l iterature (Saha and B asu, 1 984), but 

extended M E  treatment increased the rate of  germ ination loss during subsequent 

storage. Seed moisture contents obtained from ME treatment varied with seed lot, 

treatment duration ,  and the amount of seeds to be treated (Tables 5 . 1 and 3.2).  

Demonstrated differences in the rates of water uptake of individual seeds within a 

given lot, emphasise the variability of this method (Figure 5.5). 

Once again ,  conflicts between these results and others in the literature might be 

explained by differences between seed lots or cultivars (Section 5.3. 1 ) .  Saha and Basu 

( 1 984) worked with three seed sublots of different vigour, created from a single seed 

lot produced and processed in India. It may be that such a seed lot had experienced 

condi tions that caused repairable damage. In this study, six different seed lots, 

produced and processed in NZ or Australia were evaluated, and no treatment showed 

potential for ageing protection .  Although working with a seed lot produced and 

processed in India, Dey and Mukherjee ( 1 986) also failed to find any treatments which 

gave substantial effects to protect soybean seeds from ageing. All these results 

emphasise that seed lot variation is a sensitive variable for this kind of treatments. 
Vertucci and Roos ( 1990) determined the physiological and physical status of different 

seed species with varying chem ical compositions, and described that the moisture 

contents at which physiological changes were observed varied among the species and 

were correlated with the lipid content of the seed. These fmdings may be extrapolated 

to explain cultivar differences in soybean in terms of variation in seed lipid contents 

which range from 14-26% of seed dry weight (Trelease and Doman, 1984). 

8.2.2 Hydration treatments for repair 

It has been accepted that hydration treatments have the potential to repair aged seeds, 

provided that damage is not too great. Evidence from the present study shows that ME 

treatments improved germinability of soybean seed lot A-6 (Figure 5. 1 )  and slowly 

aged seeds of cv. Davis (Figures 5 .6-5.7). M oreover, this study shows that initial 

hydration during ageing (i.e. 0 d CD or 2 d AA: Chapter 4) has a potential to repair 

damage caused by acetone or antioxidants. I t  was, however, clear that not  all 

parameters of seed performance could be repaired. Generally, normal germination, dry 

or  fresh wei ghts of normal seed lings were improved by hydration treatments 

particularly without drying back. The key question arising from these repair studies is 
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how to get the best benefit from such treatments. The results here suggest that 

p retreatment of soybean seed by moisture equilibration immediately before sowing 

m ay be the best practical method. 

8 .2.3 Membrane damage and seed deterioration 

Although the investigations on lipid and membrane status due to ageing in soybean 

conducted in this study are similar to several reports in the literature, this study was 

more extensive and comprehensive. It has related germination behaviour (including 

c o n duct i v i ty c h anges)  afte r both rapid  and s low ageing  to b i ochemical  or  

ultrastructural changes occurring in  different tissues within the seed. This study has 

also provided evidence for additional effects of seed treatments which impair seed 

storability, i. e. acetone, water soaking or ME and their interactions with ageing. By 

using different approaches to determine membrane damage, the results confirm that 

membrane d am age did indeed occur and was associated with seed deterioration 

(Chapters 6 and 7). 

Ev idence p resen ted here showed that there were close relationships between 

conductivity of seed leachates and germination performance, which suggests the 

possibility o f  membrane damage being a key event in deterioration. However, 

conductivity may not be a com pletely accurate indication of membrane damage 

because other factors, such as mechanical injury, the permeability of seed coat or the 

amount of solutes available to leak out of the seed, may alter the amount of seed 

leachates (Section 2.2. 1 . 1 ) . No changes in total lipid (TL) contents were found in 
either axes or cotyledons due to ageing (both rapid and slow regimes), suggesting that 

changes in storage lipids were not related to loss of seed germination performance. 

However, one of the most striking observations found in this  study came from the 

determination of PL contents from axes and cotyledons separately. These results 

showed clearly that losses of PL from cotyledons occurred earlier than those from axes 

(Section 4.2.2), and only changes in PL content from cotyledons were correlated with 

loss of seed performance (i. e. germination or viability) due to AA. This evidence 

suggests that cotyledon damage might m ake an important contribution to seed 

deterioration under high temperature and high relative humidity conditions. This 

finding is quite surprising: changes in PL from axes would be expected to be more 

closely related to germination performance, because successful production of a 

seedling is, of course, highly dependent on the level of deterioration in the axis. 
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Simple correlations however do not  imply  c ause and effect .  Ageing may cause 

damage via other effects (Section 2.2). Moreover, the TEM study indicated that as a 

result of AA, damage occurring in axes was more severe than in  cotyledons (Chapter 

7).  Evidence showed that there were changes in the ultrastructure of several cell 

organelles (i.e. mitochondria, protein bodies, nuclei, plasmmalemm ae). Disruption of 

plasmalemmae was the most obvious indication of seed deterioration due to AA in 

axes (Plate 7 .4), even though no depletion of PL had occurred by this time (Figure 

6.5). 

Another key feature found in this study was that acetone or  w ater soaking were 

damaging treatments. These treatments increased the rate of loss in germination 

performance which was accompanied by increased PL losses or abnormalities of 

ultrastructure in cell organelles in both cotyledon and axes. ME treatments applied to 

slowly aged seeds accelerated PL loss in axes but  this was unrelated to seed 

performance. Clearly PL losses per se are not a fundamental cause of deterioration 

and may not be the first event in membrane damage. Indeed the evidence suggests that 

germinating seeds might be able to repair this kind of damage. 

The results from fatty acid analysis (Sections 6.2. 1 .3 and 6.2.2.2) indicated that lipid 

peroxidation was not involved in seed deterioration due to ageing or seed treatments. 

L osses in phosphol ipid are likely to be a consequence of hydrolytic damage, also 

suggested by the appearance of either vesicles in protein bodies or fusion of these 

bodies (Section 7.2. 1 ) .  

8 .3  KEY CONCLUSIONS 

8.3 . 1  Seed treatments 

Despite s'eed treatments being reported as effective in the literature, results from this 

study strongly suggest that treatments using either the antioxidant or hydration

dehydration methods employed here are unlikely to be a practical proposition for 

improved storage of soybean . Certainly, advantageous effects were minimal for the 

seed lots used in this study. It is clear that there are a large number of variables 

involved, some of which may be pertinent to a comparison of results reported in this 

research to more successful treatments in the literature. These include: 



1 )  toxic effects of organic solvents 

2) soaking injury 
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3)  seed lot characteristics i.e. initial seed moisture content, level of mechanical 

damage or vigour status of seeds 

4) way in which germination has been evaluated 

5) interactions between treatments and different ageing conditions i.e. AA, CD, 

slow ageing 

6)  presence of oxidative damage 

7)  extent of  seed deterioration 

8) variation in SMC obtained from ME treatment 

9) population variation within a seed lot 

1 0) drying after hydration treatments 

1 1 ) damaging effects due to extended ME 

1 2) pathogens during ageing 

1 3) penetration of antioxidants 

14) presence of natural antioxidants 

15) solubility of antioxidants 

The ordering of the variables l isted above indic ates the amount  of information 

provided by the present study. For example, toxic effects of solvent (i.e. acetone) have 

been fully investigated while the presence of natural  antioxidants or solubility of 

applied antioxidants have not been explored at all. Although this study is unable to 

completely define the rest of variables on the list, i t  provides information which  

suggests directions for future work (details in  Section 8.4). 

