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The aim of this review is to examine how seed
vigour has developed from a concept to an
accepted aspect of seed quality that is used
commercially throughout the world. We shall
consider why seed vigour is important in crop
production before reviewing vigour tests. We shall
consider how vigour tests were initially
developed empirically before being hypothesis-
based, giving emphasis to tests that have been
validated for use by the International Seed
Testing Association (ISTA) and are included in
the ISTA Rules for Seed Testing. We shall focus
particularly on the ageing/repair hypothesis, its
development and application.

CONCEPT OF SEED VIGOUR

The concept of seed vigour was first recognized
in 1876 by Friedrich Nobbe who introduced the
term ‘Triebcraft’, meaning driving force [1]. This
led to numerous debates and developments
regarding the definition of vigour and methods
of vigour testing which have been reviewed on
many occasions [2,3 & 4]. The ISTA Vigour
Committee was first established in 1950 as the
ISTA Biochemical and Seedling Vigour Committee
by ISTA President W] Franck. The committee
has discussed the definition of vigour for many
years and has investigated .the effects of seed
vigour and methods of testing vigour. The
committee’s work ultimately led to the definition
of vigour proposed in 2001 and the acceptance
of Seed Vigour Testing as Chapter 15 in the ISTA
Rules by the ISTA Ordinary Meeting. This
definition states that ‘Seed vigour is a sum of
those properties that determine the activity and
level of performance of seed lots of acceptable

germination in a wide range of environments’.
The characteristics of a seed lot associated with
vigour are the rate and uniformity of seed
germination and seedling growth, the emergence
ability of seeds under unfavourable environmental
conditions and seed lot performance after storage,
particularly the retention of the ability to
germinate (normal germination).

The above characteristics are illustrated for
several crops in Table 1. Clear differences in field
emergence can be seen for commercial seed lots
from both field (maize and oilseed rape) and
vegetable (radish, cucurbits and pepper) crops.
These are particularly evident when seeds have
been sown in stressful conditions such as low
temperature or where there is mechanical
impedance. Seed lots sown in more controlled
environmental conditions, as seen during
transplant production in modular trays, often do
not show marked differences in emergence (Table
1). However, in this case differences in
performance are reflected in the rate of emergence
(mean emergence time) and variation in seedling
size (Table 1).

SIGNIFICANCE OF SEED VIGOUR TO CROP
PRODUCTION

The significance of the impact of the vigour
differences illustrated in Table 1 depends on the
nature of the crop in question. Where low vigour
leads to reduced crop establishment, this can have
a direct effect on yield. In many cereals, however,
this effect is limited if emergence is only slightly
reduced, due to the ability of the plant to tiller
and hence produce compensatory growth.
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Nevertheless, if emergence is markedly reduced,
so is yield. In contrast maize does not tiller and
is sown to a specific plant stand. Thus whenever
seeds fail to emerge and there are gaps in the
crop, yield is reduced.

In vegetable crops, the impact of reduced
establishment is often on marketable yield, since
particular plant densities are required to produce
specifically sized crops for the market [5]. In this
case the rate and uniformity of emergence are
also critical to the production of a product that
is uniform in size and stage of maturity [5]. Seeds
that show rapid, synchronous germination and
emergence typically produce larger and more
uniform seedlings [6 & 7]. Thus in the examples
in Table 1, the seed lots of cabbage, calabrese
and Brussels sprouts that had a higher mean
emergence time, that is emerged more slowly,
were also those that produced seedlings that were
not only smaller, but more variable in size. These
differences in size are maintained throughout crop
growth and therefore impact on the production
of a uniform crop for once-over harvests.

If the plant populations produced by high
and low vigour seeds are the same, the impact
of vigour on yield of annual crops depends
largely on the nature of the harvested material
[8]. Thus crops harvested in the vegetative state
e.g. lettuce, cabbage, radish, carrot, and crops
such as peas and tomatoes, which are harvested
during early reproductive growth, have shown a
positive yield response to use of high vigour
seed. In contrast, in crops harvested at full
reproductive maturity, i.e. the grain crops in
which only the seeds are harvested for yield,
there was no relationship between vigour and
yield [8].

