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Abstract

The Genebank Standards for Plant Genetic Resources recommend that genebanks periodi-
cally monitor the change in viability of their stored germplasm to ensure timely regeneration.
The Australian Grains Genebank (AGG) has been recording germination data on orthodox
seeds from tropical grain crops, stored under long-term storage (-20°C), for 40 years. Real-
time viability data, collated from germination tests carried out on seedlots which had been in
storage for a minimum of 20 years, from six agriculturally important grain crops (Sorghum
bicolor, Phaseolus vulgaris, Glycine max, Vigna radiata, Cajanus cajan and Vigna angularis)
was analysed by probit analysis. For each species independently, a common loss in viability was
observed for all seedlots showing a consistent decline in viability during storage; with observed
longevity estimates (o; time for viability to fall by 1 NED/probit) of 17.4, 30.7, 33.2 49.6, 48.8,
63.5 and years for Vigna angularis, Cajanus cajan, Phaseolus vulgaris, Glycine max, Sorghum
bicolor, and Vigna radiata, respectively. Common values of o were subsequently used to deter-
mine species-specific viability monitoring intervals, based on the results of the last germination
test. Dynamic monitoring intervals are a cost-efficient strategy that will avoid the over-use of
seed through too frequent viability monitoring whilst still ensuring the timely regeneration
of material. With funding shortfalls often reported as the main contributing factor to regen-
eration and viability testing backlogs, the ability for genebanks to maximise cost-efficiencies,
where possible, is paramount to secure the genetic integrity of stored germplasm; particularly
as collections continue to grow.

Introduction

Genebanks are essential for preserving biodiversity which is crucial for environmental sustain-
ability, climate adaptation, and future food security. They store the plant genetic resources used
by researchers and breeders in developing new, climate-resilient varieties. To meet future crop
improvement and productivity targets, the availability of high quality, highly viable, germplasm
is critical. Thus, it is recommended genebanks periodically monitor the change in viability of
their seedlots to ensure the timely regeneration of material and, subsequently, maintain its
genetic integrity. However, with viability monitoring one of the costliest genebank activities
(Hay and Whitehouse 2017), the ability to estimate how long a sample of seeds will main-
tain viability above a threshold is a valuable tool when trying to schedule testing to maximise
cost-efficiencies, particularly as collections grow.

Since the 1960, there has been a concerted effort to establish ex situ seed collections,
with a global total, to date, equating to approximately 1,750 collections, conserving around
7.4 million accessions (FAO 2010). With their establishment, came guidelines and standards
for the active management of their germplasm (IBPGR 1985; FAO 1994, 2014, 2022). The
current standards relating to viability monitoring, published by the Food and Agriculture
Organisation of the United Nations in the Genebank Standards (FAO 2014), recommends an
initial viability test is carried out within 12 months of the accession being received, with sub-
sequent monitoring intervals set at a third of the time predicted for viability to decease to 85%
(i.e. through the viability equations (Ellis and Roberts 1980)) — up to a maximum interval
of 40 years. If, however, this cannot be estimated; monitoring intervals should be every 5 or
10 years, depending on whether the species is expected to be short or long-lived (FAO 2014).
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Orthodox seed longevity increases systematically with the
decrease in temperature and moisture content and are, therefore;
expected to survive for a long period of time under genebank stor-
age conditions. However, despite this, whatever the environment;
and even when initial quality is high, some species are better at
maintaining viability in storage than others. These inherent (geno-
typic), inter-species, differences in seed longevity are quantified
by the Ellis and Roberts (1980) seed viability equation and results
from differences in the seeds’ sensitivity to change in moisture con-
tent at a constant temperature. However, as the inherent longevity
of only approximately 70 species is known (Hong et al. 1996; Demir
et al. 2009; SER/INSR/RBG Kew 2023), genebanks are forced to
rely on non-evidence-based viability monitoring intervals for the
management of their accessions, such as those recommended in
the Genebank Standards (FAO 2014). Whilst understanding inher-
ent (genotypic) differences in longevity is useful; seed longevity is
also heavily influenced by other factors, such as the pre- and post-
harvest environment (incl. the timing of harvest) and seed pro-
cessing operations (Whitehouse et al. 2020) which, subsequently
result in differences in longevity both between accessions (within
a species) and seedlots (within an accession). This makes it chal-
lenging when trying to adhere to “default” intervals, based on
predictions and/or expectations.

As many genebanks have now been operational for a few
decades, a wealth of viability information on their collections have
been collected. Data, relating to observed longevity and/or the
change in viability of accessions during storage has been pub-
lished by some genebanks (Walters et al. 2005; Lee et al. 2013; Van
Treuren et al. 2013, 2018; Hay et al. 2015, 2021; Ellis et al. 2018,
2019; Yamasaki et al. 2020). Much of the data shows variability in
the change in viability during storage between species and acces-
sions; with many genebanks alluding to the need to regenerate their
material more frequently than expected although; also showing
evidence of high viability being maintained for multiple decades
in many taxa.

