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RESUMO: Sementes recalcitrantes são sensíveis à dessecação e às baixas temperaturas de 
armazenamento, mas há um gradiente de recalcitrância entre espécies diferentes e entre 
populações da mesma espécie. Portanto, a tolerância à secagem e às baixas temperaturas, 
bem como as taxas respiratórias de sementes podem ser condicionadas pela procedência 
do material. No presente trabalho objetivou-se avaliar a relação entre os níveis de secagem, 
a tolerância a baixas temperaturas e as taxas respiratórias de embriões de Inga vera 
procedentes de diferentes regiões de coleta.  Os embriões foram submetidos a três níveis 
de secagem e incubados por até quinze dias a -4, -2, 2 e 5 °C. Em seguida, foram avaliados 
quanto à respiração, germinação e condutividade elétrica. Verificou-se a possibilidade 
de congelamento a -4 °C desses embriões desde que associado a determinados níveis 
de secagem e consequente mudança no estado energético da água. Concluiu-se que as 
condições nas quais os embriões são formados condicionam seu grau de maturação na 
dispersão e sua tolerância à dessecação e ao congelamento.
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*Corresponding author
E-mail: cjbarbedo@yahoo.com.br

Received: 1/5/2021.
Accepted: 5/27/2021.

1Universidade Ibirapuera, Avenida 
Interlagos, 1329, 04661-100 – São 

Paulo, SP, Brasil.

2Instituto de Botânica, Núcleo de 
Pesquisa em Sementes, Av. Miguel 

Stéfano, 3687, 04301-902 – São 
Paulo, SP, Brasil. 

ABSTRACT: Recalcitrant seeds are sensitive to desiccation and low storage temperatures, 
but there is a gradient of recalcitrance between different species and between populations 
of the same species. Therefore, tolerance to drying and low temperatures, as well as the 
respiratory rates of seeds, can be conditioned by the source of the material. The present 
study aimed to evaluate the relationship among desiccation and low temperature tolerance, 
and respiratory rates of Inga vera embryos from different regions. The embryos were 
submitted to three drying levels and incubated for up to fifteen days at -4, -2, 2 and 5 °C. 
Then, they were evaluated for respiration, germination and electrical conductivity. The 
embryos tolerated freezing at -4 °C since they were associated with certain levels of drying 
and a consequent change in the energy status of water. In conclusion, the conditions in 
which the embryos are formed define their degree of maturation at dispersal, hence their 
tolerance to desiccation and freezing.

Index terms: Leguminosae, recalcitrant seeds, storage.
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INTRODUCTION

The biggest current challenge faced by seed storage is to maintain the viability of seeds sensitive to desiccation for 
prolonged periods. As their water content cannot be reduced to values that substantially reduce their metabolism and 
that of associated microorganisms, the two major storage tools, namely drying and freezing, cannot be used for these 
seeds (FAO, 2014; Barbedo, 2018; Silva et al., 2018; Mayrink et al., 2019). 

Sensitivity to seed desiccation is not a situation of absolute extremes, but a gradient that ranges from the most 
sensitive (or most recalcitrant) to the most tolerant (or most orthodox). It is also influenced by factors such as genetics, 
seed formation conditions and degree of maturation during seed dispersal (Daws et al., 2006; Walters et al., 2013; 
Walters, 2015; Barbedo, 2018). 

Previous studies on the deterioration processes of these seeds, therefore, must take these factors into account, 
including materials from different origins, crops and degrees of maturity. Different responses with recalcitrant seeds 
of the same species have often been reported in the literature, e.g., those described for Inga vera Willd. subsp. affinis 
(A.D.) T.D. Pennington, whose seeds are among the most sensitive to desiccation and with the shortest longevity known 
to date (Bonjovani and Barbedo, 2008; Lamarca et al., 2013; Pereira et al., 2020). 

Seed deterioration is inevitable, but its effects can be reduced by decreasing water content and temperature to 
reduce metabolic activity, with effects on the respiration rates of embryos (Marcos-Filho, 2015). Furthermore, seeds 
stored with high water contents are susceptible to damage caused by freezing temperatures, which can result in loss of 
viability (Bonjovani and Barbedo, 2008). 

