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ABSTRACT: The cryopreservation of plant germplasm at ultralow temperatures is an alternative technique for the long-term storage of seeds
of the genus Coffea sp. However, for this technique to be successful, cell integrity must be maintained at all stages of the process on the basis
of scientific research. The present study investigated validated cryopreservation protocols for Coffea arabica L. seeds and evaluate the effects
on the physiological and biochemical characteristics of the seeds at each stage of the process. Seeds were dried on silica gel or with saturated
saline solution, precooled or not in a biofreezer, immersed in nitrogen, and reheated in a water bath. After each of these steps, the physiological
and biochemical quality of the seeds was determined. Pre-cooling is a step that can be dispensed with in the cryopreservation of Coffea arabica
seeds, direct immersion in liquid nitrogen being more indicated. Coffea arabica L. seeds tolerate cryopreservation after rapid drying in silica
gel up to water contents of 17 or 20% (wb), with greater survival at 17%. The enzyme activities of catalase, polyphenol oxidase and peroxidase
are indicators of the quality of C. arabica L. seeds subjected to cryopreservation.
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Etapas da criopreservaciio de sementes de café: respostas
fisiolégicas e de sistemas antioxidantes

RESUMO: A criopreservagdo de germoplasma vegetal em temperaturas ultrabaixas ¢ uma alternativa para o armazenamento em longo prazo
de sementes do género Coffea sp. Entretanto, para que essa técnica apresente sucesso, a realizagdo de pesquisas que garantam a manutengdo da
integridade celular em todas as etapas do processo ¢ de fundamental importancia. O objetivo com o presente trabalho foi investigar protocolos
de criopreservagdo validados para sementes de Coffea arabica L., avaliando separadamente, os efeitos sobre as caracteristicas fisiologicas e
bioquimicas das sementes, em cada etapa do processo. As sementes foram secadas em silica gel ou em solugdo salina saturada, submetidas ou
ndo ao pré-resfriamento em biocongelador, em seguida imersas no nitrogénio e reaquecidas em banho-maria. Ap6s cada uma dessas etapas, a
qualidade fisioldgica e bioquimica das sementes foi determinada. O pré-resfriamento ¢ uma etapa que pode ser dispensada na criopreservagio
de sementes de Coffea arabica, sendo mais indicada a imersdo direta em nitrogénio liquido. Sementes de Coffea arabica L. toleram a
criopreservacdo apos secagem rapida em silica gel até teores de dgua de 17 ou 20% (wb), com maior sobrevivéncia a 17%. A atividade das
enzimas catalase, polifenoloxidase e peroxidase sdo indicadoras da qualidade de sementes de Coffea arabica L. submetidas a criopreservagao.
Palavras-chave: Coffea arabica L, secagem, pré-resfriamento, crioconservagao, isoenzimas.

INTRODUCTION

Coffee is of great importance because it is the
second most traded commodity in the world. It belongs to
the genus Coffea, and two species are globally important,
Coffea arabica and Coffea canephora. Due to the great
economic importance of coffee, the conservation of the
genetic diversity of Coffea sp. is essential (BERJAK &
PAMMENTER, 2014).

The low longevity of coffee seeds is a
limiting factor for long-term germplasm maintenance
and endangers existing genetic variability. Because of
their intermediate to recalcitrant behavior (ELLIS etal.,
1990), seeds of the genus Coffea are not preserved in
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conventional seed banks at -18 °C to -20 °C due to their
sensitivity to desiccation and cooling (PAMMENTER
& BERJAK, 2014, COELHO et al., 2017b).

To ensure the safe storage of coffee genetic
resources, research has been conducted to improve
low-temperature storage techniques for intermediate
or recalcitrant seeds, such as cryopreservation, to
avoid the formation of ice crystals inside the plant
cells. Drying, cooling and rewarming are the main
steps that influence the success of cryopreservation
(ENGELMANN, 2011; BERJAK & PAMMENTER,
2014; FIGUEIREDO et al., 2021).

In cryopreservation, the water content
of the seeds is a crucial factor to ensure survival
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during storage in liquid nitrogen because water,
when frozen, expands and forms sharp ice
crystals that can perforate the internal structures,
causing cell death (ENGELMANN, 2011).
However, drying, which is a mandatory step for
the removal of water prior to freezing, can cause
stress in seeds that are sensitive to desiccation,
causing damage to cellular metabolism due to the
substantial production of free radicals (BERJAK
& PAMMENTER, 2013).