8.3.2 Physiological, biochemical or structural aspects 

The results showed that during AA, PL losses in cotyledon tissue occurred earlier and 

were more dramatic than in axes, but ultrastructural changes appeared to be more 

severe in axes rather than in cotyledons. Acetone or water soaking pretreatments 

increased rates of germination loss, conductivity of seed leachates, PL losses and 

ultrastructural abnormalities, particularly plasmalemma disruption, in both cotyledons 

and axes. All measurements, i. e. conductivity, PL loss and ultrastructural changes, 

indicated occurrence of membrane damage. Lipid peroxidation seemed unlikely to be 
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a primary cause of seed deterioration due to ageing or seed treatments. Similarly,  PL 

losses do not necessarily seem to be a primary cause of membrane damage. More than 

this, the inevitability of loss of viability as a result of membrane damage must be 

questioned: subsequent ME treatment after slow ageing resulted in increased PL losses 

from axes although there was no evidence that this treatment increased losses of 

viability. 

8.4 LIMITATIONS OF THE PRESENT STUDY AND 

SCOPE FOR FUTURE WORK 

It is clear that the results found in this research are difficult to interpret because there 

are several variables involved (Section 8.3) .  Although some variables have been 

identified, these studies show many more aspects need to be investigated. Some of the 

m ost interesting areas for future research are as follows. 

8.4. 1 Seed treatments 

1 )  B oth information from previous reports and the results from the present experiments 

suggest that differences between seed cultivars/lots from India and New Zealand 

I Austral ia  may be the crucial factors responsible for the e ffectiveness of either 

antioxidant or hydration-dehydration treatments. Future work therefore should aim to 

evaluate these kinds of treatments on a large number of cultivars and seed lots with 

different production and processing histories, and/or different lipid contents. 

2) The damaging effects of drying after hydration treatments which, were occasionally 

found (Section 5 .2 . 1 ) , have not been characterised in this study. Different drying 

methods should be studied in more detail .  

3)  In the assessment of antioxidant effects, inform ation about the presence of 

endogenous antioxidants within the seeds would be useful to confirm their role (if any) 

in delaying seed deterioration during ageing. 

4) In this present experiment, seed storage pathogens were present during hydration

dehydration treatments even though attempts to avoid such problems by surface 
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sterilisation were carried out. The effects of these pathogen per se need to be further 

defined with an emphasis on identifying which parameters of gennination perfonnance 

are m ost  prone to be affec ted by  pathogen and through which tissues and/or 

mechanisms. 

8.4.2 Mechanisms related to germination performance 

1 )  As previously stated, at the start of this study i t  was hoped that pre-storage 

treatments might be discovered which would improve seed storability. These could be 

used to evaluate the relative importance of different aspects of seed deterioration and 

overcome some of the limitations of purely correlative evidence, enabling the key 

primary events in seed ageing to be identified. Since no treatments in this study 

improved gennination performance, future experiments will be forced to rely on more 

c arefu l ly  constructed time course stud ies, so that changes i n  some aspects of 

deterioration m ight be detected more clearly before loss of viability and even seed 

gennination performance. 

2) In the present study, an unequivocal comparison between the effects of accelerated 

and slow ageing regimes was not possible, because the extent of seed deterioration was 

not equal . For future research in this area, the extent of deterioration is needed to be 

controlled to similar levels under different conditions. 

3) The TEM study did not show a complete sequence of seed deterioration as, because 

of limited time and facilities, an examination of ultrastructural changes was restricted 

to seeds with high germination or seeds which l ost all norm al germination and 

considerable viability. Evidence suggested clear effects of treatments, but whether or 

not these are a direct cause of loss of germination performance is still unclear. Once 

again, time course experiments may be suitable for identification of possible causes of 

seed deterioration. 

4) The results from both lipid and TEM studies suggest that hydrolytic damage is a 

cause of seed deterioration due to AA, soaking, or interactions of AA with acetone or 

water soaking pretreatments. Relationships between seed performance due to ageing 

or treatments and changes in hydrolytic enzyme activities, particularly that of the 

lipases, may be a useful area of investigation in future research. 
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5) The microsomal fraction was chosen to study changes in l ipid membrane per se, 
because this contains high contents of membrane which are a heterogeneous mixture of 

membranes originating from several subcellular organelles including endoplasmic 

reticulum (ER), nuclear and plasma membranes. Microsomes are also very sensitive to 

free radical activity (Tappel . 1 973). Senaratna et al. ( 1988)  reported that soybean 

seeds lost -50% PL from the microsomal fraction taken from axes when accompanied 

with a >80% viability loss during natural ageing. In the present study, there were no 

changes detected in PL contents (expressed as P:L ratios) due to ageing and treatments 

used (Section 6.2.2). There might be high levels of storage lipid contaminants in the 

membrane fractions. because P:L ratios from membrane fractions are similar to those 

from seed tissues; and the TEM study showed a large number of l ipid vesicles i n  

microsome fractions (Plate 6.2) which confirms the above suggestion. This may be 

m isleading in interpreting membrane properties. 

In further work. besides developing an improved technique for membrane extraction in 

order to avoid contaminants. properties and compositions of microsome fractions are 

worth investigating under both rapid and slow ageing reg imes. The results from 

m icrosomal membranes are needed both to confirm the finding of Senaratna et al. 

( 1 98 8 )  i n  m icrosome frac ti o n s .  to com plement  the fi n d i n gs o n  c h anges i n  

mi tochondrial  membranes reported by Ferguson e t  al. ( 1 990b) i n  long-term stored 

soybean seeds. and to provide new information on rapidly aged seeds. Further, a 

similar kind of study to Ferguson et aL. ( 1990b) is needed to investigate the effects of 

rapid ageing on mitochondria. 