The Australian Grains Genebank (AGG) is one of the largest
and most diverse crop genebanks globally, holding approximately
217,000 accessions from 1,250 species of temperate and tropical
cereals, legumes, and oilseeds. The tropical crops constitute around
25% of the total accessions and represent 38 genera: with Sorghum,
Common bean, Soybean and Mungbean being the main contribu-
tors — collectively accounting for 14,463 of the total 31,471 active
accessions (Table 1). Since the AGG Tropical collection began in
1984, periodic germination tests on seedlots have been recorded
resulting in a large, historical, dataset.

This study aimed to analyse the historical AGG viability data,
collated from germination tests carried out on seedlots that were at
least 20 years old (regenerated/accessioned in 2005, or earlier), to
assess the observed longevity of six tropical crops, under long-term
storage. The species with the largest number of accessions within
the AGG tropical collection were targeted — Sorghum bicolor (L.)
Moench, Phaseolus vulgaris L., Glycine max (L.) Merr, and Vigna
radiata (L.) R. Wilczek - along with Cajanus cajan (L.) Huth and
Vigna angularis (Willd.) Ohwi & H.Ohashi that, although not large
crop groups in the AGG, they are significant contributors within
global ex-situ holdings (WIEWS) (FAO 2024; Table 1). The aim was
to determine appropriate species-specific monitoring intervals to
benefit the global management of these crops - noting the inherent
longevity of both Cajanus cajan and Vigna angularis are currently
unknown.
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Table 1. Total number of active accessions within each crop group, and the
number represented by the six target species, currently conserved under long-
term (-20°C) storage at the Australian Grains genebank (AGG). The remaining
columns represent the total number of accessions conserved globally at both
the crop and species level. Global data at the crop level was extracted through
the World Information and Early Warning System on Plant genetic Resources
(WIEWS) (FAO 2024) and global data at the species level was accessed through
Genesys (https://www.Genesys-pgr.Org/)

No. of No. global

active acc. ex situ
Crops at AGG holdings Sp.  Genebanks Countries
SORGHUM 6719 190401 18 121 80
Sorghum 6662 148946 1 89 51
bicolor
BEAN 3368 174120 9 178 91
Phaseolus 3018 150404 1 110 60
vulgaris
SOYBEAN 2336 115400 20 106 74
Glycine max 2305 85992 1 96 48
MUNGBEAN 2040 33044 2 68 53
Vigna radiata 2070 21010 1 58 39
PIGEONPEA 366 29505 22 72 47
Cajanus cajan 366 17598 1 38 28
ADZUKI BEAN 341 8712 2 33 26
Vigna 340 3272 1 34 24

angularis

Materials and methods

AGG operates under long-term storage conditions, maintaining
seeds in sealed laminated-aluminium foil packets at equilibrium
with 15% relative humidity and — 20°C. Prior to 2014, the tropi-
cal collection was maintained, under the same conditions, at a site
in Biloela, Queensland. Accessions at AGG are originally acquired
through the importation from international genebanks or organ-
isations, or through domestic donation from Australian organ-
isations, with all subsequent multiplication and/or regeneration
cycle(s) undertaken at the AGG following current, best-practice,
standards for plant production. Therefore, many accessions are
represented by more than one seedlot which are numbered sequen-
tially with each cycle of regeneration. For example, the original
sample is represented as seedlot 1, and the current, active, seed-
lot is from the most recent regeneration cycle, using seed from
the previous cycle/seedlot. Thus, as the different seedlots within an
accession derive from the original sample of seed but, also exhibit
some degree of heterogeneity due to being regenerated at different
regeneration sites and/or in different years, they were considered
separately. To maximise the number of observations (germination
test results) per seedlot, we only included those seedlots which had
been received by the genebank (through acquisition or regenera-
tion) prior to 2006 and thus, have been in storage for a minimum
of 20 years.

Data

Accession inventory and viability data for Vigna angularis, Cajanus
cajan Sorghum bicolor, Glycine max, Phaseolus vulgaris, and Vigna
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Table 2. Summary of the historical viability monitoring data for six tropical crop species, including the number of the seedlots which had been in storage for a
minimum of 20 years, and which showed multiple observations. Of the total number of seedlots, from each species, that were re-tested in 2024, the maximum

storage period whereby seeds showed >90% viability is reported

No. seedlots in storage for >20 yrs

Maximum storage period

No. viability with >90% viability

Taxon Oldest seedlot Date range Total obs. 2 o0bs. 3o0bs. 4o0bs. 5obs. tested in 2024 when tested 2024
Vigna angularis 1991 1991 - 2024 803 307 27 0 0 339 29.1
Cajanus cajan 1967 1989 - 2006 582 68 119 9 0 196 25.2
Sorghum bicolor 1971 1991 - 2020 12170 2454 1316 17 0 1812 44.4

Glycine max 1973 1990 - 2012 3056 1196 484 0 0 500 34.4

Vigna radiata 1963 1991 - 2022 2589 174 272 252 18 680 45.5
Phaseolus vulgaris 1965 1989 - 2019 4941 669 321 11 0 334 37.8

Total 24141 3861

radiata were queried to identify only those accessions regener-
ated/accessioned prior to 2006, and with a minimum of two via-
bility results. The data fields included were: AGG accession num-
ber, taxonomy, biological status (e.g. traditional cultivar, landrace,
breeding material), regeneration year, regeneration site, date tested,
test result (%; germination) and germination test conditions. This
data was exported into separate Excel files for each species. At the
time of requesting this information, the date a seedlot entered stor-
age was not recorded, therefore a storage entry date was estimated,
based on harvest and processing timelines, according to the regen-
eration year. From this, the approximate storage time (in days)
was calculated by deducting the storage date from the viability test
date(s). Prior to analysis, any entries with missing, incomplete or
incorrect data were excluded.

