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Stored RNA plays a key role in seed germination, especially after seeds long-term storage. This study 
aimed to assess the correlation between germination potential (GP) and RNA integrity in common 
bean (Phaseolus vulgaris L.) seed accessions stored at -18 °C for 19.25 to 43.75 years and in seeds 
subjected to artificial aging at high temperature (42 °C) and relative humidity (100%). The GP of long-
term preserved and artificially aged seed lots ranged from 3 to 100% and 38–87%, respectively. RNA 
integrity was evaluated using the RNA Integrity Number (RIN, Agilent Bioanalyzer software). RIN data 
suggested that: (1) Sample sizes for RIN analysis may need to vary based on the GP of the seeds; (2) 
RIN has the potential to predict physiological quality, especially in seeds with high GP; (3) RIN values 
by itself may not accurately reflect the rate of RNA degradation over time, necessitating comparison 
with a control to determine ΔRIN (the difference between the RIN values of the sample and the 
control); (4) ΔRIN has a significant positive correlation with GP. These findings highlight the potential 
of RNA integrity in seeds as a molecular marker for developing tests that complement germination 
tests.
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Gene banks safeguard the genetic variability of different plant species, which can be utilized in various fields 
of scientific research to meet both current and future needs of humanity. Typically, seeds are the germplasm 
samples preserved for long-term conservation in gene banks because they are the natural propagation units of 
many species, have high storability and allow the maintenance of wide intraspecific variation at low cost and in 
a safe manner1. Effective long-term seed conservation at -20 °C is possible only for species with orthodox seeds, 
which are seeds that can be dehydrated to low moisture content (≤ 10%)2.

Germplasm utilization depends on maintaining high levels of seed viability during conservation. The viability 
of preserved germplasm accessions over time must be periodically checked by monitoring the physiological 
quality of individual accessions and regenerating them when necessary3. Seeds stored for the long-term are 
monitored using germination tests4. However, this method does not detect the initial stages of seed aging, and 
it may take several years for a decline in germination ability to become evident5. As a result, studies have been 
conducted to identify molecules stored in seeds that degrade in a linear relationship with seed aging, allowing 
for a more accurate and early estimation of their different aging levels, including those preceding sudden drops 
in germination capacity. These markers would be of great value in seed conservation, as the transition between 
life and death in stored seeds often occurs subtly, with the typical signs of life only becoming visible when water 
is supplied6.

The loss of germination potential (GP) in orthodox seeds is the result of seed aging, which is associated 
with numerous forms of cellular and metabolic damage (membrane integrity, energy metabolism, and the 
impairment of DNA, RNA, and proteins) in which reactive oxygen species (ROS) play a prominent role7. DNA 
damage caused by ROS can be removed by specific repair functions. However, the same process does not occur 
with messenger RNA (mRNA), which is highly vulnerable to lesions caused by oxidation due to its single-
stranded structure, and, in general, mRNA lacks a specific repair mechanism8. In our previous studies, we 
observed slight variation in DNA fragmentation between young and old rice (Oryza sativa L.) and common 
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bean (Phaseolus vulgaris L.) seeds using the comet assay, and this variation differed depending on the degree of 
aging under storage9 or artificial conditions10. Moreover, we observed evidence of variation in the efficiency of 
the DNA repair system during seed imbibition. Kranner et al.11. observed a gradual degradation of DNA and 
RNA artificially pea (Pisum sativum L.) aged seed lots as seed viability decreased, but only the DNA showed a 
significant decrease in fragmentation after imbibition in seed lots with GP of 85%. These data demonstrated that 
the loss of RNA integrity in artificially aged pea seeds can be used as a marker of early degradation in aged seed 
lots.

Assessment of RNA integrity has the potential to be an accurate tool for monitoring the quality of seeds 
stored in gene banks because RNA integrity declines over time, and RNA damage can be detected before the 
loss of viability and germinability in seeds12. Studies have demonstrated a strong correlation between the RNA 
integrity number (RIN) and germination percentage13, with a linear reduction in the RIN occurring over time 
in the seeds of several long-term preserved species6. RIN is an RNA integrity index based on electropherogram 
profiles generated from high-performance automatic electrophoresis, and it accounts for the proportion of total 
RNA, the areas of 18 S and 25 S ribosomal RNA peaks and the proportion of the ‘fast’ area formed by small and 
fragmented RNAs14. RIN is a reliable and accurate RNA integrity measure that generates values ranging between 
1 and 10, with 10 indicating fully intact RNA samples and 1 indicating fully degraded RNA in human blood 
samples15.

The aim of this study was to evaluate RNA integrity in aged accessions. The results offer new insights into 
using RNA integrity as a tool for monitoring the viability of common bean seeds at intervals in germplasm 
collections.