Insufficient knowledge about the factors involved in behavioral differences has been a major obstacle to storage 
and conservation of species with desiccation-sensitive seeds, especially in restoration programs and in germplasm 
banks (Pereira et al., 2020). Seeds of Inga vera subsp. affinis have proved to be an excellent tool for this type of 
research (Bilia et al., 2003), especially in studies on intolerance to desiccation and low temperatures, respiratory rates 
under different conditions, responses to the application of metabolism inhibitors, action of associated microorganisms, 
among other aspects. This is because they are extremely sensitive to desiccation and have interesting biochemical 
and physiological responses, such as variations in respiratory rates under different conditions (Andréo et al., 2006; 
Bonjovani and Barbedo, 2008; Caccere et al., 2013; Lamarca et al., 2013; Bonjovani and Barbedo, 2014; Lamarca and 
Barbedo, 2015; Parisi et al., 2016, 2019; Bonjovani and Barbedo, 2020; Pereira et al., 2020). 

In the present study, assuming that environmental conditions are decisive for the maturation stage in which the seeds 
are dispersed and, consequently, for the characteristics of the embryos, the objective was to evaluate the relationship 
among drying levels, tolerance to low temperatures and the respiratory rates Inga vera embryos, by assessing embryos 
from different collection regions.

MATERIAL AND METHODS

Embryos of Inga vera subsp. affinis were collected from mature fruits (Andréo et al., 2006; Bonjovani and 
Barbedo, 2008) in January and February from matrices located in Ribeirão Vermelho (RIB), MG (21° 11’ S, 45° 03’ W 
and 780 m; Cwa), Piracicaba (PIR), SP (22° 43’ S, 47° 38’ W and 558 m; Cwa), São Paulo (SAP), SP (23° 38’ S, 46° 37’ W 
and 785 m; Cwb) and Pariquera-Açu (PAR), SP (24° 37’ S, 47° 53’ W and 28 m; Af). Meteorological data for the period 
between maximum flowering and collection of ripe fruits were gathered at meteorological stations located close to 
the collection areas for calculation of cumulative rainfall (mm) and degrees-day (°C d), the latter following equations 
proposed by Villa Nova et al. (1972), considering the base temperature of 10 °C. In the laboratory, the fruits were 
opened manually to remove the seeds, whose integument (sarcotesta, typical of seeds of species of the genus Inga 
– Braz et al., 2012) were removed to obtain the embryos. These were characterized in terms of water content, water 
potential, dry weight content, germination, electrical conductivity and respiration, as described below.
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Water content and dry weight content were determined gravimetrically by the oven method at 103 °C for 
seventeen hours, with results expressed on a wet basis (Brasil, 2009). Water potential (MPa) was measured in a WP4 
potentiometer (Decagon Devices, Pullman), based on the dew point temperature of the air in equilibrium with the 
tested sample (Bonjovani and Barbedo, 2014). The germination test was carried out on a paper roll, in BOD chambers, 
model 347 CD (Fanem, São Paulo), at 25 °C and continuous light. The evaluations were performed every two days for 
36 days; data was recorded on the number of embryos that emitted primary roots (to calculate germination) and those 
that produced normal seedlings, and average germination time was calculated (Santana and Ranal, 2004; Guardia et 
al, 2020). The first primary root emitted was considered as germination; only one primary root unit was counted, since 
there was no occurrence of polyembryony.

Electrical conductivity (EC) was determined using a benchtop digital conductivity meter MA150 (Marconi, 
Piracicaba), calibrated to 146.7 μS.cm-1. For this purpose, ten embryos were placed in plastic cups 300 mL, containing 
75 mL of deionized water, and then incubated in BOD-type chambers at 20 °C, in the absence of light. The evaluations 
were made after 24 hours of incubation, and the results were calculated based on the dry weight of the sample, 
providing the conductivity per unit of dry weight (μS.cm-1.gDW-1, according to Barbedo and Cicero, 1998).

The respiratory rates of embryos from Inga vera were evaluated using an Illinois 6600 gas analyzer (Illinois 
Instruments, Inc., Johnsburg), with embryos incubated in respirometers (0.6 L glass vials, hermetically sealed), in 
the absence of light, for five days, to determine the percentage by volume of O2 and CO2. This data was used to 
determine the rates of O2 consumption and CO2 release expressed in µmol.gDW-1.d-1 (Lamarca and Barbedo, 2012). 
The respiratory quotient (RQ = CO2 released/O2 consumed) was calculated according to the equation described 
by Kader and Saltveit (2002). Supplementary evaluations were performed every five days, in a total of ten and 
fifteen days of incubation. Such evaluations were carried out on the same embryos, that is, an evaluation with five 
days of incubation, another with ten days and another with fifteen days of incubation; the latter two were called 
supplementary evaluations. For this purpose, the vials were opened every five days for rebalancing with normal 
atmosphere and closed again for incubation to continue.