Additional periodic testing

To increase the number of observations, and to get a better under-
standing of the current viability status of seeds from each species,
we completed an additional 3,861 germination tests in 2024, across
the six species (Table 2). For Vigna angularis, V. radiata and
Cajanus cajan; all active seedlots which were at least 20 years old,
and which already had associated viability data were able to be
tested. Due to the larger number of seedlots associated with the
remaining three species, only a proportion were able to be retested
in 2024. These seedlots were first selected based on the complete-
ness of inventory data, followed by time since the last test (min-
imum of 5 years) and on the quantity of seed available. Ability to
germinate was estimated with two replicates of 25 seeds, sown onto
germination paper (Anchor Paper Co.). They were incubated, fol-
lowing the species-specific germination protocols recommended
by the International Seed Testing Association (ISTA, 2023). Seeds
were classified as germinated when the radicle had emerged by at
least 2 mm.

Analysis

Change in ability to germinate during storage for each seedlot
was analysed using probit analysis in GENSTAT (23 Edition;
VSN International Ltd, Hemel Hempstead, UK), for each species;
thereby fitting the Ellis and Roberts (1980) seed viability equation:

v=Ki—p/o (1)

to estimate values for Ki (the theoretical initial viability in pro-
bits and providing the intercept of the fitted survival curves) and o
(the time it takes for viability to fall by 1 NED/probit). To suit this
dataset, storage periods were transformed in years, thus p (time)
and 1/0 (slope of the seed survival curve once percentages are
transformed to probits) were in units of years and 1/years, respec-
tively. With the potential for Ki and o to differ between seedlots, the
full model was first fitted simultaneously to each seedlot (i.e. dif-
ferent values of Ki and o) which revealed 3 patterns for change in
the ability to germinate with storage period: no change detected,
increase in the ability to germinate or a decline in the ability to
germinate.

To determine appropriate monitoring intervals, based on
observed longevity estimates, for each species; seed survival curves
were fitted only to those seedlots which showed a decline in the
ability germinate (i.e. assuming loss in viability) across a minimum
of three observations during storage. However, for Phaseolous vul-
garis and Vigna angularis the representative number of seedlots
adhering to these criteria was small, in relation to the total num-
ber of active accessions for the species. Therefore, seedlots with two
observations - but which had the first test carried out within two
years of storage and the subsequent test a minimum of 15 years
later — were also included in the analyses. The full model was fitted
simultaneously to each seedlot before fitting the reduced model,
constraining ¢ to a common value. The approximate F-test was
used to determine the best model (i.e. that can be fitted without
a significant increase in the residual deviance; p > 0.05). The esti-
mate of pgs (time for viability to decline to 85%) was also used as a
measure of longevity, with monitoring intervals set at a third of the
time for viability to fall to 85%, in accordance with the Genebank
Standards (FAO 2014)

Results

Of the total 31,471 active accessions within the AGG’s tropi-
cal collection, Sorghum bicolor, Glycine max, Vigna radiata and
Phaseolous vulgaris contribute the most accessions. Of the six tar-
get species, Sorghum bicolor accounts for the largest number of
accessions (6,662) and Vigna angularis the least number of acces-
sions (340) (Table 1). The entire dataset, combining the viability
data across all species, consisted of 24,141 observations (viabil-
ity test results) (Table 2). The date ranges of these observations
varied between species, with the earliest recorded tests carried

Downloaded from https://www.cambridge.org/core. IP address: 217.74.153.144, on 05 Oct 2026 at 04:23:20, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/5S1479262125100488


https://doi.org/10.1017/S1479262125100488
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Plant Genetic Resources: Characterization and Utilization 279
Il <85% Germination
/) 286% Germination
339 196 1812 500 680 344
100 +

X 80+

&

e

3

@ 604

(7]

o~

[}

5

£ 40+

o

Q- E

& %

20 ?
0
P ] $ 2 Pl
N N sy B L

Figure 1. Proportion of seedlots showing a viability above (pat- @)\'a .?',\'bo “D\o ‘QQ,& @& \}Q@
tern) or below (solid) the viability threshold of 85% on their first (b‘bo o ,0\)6\ \_\G 2 0:;\
(black/left) and most recent germination test result, carried out in é‘\ 0-—'& 0\9 © A\g @0\
2024, (grey/right) for each species. The numbers represent the total < 9 Q‘Q&

number of seedlots tested from each species.

out between 1989 and 1991 (Table 2). Similarly, the total number
of observations also varied between species and between seed-
lots, with some seedlots showing up to five observations (Table 2).
Furthermore, of the total number of active seedlots within each
species, the proportion that were at least 20 years old, and which
showed multiple observations during storage, was variable (Table 1
and 2). For example, 334 of the total 340 active Vigna angularis
accessions were at least 20 years old and showed multiple observa-
tion data — equating to 98% of the data. However, for Vigna radiata
this proportion equated to only 33% of the total number of active
accessions (Table 1 and 2).