Materials and methods
Long-term stored seeds
We analyzed 19 common bean accessions (Table 1) maintained at -18 °C with a water content of 5 to 7% for 
19.25 to 43.75 years at the Embrapa Base Collection, located at Embrapa Genetic Resources and Biotechnology 
(Brasília, DF, Brazil). These accessions were selected according to the storage time and the quantity of seeds 
available for GP and RIN analysis. The seed samples were kindly provided by Dr. Juliano G. Pádua, Embrapa 
Gene Bank supervisor and Embrapa Base Collection curator. Accessions were identified with BRA and numerical 
sequences issued by the Alelo documentation system. Information on the 19 accessions analyzed is available at 
https://alelo.cenargen.embrapa.br/index_en.html. Out of the 19 accessions, 10 were introduced into the Base 
Collection on two separate occasions (BRA 11723-4, BRA 11853-9, BRA 11961-0, BRA 12025-3, BRA 13046-
8, BRA 13303-3, BRA 16766-8, BRA 21296-9, BRA 24297-4, and BRA 114672-9), one was introduced three 
times (BRA 22058), and the remaining eight were introduced only once (BRA 11586-5, BRA 11682-2, BRA 
11686-3, BRA 11962-8, BRA 12313-3, BRA 12327-3, BRA 14873-4, and BRA 18257-6). Thirteen samples (BRA 
11723–4A, BRA 11723-4B, BRA 11853-9B, BRA 11961-0B, BRA 114672–9A, BRA 114672-9B, BRA 11586-5, 
BRA 11682-2, BRA 11686-3, BRA 12313-3, BRA 12327-3, BRA 14873-4 and BRA 18257-6) were selected for 
regeneration according to the current GP, i.e. samples with low GP (< 5%), intermediary GP (between 30 and 
74%) and high GP (> 85%). Between eight and sixteen seeds from each sample were used for regeneration in 
greenhouses, yielding between 129 and 414 fresh seeds per sample. These fresh seeds were then used to compare 
RNA integrity with the corresponding long-term preserved seed accessions.

A total of 230 seeds from each long-term preserved sample were removed from the Embrapa Base Collection 
for evaluation. Of these, 150 seeds were divided equally into three aluminum envelopes (3 × 50 seeds) for RNA 
extraction, and 80 seeds were placed into a single aluminum envelope for the germination test. For the regenerated 
samples, 75 seeds were analyzed, with 50 seeds placed into one aluminum envelope for RNA extraction and 25 
seeds into one aluminum envelope (Buckie and Moore, 70 × 150 cm) for the germination test. The envelopes for 
RNA extraction were stored at -20 °C (freezer) for two to six months, while the envelopes for germination test 
were stored at 4 °C (refrigerator) for two weeks to acclimatize the samples since this test is performed in room 
temperature.

Samples with the same number and different uppercase letters represent the same accession incorporated at 
least twice into the Embrapa Base Collection on different dates. GP = germination potential. VP (%) = viable plants 
during regeneration. N/A = not applicable. NR = not regenerated. ΔGP after regeneration = GP after regeneration 
– current GP. The probit was calculated transforming the proportion of current GP relative to initial GP into 
a probit value by applying the inverse of the cumulative standard normal distribution function. The storage 
time and initial GP data are represented by the mean, while the current GP and GP after regeneration data are 
represented by the mean ± standard deviation. Asterisk (*) represents no null difference from the Agresti–Caffo 
confidence interval with 95% confidence (CI 95%).

Freshly harvested common bean seeds from the cultivar ‘Estilo’ (87% of germination potential) were used to 
produce samples with different germination potentials through artificial aging treatment (see below). The freshly 
seeds were obtained from a farmer in Brasília who grows the cultivar for sale, then dried to 6% moisture content, 
sealed in aluminum bags, and stored at 20 °C until use.

High temperature and humidity treatment
Before carrying out the artificial aging at high temperature (42 °C) and relative humidity (100%) treatment, seeds 
of the cultivar ‘Estilo’ were placed in Kraft paper envelopes (Ipecol, 11.4 × 22.9 cm and 80 g/m²) and transferred 
to a Mangelsdorf germinator at 25 °C and 100% relative humidity (RH) for 24 h to increase their water content 
to facilitate aging. The initial and final water content were 8.17 ± 0.12 and 15.41 ± 0.88, respectively.

The treatment was performed according to the methods of Marcos Filho16 with modifications. One hundred 
and eighty seeds per aging treatment were uniformly distributed on a screen suspended inside acrylic boxes 
(11 × 11 × 3.5 cm) containing 40 mL of water. The boxes were sealed and then incubated at 42 °C for 48, 96, 
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120, 144 or 168 h. Usually, bean seed lots are artificially aged at 41  °C17–19, however, we had to increase the 
temperature (42 °C) to obtain seed lots with different GP. After each period, the seeds were stored in Kraft paper 
envelopes and kept in a drying chamber (20 °C and 30% RH) until they reached a moisture content between 
6.5 and 7%. The moisture contents were determined by the loss of fresh weight of 20 seeds in an oven at 105 °C.

After drying, the 160 seeds from each aging treatment were divided in two subsamples of 50 seeds and then 
stored in aluminized envelopes at -20  °C until total RNA extraction to assess RNA integrity. The remaining 
subsample of 60 seeds from each aging treatment was stored in the refrigerator (4 °C, and 30 to 50% RH) until 
the germination test was carried out to assess physiological quality.