Embryos from different collection regions were subjected to different drying levels and different incubation 
temperatures. After the control sample (no drying) was removed, the embryos were subjected to two levels of 
intermittent drying in a forced air circulation oven, in simple layers without overlapping. The levels were alternated: 
ten hours at 30 ± 1 °C and fourteen hours at 22 ± 2 °C (Bonjovani and Barbedo, 2008), until their water contents were 
close to 53% (level 1) and 46% (level 2), which are reference values for sensitivity analysis to desiccation of embryos of 
Inga vera (Bonjovani and Barbedo, 2008; Lamarca and Barbedo, 2015). 

Thus, three levels of drying were achieved. At the end of each drying period, the water content and water potential 
of the embryos were determined again, as described above. Then, ninety embryos (three replicates of thirty embryos 
each) of each drying level were incubated for fifteen days in respirometers (described above) at -4 °C, -2 °C, 2 °C and 
5 °C, in the absence of light, for assessments of respiratory rates. Respiratory rates were assessed at five, ten and 
fifteen days of incubation, as described above. At the end of the last evaluation (fifteen days), samples of the incubated 
embryos were evaluated for germination and electrical conductivity, as described above. 

The experimental design was completely randomized, in a 3 x 4 factorial scheme (drying levels x incubation 
temperatures), with three replications. Analyses were performed separately for each collection region and the data 
underwent analysis of variance (F test) at 5%. When pertinent, the means were compared with each other by Tukey’s 
test, also at 5% (Santana and Ranal 2004). Simple correlation coefficients were also calculated for all sampling regions 
and drying levels across data on water content, water potential (in module), germination, development of normal 
seedlings and electrical conductivity at incubation temperatures of -4 °C, -2 °C, 2 °C and 5 °C, with the significance of r 
values determined by the t-test at 5% (Santana and Ranal 2004).
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RESULTS AND DISCUSSION

The period between the maximum flowering and the collection of ripe fruits of the I. vera embryos in the 
different regions ranged from 96 to 115 days, and the cumulative degrees-day, from 1,424 to 1,739 °C day. In both of 
them, there was a variation of less than 20%, despite a large variation in the rainfall regime, from 591 to 1,361 mm 
(Table 1). The values of water content (close to 60%), dry weight (ca. 0.3 g.embryo-1), water potential (ca. -1 MPa), 
germination, development of normal seedlings (close to 100%) and electrical conductivity (ca. 11 µS.cm-1.gDW-1) of 
embryos from different regions (Table 1) are similar to those commonly found for the species. However, mean time 
to germination showed an important difference, especially for RIB embryos that germinated more slowly (Table 1). 
The consumption values of O2, consumption, CO2 release and RQ (Table 1) suggest a high but balanced respiratory 
activity, without major differences between O2 and CO2.  

The water content of the embryos after drying was similar to the target values (Table 2), especially after the first 
drying (drying level 1). The initial values (Table 1) were actually very similar to those found at the time of setting up the 
experiments (Table 2). This result indicates negligible variation during the period between harvesting and the beginning 
of the experiments. Water potential, in turn, was also reduced, as with water content, but not homogeneously (Table 2).

Embryos that were not dried and those from all collection regions did not germinate after fifteen days of incubation 
at -4 °C, but all of them germinated at -2 °C (Table 3). Drying to level 1 allowed some embryos from RIB and PIR to 
survive at -4 °C, but not those from SAP and PAR. On the other hand, drying up to level 2 promoted greater freezing 
tolerance, increasing the percentage of RIB and PIR embryos that not only survived, but also produced normal seedlings, 
especially those from PIR (Table 3).

The respiratory rates of the embryos decreased as the incubation temperature decreased for embryos from all collection 
regions, a fact that did not occur for their drying levels (Table 4). In some situations, RQ was close to 1, while in others, there 
was an increase or decrease (Table 5), ranging from 0.52 (probable non-respiratory oxidation) to 2.84 (probable anaerobic 
respiration), indicating a change in the respiratory pattern, with changes in both temperature and drying level.