SEED VIGOUR TEST DEVELOPMENT

The approach to seed vigour test development
has changed over the years from one that was
empirically-based i.e. based on observations, to
one that is hypothesis-based. Thus the early
development of tests such as the Hiltner [9] and
cold tests [10 & 11] were based on observations
of seed lot emergence under mechanical and cold,
wet conditions respectively, and simulated such
conditions in the laboratory. Similar observations

of differences between seed lots in seedling
growth led to seedling growth tests.

In contrast the electrical conductivity test was
developed on the basis of both observation and
hypothesis. Early work investigated the
relationship ~ between  conductivity — and
germination [12] and illustrated greater loss of
electrolytes (higher conductivity) from samples
with low germination. There was however no
comment on the differences that were seen
between samples with high germination. Later
work associated differences in leakage amongst
highly germinable seed lots of maize [13] and
castor bean [14] and inversely related to
emergence in soil.

Observations on pea seeds [15, 16 & 17] had
noted that failure of commercial seed lots to
emerge was associated with infection of the seeds
by the facultative soil-borne parasite Pythium spp.
Furthermore, high incidence of infection was seen
in seed lots that showed high levels of leakage
from the seed, assessed by the electrical
conductivity of seed leachates. In contrast lower
levels of infection were seen when leakage was
low [17]. They suggested that leachate
conductivity might therefore be a test of
emergence potential of pea seed lots. The leachate
from the seeds included sugars and amino acids
as well as electrolytes [17] and seed lots with
high leakage included dead tissue on the
cotyledons [18]. This led to the hypothesis [18]
that increased predisposition of seed lots to
infection, and subsequent failure to emerge, may
result from the dead tissue acting as an initial
site of infection and from the leakage of solutes
into the soil causing an increase in inoculum
potential. Bradnock and Matthews, 1970 [19]
subsequently illustrated that differences in field
emergence of peas were clearly predicted by
conductivity. The negative correlation between
conductivity measurements of solute leakage and
the ability of seed to achieve good field
establishment has been shown on many occasions
since then [20] and is well recognised as a test
for seed vigour. The conductivity test for garden
peas was one of the first two tests to be validated
by ISTA and included in the ISTA Rules for Seed
Testing in 2002.
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the first vigour test to be based on
as the accelerated ageing (AA) test
[21]. In their work they aimed to
tween sced lots in the
decline in germination, i.c. their stm‘.ag.c Pote‘nhal,
in the hot, humid conditions of Mississippl and
tropical climates. The test is based on the patter'n
of ageing in a population of seeds tl.lat is
described in the seed survival curve (Fig. 1),
whereby there is a long slow decline in
germine{tion, followed by more rapid, then linear
decrease in germination until the ability to
germinate is lost. The test is based on the well-
known rapid deterioration, oOr ageing, of seeds
having a high moisture content and at high
temperature. Their hypothesis [21] was that if
seeds were held at a high relative humidity the
seed moisture content would increase. This high
moisture content, along with a high temperature
would simulate the effects of prolonged storage
in less extreme, but still unfavourable storage
conditions, and results in rapid seed ageing. Thus
after the accelerated ageing test, the seed lots
that had good storage potential would retain a
high germination whereas those lots with poor
storage potential would have a low germination.
Their work on AA showed that test results
reflected the storage potential of a wide range of
species, including soybean [22], maize [21] and
ten vegetable species [21]. Additional studies have
illustrated that the AA test also predicts field
emergence in a range of crop species [23].
Following sowing lots under stressful conditions,
AA had a higher correlation with field emergence
than standard germination in both soybean [24
& 25] and maize [26]. The AA test for soybean
was one of the first two tests to be validated by

ISTA and included in the ISTA Rules for Seed
Testing in 2002.

