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SEED IMPROVEMENT BY SELECTION
AND INVIGORATION

AA.POWELL
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ABSTRACT: The basis of differences in seed quality are described for two groups of crops, grain legumes
and vegetables and approaches to the improvement of quality are proposed. In grain legumes the major
factors affecting seed quality are imbibition damage, seed ageing and their interaction. It is proposed
that use of seed vigour tests, specifically the electrical conductivity test, to identify the incidence of
imbibition damage and ageing allows the selection of seed lots for sale and for use under different field
conditions. Alternatively in grain legume species in which there is a genotypic influence on predisposition
to imbibition damage the approach to seed improvement may lie through selection in breeding
programmes. Thus identification of testa characteristics that favour slow imbibition would enable selection
for these characteristics. Seed ageing is also the major cause of reduced seed quality in vegetable
species, leading to slow and asynchronous germination. An approach to their seed improvement has
been the development of seed invigoration treatments based on seed hydration. The principle of these
treatments is described and several treatments outlined, with emphasis being given to aerated hydration,
a treatment completed within 36h. The physiological basis of improvement by invigoration is discussed.
Key Words: grain legumes, vegetables, vigour, imbibition damage, ageing, testa pigmentation, invigoration
treatments, metabolic repair

SELECAO E ENVIGORAMENTO COMO TECNICASPARA O APRIMORAMENTO
DO DESEMPENHO DE SEMENTES

RESUMO: Neste trabalho, sdo descritas diferencas béasicas na qualidade de sementes de leguminosas e
hortalicas, e propostos procedimentos para a melhoria de seu desempenho. Os principais fatores que
afetam a qualidade de sementes de leguminosas sdo as injurias durante a embebigdo, o envelhecimento
e a interacdo entre esses fatores. Considera-se que a utilizag@o de testes de vigor, principalmente o de
condutividade elétrica, para a identificagdo de injurias durante a embebicdo e o grau de envelhecimento,
permite a selecdo de lotes para a comercializagdo e uso sob diferentes condi¢gdes de campo. A alternativa,
em leguminosas, onde héa influéncia do genétipo ou maior sensibilidade a injurias por embebicéo, seria
a obtencdo de materiais com sementes de melhor qualidade através de selegdo dirigida durante os
trabalhos de melhoramento genético. Desta forma, a identificacdo de caracteristicas do tegumento que
possam favorecer a embebicdo lenta, permite a selecdo dirigida para essas caracteristicas. O
envelhecimento da semente, também problematico em sementes de hortalicas, determinando a reducéo
da velocidade e a desuniformidade de germinacéo, pode ser atenuado com a utilizagdo do condicionamento
fisiologico (“envigoramento”), através da hidratacdo controlada das sementes. Nesse trabalho, descrevem-
se 0s principios e os procedimentos para conducdo desse tratamento, enfatizando-se a hidratagéo sob
aeracdo, durante 36 horas. Discute-se, também, a base fisiol6gica da melhoria da qualidade através de
tratamentos condicionador es.

Descritores: sementes, leguminosas, hortalicas, vigor, injdrias durante a embebigdo, envelhecimento,
pigmentacdo do tegumento, envigoramento, reparo metabdlico

INTRODUCTION and vegetables. Evidence in support of two
approaches to the improvement of seed quality,
This paper will review the major causes of selection in grain legumes and the invigoration of

seed quality in two groups of crops, grain legumes vegetable seeds, will then be presented.
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SEED QUALITY INGRAINLEGUMES
IMBIBITION DAMAGE

Thebasic phenomenon: Imbibition damagewasfirst
observed in peas, when the cotyledons of seeds that
had been imbibed with the testa removed (i.e. as
embryos) failed to stain with the vital stain 2, 3, 5
tripheny! tetrazolium chloride (Powell & Matthews,
1978). This apparent cell death was attributed to
rapid water uptake into the outer cells of the
cotyledons, leading to disruption of cell membranes
and resulting in high soluteleakage from theembryos,
reduced respiration and germination and adeclinein
both thetransfer of food reservesfrom the cotyledons
to the growing axisand the growth rate of the surviving
seedlings (Powell & Matthews, 1978). The extent of
damage to the cells of the cotyledons was confirmed
in several grain legume species by the extensiveloss
of both cytosol and cytosol-organelle enzymes from
imbibing embryosinto the surrounding solution (Duke
& Kakefuda, 1981).