Therefore. the specific direction for future work should focus on investigation of 

ageing effects. both rapid and slow regimes with more frequent sampling, and careful 

examination of changes in  germ ination behaviour accompanying the changes in  

properties and compositions of ( i )  total lipid and PL, (ii) the microsomal fraction and 

(i ii )  mitochondrial fractions obtained separately from axes and cotyledons. The results 

which would be obtained from such a comprehensive series of experiments may. at 

l east ,  beg i n  to provide some defin i ti ve evidence o n  poss ib le c auses of seed 

deterioration in soybean. 
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Appendix 3.1 

Fatty acid analysis problems and their possible causes 

As discussed in Section 3.6.2, there was a problem of deteriorat ion of the DB wax column 

used for GLC a nalysis after a series of runs with fatty acid methyl esters prepared using 

borontrifluoride. Examples of evidence which suggested the column deterioration are shown in 

Traces A and B. In the initial runs (Trace A) , when six standard methylated fatty acids (1 6:0, 

1 7:0, 1 8 :0, 1 8 : 1  1 8 :2, 1 8 :3) were injected , there were 7 well-separated peaks with an extra 

peak which is BF3 contamination (confinned by comparison with samples methylated without 

B F3 , data not s hown ) .  After  the column had deteriorated the results from 5 standard 

methylated fatty acids ( 1 6:0, 1 8:0, 1 8 : 1 , 18 :2, 1 8 :3) showed lack of resolution of 1 8 :0 and 1 8 :1 

components (Trace B) . 

Possible causes of loss of resolution may be: 

i) methylation with a combination of 1 4% BF3 and high concentration of H2S04 (1 0%) 

may cause loss of resolution. In a previous report, Lough ( 1 964) found that methylation 

with a much higher concentration of BF3 (50%, w/v), although without H2S04, caused 

serious losses of unsaturated esters and oleic acid ( 1 8 :0) and gave methoxy methyl 

stearate isomers in high yield , while with the low concentration ( 1 2.5-1 4%, w/v) BF3 
alone did not (Morrison and Smith, 1 964) . Since BF3 a lcoholates behave like strong 

acids, they have been used to promote methanolysis of lipid in a manner similar to HCI 

or H2S04 added to methanol (ct. Morrison and Smith , 1 964) . It is possible that when 

both 1 4% BF3 and 1 0% H2S04 were added into lipids for methylation, according to the 

preliminary method used in this study (Section 3.6.2) , their effects may be similar to 

when the concentration of BF3 alone was increased. 

ii) extended running at the maximum temperature may a lso cause damage to the 

column because samples were run at 1 60-230°C oven temperature and after every 4-5 

samples, the column was cleaned by baking at 230°C, 

iii) running without an oxygen trap may aggravate problems of oxygen contaminants in 

the system which may oxidise the column confou nding the damage caused by factors (i) 

and (ii) . 

These p roblems were overcome in  the further experiments by employing a methylation 

procedure using a lower concentration of H2S04 and with no BF3 added after modification of 

the method described by Fe rguson et al. ( 1 990b) . In  addition to t his, the esters were 

separated at the lower oven temperature of 1 60-1 90°C with an oxygen trap in the helium gas 

line (as described in Section 3.6.2). 
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Appendix 3.2 

Variation between extraction replicates vs variation between injection replicates 

There were variations both between extraction (external) replicates and injection (internal) 

replicates of fatty acid proportions from microsomal membrane lipids. An example of typical 

data to illustrate these variations is shown in Table A3 .2. In general, the variation between 

external replications was as high as a range of 1 8.0% over the means on 1 8 :3 fatty acid which 

was much g reater than that between internal injections (8.2%) . However, these variations 

were similar on 1 8 :2 fatty acid (maximum variation were 9.9% between extractions and 1 0.6% 

between injections) . 

Table A3.2 Fatty acid composition of microsomal membrane lipid extracted from axes of soybean 
seeds, cv. Davis affected by accelerated ageing (40°C, -100% RH). Data presented 
are individual injections and means of each replicate extraction. 

Treatments and ageing 
FaUy Acids 

Rep. C16:0 C18:0 CI8:1 C I 8:2 CI8:3 

Untreated - I 1 9.5 4.1  7.2 47.0 22. 1 
I 17.9 4.1  7.6 48.9 21 .5 
I 17.5 4.3 7.8 49.3 21 . 1  

Means 18.3 4.2 7.5 48.4 21.6 

II 18.9 2.8 7.9 54.6 15.8 
II 27.2 3.3 7.3 47.3 14.9 
II 27.2 2.6 7.5 48.4 14.3 

Means 24.4 2.9 7.6 50.1 15.0 

Untreated + 4d AA I 22.1 3.4 6.7 45.0 22.8 
I 27.5 5.4 9.2 36.3 21.8 

Means 24.8 4.4 8.0 40.7 22.3 

II 21.3 3.5 6.9 45.8 18.5 
II 20.3 3.4 6.4 50.9 19.0 
II 21 .5 5.4 7.4 48.1 17.5 

Means 21.0 4.1 6.9 49.6 18.3 

Note : AA = ageing at 4U'C, - 100% RH 
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Appendix 3.3 

Procedures for the preparation of seed tissue or 

membrane fraction for transmission electron microscopy. 
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S lices of seed t issue a s  shown in Figure 3 . 1  were fixed in  primary fixative solution of 3% 

glutaraldehyde, 2% formaldehyde, 0.1 M phosphate buffer (pH 7.2) for 3 h and then washed 3 

times for 5 ,  1 0, and 20 min respectively using 0.1 M phosphate buffer. One percent osmium 

tetroxide in phosphate buffer was used for a secondary fixation. After the samples were fixed 

for 45 min, they were washed twice for 5 and then 20 min in phosphate buffer. All procedures 

were conducted at room temperature. 

The fixed samples were then dehydrated through a graded acetone and water series (25, 50, 

75, and 95% acetone, 1 5  min per step) and then for 1 h in 1 00% acetone. Sections were then 

infiltrated with 50% Polarbed 8 1 2  resin: 50% acetone mixture overnight on a stirrer, and then in 

fresh 1 00% resin (on a stirrer) for 8 h. These samples were then embedded in fresh resin in 

silicone rubber moulds a nd cured at 60°C for 48 h. 

Microsomal membrane fractions extracted from the axes of either u ntreated u naged controls or 

water soaked 6 d AA seeds were fixed in suspension in a primary fixative solution as used for 

seed tissues for 1 .5 h at room temperature. The suspension was centrifuged at 3,000 g for 3 

min to pellet the membranes, and the supernatant was decanted. The pelleted membranes 

were then mixed with a few drops of 20% Bovine Serum Albumin (BSA) in aqueous solution 

and recentrifuged to concentrate the membranes and to allow the BSA to coagulate with the 

remaining primary fixative solution. The pellets were then removed from tubes, and the excess 

BSA was trimmed of. The remaining pelleted samples were sliced into 0.5-1 mm slices for 

further cutting, as per the procedure for seed tissues. 
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TEM study 

I nitially seed tissues or membrane pellets were p repared for light microscopy in order to 

choose the tissue sections for TEM study. Embedded samples were first cut into 0 .5- 1 .0 Jlm 

t hick sections on a glass knife using a Reichert U ltracut E ultra-microtome and then heat 

mounted on to a glass microscope slide, stained with 0.05% toluidine blue in 0.1  M phosphate 

buffer. After drying on a hot plate, a coverslip was mounted on immersion oil and examined 

u nder the light microscope. Sections cut through epidermal, procortical and provascular 

tissues were chosen for TEM study (examples of tissue types are shown in Plate 3.3) .  