Possibly
a hypothesis W
developed by
predict differences be

A further test based on the hypothesis that
ra}pid ageing would reveal differences in seed
vigour is the controlled deterioration (CD) test
for small-seeded vegetable species. However, this
test. differs from the AA test in that the seed
moisture content is raised to a pre-determined
11ieyel (usually 20%) before seeds are held at a
f1lglh t-emperature. This approach was selected
) owing the observation of widely differing seed
rzzlsture contents for onion seed lots after 1 day

- As a result of these differences in moisture

content the extent of ageing vyould fiiffer amongst
the lots and be reflected in their subsequent
germination [27]. Thus, the vigour of seed ots
could not be compared. The deterioration of seed
lots at the same precisely raised seed moisture
content and high temperature has ensured that
all seed lots are subjected to the same degree of
ageing. This means that seed lots that are placed
at different positions on the seed survival curve
(Fig. 1a) will move equal distances along the
curve during the CD test, resulting in clear
differences in germination after CD (Fig. 1b). The
germination after CD has been related to field
emergence and storage potential of a number of
vegetable species (Matthews, 1980) and the test
has been validated for Brassica spp. and included
in the ISTA Rules since 2010. More recently,
following work at the French Official Seed Testing
Station, alternative procedures for two stages of
the CD test have been validated and included in
the ISTA Rules (2017) [28].

The vigour test that has been added to the
ISTA Rules most recently is the Radicle
Emergence (RE) test. This is based on the ageing/
repair hypothesis and there is evidence that the
test will be applicable to a very wide range of
species. The remainder of this review will focus
on the ageing/repair hypothesis and the RE test.
We shall also reveal how this hypothesis explains
the basis of vigour and all other vigour tests.

SEED AGEING/REPAIR HYPOTHESIS

Mean germination time as a measure of the rate
of germination was first suggested by Ellis and
Roberts, 1980 [29] and is calculated for a seed
lot as: ©nt/©n, where n is the number of seed
newly germinated to radicle emergence at time t
and on day ©n is the total of all germinating
seeds. This measure of the rate of germination is
in fact the average delay for a seed lot from the
start of imbibition to the time of radicle
emergence, as pointed out by [30]. This delay,
sometimes referred to as a lag period [31], was
described by [32] in aged rye embryos. She
explained this lag period as the time needed for
the metabolic repair of DNA damage before
germination could proceed. [30] suggested that
the longer lag period (higher MGT) seen in aged,
low vigour seed lots resulted from the need for
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Fig. 1. Seed survival curve, illustrating the position of seed lots on the curve a) before and b) after controlled

deterioration

more repair compared to unaged, faster
germinating (lower MGT) seed lots. This proposal
[30] was supported by the observation that in
many species where MGT was related to
emergence performance, the slow germinating lots
were more aged, as measured by accelerated
ageing or controlled deterioration [33].
Furthermore, lower temperatures prolonged the
lag period and increased MGT, although the
relative rates of germination between lots were
maintained. The greater delay to RE at the lower
temperature could be explained by slower,
therefore less, metabolic repair at a reduced
temperature.

Observations on the effect of priming can also
be explained on the basis of the hypothesis.
Aerated hydration priming of Brassica seed
reduced MGT through a shortening of the lag
period, which was greater in aged than unaged
seeds [34]. In tomato, reduced oxygen levels
down to 3% reduced the final germination to less
than 10% in unprimed seed and seeds primed in
polyethylene glycol for 3 days [35]. In contrast,
after 7 days priming germination was more than
80% in 3 % oxygen. Our interpretation would be
that oxygen was needed for metabolic repair early
in the germination process, but not later. Thus

the longer priming treatment enabled sufficient
repair for germination to proceed at 3% oxygen.
In addition, hydration treatments in air for 5
hours, followed by drying back to the initial seed
moisture content, significantly increased the rate
of RE in aged seed of maize [30] and radish [36].

A NEW VIGOUR TEST BASED ON RADICLE
EMERGENCE (RE)

Mean germination time (MGT) is determined
from many counts of RE over the germination
period of a seed lot. This does not lend itself to
application in routine seed testing. Single early
counts of RE have however been shown to be
highly predictive of MGT, with R’ mostly above
0.90 for seven species [33]. Work at the French
National Seed Testing Station (Wagner, personal
communication) has shown this for 17 species,
using an automated image analysis system to
determine MGT. A high early count of RE
indicates a low MGT and high vigour, leading to
rapid and high emergence in the field [33].