Imbibition damage has since been observedin
Phaseolus (Powell et al.,1986b), soybean (Semple,
1981; Oliveira et a., 1983), field bean (Vicia faba)
(Powell & Matthews, 1980), chickpea (Cicer
arietinum) (Legesse, 1991), cowpea (Vigna
unguiculata) (Legesse & Powell, 1982, Asiedu &
Powell, 1998) and longbean (Migna sesquipedalis)
(Abdullah, et al.,1991) leading to the proposal that it
iscommonto all grain legumes (Powell et al., 1984).

Role of testa damage in grain legume seed
quality: The significance of testa damage in intact
seeds to seed quality was initially illustrated in
scarified peaseeds (Powell & Matthews, 1979) which
showed increased dead tissue and solute |eakage,
indicative of imbibition damage, after imbibition.
Subsequently the rate of imbibition of both
commercial pea (Powell & Matthews, 1980) and
soybean (Oliveiraet al, 1984) seed lotswasrelated to
the percentage of seeds having cracks in the testa
Seed lotswith ahigh incidence of testadamageimbibed
rapidly and showed extensive imbibition damage.
Thus amongst seed lots of soybean the proportion of
seeds with testa damage ranged from 7 to 88% with
associated bulk conductivitiesrangeing from 28 to 48
mmho cm? g! (Oliveira et a., 1984 ). The mean
emergence of theselots over two sowing datesranged
from 20 to 85%, thusimplicating imbibition damage
asadirect cause of poor emergence. Indeed in pess,
poor field emergence of low vigour lots has been
associated with higher incidence of imbibition damage

when they imbibed in field conditions. (Powell &
Matthews, 1980).

The reduced emergence associated with
imbibition damagemay result from physiological desth
due to imbibition damage or from increased
predisposition to infection by soil-borne fungi.
Matthews (1977) has described how infection by the
s0il-bornefungus Pythiumisamajor causeof emergence
failure. Predisposition to infection may result from
theincidence of dead tissue on the cotyledonswhich
acts as a food base for fungal growth (Matthews,
1971) or from the leakage of solutes into the soil
causing anincreaseininoculum potential (Matthews,
1971; Perry, 1973). Both these are an outcome of
imbibition damage and in soybean Matheson (1983)
has reported greater infection by Pythium of seeds
having cracked testae.

Genotypicvariation in susceptibility toimbibition
damage: In a number of grain legume species,
differences in field emergence, reflecting seed
vigour,have al so been observed between cultivarsthat
differ in the pigmentation of the testa. Typically
unpigmented cultivars give poor field emergence,
whereas cultivarshaving pigmented testae emergewell.
In Phaseolus vulgaris poor field emergence of 10
cultivars having unpigmented testae was associated
withrapidimbibition and high incidence of imbibition
damage (Powell et al., 1986a,b) compared with the
high field emergence and slower imbibition of 21
cultivars having brown or black testae. Similar
differences in field emergence and incidence of
imbibition damage have been observed in chickpea
(Legesse, 1991), long bean (Abdullah et al., 1991) and
cowpea (Legesse & Powell, 1992; Asiedu & Powell,
1998).

However, in contrast to peas and soybeans,
the incidence of testa damage did not explain
differences in water uptake. In Phaseolus the major
factor influencing imbibition was the degree of
adherence of the testa to the cotyledons (Powell et
al., 1986b). Thus in white cultivars, the loose
adherence of the testa allowed water that had passed
through the testato move readily throughout the seed
whilst thetight adherence of pigmented testaelimited
the movement of water through the space between
the cotyledons and testa, resulting in slower
imbibition. Adherence of the testato the cotyledons
was aso the mgjor factor contributing to the slow
imbibition of Desi type chickpea (Legesse, 1991;
Legesse & Powell, 1996) although in this case testa
permeability aso influenced imbibition. In cowpea
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however, testa permeability apparently regulated the
rate of imbibition (Legesse & Powell, 1996).

The closeness of the association between
testa pigmentation and the rate of imbibition damage
has been illustrated using two approaches. Firstly,
comparisons of imbibition in isogenic lines of pess,
differing only in the gene for testa pigmentation
(Powell, 1989) revealed that the rate of imbibition
was reduced only when the dominant A gene for
pigmentation was expressed. If expression of the A
gene was suppressed by the recessive pallens gene,
resulting in unpigmented testae, the rate of imbibition
increased markedly. Secondly the rate of imbibition
was examined in relation to the devel opment of testa
pigmentation during the maturation of the Phaseolus,
cowpeaand chickpea(Legesse & Powell, 1996). Even
in cultivars that are pigmented when mature, seeds
areunpigmented whenimmature, and following harvest
and drying at this immature stage, the seeds imbibed
rapidly. However, as pigmentation developed and
intensified therate of imbibition rate declined so that at
maturity theimbibition rate of pigmented cultivarswas
much slower than that of unpigmented cultivars. The
role of pigmentation of thetestain reducing the rate of
imbibitionisstill not entirely clear sinceitisassociated
with greater adherence of the testa to the cotyledons
and/or testapermesbility in different Species. Inaddition
pigmented testae have higher level sof ligninsand tannins
(Morrison et a 1995), waterproofing substances that
may influence water uptake.