The number of seedlots, for each species, which underwent a
germination test in 2024 is recorded in Table 2. These tests provided
evidence of seeds showing > 90% viability after at least 25 years
under genebank storage, for all species (Table 2). For Sorghum
bicolor and Vigna radiata, > 90% viability was recorded in seeds
even after 44 years under long-term storage at the AGG. Of those
tested in 2024, the proportion which showed above and below
the viability threshold of 85% varied between species (Figure 1).
Phaseolus vulgaris and Vigna radiata had the greatest proportion
of accessions showing above 85% viability when tested in 2024,
compared to the other species. In fact, these proportions did not
change much, compared with the proportion of accessions show-
ing >85% on the initial test, despite the average storage time of 28.9
and 28.6 years for Phaseolus vulgaris and Vigna radiata, respec-
tively. For all other species, the proportion of seedlots showing a
viability below 85% was greater when tested in 2024 compared
to their first test — carried out at least 20 years earlier (Figure 1).
Based on the 2024 germination result, Cajanus cajan has the great-
est proportion of accessions requiring regeneration, with only 4
showing a viability >85% after an average of 36.2 years in storage.
For Vigna angularis, Sorghum bicolor and Glycine max; the propor-
tions requiring regeneration following their recent 2024 viability

Table 3. Total number of seedlots from each species whose viability monitoring
data were analysed by probit analysis, and the pattern for change in the ability
to germinate with storage period: no change detected, increase in the ability to
germinate or a decline in the ability to germinate, identified

No. No Increase Decrease
Taxon seedlots change in viability in viability
Vigna angularis 331 9 41 281
Cajanus cajan 128 0 2 126
Sorghum bicolor 1333 12 425 896
Glycine max 484 2 228 252
Vigna radiata 543 9 250 284
Phaseolus 603 72 230 299
vulgaris

test result are 58, 45 and 61%, respectively (Figure 1). Vigna angu-
laris saw the greatest increase in the proportion showing <85%
between the two test results, with only 8% of accessions showing
a viability <85% on their first test compared to 57.5%, 24.5 years
later.

Longevity analysis

All seedlots that had been in storage for a minimum of 20 years,
and which had at least three observations (viability results) dur-
ing storage, were subjected to probit analysis. For Vigna angularis
and Phaseolus vulgaris, seedlots with two observations (with the
first test carried out within two years of storage and the subsequent
test a minimum of 15 years later) were also included. The total
number of seedlots analysed for each species is shown in Table 3.
All species showed extreme variability, between seedlots, with the
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Figure 2. Variation in slope (1/o) amongst the seedlots for each of the six target species. Estimates of o were derived by fitting probit analysis simultaneously to successive

germination results carried out during storage at the AGG, for each seedlot.

change in ability to germinate during storage — some showing
an increase in viability and some showing a decrease in viability
with storage time (Table 3; Figure 2). There was also evidence of
some seedlots maintaining viability during storage (i.e. showing no
change in ability to germinate) in all species, except Cajanus cajan.
The proportion of seedlots (based on the total analysed) which
showed the expected negative trend (decline in viability) during
storage was at least 50% for each species; with Cajanus cajan and
Vigna angularis showing the greatest proportion of 98 and 85%,
respectively (Table 3). Amongst the seedlots analysed for Sorghum
bicolor, Vigna radiata and Glycine max, the majority showed shal-
low slopes (Figure 2) with Sorghum showing evidence of the slowest
rate in viability loss of — 0.00146 normal equivalent deviates (NED)
year™! (o0 = — 6849.3 years). Contrastingly, amongst the species,
the fastest rate of viability loss (o) varied from — 0.7 years (Glycine
max) to — 5.2 years (Cajanus cajan). The variation in slopes differed
between species, with seedlots of Sorghum bicolor varying between
extremes of loss in viability of — 0.22 normal equivalent deviates
year ~! (o = — 4.4 years) to an increase in the ability to germinate of
0.33 normal equivalent deviates a year! (o = 3.3 years). As another
example, for Vigna angularis this variation in ability to germinate
ranged from a loss of — 0.42 normal equivalent deviates a year™!
(0 = — 2.4 years) to an increase of 0.14 normal equivalent deviates
ayear ! (o = 7.2 years) (Figure 2).