S ections for TEM study were cut o n  a d iamond knife using a R eichert Ultracut E ultra

microtome . The sections had silver to pale gold interference colours (approximately 80 nm 

thick) , and were picked up on 400 mesh copper grids. The grid mounted sections were double 

stained using saturated u ranyl acetate in 50:50 ( v/v) ethanol and water (3 min) followed by 

lead citrate for 2 min. All these procedures were carried out by Mr. D. Hopcroft of Fruits and 

Trees Division, DSIR.  Sections were studied using a Philips 201 C  TEM. 
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Appendix 4.1 The effects of chemical treatments and subsequent controlled deterioration (40°C, 
20% SMC) on dry weights of normal soybean seedlings (mg. axis-I) 8 d after sowing 
of lot A-I ,  cv. Amsoy. Data are means of 4 replicates, unless otherwise stated. 

Ageing treatment 

Treatment 
Treatment Unaged Id CD 3d CD 5d CD means 

Expt I 

Untreated controls 39.35 44.08 37.33 44. 19 4 1 .24 
Acetone alone 37.20 35.84 37.42 43.3 1 38.44 
1 % (l-Tocopherol 

in acetone 40.30 40.25 39.55 40.81 40.19 

Ageing means 38.95 40.05 38.10 42.94 

Significance level: Treatments x ageing durations = NS; Treatment = NS; Ageing = •• (LSOO.01 = 3.30) 

Untreated controls 
Acetone alone 
0.1 M BHT in acetone 

LSDO.05 

52.64 
45.95 
27.87 

7.64 

42.65 
30.81 
43. 17 

NS 

37.64 
21 .79 
19.50a 

Note: Expt I was a split plot design, treatments = main plot and ageing durations = subplot, while data in 

Expt /I were analysed separately for each ageing time. 

a = mean from 2 replicates 

b = between untreated controls and acetone, not significant between acetone and 8HT treatments 
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Appendix 4.2 Effects of chemical treatments and durations of accelerated ageing (40°C, -100% RH) 
on time to 50% germination (T50) of soybean seed lot A-I ,  cv. Amsoy (data from 
ExpL II). 

TSO (h) 

Durations under AA 

Chemical treatments Unaged I d  3 d  5 d  

Untreated controls 16.5 15.8 18.3 24.3 

Acetone alone 16.5 19.3 18.5 21.5 

O.IM BHr in acetone 18.5 16.0 19.0 22.5 

LSDO.05 = 2.15 
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Appendix 4.3 The effects of chem ical treatments and subsequent accelerated ageing 
(40°C,-JOO% RH) on axis dry weights of normal seedlings of soybean 
seed lot A- t  cv. Amsoy 8 d after sowing. G--E) : Untreated controls; 
fr o  --6: Acetone alone; G - EJ : O.t M B HT in acetone. Bar 
represents least significant difference (P=O.05). 
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Appendix 4.5 

Treatment 
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The effects of chemical treatments, soaking at 6% SMC prior to subsequent slow 
ageing (35°C, 12% SMC) on dry weights of nonnal seedlings (mg. axis- I) of soybean, 
cv. Davis, after 8 d from sowing. Data presented are means of 3 replicates (Expt V). 

Ageing duration (weeks) 

Unaged 0 3 6 9 

Untreated controls 3 1 . 12 32.74 50.03 30.82 30.9 

Acetone alone 33.34 31 .78 45.46 23.56 

1 % a-tocopherol 
in acetone 34.03 30.34 46.68 22.49 

0.1 % BID in acetone 33.07 29.09 49.34 25.02 

LSDO.05 

Appendix 4.6 

Soaking duration 
(h) 

0 

2 

4 

8 

16 

Ageing mean 

Significance level: 

NS NS NS NS 

The effects of different durations of soaking in acetone prior to subsequent controlled 
deterioration (40°C, 20% SMC) on dry weights of nonnal seedlings (mg. axis-I) of 
soybean lot A-2, cv. Amsoy, after 8 d from sowing. Data are means of 4 replicates 
(Expt VII). 

Ageing treatment 

Od CD Id CD 3d CD 

33.48 24.79 35.67 

32.61 26.01 36.36 

26.56 22.61 3229 

27.64 26.28 29.62 

3 1.76 23.96 30. 17 

30.41 24.73 32.82 

Soaking and ageing interactions = not significant. 

Soaking duration (over ageing duration) = not Significant. 

Soaking mean 

31 .31  

3 1 .66 

27.1 5  

27.85 

28.63 

Ageing duration (over soaking duration) = significant at 0. 1% ("00) level, LSDO.01 = 5.31. 
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Appendix 4.7 The effect of initial seed moisture contents on viability of untreated and acetone 
soaked soybean seed lot A-S, CV. Amsoy after 3 d controlled deterioration (40°C, 20% 
SMC). Data in brackets are arcsin .J% transformed means of four replicates ± SE 
(Expt Xm. 

% viability after 3 d CD 

Initial SMC (% FWf) Untreated Acetone 

6.5 77.0 1 .2 
(1.071 ± 0.015) (0.107 ± 0.069) 

7.S 77.5 1.4 
(l.078 ± 0.025) (0. 1 16 ± 0.076) 

9.1  87.5 0.75 
(l.213 ± 0.03 1) (0.086 ± 0.051) 

10.4 91 .5 0.15 
(l.278 ± 0.027) (0.035 ± 0.035) 

12.1  97.5 0 
(1 .413 ± 0.061) 

12.9 99.5 0 
(l .500 ± 0.04 1) 
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Appendix 4.8 The effects of different concentrations of �-mercaptoethanol treatments and 
subsequent controlled deterioration (40°C, 20% SMC) on normal germination of 
soybean seed lot A-O, CV. Amsoy. Data presented are means of 4 replicates. Arcsin 
..J% transformed data are given in brackets. Mean ± SE for control is also given. 

Concentration 

(ppm) 

Control 

o 

1 

10 

100 

Ageing means 

Significance level: 

Ageing treatment 

Unaged 1d CO 3d CO 5d CO 

88.5 
(1.23 ± 0.04) 

77.0 51 .5 5.5 
(1 .07) (0.80) (0.24) 

72.5 57.5 2.5 
(1 .01) (0.86) (0. 16) 

75.5 44.5 9.0 
(1 .05) (0.73) (0.30) 

71 .5 55.5 6.0 
(1 .01) (0.84) (0.25) 

74.5 52.0 5.5 
(1 .04) (0.8 1) (0.24) 

Concentration and ageing interactions = not significant. 

Concentrations (over ageing durations) = not significant. 

Concentration 
means 

4 1 .5 
(0.70) 

41 .0 
(0.68) 

41 .0 
(0.69) 

41 .5 
(0.70) 

Ageing (over concentrations) = significant at 0. 1% t .. ) level, L800.01 = 0.09. 