Table 1. Collection regions and initial characterization of newly collected Inga vera embryos.

Characteristics of embryo-collecting
Region RIB PIR SAP PAR
Fruit ripening cycle (days) 107 96 115 106
Degree-day (°C day) 1,485 1,424 1,605 1,739
Rainfall (mm) 652 591 1,361 896
Water content (%) 58.4 ± 0.1 62.3 ± 1.3 56.3 ± 1.5 61.2 ± 1.9
Water potential (MPa) -1.38 ± 0.08 -1.30 ± 0.21 -0.82 ± 0.14 -0.91 ± 0.09
Dry weight (g.embryo-1) 0.44 ± 0.02 0.33 ± 0.06 0.26 ± 0.02 0.25 ± 0.03
Germination (%) 100 ± 0 100 ± 0 100 ± 0 98 ± 3
Normal seedlings (%) 90 ± 5 98 ± 3 100 ± 0 98 ± 3
Mean time (days) 6.15 ± 0.15 3.90 ± 0.30 3.45 ± 0.15 3.86 ± 0.21
Electrical conductivity (μS.cm-1.gDW-1) 11.77 ± 2.74 11.71 ± 0.49 11.18 ± 2.23 11.56 ± 1.88
O2 consumption (μmol O2.gDW-1.d-1) 123.97 ± 11.45 167.48 ± 19.26 150.96 ± 19.66 161.83 ± 12.55
CO2 release (μmol CO2.gDW-1.d-1) 98.14 ± 2.33 149.29 ± 13.15 133.91 ± 18.65 132.47 ± 10.05
Respiratory quotient (CO2.O2

 -1) 0.80 ± 0.07 0.89 ± 0.02 0.89 ± 0.01 0.82 ± 0.01
RIB: Ribeirão Vermelho; PIR: Piracicaba; SAP: São Paulo; PAR: Pariquera-Açu.
Mean values accompanied by standard deviation.
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Table 2. Values found for water content and water potential of Inga vera embryos before (no drying) and after two 
levels of drying.

Collection region Drying level Water content (%) Water potential (MPa)

Ribeirão Vermelho
No drying 58.6 ± 0.9 -1.10 ± 0.08

Level 1 53.4 ± 2.3 -2.69 ± 0.44
Level 2 43.8 ± 1.1 -4.71 ± 0.43

Piracicaba
No drying 63.4 ± 1.1 -1.15 ± 0.17

Level 1 53.0 ± 2.2 -2.99 ± 0.31
Level 2 47.6 ± 0.9 -4.69 ± 0.19

São Paulo
No drying 56.1 ± 1.9 -0.77 ± 0.24

Level 1 54.1 ± 4.1 -2.41 ± 0.05
Level 2 50.3 ± 1.0 -3.05 ± 0.40

Pariquera-Açu
No drying 59.2 ± 1.6 -0.89 ± 0.15

Level 1 55.3 ± 1.1 -2.33 ± 0.05
Level 2 49.4 ± 2.9 -3.50 ± 0.47

Mean values accompanied by standard deviation.

Electrical conductivity (EC) was higher in embryos that were not dried, regardless of the collection region, after 
fifteen days of incubation at -4 °C. As both incubation temperature (-2 °C, 2 °C and 5 °C) and drying levels (levels 1 
and 2) were increased, EC values decreased (Table 5). The results for EC showed the embryos whose cell membrane 
system integrity was ruptured or preserved with drying and freezing at -4 °C. For the embryos from RIB and PIR, it 
is evident that drying levels 1 and 2, especially the latter, favored the preservation of membrane system integrity, 
something that did not occur for the embryos from SAP and PAR (Table 5). At the other incubation temperatures at 
-2 °C, 2 °C and 5 °C, the increase in temperature corresponded to the preservation of cell membrane system integrity 
for all regions of collection. Furthermore, the EC results were similar to those of germination and development of 
normal seedlings (Tables 3 and 5). 