Survival curves for those seedlots, within each species, that
showed a consistent decline in viability during storage (Table 3)
were fitted by probit analysis, applying both the full and reduced
models (Equation 1). For all species, seedlots could be con-
strained to a common slope (o) without a significant increase in
the residual deviance (P > 0.05) (Figure 3; Table 4), with the

survival curve in Figure 3 representing the seedlot with the greatest
longevity (i.e. the highest value of Ki and common value for o = !).
(Figure 3). Despite this, differences in seed longevity were apparent
between the species — shown by the different common values in ¢
(Table 4). The species which showed the greatest longevity under
long-term storage was Vigna radiata, with a sigma value (o0 = time
it takes for viability to fall by 1 probit) of 63.5 years. Sorghum
bicolor showed the second highest longevity with a loss equat-
ing to — 0.02 normal equivalent deviates year ™! (o = 49.6 years)
(Table 4). These two species, which ranked the highest in terms
of observed longevity under genebank storage at the AGG, is
consistent with their predicted longevities — estimated using the
species-specific viability constants for Sorghum bicolor (Kuo et al.
1990) and Vigna radiata (Ellis et al. 1988), on the seed informa-
tion database (SER/INSR/RBG Kew 2023) (Figure 4). Based on
the predicted longevities, which can also be estimated for Glycine
max (Dickie et al. 1990) and Phaseolus vulgaris (Ellis et al. 1990),
Glycine max - with a predicted longevity of 353.9 years - is
shorter lived compared with Phaseolus vulgaris (6 = 1667 years)
(Figure 4). However, this was not supported by the observed
longevity of these species under long-term storage at the AGG
(Figure 4), with Glycine max showing a longevity of 48.8 years -
close to Sorghum bicolor — and Phaseolus showing a longevity of
33.2 years (Table 4; Figure 3). The inherent longevities for Vigna
angularis and Cajanus cajan are unknown thus, longevity predic-
tions were not possible (Figure 4). However, based on the observed
longevities, these two species showed a shorter longevity com-
pared with the other four species, with Vigna angularis showing the
shortest at just 17.4 years (Table 3; Figures 3 and 4). Interestingly,
despite the observed differences in longevities between the species,
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Figure 3. Historical viability data from seedlots of Vigna angularis, Cajanus cajan, Phaseolus vulgaris, Glycine max, Sorghum bicolor, and Vigna radiata which had been in
storage for a minimum of 20 years, plotted against storage time. Only those seedlots which showed a decline in viability, across at least three observations (viability results)
during storage, were analysed by probit analysis. The asterisk (*) represents the species where seedlots showing two observations (with the first test carried out within two
years of storage and the subsequent test a minimum of 15 years later) were also included in the analyses. Probit analysis revealed the rate of loss in longevity (1/o) did not
significantly differ between seedlots (p > 0.05); thus, the survival curve represents the seedlot showing the greatest longevity (highest value of Ki and common value for o7%).

The arrows show the variation in Ki (initial quality) amongst the seedlots. The dashed line represents the 85% viability threshold, below which regeneration is triggered.
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Table 4. The results of fitting the viability equation (Ellis and Roberts 1980; equation 1) to those seedlots where a decline in viability during storage was detected.
For all species, seedlots could be constrained to a common value of o; without a significant increase in the residual deviance compared to the best-fit model
(P > 0.05). The slope of the seed survival curve (1/c) and the time it takes for viability to fall by 1 NED/probit (o) are transformed in years, and the minimum and
maximum K; amongst contrasting seedlots is shown for each species, respectively. Of those seedlots analysed, the maximum storage period observed, as well as

the maximum storage period after which seeds showed evidence of >90% viability, is reported

Min. Ki (ts.e.) Max. Ki (ts.e.) 1/o (ts.e.) o Max. storage period Max. storage period with >90% viability
Taxon (NED) (NED) (years™) (years) (years) (years)
Vigna angularis 0.39 (0.09) 3.46 (0.28) -0.0576 (0.0010) 17.4 29.1 29.1
Cajanus cajan -1.01 (0.11) 2.10 (0.12) -0.0326 (0.0004) 30.7 39.2 16.0
Sorghum bicolor -1.52(0.12) 2.87 (0.26) -0.0202 (0.0003) 49.6 329 32.9
Glycine max - 0.01 (0.08) 2.24 (0.15) -0.0205 (0.0004) 48.8 344 343
Vigna radiata 0.49 (0.07) 2.70 (0.25) -0.0157 (0.0005) 63.5 32,5 32,5
Phaseolus vulgaris 0.37 (0.09) 3.02 (0.26) - 0.0301 (0.0007) 33.2 37.8 37.8
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Figure 4. Observed, common values of sigma for each
species (as presented in Table 4), derived by fitting the 204 6
Ellis and Roberts (1980) viability equation through pro- 1000
bit analysis to successive germination data (grey bars).
Predicted values of sigma (o; years) for the four species
where the viability constants are known. These predictions -
were estimated using the species-specific viability constants 0 T T T T T T T 0
for Sorghum bicolor (Kuo et al. 1990), Glycine max (Dickie @ & O ar ,,5&'7’ N
) . . N > P ¥ 2
et al. 1990) Vigna radiata (Ellis et al. 1988), and Phaseolus @) c_,o 3 0@, & 0\0.’
vulgaris (Ellis et al. 1990) on the Seed Information Database 'bo _’b(\‘) 0‘5‘ \O Q'b 0;;3
(SER/INSR/RBG Kew 2023). The numbers represent the level \q(‘(b o® (§ &) 4"0-' 60\
of ranking - from the highest (1) to the lowest (6) observed S O Q‘(\g

longevity.

there was evidence of seeds maintaining high viability (>90%)
for the maximum storage period recorded within each species,
with exception to Cajanus cajan (Table 4). The longest period of
storage Cajanus cajan seeds have shown to remain above 90% is
16 years, out of the maximum 39.2 years, under long-term stor-
age, compared with the remaining species which show evidence of
maintaining high viability for at least 29 years (Table 4).