Effective concentrations of r'>-mercapt09thanol are 0, 0.52, 5.2 and 52 ppm. 
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Appendix 4.9 

I 

0 2 4 6 0 0. 1 1 .0 
Aging duration (days) % Iodine 

The effects of subsequent accelerated agei n g  (40°C. -l OO% RI l)  
(averaged over treatments) or  iodine treatment for 24 h (different 

concentrations averaged over duration of A/\,) on axis fresh wcighL'I of 

nonnal soybean seedlings of lot A-3 . cv. Amsoy. Data presented are 
means of 4 replicates. Bars represent least signi ficant differences 
(P=O.05). There were no significant interactions between ageing and 
iodine treatments. 
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Appendix 4.10 The effects of chemical treatments on seed moisture contents (% FW1) of unaged 
seeds of soybean cv. Amsoy lot A-I (Expt II) or Davis (Expts III and IV) after seeds 
were soaked at different initial moisture contents. Data are means of 4 replicates 

(± SE's). 

% SMC of unaged seeds 

Chemical treatment 
Expected % initial SMC 

6% 9% 1 0% 

Experiment II 

Untreated controls 1 0.8 ± 0.03 

Acetone alone 1 O.0 ± 0.05 

O. 1 M  B HT in acetone 9.9 ± 0.00 

Experiment III 

Untreated controls 6.2 ± O.OS 9 . 1  ± O.OS 12.3 ± 0.26 

Acetone alone 7.2 ± 0.06 S.9 ± 0.05 9.9 ± 0.09 

1 % a-tocopherol 

in acetone 7 . 1  ± O.OS 8.7 ± 0.05 9.6 ± 0.04 

Experiment IV 

Untreated controls 5.3 ± 0.05 S.9 ± 0.05 1 1 .7 ± O. l 6  

Acetone alone 7.7 ± 0.10 9.5 ± 0. 1 1 10.5 ± 0. 1 3  

0 . 1  M BHT in acetone 7.9 ± 0.05 9.4 ± 0.05 10.4 ± 0.05 
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Appendix 5.1 Seedling dry weights of different seed lots of cvs. Amsoy and Davis as a result of 
hydration treatments and subsequent accelerated ageing (40°C. - 1 00% RH). Data 
presented are means of 4 replicates. 

Drying and ageing effects 

Seed lot Treatment BD Od AA 2d AA 4d AA 6d AA 

A-3 Untreated 36.55 36.55 34.39 2 1 . 1 0  
24 h ME  36.04 36.86 34.28 1 8 .90 
48 h ME  37.58 33.35 36.92 1 8.2 1 

Ageing means 35.59 35. 1 9  19.4 1 
LSDO.05 NSa 2.25b 

A-6 Untreated 35.79 35.79 39.02 34.68 19.26 
24 h ME  38.02 35.50 4 1 .4 1  32.92 20.86 
48 h ME  38.40 37.46 39.23 32.40 19.28 

Ageing means 36.25 39.89 33.33 19.80 
LSDO.05 NSa 2.75b 

A-7 Untreated 35.53 38.50 34.66 
24 h ME  35.80 39.89 33 .07 
24 h ME + S  32.90 36.3 1 32.67 

Ageing means 38.23 33.47 
LSDO.05 NSa l .97b 

A-8 Untreated 46.83 48.65 40.99 28.83 
24 h ME  48.48 47.26 4 1 .51  24.23 
24 h ME + S  48.28 47.63 37.7 1 24.61 

Ageing means 47.85 40.07 23.89 
LSDO.05 NSa 3.61 b 

Davis Untreated 37.58 37.58 4 1 .53 32.5 1 
24 h ME  46.98 38.80 49.88 32.06 
48 h ME  43. 16 39. 1 8  33.24 3 1 . 1 9  
72 h ME  42.90 39.03 40.62 28.57 
24 h ME + S  47.39 39.51  4 1 .43 28.30 

Ageing means 38.82 40.34 30.53 

LSDO.05 4.79a 3.22b 

Note: a = between treatments before drying (80) 
b = between ageing durations (over treatments). 

treatment and ageing interactions were not significant in all lots. 

between treatments (over ageing durations) were not significant. 
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Appendix 5.2 The effects of accelerated ageing (40°C, -100% RH) alone or fol lowed by 72 h 
moisture equilibration (ME) with or without drying (D) on nonnal germination of 
soybean seeds, CV. Davis. Data are means of 3 replicates (SE's are given in brackets 
below each mean). 

Ageing duration 

Treatment O d  2 d  4 d 6 d  

Untreated control 82.0 
(7.02) 

Untreated + D 85.3 88.0 64.7 4 1 .33 
(2.40) (2.31) (5.8 1)  (0.67) 

72 h ME  88.0 86.0 65.3 39.3 
(1 . 15) (3.06) (5.8 1) (3.53) 

72 h ME + D  84.7 82.7 70.7 38.7 
(1 .76) (3.53) (5.21) (5.46) 

Note: D = Drying at 2U'C for 3 days followed by at ambient for 2 days to original SMC's. 
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Appendix 5.3 The effects of slow ageing (35°e, 9% S MC) alone or followed by 72 h 
moisture equili bration on fresh (A) or dry (B) weights of normal soybean 
seedlings, cv. Davis, grown in soi l  1 7  d after 50% establ ishment. Data 
presented are means of 3 replicates. Bars represent SE's calculated for 

individual means. 
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.. Untreated axis 

ME axis 

• Untreated root 

• ME root 
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Appendix 5.4 The effects of 72 h moisture equilibration (ME) with and without drying on 
conductivity of leachate of accelerated (40°C, -100% RH) or slowly aged (35°C, 9% 
SMC) seeds. 

Conductivity (JJ.S . seed-I) 

Treatment Accelerated aged 

Control 14.6 

ME 10.5 

ME + Drying 14.8 

LSDO.05 0.7 

Note: Least significant differences (LSD) at 5% between two overall means of treatments 

irrespective of ageing duration. 

Slow aged 

14.6 

10.5 

13 .5 

1 . 17 
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Appendix 6.3 Conductivity of leachate from soybean seeds cv. Davis affected by slow 
ageing (35°C,  9 %  SMC) alone or with 72 h subseq uent moisture 
equilibration. Data presented are means of 3 replicates. Bars represent SE's 
calculated for individual means. 
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Appendix 6.4 The correlation coefficients (r) between germinability or viability and conductivity 
during AA and slow ageing. 

Parameters Seed treatment 

Germ inability 

Viability 

Slow ageing (30°C, 9% SMC)b 

Germinability 

Viabilityc 

NS = not significant at P = 0.05 
= significant at P = 0.05 
= significant at P = 0.01 

a df = 10 under AA 

b df = 7 under slow ageing 

Untreated control 

-0.80** 

-0.71 ** 

Untreated 

-0.78* 

-0.57NS 

c : there was no significant loss of viability under these storage conditions. 