The results of the initial characterization showed that, although all the fruits had been collected when they were 
ripe, their embryos showed maturation differences: those of RIB, for example, were closer to physiological maturity 
than the others, because: a) although the embryos from all regions had very high water content, above 50%, typical for 
species of the genus Inga (Mata et al., 2013; Schulz et al., 2014), those from RIB had the lowest water potential. This 
result indicates more binding sites, therefore a better structured matrix (Vertucci and Farrant, 1995); b) the embryos 
accumulated more dry weight (Marcos-Filho, 2015); c) they had a lower respiration rate, indicating that they were among 
more mature embryos (the more mature, the lower the respiratory rate, Araujo and Barbedo, 2017) and embryos that 
had already started germination (the more advanced in germination, the higher the respiratory rates, Hell et al., 2019); 
d) they had the longest mean germination time, indicating that they had not started germination before harvest, which 
is relatively common for embryos of this species (Andreo et al., 2006; Bonjovani and Barbedo, 2020).

Embryos from other regions were collected during their germination process, as average germination time for 
all of them is much shorter than those of RIB, and could not be explained by greater vigor, because as stated above, 
RIB embryos would be the most advanced in the process of maturation and, therefore, the most vigorous. The SAP 
embryos had been harvested at an advanced stage of maturation, but they were not mature enough, because although 
they were released from the plant with the lowest water content, they had little dry weight accumulation and little 
formation of the cellular matrix structure, because the water potential indicates the presence of a great deal of free 
water, even with a lower water content.
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Table 3. Germination and development of normal seedlings from Inga vera embryos with different drying levels and 
submitted to different incubation temperatures for fifteen days.

Region of 
collection Level of drying

Temperature (°C)
Means

-4 -2 2 5
Germination (%)

RIB

No drying   0 cC 100 aA 97 aB 100 aA –
Level 1 30 bC 100 aA 97 aB 100 aA –
Level 2 83 aB   83 bB 87 bA   70 bC –

Coefficient of variation 15.38%

PIR

No drying   0 cC 93 aB 100 aA 100 aA –
Level 1 30 bC 93 aB 100 aA 100 aA –
Level 2 87 aD 93 aB   90 bC 100 aA –

Coefficient of variation 13.75%

SAP

No drying 0   87   97 100 71 c
Level 1 0   97 100 100 74 b
Level 2 0 100 100 100 75 a
Means     0 D      94 C       99 B    100 A

Coefficient of variation 5.57%

PAR

No drying 0 aD   90 cB   83 cC 100 aA –
Level 1 0 aB 100 aA 100 aA 100 aA –
Level 2 0 aC   93 bB   97 bA   97 bA –

Coefficient of variation 6.15%
Normal seedlings (%)

RIB

No drying   0 cD   87 bC 93 aB 97 aA –
Level 1 13 bD 100 aA 93 aC 97 aB –
Level 2 53 aC   53 cC 73 bA 60 bB –

Coefficient of variation 13.36%

PIR

No drying   0 cD 90 bC 97 aB 100 aA –
Level 1 10 bC 93 aB 97 aA   97 bA –
Level 2 77 aD 87 cC 90 bB   97 bA –

Coefficient of variation 11.34%

SAP

No drying 0 87   97 100 71 b
Level 1 0 93 100   97 73 a
Level 2 0 93   90   97 70 c
Means    0 D    91 C      96 B      98 A

Coefficient of variation 7.03%

PAR

No drying 0 83 80   97 65 c
Level 1 0 93 97 100 73 a
Level 2 0 90 97   93 70 b
Means     0 D     89 C     91 B      97 A

Coefficient of variation 9.33%

RIB: Ribeirão Vermelho; PIR: Piracicaba; SAP: São Paulo; PAR: Pariquera-Açu.
Means followed by the same letter (lowercase in columns, uppercase in rows) do not differ (Tukey, 5%).
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Table 4. Oxygen (O2) consumption and production of carbon dioxide (CO2) of Inga vera embryos at different drying 
levels and incubated for five days at different temperatures.