Evaluation of germination potential
The germination potential was evaluated using 80 long-term preserved seeds (4 × 20) and 60 artificially aged 
seeds (3 × 20). The substrate used for germination was a Germitest® paper towel roll moistened with distilled 
water at a proportion of 2.5 times the weight of the dry paper. The Germitest® rolls moistened were put into 
unsealed plastic bags and placed in a BOD-type germinator at 25  °C. The percentages of normal seedlings, 
abnormal seedlings, and hard and nongerminating seeds were evaluated on the 9th day after sowing. Seeds 
considered not to have germinated were subjected to tetrazolium testing to determine their viability, according 
to Brasil20. The GP was defined as the sum of normal seedlings and hard seeds.

The differences between the GP values for each sample recorded at the time the seeds had been introduced 
at the Phaseolus Base Collection (Table 1) and the GP at the time of the present study experiments, as well as 
the differences among the GP values of artificially aged seed lots of the cultivar ‘Estilo’, were evaluated by the 
Agresti–Caffo method with a 95% confidence interval (CI 95%) using the R software21.

Accessions
(BRA code) Storage time (years) Initial GP (%) Current GP (%)

Probit (Current GP 
relative to initial 
GP) VP (%)

GP after regeneration 
(%)

ΔGP after 
regeneration 
(%)

11586-5 28.83 93 3 ± 2.88* -1,85 4 96 ± 8.94 93

11682-2 28.83 95 4 ± 2.50* -1,73 12 100 96

11686-3 28.83 92 30 ± 10.80* -0,45 25 100 70

11962-8 27.50 99 82 ± 2.88* 0,95 NR NR NR

12313-3 27.50 95 45 ± 4.08* -0,07 37 100 55

12327-3 27.50 100 74 ± 7.50* 0,64 50 92 ± 17.85 18

14873-4 24.16 90 65 ± 8.16* 0,59 69 100 35

18257-6 27.50 53 35 ± 5.77* 0,41 69 96 ± 8.94 61

11723–4A 27.50 90 89 ± 4.78 2,29 62 96 ± 8.94 7

11723-4B 25.83 99 97 ± 2.88 2,05 62 96 ± 8.94 -1

11,853–9A 25.83 97 98 ± 2.88 N/A NR NR NR

11853-9B 24.16 100 99 ± 2.50 2,33 87 96 ± 8.94 -3

11961–0A 43.75 66 94 ± 2.50* N/A NR NR NR

11961-0B 24.16 98 94 ± 6.29 1,74 62 92 ± 10.95 -2

12025–3A 35.50 85 62 ± 6.45* 0,61 NR NR NR

12025-3B 24.66 99 96 ± 2.50 1,88 NR NR NR

13046–8A 30.41 100 97 ± 5.00 1,88 NR NR NR

13046-8B 21.08 100 92 ± 6.45* 1,41 NR NR NR

13303–3A 43.75 97 96 ± 2.50 2,31 NR NR NR

13303-3B 24.16 100 100 N/A NR NR NR

16766–8A 27.50 100 94 ± 2.50* 1,55 NR NR NR

16766-8B 27.50 100 92 ± 8.66 1,41 NR NR NR

21296–9A 24.66 98 91 ± 4.78 1,47 NR NR NR

21296-9B 24.16 100 99 ± 2.50 2,33 NR NR NR

24297–4A 24,16 96 98 ± 2.88 N/A NR NR NR

24297-4B 24.16 98 97 ± 2.88 2,32 NR NR NR

114672–9A 28.91 98 96 ± 2.50 2,05 75 100 4

114672-9B 24.66 100 85 ± 7.07* 1,04 75 96 ± 8.94 11

22058–2A 39.33 95 90 ± 4.08 1,62 NR NR NR

22058-2B 28.75 100 97 ± 2.88 1,88 NR NR NR

22058–2C 19.25 94 92 ± 5.00 2,03 NR NR NR

Mean ± standard 
deviation 27.88 ± 5.57 94.42 ± 10.00 80.10 ± 27.29 - - 96.31 ± 4.46 -

Table 1. Accessions analyzed in the present study and their corresponding information on germination 
potential (GP) before and after storage at the Embrapa Base Collection and regeneration.
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The relationship between the current and the initial GP for each accession was calculated transforming the 
proportion of current GP relative to initial GP into a probit value by applying the inverse of the cumulative 
standard normal distribution function (Φ−1), as described below:

Probit = Φ−1 (Initial GP/Current GP)
where, Φ−1 is inverse of the cumulative standard normal distribution function, initial GP is initial germination 

potential of the accession, and current GP is current germination of the accession.

Total RNA extraction
Dry seeds that had been kept in aluminized envelopes at -20 °C were pulverized in liquid nitrogen using a grain 
grinder, followed by manual maceration in a RNAse-free mortar. Approximately 100 mg of powder from each 
sample was collected and stored in microtubes at -20 °C until RNA extraction.

Total RNA extraction was performed using PureLink™ Plant RNA Reagent (Thermo Fisher Scientific) and an 
Aurum™ Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad). PureLink™ Plant RNA Reagent was added (1 mL) to 
each 2 mL microtube containing 100 mg of pulverized seeds. After complete resuspension of the samples using 
a vortex, the microtubes were incubated horizontally at room temperature for 5 min to maximize the contact 
area between the sample and the reagent. The subsequent extraction protocol followed the manufacturer’s 
instructions. Total RNA samples were eluted in elution solution from Bio-Rad kit, then they were quantified, 
and their purity was assessed by spectrophotometry via a Nanodrop (Thermo Fisher), after which the samples 
were stored at -20 °C.