Observed germination during storage is highly variable
between seedlots, even at the beginning of, or prior to, storage
(Figure 3). This explains the variation seen in the estimates of
Ki (theoretical initial viability) which were determined for each
seedlot simultaneously (Table 4; Figure 3). For all species, there is
evidence of seeds achieving an initial viability >98% (equivalent
to 2.0558 NED). However, each species also had seeds which
showed a considerably low initial viability, below 85% (equivalent
to 1.0364 NED), with the lowest recorded in Sorghum bicolor
with an NED equating to an initial viability of approximately
6.4% (Table 3, Figure 3). The current viability of a seedlot (either

from an initial, or periodic germination test) can be used, in
conjunction with the common values of o (Table 4), to determine
appropriate seedlot-specific monitoring intervals for each species
(calculated as per Equation 1) (Table 5). The monitoring intervals
have been calculated based on the estimated time for viability to
fall to 85% (pgs) — as this is the most widely accepted viability
threshold for cultivated crops used by genebanks. Amongst the
species, the monitoring interval for seeds showing a high viability
(>98%) ranges from 5.9 years for seeds of Vigna angularis (which
showed the lowest common estimate of o; Table 4) to 21.5 years
for Vigna radiata (Table 5). As the viability of the seed’s decline,
the monitoring interval becomes more frequent, for all species.

Discussion

Maintaining high accession viability is a critical management
priority for genebanks therefore, it is advised they carry out ger-
mination tests periodically to monitor viability during storage to,
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Table 5. The recommended monitoring intervals (years) for each species, based on the viability result of the last germination test, and estimated using the common value of o estimated from fitting the Ellis and
Roberts (1980) viability equation to the observed germination data, by probit analysis. The monitoring intervals are calculated at a-third of the time it would take for viability to fall to 85%
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Vigna angularis Cajanus cajan Sorghum bicolor Glycine max Vigna radiata Phaseolus vulgaris

Viability monitoring monitoring monitoring monitoring monitoring monitoring
result Pss interval Pss interval Pss interval Pss interval Pss interval Pss interval
(%) (years) (years) (years) (years) (years) (years) (years) (years) (years) (years) (years) (years)
98 17.6 5.9 313 10.4 51 17.0 49.8 16.6 64.5 21.5 34.2 114
96 12.5 4.2 30.0 10.0 35.6 11.9 34.8 11.6 45.4 15.1 23.7 7.9
94 8.7 2.9 16.5 5.5 26.5 8.8 25.2 8.4 329 11.0 17.4 5.8
92 6.3 2.1 11.2 3.7 18.6 6.2 18.4 6.1 23.4 7.8 12.3 4.1
90 4.2 14 7.6 2.5 123 4.1 12.5 4.2 15.6 5.2 8.2 2.7
88 23 0.8 4.1 1.4 7.0 2.3 7.1 24 8.5 2.8 4.7 1.6
86 0.9 0.3 1.6 0.5 2.3 0.8 2.9 1.0 25 0.8 1.6 0.5
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subsequently, ensure the timely regeneration of material. Whilst
the importance of collecting and recording viability data is well
known, many genebanks cease testing once a seedlot has been
replaced by newly harvested seed and only retain the current
(most recent) germination result. It has only recently become
apparent how important complete data collection is, not least in
terms of assessing longevity, as; without retaining all historical
data it is impossible to identify trends with respect to changes
over time. Historical viability data highlights many inconsisten-
cies in terms of how the collection was managed over time: from
missing/incomplete data, to changes in germination protocols (test
procedures, temperature regimes and dormancy-breaking treat-
ments) throughout storage (Ellis et al. 2018, 2019; Whitehouse
et al. 2020; Hay et al. 2021). Probit analysis, carried out on all
seedlots, within each species simultaneously, revealed a substantial
proportion which showed an increase in the ability to germinate
during storage (Table 3). This is likely to have resulted from the
lack of control of hardseededness, which was not consistently con-
trolled for by scarification in earlier germination test procedures;
and/or a result of there being an improvement in the germination
protocol which deemed more effective in promoting viable seed
germination than previously.