Ageing: Seed ageing is a well recognised cause of
differences in seed quality in al species, including
grain legumes (Matthews, 1980; Powell et al, 1984).
Grain legumes, with their large cotyledons, provide
an excellent example of how extensive deterioration
can occur beforethe seed failsto germinate. Initially,
membrane deterioration resultsin increased |eakage
from living cells of the cotyledons (Powell &
Matthews, 1977), then further del eterious subcel lular
changeslead to the devel opment of areas of dead tissue
and even greater solute leakage. However the seed
retains the ability to germinate at this time. The
increasein soluteleakageisreflected in theelectrical
conductivity of seed soak water and therefore ageing
provides a sound theoretical basis to the electrical
conductivity test of seed vigour in grain legumes
(Matthews & Powell, 1981). Subsequently, as
deleterious changesin enzymes, respiration, synthetic
processes and macromol ecules accumul ate both within
the cotyledons and the embryo axis, the seed failsto
germinate (Powell et al., 1984).

Ageing is not however the only cause of
increased soluteleakage, increased | eakage al so results
from imbibition damage. Thus the conductivity test
reflects both the major causes of low vigour in grain
legumes, ageing and imbibition damage. Furthermore,
theincidence of seed ageing hasbeen showntoincrease
the susceptibility of both peas (Powell, 1985) and
cowpea (Asiedu & Powell, 1998) to imbibition
damage. It isenvisaged that the membranes of aged
seeds, whose integrity has been reduced by
deterioration, are more susceptible to the physical
damage resulting from rapid imbibition and hence
show greater imbibition damage. Thus seeds that
have low vigour as aresult of ageing during storage
will bemorelikely to have poor field emergence both
due to seed deterioration and, also if soil conditions
arewet, dueto increased susceptibility to imbibition
damage. Theimplicationsof thisare most important
intropical climatesin which storage conditions (high
relative humidity and high temperature) lead to rapid
deterioration, and where sowing occurs after onset of
the rainy season.

Differencesin therate of seed ageing during
storage arewell recognised between species. However
within grainlegume speciesdifferencesin deterioration
between cultivars have also been associated with the
presence/absence of testa pigmentation. In both
Phaseolus vulgaris (Abdullah et al., 1993) and
longbean (Abdullah et al., 1992) pigmented cultivars
both took up moisture more slowly from the
atmosphere and deteriorated more slowly than those
with unpigmented testae when stored at 100% rh and
42°C. Thus, during storage, the differences in water
uptake illustrated earlier in water can aso be seen
from the humid atmosphere,leading to differencesin
the rate of deterioration.

STRATEGIESFOR SELECTIONTO
IMPROVE SEED QUALITY

Selection for sowing: The ability to identify
differences in seed quality gives the opportunity to
select seed lots for sowing under different field
conditions, and in particular to avoid sowing low
vigour lotsin poor conditions. Thisformsthe basis
of seed vigour testsin which high and low vigour lots
canbeidentified within commercia seedlotsof aspecies.
The electrical conductivity vigour test is one such test
that has been applied to seed lots of vining or garden
peas for many years, but which also identifies vigour
differencesamongst other grainlegumes (Powell, 1986).
The conductivity test satisfies the criteria of a vigour
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test as outlined by Matthews (1980). Firdtly, it hasa
good theoretical background since it assesses solute
leakage dueto seed ageing, imbibition damageand their
interaction. Secondly, it hasaclear relationship witha
measureof seedvigour, i.e. field emergence, and thirdly
it is repestable.

Assessment of vigour by conductivity can be
used to identify and therefore select out seed lots
having particularly low vigour and therefore avoid
their sale. Inadditioninthe UK, the OSTS of England
and Wales has identified different ranges of
conductivity that allow selection of high vigour lots
for early sowing in poor conditions, but enable other
lots to be sown later when field conditions are good
(Matthews & Powell, 1981).