Region of 
collection Level of drying

Temperature (°C)
Means

-4 -2 2 5

O2 consumption (µmol O2.gDW-1.d-1)

RIB

No drying 13.59 20.93 16.25 22.52 18.32 a

Level 1 12.93   9.43 19.65 22.80 16.20 b

Level 2 11.54   9.84 17.06 20.79 14.81 c

Means     12.69 D     13.40 C     17.65 B     22.04 A

Coefficient of variation 37.66%

PIR

No drying 22.63 17.29 29.41 54.43 30.94 a

Level 1 23.11 12.12 29.55 34.80 24.90 b

Level 2   7.07   7.03 11.03 15.86 10.25 c

Means     17.61 C     12.14 D     23.33 B     35.03 A

Coefficient of variation 74.13%

SAP

No drying 4.54 cD 7.25 cB   7.14 cC 22.79 aA –

Level 1 5.66 bD 9.44 aC 16.83 bA 16.79 cB –

Level 2 7.96 aD 8.45 bC 19.66 aB 19.87 bA –

Coefficient of variation 32.86%

PAR

No drying 21.43 20.42 34.49 36.58 28.23 b

Level 1 14.63 18.94 33.64 32.14 24.84 c

Level 2 20.56 23.82 31.90 40.27 29.14 a

Means     18.88 D     21.06 C     33.35 B     36.33 A

Coefficient of variation 23.14%

CO2 production (µmol CO2.gDW-1.d-1)

RIB

No drying 14.10   7.56 18.13 23.06 15.71 c

Level 1 14.38 13.14 21.35 23.47 18.09 a

Level 2 14.97 12.66 18.44 21.04 16.78 b

Means     14.48 C     11.12 D     19.30 B     22.52 A

Coefficient of variation 29.92%

PIR

No drying 17.85 17.93 27.21 32.19 23.80 b

Level 1 23.10 14.25 28.48 32.39 24.56 a

Level 2 12.30 15.54 13.80 16.90 14.64 c

Means     17.75 C     15.91 D     23.17 B     27.16 A

Coefficient of variation 36.97%

SAP

No drying 12.59 cD 14.11 cB 13.83 cC 26.82 aA –

Level 1 14.86 bD 16.79 bB 15.65 bC 22.61 cA –

Level 2 15.24 aD 17.16 aC 26.30 aB 26.52 bA –

Coefficient of variation 15.30%

PAR

No drying 18.15 13.25 23.13 23.76 19.57 b

Level 1 12.75 12.44 23.97 18.51 16.91 c

Level 2 16.44 15.95 23.71 28.85 21.24 a

Means     15.78 C     13.88 D     23.60 B     23.71 A

Coefficient of variation 34.97%

RIB: Ribeirão Vermelho; PIR: Piracicaba; SAP: São Paulo; PAR: Pariquera-Açu.
Means followed by the same letter (lowercase in columns, uppercase in rows) do not differ (Tukey, 5%).
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Table 5. Electrical conductivity and respiratory quotient (RQ) of Inga vera embryos with different drying levels and 
submitted at different incubation temperatures for fifteen days.

Region of 
collection Level of drying

Temperature (°C)
Means

-4 -2 2 5

Electrical conductivity (µS.cm-1.gDW-1)

RIB

No drying 393.54 aA 40.40 bB 27.94 bC 21.00 cD –

Level 1 284.50 bA 36.28 cB 13.99 cD 22.49 bC –

Level 2   92.03 cA 69.02 aB 50.74 aC 49.08 aD –

Coefficient of variation 33.16%

PIR

No drying 401.35 aA 38.80 bB 27.23 bC 18.44 cD –

Level 1 254.27 bA 37.53 cC 21.37 cD 39.82 bB –

Level 2   70.22 cA 57.27 aB 34.84 aD 46.29 aC –

Coefficient of variation 39.39%

SAP

No drying 389.04 33.34 12.45 18.04 113.22 c

Level 1 401.47 39.62 19.79 20.27 120.29 b

Level 2 399.35 53.23 41.19 27.68 130.36 a

Means     396.62 A     42.06 B     24.48 C     22.00 D –

Coefficient of variation 17.13%

PAR

No drying 440.32 37.34 88.31 50.23 154.05 a

Level 1 364.24 35.84 35.47 36.92 118.12 c

Level 2 419.89 62.04 58.33 73.97 153.56 b

Means     408.15 A     45.08 D     60.70 B     53.71 C –

Coefficient of variation 19.97%

Respiratory quotient (CO2.O2
-1)