The classic cryopreservation method, one
ofthe most widely used methods for seed preservation,
involves controlled cooling of the sample, while
the modern method consists of direct immersion in
liquid nitrogen (ENGELMANN, 2011); both of these
techniques are performed after partial dehydration of
the seeds. However, cell damage related to the drying
and precooling steps can occur in these methods
(PAMMENTER & BERJAK, 2014), and there are
no conclusive studies on which method is the safest
to cryopreserve Coffea sp. seeds or on the behavior
of the antioxidant systems under cell damage due to
freezing.

Coffee cryopreservation techniques have
been studied to develop safe protocols foruse in typical
coffee seed/germplasm banks (DUSSERT et al. 1998,
2001, 2003, 2012; DUSSERT & ENGELMANN,
2006; FIGUEIREDO et al., 2017, COELHO et al.
2017a,2017b and 2019; FIGUEIREDO et al., 2021).
However, due to the wide variety of existing cultivars,
in addition to diverging results, there is still much to
be studied.

Considering the strategic need for the
long-term conservation of coffee plant genetic
resources and the lack of detailed studies of each
stage of the cryopreservation process, the objective
of the present study was to investigate different
protocols for cryopreservation of C. arabica L. seeds
described in the literature and to evaluate the effects
on the physiological and biochemical characteristics
of the seeds at each stage of the process, i.e., drying,
cooling and rewarming after immersion in liquid
nitrogen.

MATERIALS AND METHODS

Physiologically mature fruits of the
species Coffea arabica L., cultivar Catuai amarelo
IAC 62, were harvested from crops at the Fazenda
Experimental Procafé, in Varginha, southern Minas
Gerais. The fruits were selectively harvested from
the middle parts of the middle branches of the plants,

and after harvesting, they were again selected for
uniformity of the maturation stage. After mechanical
stripping, the seeds were demucilaged by fermentation
in water for 24 hours at room temperature and then
predried in the shade to remove surface moisture.
To ensure uniformity in size, the seeds were sieved,
and only those retained in circular sieves no. 18/64 to
20/64 were used.

After processing, the seeds were
subjected to determination of the initial water
content by the oven method at 105 °C for 24 hours
(BRASIL, 2009), with two replicates of 10 seeds for
each experimental plot. Results were expressed as
percentages based on the wet weight of the seeds.

The seeds were used to investigate
the effects at each stage of previously validated
protocols for the cryopreservation of C. arabica
L., i.e., drying, precooling and immersion in liquid
nitrogen. The steps investigated in each protocol are
described in Table 1.

Drying of Coffea arabica L. seeds

Initially, the seeds were pre-dried in the
shade on sieves to remove surface water. After this
operation, the initial water content of the seeds (43%
wb) was determined, as well as the physiological
quality. Then, the seeds were subjected to two drying
methods, using silica gel or saturated saline solution,
until reaching moisture contents of 35, 20, 17 and
12% (wet basis, wb).

For silica drying, the seeds were placed
in a single layer on metal screens inside gerbox-type
acrylic boxes containing 60 mg of activated silica gel
below the screens. The boxes containing the seeds
were hermetically sealed and kept in biochemical
oxygen demand (BOD) chambers at 25 °C in the
absence of light. The water loss during drying was
monitored by continuous weighing on a scale with a
precision of 0.0001grams until the samples reached
the water levels mentioned above.

For drying with saturated saline solutions,
two salts were used, ammonium sulfate at 81% relative
humidity or sodium chloride at 75% relative humidity,
in the same types of hermetic containers described
above at 25 °C.  The seeds were placed in a single layer
on metal screens above the saturated saline solutions
in gerbox-type acrylic boxes. The water loss during
drying by hygroscopic equilibrium was monitored
until the samples reached the same water levels as those
obtained in the faster drying method with silica gel.
After drying, the seeds were subjected to physiological
and biochemical evaluations.
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Table 1 - Description of the steps of the investigated protocols for cryopreservation of Coffea arabica L.