Acetone 

-0.707* 

-0.63* 

ME 

-0.90* 

_0.61NS 

Water soaks 

-0.83** 

-0.95** 
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Appendix 6.S The correlation coefficients (r) between phospholipid content and seed perfonnance 
during accelerated ageing (40°C, -1()()% RH). 

Seed Axis Axis 
PL treatment Viability Genninability FWT DWT Conductivity 

Axis Untreated O.44NS 0.52NS 0.47NS 0.37NS 
_0.55NS 

Acetone 0.49NS 0.69* -O.45NS 

Water soak 0.92** 0.71 ** -0.87** 

Cotyledon Untreated 0.74** 0.78** 0.80** 0.26NS -0.55NS 

Acetone 0.70* 0.83** -0.75** 

Water soak 0.89** 0.75** -0.86** 

Note: NS = not significant at P = 0.05 level 

= significant at P = 0.05 level 

= significant at P = 0.01 level 

FWT = fresh weight 

DWT = dry weight 



Interactions between seed moisture content and solvent 
damage in seed treatment of soybeans 

N it Sakunnarak. P. Coolbear and D.W. Fountainl 

Seed Technology Centre. Massey University. Palmerston North 
I Botany and Zoology Department. Massey University. Palmerstoo North 

Abstract 
Acetone has onen been recommended as a suitable solvent for non-aqueous seed treatment when it is 

desirable to introduce chemicals such as pesticides. plant growth regulators or even antioxidants into dry seed. 
We have. however. detected toxicity problems with this solvent in a range of species. Seeds of a high vigour 
lot of soybean. cv. Amsoy. showed a small decrease in germinability when soaked in acetone for between 2 and 
1 6  hours. but the resistance of acetone trealed seeds to 3 days controlled deterioration (storage at 20% sced 
moisture. 40°C) was malkedly Impaired and became more severe with increasing duration of exposure to Ule 
solvent. Susceptibility to acetone damage varied considerably between seed lots; seeds showing visible signs 
or mechanical damage being particularly susceptible. 

Further studies with cvs Amsoy and Davis showed that there Is a considerable Interaction between seed 
moisture content (SMC) and acetone toxicity. damage being considerably reduced as SMC Is lowered. Six 
percent is recommended as being a safer SMC for acetone treatment. Seeds soak.ed in acetone at higher SMC's 
show significant levels of phospholipid deletion from the embryo axis during artificial ageing. 

Seeds at higher moisture contents show much less sensitivity to solvent damage when soak.ed in hexane. a 
solvent WiUl a lower dielectric constant than acetollC. 

Additional key words: acetone. hexane. controlled deterioration. artificial ageing. phospholipid. seed 
germinabilily 

Introduction 
RecenUy there has been renewed interest In Ule usc 

of organic solvcnts - particularly acetone - for the 
introduction of chemicals into dry seeds. l1tis 
approach would scem to have considerable potential as 
a sced treatment technique where the compounds to be 
applied are of low water solubility or Ule sceds are 
liable to surfer from soaking Injury. Successes have 
been reported with a variety of species using pestieldes 
(Ekcnrode et ai.. 1974). fungicides (Shortt and 
Sinclair. 1 980). plant growth regulators (Petruzzelli 
and Taranto. 1985; Persson. 1988) and (our own 
special interest) anti-ageing compounds (e.g .• Parrish 
and Dahler. 1983; Gorcckl and Harman, 1 987; Dey 
and Mukherjee. 1988). 

Acetone Is generally the favoured choice of solvent 
because of its properties as a good carrier (Ekenrode 
et ai .• 1 974; Persson, 1 988) and its low toxicity to 
seeds (Milborrow, 1963; Dadlani and Agrawal, 1 985; 
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Persson. 1988). However. there Is some uncertainty 
about the possibility of acetone causing damage to 
seeds and the nature of other factors which might 
interact with the solvent. Thus, while Milborrow 
(1963) reported no deleterious effects afier soaking 
peas and several other species in acetone for three 
months or longer and Lewis el all ( 1979) found no 
problems with 24h soaks of peas and soybeans, Ulcse 
laller wolkers did find injurious effects of acetone on 
snapbean. an observation confinned by Muchovej and 
Dhlngra ( 1980). 

In some cases toxic effects of acetone have been 
reported to be associated with the presence of major 
impurities in Ute solvent (such as 10-20% water. Lewis 
et al., 1979). In other wolk. solvent damage has only 
manifested itself in aged seeds (e.g., Khan et al., 1973 
and Gorecki and Harman. 1987, wooong with lettuce 
and pc8S, respectively). 

Our aim in the study reported here was to char
acterise the toxic effects of acetone on soybean seeds 

Solvent Damage in Seed Treatment of Soybeans 



ami undertake a preliminary investigation into the 
nature of the mechanisms involvcd. AUention was 
focused on interactions of toxicity with soaking 
duration, seed lot, ageing and initial seed moisture 
content. Recenlly published wode on the storage of 
pollen grains (Jain and Shivanna, 1 988) suggests that 
the toxicity problems with acetone on pollen arise 
from its relatively high dielectric constant. Accord
ingly, a comparison of acetone treatment with the 
much less polar solvent, hexane, was also undertaken. 

Materials amI Methods 
Seed material 

Five seed lots of cv. Amsoy and one lot of cv. 
Davis were used in this study. All lots were harvested' 
in 1 988, willI the exception of Amsoy, lot A ( 1987 
harvest). Amsoy lots A, B and C were all of high 
initial germinability and were, respectively, purchased 
from Wrightson's Ltd., (now Challenge Seeds Ltd.) 
Palmers ton North, N.Z.; Corson Grain Ltd., Gisbome, 
N.Z. or grown in the Seed Technology Centre's own 
experimental plots. A low germination sample of cv. 
Amsoy (lot D) was also gifted to us by Corson Grain 
Ltd. Lot E wn� also obtained from Corson Grain Ltd., 
and was visually sorted Into mechanically damaged or 
undamaged sub-lots. TIle seedlot of cv.Davls was 
imported from Wright Stephenson & Co. (Australia) 
Pty. Ltd. 

Solvent treatments 
Analar grade acetone and Hipersolv hexane (BDH 

Chemicals, N.Z.Ud.,) were used as supplied. A trial 
with peas had previously shown that redistilling did 
not Rllleliorate Rny toxicity problems found using 1I1e 
nOllnal slock solvent (data not shown). Sceds were 
soaked by Immersing each replicate in pure solvent for 
up 10 1 6h at a constant 20°C. Following soaking, 
samples were spread out on absorbent paper and left 
10 dry al 20°C for 24h, except in one experiment 
where seeds were dried at either 20°C or 35°C for up 
to 48h. 