RIB

No drying 1.00 cC 0.72 cD 1.18 aA 1.04 aB –

Level 1 1.20 bB 1.41 aA 1.09 bC 1.03 bD –

Level 2 1.28 aB 1.29 bA 1.08 cC 1.01 cD –

Coefficient of variation 18.68%

PIR

No drying 0.75 cC 0.63 cD 0.93 cA 0.79 bB –

Level 1 1.00 bB 1.39 bA 0.99 bC 0.94 aD –

Level 2 1.75 aB 2.25 aA 1.41 aC 0.70 cD –

Coefficient of variation 31.02%

SAP

No drying 2.84 2.03 1.06 1.18 1.78 a

Level 1 2.72 1.78 1.09 1.47 1.77 b

Level 2 2.20 2.08 1.34 1.34 1.74 c

Means     2.59 A     1.96 B     1.16 D     1.33 C –

Coefficient of variation 28.48%

PAR

No drying 0.84 0.57 0.67 0.65 0.68 b

Level 1 0.71 0.65 0.71 0.52 0.65 c

Level 2 0.80 0.60 0.74 0.72 0.72 a

Means     0.78 A     0.61 D     0.71 B     0.63 C –

Coefficient of variation 32.81%

RIB: Ribeirão Vermelho; PIR: Piracicaba; SAP: São Paulo; PAR: Pariquera-Açu.
Means followed by the same letter (lowercase in columns, uppercase in rows) do not differ (Tukey, 5%).
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The PAR embryos were very immature embryos since their high values of water content and water potential 
indicate a great deal of free water, in addition to little dry weight accumulation. And finally, the PIR embryos were in an 
advanced stage of maturation, but their germination process had already started before harvest, as they showed high 
dry weight accumulation and little free water, indicating well-formed embryos, which is typical of the most advanced 
stage of maturation.

However, the shorter average time indicates that germination had already started. Therefore, these (PIR) are 
embryos at a more advanced stage of maturation than those of SAP and PAR and are very similar to those of RIB. Thus, 
it was clear that environmental conditions had an important effect on the maturation process of Inga vera seeds until 
the moment of dispersion, as reported in previous works, also for other species of the same genus (Bonjovani and 
Barbedo, 2020; Mata et al., 2013). 

Drying up to level 1 resulted in embryos whose water content values were close to 54%, ranging from 53% to 55% 
among the embryos in each region. This way, the water content values of the embryos were very similar. These water 
contents allowed more reliable comparisons between embryos from different regions. On the other hand, drying up 
to level 2 resulted in embryos with very different water content values, ranging from 43% to 50% among embryos in 
each region. This result did not allow for a better analysis of the effects of environmental conditions on the formation 
of these embryos. This range in water content values may be associated with more irregular removal of water from 
different embryos at this level of hydration. Thus, when level 1 drying was used, the water potentials did not follow a 
pattern: they were higher for SAP and PAR, indicating a higher proportion of free water. This is of crucial importance, 
not only because it confirms information about the initial characteristics of different materials, as mentioned above, 
but also allows an important analysis of the death of embryos when frozen. For example: if we use the water potential 
of -3 MPa as a reference, the embryos from PIR would have 53% water, while those from SAP would have 50%. This 
means that SAP needed further water content reduction to reach the same potential as PIR.

The results also made it evident that there is a need to remove all water from types 4 and 5 (Vertucci and Farrant, 1995) 
to enable tolerance to freezing. Although desiccation-sensitive seeds are often considered to be intolerant to freezing 
(Goldfarb et al., 2017, and references contained), those of Inga vera tolerated sub-zero temperatures, a fact also reported by 
Bonjovani and Barbedo (2008) for -2 °C. Seeds stored with high water contents are susceptible to damage caused by freezing 
temperatures, owing to the formation of ice crystals in the tissues, which leads to loss of viability (Fonseca and Freire, 2003). 

In the present study, however, embryos from two populations (RIB and PIR) tolerated up to -4 °C, while 
those from two other populations (SAP and PAR) only tolerated up to -2 °C. These variations may be due 
to maturation stage, as mentioned by Barbedo (2018). These variations also justify the results of electrical 
conductivity, which essentially indicate the loss of membrane selectivity and of germination, since seeds evidently 
lose their germination capacity after cell disruption. They also bring great and important consequences for the 
development of technology for sub-zero conservation, as they represent a narrow range of water content in 
which these embryos can be dried (without losing viability because of their sensitivity to desiccation), but remain  
able to tolerate some freezing.  Also, the origin and maturation stage of the embryos should be considered carefully. 
Notably, only embryos from more advanced stages of maturation, from two sources, tolerated the lowest temperatures. 
This is certainly due both to the greater ability to tolerate the removal of type 4 and 5 waters (Vertucci and Farrant, 1995), 
and to a better cytoplasmic structure (Walters, 2015) – both of which reduce the effects of water crystallization inside the 
cells. In this regard, electrical conductivity is an important tool to identify freezing-induced membrane rupture.