Protocol Stages of cryopreservation
Drying Precooling Immersion in liquid nitrogen Rewarming
1" Silica gel to 20% wb liaelatuiserelll Aol In aluminum foil envelopes  water bath, 40+1 °C/2 min

2 Silica gel to 17% wb
3 Silica gel to 20% wh WithouF precoqling (direct
immersion)
4 Silica gel to 17% wb
5 Saturated (NHy4),SO4 In a biofreezer at 1 °C/min until
solution to 17% wb reaching -50 °C
6 Saturated NaCl solution Without precooling (direct

to 17% wb

reaching -40 °C

immersion)

water bath, 40+1 °C/2

In aluminum foil envelopes
min

water bath, 40+1 °C/2
min

water bath, 40+1 °C/2
min

In cryotubes

In cryotubes

“Samples from protocols 1, 2 and 5, which included a precooling step, were evaluated before and after immersion in liquid nitrogen.
Protocols 1 to 4: (Figueiredo et al., 2021; Coelho et al., 2017a and 2017b). Protocol 5: (Dussert et al. (1997; 1998; 2000); Dussert and

Engelmann, (2006)). Protocol 6: Eira et al. (2005).

Precooling in biofreezer

For evaluation of the effects of pre-
cooling, seeds previously dried on silica gel until
reaching a moisture content of 20% wb (protocol
1) or 17% wb (protocol 2) and seeds dried with
saturated ammonium sulfate saline solution (protocol
5) were subjected to pre-cooling, which is an optional
preparatory step before immersion in liquid nitrogen.
Seeds that had been dried on silica gel were placed in
trifoliate aluminum foil packages, and those that had
been dried with saturated ammonium sulfate saline
solution were packed in cryotubes, according to each
protocol (Table 1). Pre-cooling was performed in an
Icecube 14S-B biofreezer with SY-LAB software
(Minitub of Brazil®) at a rate of -1 °C min™! to -40 °C
or -50 °C, as summarized in Table 1. To assess the
physiological and biochemical effects of pre-cooling,
the seeds of all treatments at this stage were reheated
in a water bath at 40 °C for two minutes (DUSSERT
et al., 1998) or on a laboratory bench at an average
temperature of 25 °C.

Immersion in liquid nitrogen, rewarming and
resumption of growth

To evaluate the effects of immersion in
liquid nitrogen, the seeds from each protocol (dried
with silica gel or saturated saline solution, precooled
ornot, as described in Table 1), were directly immersed
in liquid nitrogen; this process corresponded to a
cooling rate on the order of 200 °C min"! (DUSSERT
et al., 2001). After 36 hours in the cryotank, the
seeds were quickly removed and reheated in direct
contact with water in a water bath at 40 °C = 1 °C
for two minutes (DUSSERT et al., 1998). After these

procedures, the seeds were subjected to physiological
and biochemical evaluations.

Physiological evaluations

The germination test was performed with
four replicates of 50 seeds, which were sown on
germination paper moistened with distilled water at
two and a half times the weight of the dry paper.
Acrylic plates were used for sowing, and the rolls
with the seeds were placed in a germinator set at 30
°C in the presence of light, according to BRASIL
(2009), with modifications. In the germination
test, the percentage of normal seedlings at 30
days was determined (BRASIL, 2009), as well as
the percentage of root protrusion at 15 days, the
percentage of strong normal seedlings, the seedlings
that presented hypocotyls of three centimeters or
more, the percentage of seedlings with expanded
cotyledon leaves at 45 days after sowing, and, at
the end of the test, the root and shoot dry mass of
normal seedlings after drying in a forced air oven at
60 °C for five days. The dry mass was determined
on a scale with a precision of 0.0001 grams and
expressed in mg/seedling.

The electrical conductivity test was
performed for all treatments with four replicates
of 12 seeds after the drying and precooling steps
and four replicates of 25 seeds after the removal of
liquid nitrogen, according to the methodology of
KRZYZANOWSKY et al. (1991) with modifications.
The seeds were weighed to two decimal places and
then kept in containers containing 18.7 ml or 37.5
ml of distilled and deionized water according to
the protocol used (precooling or cryopreservation,
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respectively). After 24 hours of soaking at 25 °C,
the electrical conductivity was measured with a
conductivity meter (MS TECNOPON®, model mCA
150), and the results were expressed in puS cm™ g! of
seeds.