High-performance electrophoresis
The total RNA from each sample was diluted in RNase free water (Ludwig, Brazil) to approximately 100 ng/µL. 
Then, the RNA integrity number (RIN) of the diluted RNA was determined by high-performance electrophoresis 
on an Agilent 2100 Bioanalyzer using an Agilent RNA 6000 Nano kit (Waldbronn, Germany) and a Plant RNA 
Nano assay according to the manufacturer’s protocols. Agilent 2100 software (software version B.02.10, SI764, 
Agilent Technologies) was used to calculate the RIN. The mean RIN value of freshly harvested seed samples from 
the regeneration treatment was used as a standard (control) to estimate the decrease in the RIN of the long-term 
preserved seed samples during the period of preservation at the Embrapa Base Collection (i.e. ΔRIN = mean 
RIN of the sample – RIN of the control). A comparison of the RIN of the control with the RIN of the long-term 
preserved accessions and the comparison of the RIN of the artificially aged samples with that of the nonaged 
samples (0 h) was carried out via the Dunnett test (p < 0.05) using SPSS software.

Two sample sizes were performed to evaluate the impact of sampling on the RIN. All long-term preserved 
accessions had their RIN values obtained from one biological replicate with 50 seeds (1 × 50) that had three 
technical. Thirteen long-term preserved accessions were chosen to obtain RIN values from three biological 
replicas with 17 seeds (3 × 17).

The long-term preserved samples were grouped into five clusters by k-means clustering using SPSS software. 
The R2 values obtained with k-means groups are often higher than those from individual data due to reduced 
noise and variability, emphasizing general trends. K-means minimizes internal variability, centralizing values 
around averages and increasing correlations22. The mean ΔRIN was used as the criterion for clustering these 
samples because the RIN value by itself does not allow observing the degradation rate over the storage time. The 
correlation between the ΔRIN and GP was evaluated using linear regression (p < 0.05) with GraphPad Prism 
software.

Results and discussion
Physiological characterization of long-term preserved samples
The initial and GP recorded in 2022 (Current GP) are presented in Table 1. The 31 samples (i.e. introductions) 
of 19 accessions had been long-term preserved for an average of 27.88 years, varying from 19.25 to 43.75 
years. All of these accessions had high initial GP at the time they were incorporated in the Base Collection 
(mean ± standard deviation: 94.42 ± 10.00). The accessions were introduced one, two or three times during their 
conservation period for different reasons, including loss of viability or germinability and complementation of 
the number of seeds (Table 1). Three introductions exhibit increase in GP (BRA 24297–4 A: 96% of initial GP 
to 98% of current GP and 24.16 years of storage; BRA 11853–9 A: 97% of initial GP to 98% of current GP and 
25.83 years of storage; and BRA 11961–0 A: 68% of initial GP to 94% of current GP and 43.75 years of storage) 
and one current GP equal to the GP initial after storage (BRA 13303-3B: 100% of initial GP to 100% of current 
GP and 24.16 years of storage) (Table 1). However, only the introduction BRA 11961–0A had the initial and 
current GP different statistically using CI 95% and therefore this introduction was excluded from the analysis of 
GP and RNA integrity. This unexpected increase in germination ability in this introduction during storage could 
be due to the breaking of the initial physical dormancy after a period of storage, which is associated with a rapid 
water uptake and respiration rate23. For example, BRA 18257-6 regenerated seeds had an increase in GP after 
seeds scarification (from 48 to 96%) demonstrating the occurrence of a physical dormancy in a common bean.

In general, the mean current GP of the introductions was 94.42 ± 10.00 (mean ± standard deviation) after 
27.88 ± 5.57 years of storage (Table 1). The current GP ranged from 3% (BRA 11586-5) to 100% (BRA 13303-
3B). The probit analysis provided a standardized measure to evaluate germination retention across accessions, 
highlighting significant variability in seed viability. Accessions such as BRA 11586-5 (93% of initial GP to 3% of 
current GP) and BRA 11682-2 (95 to 4%) exhibit very low germination retention, resulting in highly negative 
probit values (-1.85 and − 1.73, respectively). These low values suggest pronounced viability loss, potentially 
linked to aging or inherent genetic factors. Conversely, accessions like BRA 11723–4A (90 to 89%) and BRA 
11853-9B (100 to 99%) demonstrate high retention, with positive probit values of 2.29 and 2.33, respectively, 
reflecting strong stability and longevity. These results align with studies indicating that seed longevity is affected 

Scientific Reports |        (2025) 15:12407 4| https://doi.org/10.1038/s41598-024-85030-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


by chemical composition, maturity, seed processing methods24 and genetic components since several genes or 
chromosome regions have been associated with greater seed longevity25–27. Accessions with high initial GP, such 
as 13303-3B (100% from 100%) and 24,297–4 A (98% from 96%), consistently display high probit values (2.33 
and 2.05), confirming that seed aging progresses more slowly in high-quality seeds under optimal conditions28.