Selection for breeding: Genotypic differences in
response to imbibition damage, storage and reduced
water availability have been linked with testa
pigmentation although the nature of this response
has only been examined in any detail for imbibition
damage and storage. Thus the slower water uptake
by pigmented cultivarsisassociated with higher seed
quality than found in unpigmented cultivars. However
inmany cultivars, unpigmented cultivarsare preferred
for consumption and therefore there is demand for
their seed. Opportunities may exist for improving
the seed quality of unpigmented cultivarsby selection
in plant breeding programmes. Clear identification of
the testa characteristic(s) associated with
pigmentation that confer slow imbibition would allow
its introduction into and selection within breeding
lines having unpigmented testae. A more realistic
option however could be the screening of white-coated
breeding lines for those showing a slower rate of
imbibition. These lines could then be incorporated
into breeding programmes, followed by selection for
slow imbibition.

IMPROVEMENT OF SEED QUALITY BY
INVIGORATION

As in most species, the major cause of a
declineinthevigour of vegetable seedsisbelieved to
be seed ageing, a hypothesisthat is supported by the
ability of vigour tests based on ageing, such as
controlled deterioration, to identify vigour differences
(Matthews, 1980). Reduced seed vigour as a result
of ageing can have aconsiderable effect on thetiming
of harvest, quality and yield of vegetable crops (Finch-
Savage, 1994). Seed invigoration treatments were
initially developed to overcome these problems and

toimprove both therateand uniformity of germination
in vegetable species.

Approach toinvigoration: The development of seed
invigoration treatments really started with seed
priming, asfirst described by Heydecker et a. (1973).
Priming aimed to control seed hydration so that all
seeds reached the same stage of germination before
sowing, so that subsequent germination was rapid
and synchronous. This was achieved by allowing
seedsto imbibefrom asolution of polyethyleneglycol
(PEG) such that imbibition ceased when the seed water
potential equalled that of the PEG solution, and was
achieved at aseed moisture content bel ow that required
for germination (radicle protrusion). Thus all seeds
reached the same stage of “suspended animation”
before sowing. Different priming conditionshave been
applied to many species varying the concentrations
of PEG (and therefore water potentials used),
temperature and timing of treatment. |mprovements
in the rate and uniformity of germination have been
achieved in arange of species (Heydecker & Coolbesr,
1977).

Early priming treatments involved sowing
moist seedsimmediately after treatment. Thisled to
the improvements observed being described as the
result of an advancement of germination (Heydecker
& Coolbear, 1977). However, in some cases when
seeds were dried after treatment, some degree of
improvement was retained, leading to the suggestion
that metabolic repair might also be involved in the
response to priming. Subsequently, priming
treatmentshave consistently involved drying the seeds
back as this makes subsequent handling and sowing
of the seeds easier.

The principle of using controlled hydration
in seed invigoration has also been used in anumber of
other treatments that differ in their means of
controlling hydration (Khan, 1992). These include
drum-priming (Rowse,1996), solid matrix priming
(Taylor et al., 1988), hydropriming (van Pijlin et al .,
1996) and aerated hydration (Thornton & Powell,
1992). In drum-priming, seed moisture content is
raised by the addition of a precise volume of water to
the seeds whereas during solid matrix priming and
hydropriming seedsimbibe until their water potential
reaches equilibrium with a moist inert medium or
humid atmosphererespectively. Thesetreatmentscan
take up to 14 days. The final method of seed
invigoration to be considered here, aerated hydration,
was developed at the University of Aberdeen, and
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differs from the others in that it depends on time
alone to control the level of seed hydration during a
treatment period that is usually less than
36h.

AERATED HYDRATIONINVIGORATION
TREATMENT

Aerated hydration (AH) hydrates seedsin a
column of aerated water up to a moisture content
closetothat required for radicle protrusion (Thornton
& Powell, 1992). Seedsmay beheld withinthecolumn
at this moisture content, but are removed and dried
back beforeradicle protrusion occurs. Initial work on
cauliflower and Brussels sprouts seeds (Thornton &
Powell, 1992) identified an 8h treatment at 25 °C as
achieving improvements on the rate and uniformity
of germination, root growth and seed vigour. However,
further work on these species (Thornton & Powell,
1995) illustrated that additional improvements could
be achieved by hydration for up to 32h at 20 °C.
Indeed thisraised the vigour of aged, low vigour seeds
to become comparablewith that of unaged, high vigour
seeds. However, this work also showed that if AH
treatment was too prolonged, seed vigour declined.