Ageing treat ment!! and !iCed moisture adjust ments 
Accelerated ageing (A A) treatment was carried out 

using the technique described by Baskin ( 1 987), 
holding sced at 100% RH, 40°C for . up to 6 days. 
COlltrolled deterioration (CD) was carried out by a 
modificatioll of 1I1e method of MatUlews and Powell 
( 1 987). Seeds were brought up to a moisture content 
of 20% by adding the calculated amount of distilled 
waler lu a weighed sample uf seeds of known Initial 
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moisture content and then equilibrating overnight at 
l OoC In heat-sealed, moisture proof, polyester
alwniniwn foil - polyethylene laminated packages. 
Following equilibration, seeds were held at 40°C for 
up to three days. 

Where seed moisture content (SMC) required 
adjustment prior to acetone treatment, a similar method 
to the above was employed to raise the water content. 
Alternatively, to reduce the initial SMC, seeds were 
held over silica gel in desiccators at room temperature 
until the calculated water loss had been achieved. In 
all cases actual moisture contents were determined for 
each replicate sample in these experiments. SMC's 
were determined by the oven method according to 
Internatioal Seed Testing Association Rules ( 1 985). 

Seed germination testing 
Germination trials were normally conducted on 50 

seeds per replicate kept at a constant 25°C in 1I1e dark. 
The between paper method (1ST A, 1 985) was used, 
recording percentage normal seedlings 8 days after 
sowing. Seeds were dusted with thiram prior to 
seuing up the germination trials. Percentage secd 
viability (normal and abnormal germinants plus fresh 
non-germinated sceds) was also recorded, as were the 
fresh and dry weights of embryonic axes of normal 
seedlings 8 days from sowing. 

60 

Phospholipid analysis 
The lipid fraction was extracted as described by 

Francis and Coolbear ( 1984). Twenty axes or an 
equivalent weight of cotyledons were boiled for 2 
minutes in 1 ml water saturated butanol (WSB) con
taining 100 I1g butylated hydroxytoluene. TIle tissue 
was then hand ground to a slurry and washed Into a 
centrifuge tube with a furUler 1 ml WSB. After centri
fuging for 10 min. at 1 300 G, lIle supernatant was 
decanted and the precipitate re-extracted with a further 
2 ml WSB and recelltrifuged. TIle two supernatanL� 
were then combined nod Ule volume of 1I1e frolctioll 
measured before taking a 200 J1l aliquot for deter
m ining the phospholipid content according to the 
meUlod of BarUeu ( 1 959). Three replicate extractions 
were carried out for each treatment. 

Data analysis 
Four replications were used in all experiments with 

seed lots of cv. Amsoy, but, because of limited 
supplies of cv. Davis, only three replications were 
used. A split plot design was used to analyse the 
interactions between duration of acetone soaking and 
controlled deterioration, while randomised complete 
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block analyses were used for the phospholipid data. 
Otherwise Individual standard errors of means were 
calculated. Where combined estimates of standard 
error were obtained an arcsine ..Jero transform was 
employed. 

Results 
Effects of soaking seeds In acetone 

Figure I shows the effects of duration of soaking 
on seeds of cv. Amsoy. Lot A. There was a small. but 
significant (p<0.05) toxic effect of acetone on unaged 
seeds after just 2h soaking. when the percentage of 
normal germlnants fell from 95 to below 90%. Apart 
from that. there were no other clear toxic effects of 
acetone in unaged or Id aged seeds. However. toxic 
effects were clearly evident on these seeds when they 
were subjected to 3d CD after aeetone treatment. 
Damage increased dramatically with the duration of 
acetone treatment up to 16h. 

In order to confirm that all the acetone in the seed 
was completely removed afier soaking for l 6h. a com-

! cv. Amso • Lot A 100 

� I -a � 80 

60 ILSO(o,05) 
� 

� 40 

20 

I o 0 2 .- 6 8 10 12 14 16 
� Duration of sooklng n acetone (h) 
Figure 1 :  The errects o f  duration of soaking In 

acetone on normal germination of soy-
bean seeds, cv. Amsoy, Lot A. Data 
are presented as arcsin " % transform-
ed means or germination aner 0 ( 0 ), 
1 ( 6 ) and 3 days ( 0 ) CD following 
acetone treatment. The Initial SMC of 
the seeds before treatment was 10.9%. 
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pari son w as  made between the germination behaviour 
of seeds dried at 20·C and 35·C for 24h or 48h afier 
acetone treaUDent. Data are presented in Table I for 
unaged seeds and those subjected to 3d CD. Longer 
drying limes or higher drying temperatures did not 
significantly reduce the level of acetone damage. 

Seed Jot variation 
Figure 2 shows that. although aU three high 

gennination lots show susceptibility to acetone 
damage. there was considerable variation in responses 
between seed lots. Unaged seeds of the high vigour 
lots A and B do not show significant loss of 
gennlnation after 1 6h acetone treaUDenl Seed lot C 
was of medium vigour (as assessed by preliminary 
gennination counts and seedling growth evaluation. 
data not shown) and unaged seeds of this lot were 
severely damaged by acetone. In all three lots there 
were highly significant toxic effects of the solvent on 
soaked seeds which were then subjected to 3 days CD. 
Interestingly. no effects of acetone were detected on 
the small numbers of unaged germinable seed 
remaining in the poor quality seed lot D. 

In another experiment (Fig. 3) evidence was 
obtained showing that one factor affecting the toxicity 
of acetone was the extent of mechanical damage in the 
seeds. Cracked seeds were much more sensitive to 
acetone damage. The addition of methyl red to the 
solvent showed that In intact seed tllere was little or 
no movement of dye beyond the seed coat. compared 
to extensive penetration in mechanically damaged 
material. 

Table 1 :  '111e elTect.� of  extended and higher temper
ature drying on normal germination of 
seeds of  cv. Amsoy, lot A after 16h 
soaking In acetone. Data are means of 
four replications and are presented as 
backtransforlrled values with arcsine 
..J9'o transformed data (radians) in 
brackets. 

Acetone Drying % normal gennination 
treatrneot conditions unaaed After 3d CO 
Control none 98 (1 .43) 86 (1 .18) 

Acetone 20·C. 24h 84 ( 1 . 16) 0 
20·C. 48h 85 (1 .17) 0 
35·C. 24h 80 ( 1 . 1 1) 0 
35°C. 48h 91 (1 .26) 2 (0.04) 

LSD!!! (0.17) (0.10) 
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Errect of changing seed moisture content 
While It can be concluded from Figure 2 that 

variation between seed lots in initial seed moisture 
contents had little impact In detennining a seed lot's 
behaviour, variation of SMC within a 5ecd lot was oC 
crucial importance In detennining the re5istance to 
acetone damage of that \ot, as was the level of 
mechanical damage (Fig. 3). As can be seen from the 
figure the extent of damage caused by solvent 
treatment was much reduced if initial seed moisture 
content wa� lowered to around 6% before soaking in 

c 20 o +J o c: 

cv. 
o Untreated 

EZJ Sonklld In ncolono for 1 6  h 

NS 

••• 

•• 

'§ CI) c.!> 
o I-....J........,.-r-L---L;� .,."'-�"-r-'---.itoi+L.----l SA 

Figure 2: 