The 13 regenerated samples had a mean GP of 96.92 ± 3.01% (Table 1). All accessions introduced into the 
gene bank had a GP ≥ 92%. The percentage of viable greenhouse-grown seedlings was lower for nine out of the 
13 regenerated introductions than the viability percentage in the GP (Table 1). This likely occurred because, 
upon germination, the seedling may grow normally, terminate at various stages of development, or exhibit an 
abnormal morphology resulting in a failure to survive; however, seedling establishment ultimately determines 
seedling vigor and crop yield29. It is also worth mentioning that the germination testing was carried out under 
controlled conditions to determine the maximum germination potential of a seed lot, and this does not occur 
when seedlings are grown in a greenhouse due to the different environmental conditions20.

GP of high temperature and humidity treatment samples
Artificial aging at high temperature (42 °C) and relative humidity (100%) treatment was used to produce extra 
samples with reduced GP but without genotype variation for analysis of RNA degradation using RIN. The GP 
of treated seeds decreased by as much as 38% after 168 h of aging, and differences in the GP values of the aged 
seeds were observed from 120 h of aging onward (Fig. 1). Three groups could be observed regarding the aging 
level: (1) samples aged for 48 and 96 h with a GP of 83,00 ± 5,77% and 80,00 ± 10,00%, respectively; (2) samples 
aged for 120 and 144 h with a GP of 62,00 ± 5,77% and 62,00 ± 2,88%, respectively; and (3) samples aged for 168 h 
with a GP of 38,00 ± 2,88% (Fig. 1).

The GPs in the artificially aged seeds gradually decreased by a mean of 4% between the initial aging periods 
(48 to 96 h) until they decreased more intensely at 120 h (25%) and 168 h (49%) in comparison to nontreated 
seeds (0 h), which had a GP of 87% (Fig. 1). According to Bernal-Lugo and Leopold30, seed aging is characterized 
by a sigmoid relationship between viability and time, in which a phase of no apparent change in seed vigor is 
followed by a phase of rapid onset of mortality. Our results do not allow us to state that the relationship between 
artificial aging in common beans and GP is characterized by a sigmoid curve, as it would require more aging 
periods to verify this; however, we observed a downward trend in GP as aging time increases.

RNA integrity evaluation
The number of seeds used to monitor long-term preserved seed germplasm is an important issue since the 
quantity must be large enough to properly represent the original sample GP and small enough to reduce the risk 
of allele loss since the GP test is a destructive method. The RIN used to monitor seed collections must also be 
evaluated considering the number of seeds to be used, but there is little information on the impact of sample size 
on the RIN. Tetrault et al.31 observed that a decline in RNA integrity number (RIN) can be detected in ‘Williams 
82’ soybean seeds stored at 5 °C within 10 years using an RNA monitoring test that consumes approximately 30 
seeds.

In the present study, we evaluated two sample sizes: one replicate of 50 seeds and three replicates of 17 
seeds. The RIN values are presented in Table 2. We expected more homogeneity when sampling 50 seeds of 
long-term preserved accessions that had a current GP < 5% and > 91%, since in theory, those could be more 
adequately sampled with smaller samples (34 and 49 seeds, respectively, with 95% confidence level) than those 
with GP between 30% and 90%, which required between 65 and 51 seeds, respectively32. We observed greater 
RIN variation between 17- and 50-seed samples of introductions that had a GP below 74% (mean ± standard 
deviation: 0.52 ± 0.17; data not shown) than those that had a GP above 74% (mean ± standard deviation: 
0.37 ± 0.15; data not shown). A smaller RIN variation (0.1) was found between samples of BRA 12327-3 [RIN 
(1 × 50): 6.50 ± 0.10; RIN (3 × 17): 6.40 ± 0.26], which had a current GP of 74% (Fig. 2). These data suggested 
that the sample size should be accounted when using the RIN as a marker, and sample sizes might have to vary 
according to the germination potential of the sample, as accessions with a GP ≥ 74% could be properly sampled 
from 17 seeds given that less variation in the RIN was observed. The RIN for BRA 11586-5 [RIN (1 × 50): 
5.76 ± 0.33 and 3% GP] was unexpected since the value was similar to that for accessions with a GP between 30% 
and 45% [BRA 12313-3 RIN (1 × 50): 6.73 ± 0.15, BRA 12327-3 RIN (1 × 50): 6.50 ± 0.10, and BRA 18257-6 RIN 
(1 × 50): 6.20 ± 0.00] and was dissimilar to that for other accessions with a low GP [BRA 11682-2 RIN (1 × 50): 
4.30 ± 0.42; GP = 4%]. This may be because whole-seed RNA was analyzed and seeds may maintain some level of 
RNA integrity even when they have already lost their GP6.

Control = regenerated samples. N/A = not applicable. RIN (1 × 50) = one biological replicate with 50 seeds 
that had three technical. RIN (3 × 17) = three biological replicates with 17 seeds. The storage time (years), ΔRIN 
and  ΔRIN.t−1  are represented by the mean, while the other data are represented by the mean ± standard 
deviation. Accessions with samples incorporated more than one time are represented with the same number 
and different uppercase letters. ΔRIN = difference between the mean RIN value of the samples and the mean of 
the control in RIN (1 × 50). ΔRIN.t− 1 = difference between the mean RIN value of the samples and the mean 
RIN value of the control by the storage time in years (RIN.year− 1) in RIN (1 × 50). Uppercase letters in the same 
row represent significant differences (p < 0.05) between the RIN values of the RIN (1 × 50) and RIN (3 × 17), 
according to the unpaired t test. Lowercase letters in the same row represent significant differences (p < 0.05) 
between the RIN values before [RIN (3 × 17)] and after regeneration according to unpaired t tests. Asterisks (*) 
represent significant differences (p < 0.05) between the control and Embrapa Base Collection samples.