The rate of germination to the radicle
emergence (RE) stage has been found to relate to
the final emergence in the field or in modules of
seed lots from many species with high and
commercially acceptable levels of germination.
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This has been reported for maize [371, cotton [13],

[38], watermelon, melon and thcum er
F?EP:Z welll as oilseed rape [40] a.nd radish [41}:.'
Mor,e recently the close relationship bctx.,veenl R
and field emergence has been reported in China

for two fodder crop species, Avena sativa and
Elymus nutans [42].

Following international comparative tests in
a number of laboratories, the RE test has been
validated by ISTA for several species and is now
included in the International Rules for Seed
Testing (Table 3; ISTA, 2017). Comparative tests
have been completed for a further two species,
are planned for three species and work is in
progress in the ISTA Vigour Committee to
establish the test conditions for another six
species (ISTA Vigour Committee, 2016). In
addition, guidelines have been published to
enable individuals to investigate the development
of the test for new species that are not included
in the Vigour Committee’s Work Programme [31].

All tests of seed vigour, both validated and
non-validated (Table 2) can be explained in terms
of the ageing/repair hypothesis. In the cold test
for maize, counts of normal seedlings made after
holding seeds in saturated soil for 4 days
followed by 3 days at 25°C were closely related
to MGT at 13°C and the age of the seed assessed
by accelerated ageing [43]. The low temperature
and relatively low oxygen concentrations in the
cold test would reduce the metabolic repair in

aged seeds and hence the percentage of normal
seedlings.

Mean germination time summarises the
germination progress curve of a seed lot and
therefore the spread of germination over time
[40]. The more spread the germination, the more
variable is the size of the seedlings, since the
time between RE and seedling measurement
determines seedling size [44]. Support for this
suggestion is found in work on peppers [38],
maize [37] and Brassica napus (Argentine canola)
[45]. Thus differences seen in seedling growth
tests (Table 2) would have their origin in timing
of RE as result of ageing and repair, and the

subsequent time available for growth before
seedling assessment.

In the cool test, differences in the number o
normal seedlings of a specific size will, like iy
the cold test, be determined by the extent
repair of any deterioration in seed lots. [y
addition, differences in seedling growth wijj
result from differences in the timing of RE.

Conductivity measurements from bulks of
seeds will be determined by ageing of seeds
within the population. Seed leachates are higher
for lots with a high proportion of dead seeds,
seeds producing normal and abnormal seedlings
that are slower to RE, as seen in radish [36].This
work on radish also revealed a lower loss of
electrolytes into soak water when seeds had been
hydrated for 5 hours then dried back, suggesting
the possible repair of membranes during early
imbibition. The tetrazolium test reflects the
overall effect of ageing by evaluation of the
incidence and location of living, deteriorated and
dead tissue. Finally, the assessment of vigour by
imposing periods of rapid ageing in the
accelerated ageing and controlled deterioration
tests reflect the whole of the ageing process.

CONCLUSION

The approach to the development of new vigour
tests within ISTA has been to ensure that:

. tests have a sound theoretical background,
as described above,

. test results relate to a practical expression
of vigour e.g. field or module emergence,
storage potential

o tests have been developed using seed
material that is commercially available, i.e.
differences in quality are not artificially
created

e  they are repeatable within a laboratory and
reproducible between laboratories.

All these points are also contained in the ISTA
Method Validation Programme [46], a key feature
of test development throughout ISTA

Commercial developments in seed testing may
not always follow the approach above. Seed
testing laboratories will be aware of the
promotion of equipment that aims to speed up

Scanned with ACE Scanner




Seed Vigour: From Concept to Internationally Validated Test Methods

R e S A

SuiSe jo xredar xoy awurp

9AIND [eAIAINS
3y} uo 301 paas jo uonisod pue Jureldy

a8ewrep uonIqIqUIT
pue Surde Suimoroj anssi padewep
/pesp pue spaas peap wolj afexea]

9AIND [BAIAINS
3y} uo jo[ paas jo uonisod pue Jurely

jo AjamPnpuo)

souadrowd D [FEL S$INOY HFL

apIper % D,IF0T SIMoYy 99
(;.8, w0 gr)
ajeyoed] pass

skep ¢

(3893 uoneururald

10 +shep ¢) -dds

uo Jurpuadap

(s3ur[paas skep /1-01
[ewiouqe (3s9) uoneuruLIag
snid eurrou) +shAep ¢) -dds
Spaas pajeu uo Jurpuadap