Biochemical analyzes

The expression of isoenzymes in
electrophoresis gels was determined after each step
described above. The seeds without parchment
were ground in a refrigerated mill at 4 °C at 22,500
RPM in the presence of polyvinylpyrrolidone
(PVP) and stored at -80 °C until analysis. For the
extraction of enzymes, 0.2 M Tris HCI buffer (pH
8.0 + 0.1% vv mercaptoethanol) was used at a ratio
0f 320 pL per 100 mg of seed powder. The material
was vortexed and kept in the refrigerator for one
hour, followed by centrifugation at 14,000 RPM
for 60 minutes at 4 °C.

The electrophoretic run occurred in a
7.5% polyacrylamide gel system (separator gel) with
4.5% concentrator gel. The gel/electrode system
used was Tris-glycine pH 8.9. A total of 40 pL of
the sample supernatant was applied to the gel, and
the electrophoretic run was performed at 150 V for
five hours. After the run, the gels were developed for
the enzymes superoxide dismutase (SOD), catalase
(CAT), peroxidase (PO), and polyphenol oxidase
(PPO) (ALFENAS et al., 2006), and the expression
of isoenzymes in the gels was visually analyzed and
interpreted.

The analyses were performed in a
completely randomized design in a double factorial
scheme for the precooling step (two types of
drying x two rewarming methods). The drying and
nitrogen immersion stages, composed of seven and
six treatments, respectively, were analyzed with
four replicates. Analysis of variance was used, and
the means were grouped by the Tukey test at 5%
probability (FERREIRA, 2014).

RESULTS AND DISCUSSION

Results of physiological evaluations
Evaluation after seed drying

Seeds dried to different water contents
(Table 2) were evaluated with germination and
electrical conductivity tests. According to the
analysis of variance of the physiological data, there
were no significant differences in the percentage of
root protrusion (P < 0.05). The other variables were
affected by the different moisture levels tested; the
wet seeds with 43% water content exhibited high

physiological quality, with 91% normal seedlings in
the germination test.

In general, the seeds dried to 17%
moisture did not suffer a loss of physiological quality
with drying, as indicated by the high percentage of
germination in these treatments, which ranged from
94.5 to 82.5%. Seeds dried to 17% in NaCl obtained
similar or even higher germination and vigor results
(CL and ADM) than wet seeds. However, lower
percentages of normal seedlings, cotyledonary leaves
and dry mass were observed in the driest seeds with
12% moisture (Table 2).

A reduction in seed vigor was observed
after the drying treatments, according to the variables
strong normal seedlings, root dry mass and electrical
conductivity (Table 2).

Seeds dried to 12% and 17% displayed
a reduction in vigor when compared to seeds with
43% moisture, except for those dried with saturated
NaCl saline solution, which maintained vigor after
drying. The seeds dried in (NH,),SO, saline solution
exhibited a reduction in vigor, presumably caused
by the longer drying time than those in the other
protocols, which possibly caused damage to the
seeds (Table 2).

In the electrical conductivity test, the
greatest exudate leaching was observed in the seeds
that were dried to 12% (39.5 pS cm™ g), followed
by the seeds dried to 17% and 20%, both in the fast
drying process on silica gel and the slower process.
As the seeds lost water, there was an increase in
leaching according to the electrical conductivity test
(Table 2).

COELHO et al. (2015) reported that
seeds sensitive to desiccation can survive lower
water contents if subjected to faster drying
because there is not enough time for damage to
accumulate. Other authors have identified the
rapid drying of coffee seeds as the best method
to achieve lower water contents without loss of
viability (DUSSERT & ENGELMANN, 2006;
COELHO et al., 2015). Conversely, fast drying
has greater potential for damage to the endosperm
than to the embryos (COELHO et al., 2015) and
is not recommended when seeds are dried at
intermediate levels and/or stored for long periods
(ABREU et al., 2014).

According to these results, drying, which
is a prerequisite step for successful cryopreservation,
can negatively affect the initial seed quality, which
will influence seed survival after immersion in liquid
nitrogen. Therefore, a method should be found that
minimizes the deleterious effects of water withdrawal
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Table 2 - Results of the physiological evaluation of Coffea arabica L. seeds after drying to different water contents by different methods.
Root protrusion (RP); normal seedlings (NS); normal-strength seedlings (NSS); seedlings with expanded cotyledonary leaves (CL); dry
mass of aerial parts (ADM); root dry mass (RDM); electrical conductivity (EC).