The GP and RIN of 43 samples (long-term preserved accessions and regenerated samples) were evaluated 
in this study (Table 2). The long-term preserved accessions with a GP < 85% had a mean RIN of 6.18 ± 1.26, 
while the long-term preserved accessions with a GP ≥ 85% had a mean RIN of 7.68 ± 0.61 (Fig. 3), suggesting 
that samples with a high GP also have a high RIN. Thus, the RIN seems to have the potential to predict the 
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physiological quality of bean samples with high GP because RIN > 7 is considered indicative of high RNA 
integrity6. For example, regenerated BRA 18257-6 (RIN = 8.5) showed a GP of 48 and 96% before and after the 
scarification treatment, respectively, suggesting that the RIN reflects the physiological quality of introduction 
without the requirement for dormancy breaking during the scarification treatment. This approach could be used 
in initial trials, and in cases where the RIN was lower, a traditional GP test would be carried out to determine 
the GP of the sample.

We compared the RIN of three biological replicates of fresh seeds from the cultivar ‘Estilo’ to the mean RIN 
of three biological replicates of 13 regenerated introductions to establish a RIN control for long-term preserved 
bean seeds (Fig. 3). The RIN of the cultivar ‘Estilo’ was 9.47 ± 0.29, ranging from 9.2 to 9.9, while the mean RIN 
of the regenerated introductions was 8.98 ± 0.56, ranging from 7.8 to 9.8. No significant difference (p > 0.05) 
was observed between these groups. Therefore, it was assumed that a RIN value of 8.98 would correspond to 
the initial value of a common bean seed sample properly processed to be incorporated into a gene bank [i.e., > 
85%4], and it could be used as a control value.

Fig. 1. Germination Potentials (GPs) and RNA integrity number (RIN) from artificially aged seeds of 
Phaseolus vulgaris L at 42 °C for 48, 96, 120, 144 or 168 h. GPs and RIN are represented by bars and circles, 
respectively. Different lowercase letters represent no null differences in the Agresti–Caffo confidence 
interval with 95% confidence between GPs. Asterisks represent significant differences (*p < 0.05, **p < 0.01 
and ***p < 0.001) between RIN values of nonaged samples (0 h) and RIN values of artificially aged samples 
according to one-way ANOVA followed by Dunnett’s test.
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The RINs of the 13 regenerated introductions were determined both before and after regeneration. The mean 
RINs of these samples were 6.60 ± 1.54 before regeneration and 8.98 ± 0.56 after regeneration (Table  2). For 
most samples, the RIN significantly increased (p < 0.05) after regeneration compared to their respective values 
before regeneration. However, three samples (BRA 11853-9B, BRA 11961-0B, and BRA 114672–9 A) showed no 
significant increase, primarily because they already exhibited high RNA quality before regeneration, i.e. RIN > 76.

Afterward, the RIN was evaluated for 30 samples preserved at the Embrapa Base Collection (Table 1) and 
for two biological replicates of artificially aged samples, using pools of 50 seeds for each replicate. The mean 
RIN values of long-term preserved samples ranged from 3.93 (BRA 11686-3) to 8.73 (BRA 24297-4B), with a 
mean of 7.21 ± 1.12 (Table 2). These values indicate a reduction in the RIN during the storage time since the 
RIN values of the long-term preserved samples differed significantly (p < 0.05) from the value of the control 
(RIN = 8.98; Table 2), except the introductions BRA 24297-4B, 114672-9B and 114672-9B (p > 0.05). Conversely, 
the mean RIN values of the artificially aged samples were greater, ranging from 8.40 (48 h) to 7.32 (168 h). 
When comparing these RIN values with the mean RIN value determined for the nonaged seeds (0 h), there 
was a significant reduction (p < 0.05) [Fig. 1]. A decrease in RNA integrity, as measured by the RIN has been 
observed in seeds of different species aged under storage and artificial conditions. Fleming et al.6. reported a 
significant decrease in RNA integrity when analyzing the RIN values of Trifolium incarnatum L., Sorghum bicolor 
(L.) Moench, Carthamus tinctorius L. and Sesamum indicum L. seeds stored for 59 years at -12 °C. Saighani et 
al.33. reported a decrease in the RIN with a reduction in the germinability of artificially aged O. sativa seeds 
through controlled deterioration control (CDT). They also demonstrated that the RNA degradation process of 
rice seeds was induced for two weeks under CDT conditions at 36 °C and 80% RH.