-TwIad [e101 9 sAep /1-01
smoy g
smoy g
smoy %g
(,.3, . uo gr)
ajeyded] PIas
jo Kyaponpuo) smoy jg
s3urpaas
[EWLION % skep 11

(T102) 110C azIeN sAivu vaz

UOT}RIOLID}OP SSISSE
0] 3593 uoTjRUIWIdE

(£107) 910 03 @AneuId)fe se DY

poyowr Jursrer

(£102) 910C aImjstowr pajIpoON

(0102) 600T ‘dds vorssvig

(3d4y 1mqey)) eadyoryd

(¥102) €10C WNUNJALAY 43010

(1102) 0107 ueaqedog xvur auhlo

ueaq
uapred /uaaId /youaig

(0102) 6002 suv8na snjoasvyd

ead uapien

(2¢002) 100T wnayws wnsid

ueaqefog

(2002) 100T xvuk au1oh19

(39
ouadiowd JpPIpeY

(@d) uoner
-OLI9}9P PI[[0IIU0D)

(OH)
359} AjrAnonpuo)

(VV)
Sura8y pajerseddy

S3s9} pajeplfea VISI (V

sisayjodAy iredax
/8uide jo siseq ayj uo uomnejardiajug

pajrodar jmsay y38uay 383y,

(s?ny
VISI ur) poyjsuwr jo
pajepifeA  uonedyrpow /saradg

3593 InoJIA

stsayjod Ay 1redar/Burade ay jo siseq ayj uo uoyeue[dxa 13y} pue s3s33 M0S1A Jo Areunuang : g 3[qEL

Scanned with ACE Scanner



Seed Research

woH<YI3ua] 3001
+141000d Ay
yim s3urp

sSurpass 1a3[fews 3urAld Y SMOJS -pads [eULIOU JO
amjeradwa); 1omof je aredar 9j9[dwodu; ‘ou uo paseq %

Aynuoyun 10 3ud]
am Axp 3urpass
T Jo Surnum 9y} ur saduLIaIg ‘30 sarrep

sAep /

}s9) uoneu
-wiad jo p8ua]

saads uo Surpuadap

JAIND [RAIAINS s@urpaas
ay3 uo 30[ paas jo uonisod pue Jurely [EULION %
spoas

s3urppaas [eurIouqe SISEADUl  pedp 9 ‘Sul|
(suonTpuod diqorseue ul A[epadss pue) -paI9s JeurIouqe
amjeradwo) moy je tredar 9j9idwodu]  pue JeurIou %

anssiy pesap/3uial] jo uidled Spa9s snoxo31a %

‘uoryeurwdgd sAep
1z-/snid Surade
smoy (OyL-8¥

skep €1-01

smoy ¥g

D,1707 SIN0Y 8y

DolF0C S0y 0¢

(£102) 910¢

(£102) 910¢

(S100) ¥10¢

uonoy (Do81) 3593 00D
Anuiojrun
saads snorrep pue az1s Surpasg

Sure8e pajeraradoe
saads papass [ewg j[es pajeinjes

aZIRIN SAvuw vaZ (1LD) 1531 PIOD
5359} pajeprea-uoN (g
ueaqeAog xviu au1dA19 (Z1) wniozena]

ysipey
snayys snuvydvy

adex
pass[iQ sndvu voissvig

-+ pjuo) : g 3qeL

Scanned with ACE Scanner



Seed Vigour: From Concept to Internation

and/or replace traditional seed testing methods.
One such example is the costly Q2 seed analyser,
which measures oxygen uptake of single sceds
and claims to predict germination and vigour. The
claims for this equipment have been evaluated
by the ISTA Seed Science Advisory Group
(SSAG). The SSAG found (Powell, 2016) that on
the basis of the evidence provided, both by those
involved with the Q2 and that available in the
public domain, the claims made for use of the
Q2 in seed testing to predict germination and
vigour of commercial seed lots are not supported.
This highlights the need for those involved in
seed testing to be aware of the criteria outlined
above for the development of new vigour tests,
which help to ensure that a new approach is both
practical and useful.
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