Water content  Drying method

43%
35%
20%
17%

0

17%
12%
CV (%)

Shade
Silica
Silica
Silica
(NH,4),SO4
NaCl
Silica

RP %

93.5a
96.0 a
97.5a
94.5a
95.5a
96.0 a
93.5a
3.30

NS %

91.0 ab
91.0 ab
91.5 ab
82.5 be
88.5 abc
94.5a
80.0 ¢
5.11

NSS %

44.0a
44.0 a
26.0 abc
145¢
21.0 be
35.5ab
18.0 bc
29.16

CL %

86.5 be
90.5 a
87.5 be
71.5 bc
75.5 abe
90.5 a
62.5¢
9.39

ADM (mg)

515a
54.0a
50.0 ab
41.5 be
41.4 bc
52.8a
38.6 ¢
8.23

09.0 a
08.2 ab
08.2 ab
05.5¢
07.0 be
08.2 ab
05.8¢c
8.51

RDM (mg) EC(uScm'g!)

20.8 a
24.6 ab
32.0¢
32.8 cd
322¢
28.7 be
39.5d
10.20

Means followed by the same letter do not differ significantly from each other by the Tukey test at the level of 5% probability.

from the seeds to increase the success of the
cryopreservation technique.

Evaluation of precooled coffee seeds in a biofreezer

In this step, seeds from protocols 1, 2,
and 5, which included precooling, were evaluated
after biofreezer treatment, after drying and before
immersion in liquid nitrogen (Table 1). This procedure,
as well as the rewarming temperature, influenced the
physiological quality of the seeds. In general, seeds with
17% moisture that had been pre-cooled after drying
with saturated (NH, ),SO, saline solution obtained lower
average values at the two rewarming temperatures for
the evaluated parameters, except for root protrusion and
electrical conductivity, indicating loss of seed quality.
Seeds dried rapidly in silica gel obtained better results
than those dried with saturated saline solution for the
two rewarming temperatures tested (Table 3).

The electrical conductivity results showed
that the seeds that had been subjected to rapid drying
to 20% and precooled exhibited higher leaching of
exudates when reheated at room temperature (average
of 25 °C) than when reheated in a water bath at 40 °C
for two minutes, indicating that the former treatment
is more detrimental to the physiological quality of the
seeds (Table 3).

The rewarming temperature did not
significantly affect the parameters of the seeds dried
to 20% (wb) on silica gel, with overall means of
94.5% protrusion, 86.5% normal seedlings, 18.75%
normal-strength seedlings, 83% cotyledonary leaves,
40% aerial part dry weight and 7.7% root dry weight
(Table 3).

In general, seeds dried on silica gel
showed better physiological quality after precooling
and rewarming than seeds dried with saturated saline

Table 3 - Physiological evaluation of Coffea arabica L. seeds dried to 20 or 17%, precooled in a biofreezer and reheated at 25 °C or in a
water bath at 40 °C. Root protrusion (RP); normal seedlings (NS); normal-strength seedlings (NSS); seedlings with expanded
cotyledonary leaves (CL); dry mass of aerial parts (ADM); root dry mass (RDM); electrical conductivity (EC).

Protocol RP % NS % NSS % CL %

25°C 40 °C 25°C 40 °C 25°C 40 °C 25°C 40 °C
1. Silica gel to 20% 95.0 Aa 94.0 Aa 87.0 Aa  86.0Aa  20.0 Aa 17.5Aa  83.0Aa  82.5Aa
2. Silica gel to 17% 90.5 ABa 93.0 Aa 89.0 Aa  85.5Aa 19.0 Aa 145Aa  825Aa  86.0Aa
5. (NH4),SO04 to 17% 87.5 Ba 87.2 Aa 44.6 Ba 52.5Ba 112 Aa 112Aa  40.0Ba  47.0Ba
CV (%) 7.82 29.32 62,85 33.07
Protocol e ADM (mg) RDM (mg)---------=x  ==eeee CE (uS cm™ g!)---———