The RIN value by itself may not show the RNA degradation rate of degradation over storage time, requiring a 
comparison with a control. The use of ΔRIN emphasizes deviations from a reference state, capturing meaningful 
biological variations while reducing baseline noise and seed lots effects. This improves the signal-to-noise 

Samples (BRA code) Storage time (years)
RIN
(1 × 50 seeds)

RIN
(3 × 17 seeds) RIN variation between samples size RIN after regeneration ΔRIN ΔRIN.t− 1

Control –– 8.98 ± 0.56 N/A N/A N/A –– ––

11586-5 28.83 5.76 ± 0.33* 5.27 ± 0.72ª 0.49 8.76 ± 0.75b -3.22 -0.111

11682-2 28.83 4.30 ± 0.42* 3.60 ± 0.00a 0.7 8.90 ± 0.10b -4.68 -0.162

11686-3 28.83 3.93 ± 0.05* 3.53 ± 0.41ª 0.4 9.16 ± 0.20b -5.05 -0.175

11962-8 27.5 6.13 ± 0.05* N/A N/A N/A -2.85 -0.103

12313-3 27.5 6.73 ± 0.15*.A 6.10 ± 0.17ª.B 0.63 9.73 ± 0.05b -2.25 -0.081

12327-3 27.5 6.50 ± 0.10* 6.40 ± 0.26ª 0.1 9.50 ± 0.10b -2.48 -0.090

14873-4 24.16 8.06 ± 0.05*.A 7.40 ± 0.10ª.B 0.66 8.93 ± 0.11b -0.92 -0.038

18257-6 27.5 6.20 ± 0.00*.A 6.46 ± 0.11ª.B 0.26 8.50 ± 0.40b -2.78 -0.101

11723–4A 27.5 7.26 ± 0.05* 7.53 ± 0.63ª 0.27 9.46 ± 0.05b -1.72 -0.062

11723-4B 25.83 7.16 ± 0.05*.A 7.37 ± 0.05ª.B 0.21 9.66 ± 0.23b -1.82 -0.070

11853–9A 25.83 7.06 ± 0.05* N/A N/A N/A -1.92 -0.074

11853-9B 24.16 8.05 ± 0.49* 8.46 ± 0.05 0.41 8.56 ± 0.45 -0.93 -0.004

11961-0B 24.16 7.88 ± 0.05* N/A N/A 8.80 ± 0.10 -1.10 -0.045

12025–3A 35.5 7.26 ± 0.05* 7.60 ± 0.78 0.28 N/A -1.72 -0.048

12025-3B 24.66 7.86 ± 0.05* N/A N/A N/A -1.12 -0.045

13046–8A 30.41 7.96 ± 0.05* N/A N/A N/A -1.02 -0.033

13046-8B 21.08 7.31 ± 0.44* N/A N/A N/A -1.67 -0.079

13303–3A 43.75 7.84 ± 0.25* N/A N/A N/A -1.14 -0.026

13303-3B 24.16 8.08 ± 0.08* N/A N/A N/A -0.90 -0.037

16766–8A 27.5 6.80 ± 0.17* N/A N/A N/A -2.18 -0.079

16766-8B 27.5 8.06 ± 0.65* N/A N/A N/A -0.92 -0.033

21296–9A 24.66 7.76 ± 0.11* N/A N/A N/A -1.22 -0.049

21296-9B 24.16 7.53 ± 0.05* N/A N/A N/A -1.45 -0.06

24297–4A 24.16 7.63 ± 0.05* N/A N/A N/A -2.48 -0.063

24297-4B 24.16 8.73 ± 0.05 N/A N/A N/A -2.05 -0.071

114672–9A 28.91 8.66 ± 0.05A 8.03 ± 0.23*.B 0.63 7.96 ± 0.15 -1.12 -0.058

114672-9B 24.66 8.40 ± 0.17 8.00 ± 0.26ª 0.4 8.76 ± 0.30b -1.35 -0.056

22058–2A 39.33 6.50 ± 0.00* N/A N/A N/A -0.25 -0.010

22058-2B 28.75 6.93 ± 0.05* N/A N/A N/A -0.32 -0.011

22058–2C 19.25 7.86 ± 0.05* N/A N/A N/A -0.58 -0.023

Mean ± standard deviation 27.65 ± 5.10 7.21 ± 1.12 6.60 ± 1.54 0.42 ± 0.19 8.97 ± 0.49 -1.77 ± 1.12 -0.06 ± 0.04

Table 2. The RNA integrity number (RIN) values of Phaseolus vulgaris L. long-term preserved accessions from 
the Embrapa Base Collection.
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ratio and highlights RNA integrity dynamics, such as degradation or recovery, which are more biologically 
relevant than static measurements34. ΔRIN better reflects the processes influencing GP and enhances statistical 
relationships, leading to stronger correlations and improved model fits35. Thus, ΔRIN is a sensitive metric for 
studies prioritizing relative trends over absolute measures.