Improvementsin seed quality after AH have
also been observed in oil seed rape (Powell et al.,
1993) leek, parsnip and carrot (unpublished data).
Evidence suggests that the activation of metabolic
repair mechanisms is a major contributor to
improvements achieved by AH. Thus, the increase
in improvement up to an optimum temperature and
greater improvement in the presence of oxygen suggest
ametabolic process and thereis greater improvement
of aged seeds in which previously sustained
deterioration offersgreater potential for invigoration.
Such observations are not however restricted to AH
treatments. Brocklehurst & Dearman (1982) noted
that increasesin germination rate of carrot, celery and
onion after priming were greatest in low vigour (i.e.
aged seeds); wheat seeds with intermediate levels of
ageing showed the greater response to “flash
imbibition”, a 2h soak in water (Goldsworthy et a.,
1982) and Basu and co-workers have observed most
improvement in partially deteriorated seedsfollowing
a2h soak in water (Basu, 1994).

However, the clearest physiological evidence
for metabolic repair during hydration treatments is
the increase in the germination observed after the
controlled deterioration test following AH (Thornton
& Powell, 1992). Controlled deterioration (CD)
identifies differences in the vigour of seed lots by

deteriorating them by the same precisely controlled
amount at high seed moisture content and temperature
(Matthews, 1980). Seeds therefore move along the
seed survival curve during treatment. High vigour
seed lots lie near the beginning of the seed survival
curve and even after a period of deterioration in CD
they retain a high germination. In contrast, a low
vigour lot has previously undergone deterioration and
is therefore physiologically older. As a result,
deterioration during the CD test leads to reduced
germination after CD. Thus, the increase in CD
germinationfollowing AH impliesthat AH hasresulted
in a seed lot being moved back along the surviva
curvei.e. areversa of deterioration. This could be
achieved by metabolic repair of previously sustained
deterioration. Subsequently, the activation of DNA
repair synthesis was shown in Brassica seeds during
aerated hydration (Thornton et al., 1993)

Despite the evidence for metabolic repair in
aged seeds, the increased rate and uniformity of
germination after longer AH treatments (Thornton &
Powell, 1995), at apoint when increasesin seed vigour
are no longer evident, were indicative of arole for
germination advancement ininvigoration. Indeed, the
improved germination characteristics of high vigour
seeds could only be achieved through advancement.
Theincidence of advancement isalso suggestedinthe
results of seed storage studies after invigoration
treatment.

Reportsof the storage potential of seeds after
invigoration treatments have reveal ed both enhanced
and reduced seed storage potential, although the
species, treatment, storage conditions and indeed
initial seed quality differ from paper to paper (Powell
et a., 1997). Recent work on cauliflower seeds has
however reveded that theinitial seed quality and length
of treatment interact to determine the response of
invigorated seedsto storage (Powell et a., 1997). Thus
after along (28h) AH treatment, the storage potential
of high vigour seeds was reduced when stored at 10
0C and 20 0C at both 5.3% and 12% moisture content,
whereas low vigour seeds had improved storage
potential after both a long and short AH treatment.
These responses could be explained by the role of
advancement and repair in the two groups of seeds.
Thus in high vigour seeds, with little previous
deterioration, germination would be advanced during
treatment. A prolonged treatment could result in
“over-advancement” which increased the seed
susceptibility to either the stress of storage or drying
after treatment. In contrast, during treatment of low
vigour seeds, metabolic repair of previoudy sustained
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deterioration would occur before germination
processes begin. Thus, even after a prolonged
treatment, germination would not have advanced too
far for the successful storage of low vigour seed.
Furthermore, the initial metabolic repair during
treatment and the reversal of deterioration would
result in treated seeds beginning storage at an earlier
point onthesurvival curvethan untreated seeds. Thus
low vigour seeds could be successfully stored for
longer period following aninvigoration treatment.

CONCLUSIONS

Selection and improvement provide two
different approaches to the improvement of seed
quality which can be applied at different stages of
seed production. Ingrainlegumes, production can be
modified to reduce the incidence of cracked testae
which leads to imbibition damage and low vigour in
some species and seed storage can be carefully
controlled and monitored to avoid seed ageing. Seed
lots can then be sel ected for sowing using the el ectrical
conductivity test to identify lotsin which imbibition
damage and/or ageing haveled to low vigour. Thusit
is possible to select high vigour lots for sowing in
poor conditions. Taking along term view, selection
of testaand/or imbibition characteristicsin breeding
programmes may also reduce the incidence of low
quality seeds. Analternative approach to seed quality
improvement is possiblein vegetabl e speciesthrough
modifying the product of seed production by the use
of seed invigoration treatmentsto enhance seed quality
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