Seedlots from the six target species that showed a decline in
viability during the minimum 20-year storage period (Table 3)
could be constrained to a common value of ¢ (p > 0.05), when
fitting probit analysis to successive germination results (Table 4;
Figure 3). This equated to observed longevity estimates of 17.4,
30.7, 33.2 49.6, 48.8, 63.5 and years for Vigna angularis, Cajanus
cajan, Phaseolus vulgaris, Glycine max, Sorghum bicolor, and Vigna
radiata, respectively (Table 4; Figure 3). Understanding inter-
species differences in seed longevity is critical to the sustain-
ability of genebank collections. There have been many papers in
the literature which report inter-species differences in longevity
under genebank storage (Walters et al. 2005; Lee et al. 2013; Van
Treuren et al. 2013, 2018; Hay et al. 2015, 2021; Ellis et al. 2018,
2019; Yamasaki et al. 2020) — with some providing longevity esti-
mates/correlates at the genus (Ellis et al. 2019) and family level
(Walters et al. 2005). At the genus level, the observed longevity for
the two species of Vigna analysed in this study were far from sim-
ilar, with Vigna radiata showing the greatest longevity of the six
species analysed, and Vigna angularis showing the lowest longevity
(Table 4) - equating to a difference in longevity of 46.1 years
between the two species. Similarly, when seeds were stored at
a higher temperature and humidity of — 1°C and 30% RH for
30 years, longevity periods (measured by median survival time,
estimated by Weibull distribution) of 14 and 26 years were reported
for Vigna angularis and V. radiata, respectively (Yamasaki et al.
2020). Differences in longevity, due to variation in rate of viability
loss (0) between species, were also reported for five genera con-
served under medium-term storage conditions at the International
Livestock Research Institute (ILRI) (Ellis et al. 2018).

In comparison to the observed species longevities reported
here, Walters et al. (2005) who used the Avrami equation to
model germination re-test data from 276 species held in the USDA
National Plant Germplasm System collection, reported ps, esti-
mates of 457, 53, 32 and 31 years for Vigna radiata, Sorghum bicolor,
Glycine max and Phaseolus vulgaris, respectively (Walters et al.
2005). In comparison, the highest estimates of ps, observed for
these species at the AGG (calculated from the observed longevity
estimates for the seedlot from each species which showed the great-
est longevity (i.e. highest value of Ki and common estimate of
0)) were greater for Sorghum bicolor (psy = 142 years), Glycine
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max (psy = 109 years) and Phaseolus vulgaris (ps, = 100 years)
(Table 4, Figure 3). However, interestingly, the four species followed
the same ranking - from highest to lowest longevity (Figure 4).
The lower longevity of seeds stored at the USDA, compared with
the AGG, is likely to be a result of the difference in storage condi-
tions as seeds conserved at the USDA were previously stored at a
higher temperature (5°C), prior to 1978 when they were transferred
to — 20°C (Walters et al. 2005). Other research from Yamasaki et al.
(2020) at the NARO genebank, analysed 30 years of germination
monitoring data collated from seedlots of Vigna angularis, Vigna
radiata, Sorghum bicolor, Glycine max and Phaseolus vulgaris, using
the Weibull distribution. They reported inter-species differences
in longevity periods (estimated from the medium survival time;
MST) of 14, 26, 25.5, 15.8 and 31 years for each species, respectively,
when stored at — 1°C and 30% RH (Yamasaki et al. 2020).

Based on a review of the historical viability data from seven
of the CGIAR (the Consortium of International Agricultural
Research Centres) genebanks, seeds of Cajanus cajan, Sorghum
bicolor and Phaseolus vulgaris were reported to have maintained
high viability (>95%) after 32.9, 32.3 and 27.2 years, respectively,
under long-term storage conditions (Hay et al. 2021). In compar-
ison, at the AGG, we also saw evidence of Sorghum bicolor and
Phaseolus vulgaris seeds showing a similar viability (>95%) after
30.8 and 35.7 years. However, for Cajanus cajan, we only observed
seeds maintaining such a high viability for 16 years at the AGG
(Table 4). As the storage conditions are the same at both genebanks,
it is likely that the lower longevity of seeds observed at the AGG is
likely to be due to poor seed quality at the time of storage. Evidence
of this was shown by the large proportion (73.8%) of seeds show-
ing a viability below the 85% threshold on the first germination
test, with this proportion increasing to 98% when the same seedlots
were retested in 2024 (Figure 1). Considering this evidence and, as
the inherent longevity of this species is unknown, we caution that
estimated observed longevity of 30.7 years (o; Table 4) for seeds
of Cajanus cajan, is an underestimation of loss in viability under
long-term genebank storage.