25°C 40 °C 25°C 40 °C 25°C 40 °C

1. Silica gel to 20% 40.9 Aa 39.3 Aa 8.3 Aa 7.0 ABa 64.8 Ab 58.8 Aa
2. Silica gel to 17% 41.5 Aa 40.8 Aa 8.3Aa 9.1 Aa 63.2 ABa 63.2 Aa
5. (NH,),S04 to 17% 19.3 Ba 23.4 Ba 4.0 Ba 49 Ba 58.0 Ba 60.4 Aa
CV (%) 34.18 33.55 9.16

Means followed by the same uppercase letter in a column and lowercase letter in a row for each parameter do not differ by Tukey’s test

at the 5% probability level.
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solution. In addition, the vigor test demonstrated
that the rewarming temperature did not influence the
quality of the seeds, and the type of drying was the
most relevant factor at this stage (Table 3).

Rewarming can be performed slowly
at room temperature or quickly using a water bath
at 40 °C (DUSSERT et al., 1998). The rewarming
method used depends on the type of material being
cryopreserved. Typical seeds can be reheated slowly
at room temperature without any apparent harmful
effects (TOWILL, 2002). Cotton seeds that had been
exposed to liquid nitrogen for different periods up to 90
days were reheated at room temperature and evaluated
for germination and vigor, and no loss in quality was
observed (ROCHA et al., 2009). In another study,
tobacco seeds were cryopreserved in liquid nitrogen and
then reheated in a water bath or at room temperature,
and no loss in physiological quality was observed with
either rewarming method (LOPES et al., 2018).

According to PANIS et al. (2005), rapid
rewarming reduces the possibility of recrystallization
of intracellular ice, thus leading to greater recovery
and survival of materials cooled in liquid nitrogen.
In addition to the cryopreservation process, the
rewarming method should be considered because the
faster rewarming proceeds, the better the preservation
of seed physiological characteristics, according to
JAGANATHAN & LIU (2014).

Evaluation at the end of seed cryopreservation

The seeds were evaluated at the end of
cryopreservation via the different protocols in this
study. For evaluation, seeds from all protocols (1 to 6)
were removed from the liquid nitrogen and reheated
in a water bath at 40 °C for two minutes. Significant
differences were observed for all variables tested,
and the coffee seeds subjected to slow drying with
saturated saline solution (protocols 5 and 6) had the
lowest means, indicating lower quality (Table 4).

In contrast to previous studies
(FIGUEIREDO et al., 2021; COELHO et al., 2017a),
the seeds cryopreserved after drying with saturated
(NH,),SO, saline solution to 17% wb did not survive
immersion in liquid nitrogen (Table 4). Since the
seeds exhibited no damage from desiccation, with
90% germination after drying (Table 2), this low
survival after exposure to liquid nitrogen may be
because of damage in the rewarming step after the
removal of liquid nitrogen.

COELHO et al. (2019) observed that
slow drying is harmful when drying coffee seeds
for cryopreservation. For all parameters evaluated
in this study, fast drying to 20% wb (0.25 g g') was

better than slow drying. These results demonstrated
the importance of seed drying rate to successful
cryopreservation.

Some studies related to the cryopreservation
steps, i.e., drying, cooling and rewarming, of seeds
of the genus Coffea report inconsistent results
regarding the evaluated parameters (DUSSERT
& ENGELMANN, 2006; COELHO et al., 2015,
COELHO et al., 2019; FIGUEIREDO et al., 2017).
In these studies, the cryopreservation of C. arabica
L. seeds after drying with saturated saline solution
maintained seed quality at a high level.

Factors such as initial seed quality,
drying conditions, cooling rate and thawing method
are important for the survival of species post-
cryopreservation. In the present study, high initial
seed quality was observed, as well as high quality
after drying; however, when the seeds were dried
more slowly with saturated saline solution and
immersed in liquid nitrogen, they did not survive.

In general, the results of this study
suggested that rapid drying in silica gel is ideal for
the cryopreservation of C. arabica L. Furthermore,
the seed pre-cooling method, direct immersion or
slow freezing with the use of the biofreezer, did not
influence the final quality when seeds were dried on
silica gel to a moisture content of 17 or 20%. Hence,
the crucial factor for the successful cryopreservation
of C. arabica L. seeds is the drying step, and care
must be taken in rewarming the seeds after immersion
in liquid nitrogen.