The analysis of respiratory rates clearly showed that the change in gas composition definitely modifies the 
respiration pattern of the embryos (Figure 1). Therefore, when I. vera embryos need to be stored, airtight packaging 
should be used, as the embryo’s own respiration will make the environment harmful. Importantly, this happens even at 
freezing temperatures, at which embryos continue to respire. This was evidenced by the results of O2 consumption and 
CO2 release at negative temperatures: although respiration of I. vera embryos decreases with decreasing temperature, 
it still occurs down to -4 °C. 
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I: no drying; II: level 1 drying; III: level 2 drying. Bars represent mean values accompanied by standard deviation. Black bars: first evaluation; 
white bars: second evaluation; gray bars: third evaluation.

Figure 1. Values of all evaluations (total of three, that is, at five, ten and fifteen days of incubation) of oxygen (O2) 
consumption and the production of carbon dioxide (CO2) of Inga vera embryos from RIB (Ribeirão Vermelho), 
with different drying levels and submitted to different incubation temperatures. Figures A, C, E, G represent 
O2 consumption. Figures B, D, F, H represent CO2 production.

Thus, one cannot consider storing I. vera embryos merely by lowering the temperature and expecting metabolism 
to stop: they will continue to respire. As shown in previous studies (Araujo and Barbedo, 2017; Bonjovani and 
Barbedo, 2019; Guardia et al., 2020), there were no patterns of change in respiration with reduction of water content 
for most embryos from different regions. This result differs from the outcomes for desiccation-tolerant seeds in 
general, or even for some desiccation-sensitive seeds, such as Castanea sativa (Leprince et al., 1999) and Eugenia 
pyriformis (Lamarca et al., 2020). 
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However, there are very few studies on respiratory rates of desiccation-tolerant seeds in their immature 
phases, when they are still sensitive. According to Barbedo (2018), in these immature phases, such seeds are 
similar to desiccation-sensitive seeds and, therefore, their respiration patterns could also change when water 
content is reduced.

Finally, the correlations between the variables (Table 6) showed that the higher the water content, the higher the 
electrical conductivity and the lower the germination and seedling development values for normal seedlings at freezing 
temperatures, especially at -4 °C. This relationship also occurs between water potential and those variables (electrical 
conductivity, germination and development of normal seedlings), but even more evidently, as the values of these 
correlations are higher than those that relate such variables to water content. 

Therefore, although the dry seeds from PIR and RIB withstood freezing, they would probably not withstand it much 
longer: with longer storage time, these seeds would also die. The reason is that electrical conductivity had already been 
significantly altered. Thus, although less intensely, membranes would already been ruptured and the embryos would 
probably lose viability in the subsequent periods.

Table 6. Simple correlation coefficients (r) between water content (WC), water potential (Ψ, in module), germination 
(G), normal seedling development (NS) and electrical conductivity (EC) of Inga vera embryos from different 
regions, with different drying levels and incubated at -4 °C, -2 °C, 2 °C and 5 °C.

│Ψ│ G NS EC
Embryos incubated at -4 °C

WC -0.92* -0.70* -0.67* 0.69*

│Ψ│ 0.79* 0.76* -0.78*

G 0.97* -0.99*

NS -0.95*

Embryos incubated at -2 °C
WC -0.92* 0.34NS 0.49NS -0.76*

│Ψ│ -0.19NS -0.34NS 0.73*

G 0.76* -0.38NS

NS -0.56NS

Embryos incubated at 2 °C
WC -0.92* 0.27NS 0.42NS -0.16NS

│Ψ│ -0.19NS -0.32NS 0.08NS

G 0.86* -0.70*

NS -0.64*

Embryos incubated at 5 °C
WC -0.92* 0.60* 0.65* -0.52NS

│Ψ│ -0.53NS -0.57* 0.53NS

G 0.99* -0.33NS

NS -0.36NS

(*): significant r at 5% probability; (NS): non-significant r.
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CONCLUSIONS

The conditions under which the Inga vera embryos had been determine their degree of maturation at the time of 
dispersion and, consequently, their tolerance to desiccation and freezing.
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