3dCD 
Lot A 

3dCD 
Lot B 

3dCD 
Lot C 

3dCD 
Lot D 

The re5ponses of four dlrrerent seed 
lots to 16h soaking In acetone either 
before ageing (DA) or with a sub· 
sequent controlled deterioration treat· 
ment (CD) for 3 days at 40°C, 20% 
SMC. Data presented are the arcsin 
"'To transforms of normal germination. 
NS: not sign Incant; •• and ••• slgnifi. 
cant dlrrerences between untreated and 
acelone Irealed seeds (p<O.OI and 
p<O.OOI ,  respectively). Inilial SMC's of 
the fonr lOiS, A-I), before soaking were 
IS.I ,  1 1 . 1 ,  10.1 and 1 1 . 1  'To, re!lpectively. 
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acetone. TIlls effect has now been shown in a tolai of 
four seed lots (3 cv. Amsoy and 1 cv. Davis). Of 
course, the extent of damage varied between lots and 

c o +J o c 
'§ 
CI) c.!> 

1 00 r-__________ �c�v�Am�so�,�L�o�t�E�. 
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Undamaged seeds 

� Untreated controls 
IJ,.. ._._.,£ Soaked In acetone 

!.4echanlcally damaged neds 

. _ . _ . _ .8 
6 7 8 9 1 0  1 1  1 2  1 3  

" Seed moisture content (f.wt. basis) 
d uring acetone treatment 

Figure 3. The errects of Initial seed lIIoi5tnre 
content and visible mechanical damage 
on the germlnablllty of unaged seeds 
aner a 16h soak In acetone. Dala are 
the means of four replications. Indivi
dual SEM'. are shown where larger 
than the symbols used. 
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level of cracking within a seed lot. but in each case 
the pattcrn of response was similar. Careful seed 
drying before treatment also offered some protection 
to soaked seeds of cv. Davis on subsequent accelerated 
ageing (data not shown). 

The mechanisms of acetone toxicity 
Analysis of the phospholipid (PL) content of 

untrcated or acetone soaked seeds showed 1I1at acetone 
treatment greatly Increased the rate of PL deletion 
frolll both axcs and cotyledons during accelerated 
ageing (AA). (Fig. 4). Untreated seeds showed no 
significlU\t losses of phospholipid from axes and only 
a small significant (p<O.05) decrease (-20%) In 
cotyledonary PL after 6 days AA. Acetone soaked 
seed showed significant losses (p<O.OI )  In lids tissue 
after 4 days AA and more than 35% deletIon after 6 
days. A similar rate of loss was also detected In axis 
tissue. Under 1I1ese storage conditions. untreated seeds 
lost nearly 40% of their germ inability after 4 days AA. 
whereas acetone treated material lost nearly 75% 
genninability (Fig. 5a). After 6 days AA untreated 
seeds had only 12% normal germinallts. acetone 
treated seeds none. 

Figure 5 also presents a comparison of the effects 
of hexane and acetone treatment on seeds of cv. Davis. 
I lexalle is less deleterious to the seeds and Ulere Is no 
interaction wlUI ageing. 

Discussion 
Factors urrectlng acetone toxicity 

It Is clear from Ulese results that. despite reports to 
the contrary (e.g .• Lewis tt al .• 1979). Ulere Is a 
toxicity problem when acetone Is used as a solvent to 
deliver chemicals to soybean seeds. This work shows 
that the level of damage depends on variations 
between seedlots. level of mechanical damage. Initial 
seed moisture content prior to acetone treatment. 
duration of acetone treatment and also on subsequent 
storage after treatment. 

TIle observation that mechanically damaged seeds 
were more prone to acetone damage is in agreement 
willI Shortt and Sinclair ( 1 980) who found 1I1at acetone 
killed cotyledon tissue in soybean willI cracked 
seedcoats. l Ialloill ( 1 977) similarly reported 1I1at while 
damaged cottonseed or excised embryos were Injured 
hy acetone. 1I1e germ inability of Intact seeds was 
unimpaired. Nevertheless. it is clear that tlris Is not 
the only factor Involved. In the studies detailed here 
lots A-C and cv. Davis had low levels of visible 
mechanical damage. Similarly. Tao and Khan ( 1 974) 
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reported that although acetone reached the embryos of 
cucumber or squash seed. it did not cause any apparent 
damaging effects on seeds germinated immediately 
after treatment. 

Our data on ilie interaction between acetone and 
Irrltial seed moisture contents complement similar 
results found for peas (Coolbear. McGill and 
Sakunnarak. unpublished data). These findings appear 
to be novel In iliat no oilier workers have identified 
Ulis Interaction. Orrly two relevant reports have been 
found In the l iterature. both mentioning Increased 
toxicity of solvents when iliey have 10% or more 
water added to them (Lewis el a1 .• 1 979; Persson. 
1 988). 

Possible mechanism of action 
The results in Figure 4 show Ulat ilie interaction 

between acetone toxicity and ageing Is related to losses 
of phospholipid from axis and cotyledon tissue. a 
mechanism originally suggested by Halloln ( 1 977). 
although he presented no substantiating evidence apan 
from Increased conductivity of leachate from acetone 
soaked embryos. It should be noted that our data 
present no evidence of PL losses In unaged acctone 
treated seed. It is worth speculating Ulat penetration of 
acetone Into cell membranes results in a disruption of 
Ule crystalline lipid bilayer which exists In dry tissue 
(Crowe el a1., 1 989). This disruption could be 
exacerbated in higher SMC seeds if the solvent can 
bring water molecules Into ilie apolar region of the 
membrane. High vigour sced may have some capacity 
for repair of iliis kind of damage. but 1I1is may becomc 
Increasingly difficult for low vigour or ageing seed. 

This hypoiliesis explains many of ilie observations 
reported here and merits further investigation. 
Nevertheless, the evidence obtained on PL losses to 
dale Is purely correlative. although Swanson et a1 . •  

( 1 973) reponed from their electron microscope work 
that acetone disrupted membranes in the cells of 
tobacco leaves. However. it could be that acetone 
causes damage via other effects. For example. Meyer 
and Mayer (197 1) found that acetone depressed 
oxygen uptake of lettuce seeds while Eldan and Meyer 
( 1 974) reponed a decrease in invertase activity. In 
neiUler case. however. was germinability affected. 

TIle use of a solvent willI a lower dielectric 
constant such as hexane (Fig. 5b) could be safer than 
acetone because of its ability to penetrate dry 
membranes willlOut disrupting Ule amphoteric structure 
of ilie bilayer. We are unaware of any oUler reports of 
Its use as a solvent for seed treatment. but its cost and 
toxicity to humans may prohibit Its routine use. 
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SMC of seeds before acetone treatment was 9.3%. 
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