Results of the analyzes of antioxidant systems

The changes in the process of seed
preparation for cryo-preservation with respect to
drying were evaluated by the electrophoresis gel
expression of CAT, SOD, PPO and PO isoenzymes
(Figure 1). Only three drying treatments were used
for this step (43, 35 and 12% moisture), which were
the treatments with the greatest discrepancy in the
physiological analyses.

CAT (Figure 1A) showed lower activity in
wet seeds with 43% and 35% water content. When
the seeds were dried to 12%, there was an increase
in the activity of this enzyme. Because CAT acts by
removing free radicals, such as hydrogen peroxide
(H,0,), which is decomposed into water (H,0) and
oxygen (O,) (GARG & MANCHANDA, 2009),
lower CAT expression may indicate less damage from
drying due to the lower amount of reactive oxygen
species (ROS).

The stress caused to seeds by drying
results in an increase in the production of ROS and
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Table 4 - Physiological evaluation of Coffea arabica L. seeds subjected to different cryopreservation protocols. Root protrusion (RP);
normal seedlings (NS); normal-strength seedlings (NSS); seedlings with expanded cotyledonary leaves (CL); electrical

conductivity (EC).

Protocol WY ;):éfggdrymg ------ Precooling-----
1 20% silica -1 °C min™ to -40 °C
2 17% silica -1 °C min™ to -40 °C
3 20% silica Direct immersion
4 17% silica Direct immersion

5 17%(NH,4),SO4 -1 °C min™ to -50 °C
6 17% (NaCl) Direct immersion
(&\%

--RP %-- --NS %-- NSS%-  -CL%-  EC(uScm’g")
91.0 A 81.5A 120 A 74.0 A 27.8 A
935 A 80.0 A 10.5 A 73.0 A 29.0 A
915A 75.0 A 22.0A 72.0A 263 A
93.0 A 76.5 A 08.0 BC 70.5 A 29.0 A
21.0B 040B 01.0C 03.0B 28.1 A
0.0C 0.0B 0.0C 0.0B 30.4 A
5.82 11.65 40.87 15.07 7.62

Means followed by the same letter do not differ significantly from each other by Tukey’s test at 5% probability.

stimulates the generation of hydrogen peroxide. This
process most likely stimulated increased expression
of the isoenzymatic CAT complex during drying,
explaining the higher activity in the driest seeds
(Figure 1A). These results do not agreed with those
of BRANDAO JUNIOR et al. (2002), who found a
decrease in CAT activity in coffee seeds with lower
physiological performance resulting from desiccation.

Regarding the expression of the SOD
isoenzyme (Figure 1B), the opposite behavior to that
of CAT was observed: higher expression was observed
in wet seeds at 43% and 35%, with the appearance of
another band. SOD is considered the first enzyme to
act in the antioxidant system of cells and performs
dismutation of the superoxide radical (O,), resulting
in hydrogen peroxide (H,0,) (HENDRY, 1993).

(SIL).

Figure 1 - Electrophoretic patterns of the enzymes catalase
(A), superoxide dismutase (B), polyphenoloxidase
(C) and peroxidase (D) in Coffea arabica L. seeds
dried to different water contents, 43, 35 and 12%
bu. Drying in shade (SHA) or drying in silica gel
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Higher PPO activity was observed in seeds
with a moisture content of 12% wb than in seeds with
43 and 35% wb, similar to the CAT expression results
(Figure 1C). PPO is bound to cell membranes and is
activated and released when these structures rupture,
which explains the higher activity in the driest seeds
with 12% moisture. PIMENTA & VILELA (2003)
reported that low PPO activity is related to lower-
quality coffee.

The PO expression results were similar
to those of CAT and PPO activity, in which seeds
dried to 12% wb moisture, with lower physiological
quality, showed higher activity of this enzyme
(Figure 1D).

Figure 2 shows the enzyme expression
results after pre-cooling of the coffee seeds in a
biofreezer and rewarming at a temperature of 25 or 40
°C. Regarding CAT, the samples that were dried with
saturated saline solution showed lower expression
after being pre-cooled, regardless of the rewarming
temperature (Figure 2A). It is noteworthy that this
protocol (5) showed the lowest physiological quality
in the germination test (Table 3).