Species-specific constants for the improved viability equations
(Ellis and Roberts 1980), quantify the inherent longevity of a
species. These have been determined for approximately 70 species,
including: Sorghum bicolor (Kuo et al. 1990), Glycine max (Dickie
et al. 1990), Vigna radiata (Ellis et al. 1988) and Phaseolus vul-
garis (Ellis et al. 1990). Based on these predictions, Vigna radiata
is the longest lived (0 = 6226 years) followed by Sorghum bicolor
(0 = 5802.2 years), Phaseolus vulgaris (6 = 1667 years) and finally;
Glycine max (o = 353.9) (Figure 4). The results presented here
also confirm Vigna radiata to be the longest lived, compared to the
other three species, followed by Sorghum bicolor. This seems to be
consistent with other studies relating to observed longevity dur-
ing genebank storage (Walters et al. 2005; Yamasaki et al. 2020).
However, Glycine max showed a higher observed longevity under
genebank storage at the AGG compared with Phaseolus vulgaris,
which is inconsistent compared with the predictions (Table 4;
Figure 4). These observed differences in longevity between the four
species, consistent with at the AGG, was also supported by Walters
et al. (2005). They reported the highest observed longevity in Vigna
radiata (ps, = 457), followed by Sorghum bicolor (psy = 53) and
Glycine max (psy = 32), with Phaseolus vulgaris (psy = 31) show-
ing the lowest longevity (Walters et al. 2005). Further support of
this was also reported in more recent research by Ellis ef al. (2018)
who also reported Phaseolus vulgaris seeds were longer lived com-
pared with Glycine max, when stored under medium term stor-
age (5°C) at the International Livestock Research Institute (ILRI).
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Probit analysis fitted to successive germination results for these
species resulted in an estimate of longevity of 31.4 and 20 years for
Phaseolus vulgaris and Glycine max, respectively (Ellis ef al. 2018).

It is important to note that the observed longevity of all four
species, with known viability constants, stored at the AGG is lower
compared with the predictions (Figure 4). Whilst not disputing the
value of the viability equations for making longevity predictions,
there is - as with any prediction - error associated with parame-
ter estimates. Not least because these equations rely on the initial
germination test as a measure of true viability when, in fact, it is
only an estimate (Hay and Whitehouse 2017; Lee et al. 2019; Hay
et al. 2021); but also because of the equations assume o does not
vary amongst seedlots within a species. This is continuously being
disputed in literature with research showing variation in the rate of
viability loss between seedlots within a species (Hay and Probert
1995; Hay et al. 2015; Whitehouse et al. 2015; Whitehouse 2016)
and/or genotype (Ellis et al. 1992). As a result, it is a challenge
for genebank managers to estimate appropriate viability monitor-
ing intervals at the accession/seedlot level, based on the initial
germination result, using the viability equations. Furthermore,
to put this in perspective, based on the predicted longevity for
Sorghum bicolor, Glycine max, Vigna radiata and Phaseolus vulgaris
(Figure 4); monitoring intervals (calculated at a-third of the time
for viability to fall to 85%) should be set to 2,901, 118, 2,075,
556 years for each species, respectively. Given that we have shown
real-time evidence of seeds showing <85% after as early as between
20 and 40 years under optimum, long-term, storage conditions for
all species (Figure 1); such extreme, and infrequent monitoring
seems risky. Whilst this implies that the species-specific parameters
may not be as robust as previously thought (Whitehouse et al. 2018;
Lee et al. 2019), it also highlights the importance of maximising the
initial quality of seeds prior to genebank storage to subsequently
ensure optimal storage longevity — as higher quality seeds have a
greater lifespan compared with lower quality seeds (Whitehouse
et al. 2020 and references therein).

Based on the observed species longevities presented here
(Table 4; Figure 3), the monitoring intervals — set at a-third of the
time it takes for viability to fall to 85% — depend on the viability
result from the most recent germination test (Table 5). This makes
monitoring intervals dynamic which will avoid the over-use of seed
through too frequent viability monitoring whilst still ensuring the
timely regeneration of material and, subsequently, limiting damage
to genetic integrity. Thus, incorporating viability equations into the
genebank information database — and when inserting the latest via-
bility result — will generate more precise predictions of longevity on
a seedlot basis, for that specific crop. This will make it easier to pri-
oritise and schedule viability retests, as well as to address viability
backlogs.

The results from real-time, long-term, viability monitoring
increases our understanding of the observed longevity of our
germplasm which is critical for genebanks to makes evidence-
based management decisions; especially for those species where lit-
tle is known about their inherent longevity. The six tropical species
in this report, collectively account for 14,761 active accessions
within the AGG however, the global total consists of approximately
427,222 accessions, conserved across a total of 425 genebanks
in 250 countries (FAO 2024; Table 1). These results, therefore,
have much wider implications on the global management of these
species, providing an evidence-based viability monitoring schedule
(Table 5) which can be incorporated into the standard operat-
ing procedure (SOP) for accession-based viability monitoring; in
alignment with FAO Genebanks Standards.
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To conclude, analysis of historical viability data, collated
through germination tests to monitor seedlot viability at the AGG,
has identified the observed inter-species differences in longevity
for six tropical species stored under long-term genebank storage
conditions (—20°C). The analysis relied on the ability of the germi-
nation test procedure to provide a true representation of seedlot
viability, with seeds showing a true loss in viability over time
(Table 3). Based on those seedlots analysed, observed longevity
estimates were determined and subsequently used to set prelimi-
nary viability monitoring intervals for each of the species, based
on the results of the last germination test. As long as genebanks
continue to collect viability data and work in collaboration to
share information on seed longevity our understanding of the
observed longevity of species will continue to grow, aiding the
general prediction models and subsequently optimising species-
specific accession-level management — which is imperative to the
global conservation of plant genetic resources.
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