The linear regressions between the GP and ΔRIN values of the long-term preserved and artificially aged 
samples are shown in Fig. 4. Linear regression revealed a positive and significant correlation between GP and 
ΔRIN for both groups (R2 = 0.8774 and p = 0.0189 for long-term preserved accessions, and R2 = 0.8859 and 
p = 0.0233 for the artificially aged cultivar ‘Estilo’). Previous studies have demonstrated a significant correlation 
by linear regression between germination and RIN values in long-term preserved or artificially aged seeds 
from other species. Fleming et al.13. studied the relationship between the RIN and the germination potential of 
soybean seeds (the ‘Williams 82’ cultivar) stored at -5 °C for 1 to 27 years. Linear regression revealed a stronger 
correlation between the total germination percentage and the mean RIN of cotyledons (R2 = 0.91, p < 0.0001) 
than between apparently healthy germination and the RIN of embryonic axes (R2 = 0.66, p = 0.0045). Saighani et 
al.33. demonstrated that the germination rates of three rice cultivars artificially aged by CDT or stored for 8 to 
11 years without CDT had a positive and significant correlation with the RIN (R2 = 0.75, p = 0.00053). The Fig. 4 
demonstrate a clear positive correlation between ΔRIN and GP, emphasizing the importance of RNA integrity 
in maintaining GP, while the difference in slopes suggests that the aging under storage conditions represented in 
Fig. 4B may be more responsive to molecular aging as measured by ΔRIN, and the slightly stronger statistical fit 
in Fig. 4A (higher R2) may indicate a more consistent or controlled dataset compared to Fig. 4B.

The comparisons between the current and initial GP of the same sample using the Agresti–Caffo 95% CI 
demonstrated that 18 of the 30 samples maintained a high GP, while 12 samples had a reduced GP. Both groups 
had similar mean storage times (27 years), but significantly different (p < 0.01) mean RIN (Fig. 5). This shows 
that the storage time acted differently in RNA degradation of these distinct groups. Fleming et al.13. suggested 
that time affects germination potential and RNA integrity in similar, but not identical, ways. We highlighted that 

Fig. 2. RIN variation between two sample sizes, (1 × 50 and 3 × 17 seeds) as germination potential (GP) 
increases. White bars represent the mean RIN for one replicate of 50 seeds. The gray bars represent the mean 
RIN for three replicates of 17 seeds. Circles represent GP. Red rectangle represents smaller RIN variation 
between sample sizes. Lowercase letters represent significant differences (p < 0.05) between the replicates 
according to unpaired t tests.
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Fig. 4. Linear regressions between the current germination potential (current GP) and ΔRIN of data from 
long-term preserved accessions clustered by k-means (A) and from the artificially aged cultivar ‘Estilo’ (B).

 

Fig. 3. Mean RIN values in long-term preserved samples that had a GP < 85%, long-term preserved samples 
that had a GP ≧ 85%, 13 regenerated samples and the fresh seeds (‘Estilo’ cultivar). In general, samples with a 
GP ≧ 85% had a RIN above 7, suggesting that the RIN might be a marker of high germination potential.
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Zhao et al.36. showed a mRNA degradation at a constant rate in stored seeds under the same conditions during 
aging in Arabidopsis.

We estimated the decrease in RNA integrity of the long-term preserved samples during storage at the Embrapa 
Base Collection using the RNA degradation rate (ΔRIN.t− 1). In general, the mean ΔRIN.t− 1 was − 0.06 ± 0.04 
RIN.year− 1 of storage (Table 2). Using this index, it was observed that the oldest sample [BRA 13303–3 A, 43.75 
years, GP (%) = 96.00 ± 2.50 and RIN = 7.84 ± 0.25] had a ΔRIN.t− 1 mean of -0.026 RIN.year− 1, and the most 
recent sample [BRA 22058–2 C, 19.25 years, GP (%) = 92.00 ± 5.00 and RIN = 7.86 ± 0.05] had a mean ΔRIN.t− 1 
of -0.058 RIN.year− 1, suggesting that RNA from the more recent sample was degraded more quickly than that 

Fig. 5. RIN comparison between accessions with high germination potential maintained (H.G.P) and 
accessions with reduced germination potential (R.G.P). Asterisks represent significant differences (**p < 0.01) 
between H.G.P and R.G.P using unpaired t tests.
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from the older sample. To predict the longevity limit, Tetreault et al.31. proposed the use of RIN decline values 
at the early stages of aging in long-term preserved seeds to optimize viability monitoring and regeneration. This 
approach enables the loss of valuable samples due to excessive testing or a lack of longevity limits to be avoided. 
Our data suggested that ΔRIN.t− 1 has potential to serve as a parameter for differentiating samples with similar 
GP and RIN values.

The RIN data suggest that RNA integrity could serve as a reliable predictive marker for seed viability in 
long-term preserved gene banks. By tracking RNA integrity, gene banks can better optimize seed regeneration 
strategies, thereby reducing the risk of sample loss due to degradation. This approach offers an alternative to 
germination testing, reducing the number of seeds analyzed. However, further research is required to investigate 
the relationship between RNA integrity and seed viability across various species, ensuring the broader applicability 
of this method. Additionally, understanding the molecular mechanisms that govern RNA degradation in stored 
seeds could provide valuable insights for enhancing storage conditions and extending seed longevity in gene 
banks. Previous research by Fleming et al.37 and Zhao et al.36,38 suggested that qPCR using two pairs of primers 
for specific transcripts may offer a more reproducible and accessible means of estimating RNA integrity. This 
other method could provide consistency across different laboratories and facilitate long-term monitoring of seed 
collections, offering a practical solution for gene banks worldwide.

Data availability
All data are disclosed in the manuscript. Further information on data can be directed to the corresponding 
author.
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