Lower SOD and PPO activities were
observed in the seeds that were pre-cooled after

drying on silica gel to 17% wb and reheated at 25 °C
(Figure 2B and 2C), which may indicate a possible
reduction in free radicals due to less damage caused
in this type of drying.

Regarding PO activity (Figure 2D), lower
activity was observed in the seeds reheated at 25 °C
than in those reheated at 40 °C. In addition, very low
expression of this enzyme was observed in seeds
that were dried to 17% on silica gel, pre-cooled and
reheated at room temperature at 25 °C, as occurred
for SOD and PPO.

SOD, CAT and PO act by removing
free radicals, also known as “scavengers”. These
enzymes are involved in an antioxidative response
by neutralizing the toxic oxygen in cells formed
during stress conditions (WINSTON, 1990); such
stress conditions include the drying and cooling
steps, which can cause damage to the seeds.
Stressful situations, such as the severe removal
of water from cells and the abrupt lowering of
temperature, induce oxidative processes and
the production of free radicals, which are highly
reactive (HENDRY, 1993).

Among the samples that were pre-
cooled and cryopreserved (Figure 3), higher CAT

in saturated saline solutions.

Figure 2 - Electrophoretic patterns of the enzymes catalase (A), superoxide dismutase (B), polyphenoloxidase (C) and
peroxidase (D) in Coffea arabica L. seeds subjected to different drying methods with pre-cooling in biofreezer
and rewarming at room temperature (25 °C) or in a water bath (40 °C). (sil) — drying in silica gel; (sal) - drying
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Figure 3 - Electrophoretic patterns of the enzymes catalase (A), superoxide dismutase (B), polyphenoloxidase
(C) and peroxidase (D) in Coffea arabica L. seeds subjected to different cryopreservation protocols.
(sil) — drying in silica gel; (sal) - drying in saturated saline solutions.

activity was observed in the seeds that were dried
to 17% (wb) on silica gel for both the precooling
and direct immersion protocols. These treatments
showed high seed quality after the removal of
liquid nitrogen (Table 3). Among the samples that
were directly immersed in the cryotank, lower
activity was observed in the seeds subjected to
slow drying (Figure 3A).

Small differences were observed in the
expression profiles of SOD isoenzymes (Figure
3B), which demonstrated that this enzyme may
not be a good biochemical marker for the study of
cryo-preservation protocols in coffee seeds (Figure
3B), corroborating the results found by COELHO
et al. (2019).

The PPO activity was higher in the
seeds that underwent direct immersion than in
the precooled samples. In general, no differences
were observed in the physiological quality of seeds
subjected to different cryopreservation methods.
However, a decrease in viability occurred when the
seeds were dried with saturated saline solution before
immersion in liquid nitrogen (Table 3). Therefore,
the small increase in PPO expression when seeds
were cryopreserved by direct immersion in liquid
nitrogen may have occurred due to greater damage to
the membrane system, which was not reflected in the
results of the physiological tests.

PPO is an important enzyme protecting
against tissue damage caused by physical damage,
and a reduction in the activity of this enzyme is
related to the integrity of the membrane system. In
addition, this enzyme has been used as an indicator of
coffee beverage quality (LORENZETTI et al., 2018).

PO expression was similar among the
evaluated treatments, except in the seeds dried on
silica gel to 17% moisture and immersed directly
in liquid nitrogen without the precooling step in a
biofreezer, which provided higher expression of this
enzyme (Figure 3D).

COELHO et al. (2015) studied the
biochemical changes in coffee seeds subjected to
drying on silica gel and drying with saturated saline
solution and concluded that the enzymatic profile of
coffee seeds is affected by the water content of the
seeds and the drying rate.

Regarding the CAT, SOD and PO
enzymatic systems, COELHO et al. (2017) observed
that the bands of all these enzymes varied in quantity
and intensity depending on the drying method,
seed water content and storage temperature, which
together influence seed deterioration.

Normally, ROS act in plant cells as signaling
responses, and the occurrence of stress leads to an
increase in ROS generation, causing an imbalance in
cellular homeostasis and possibly leading to oxidative
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stress. Thus, an increase in the activity of antioxidant
enzymes is necessary to neutralize the deleterious
effect of ROS (SILVEIRA et al., 2015).

From all the evaluations performed in the
present study, better physiological and biochemical
results were observed in C. arabica L. seeds
subjected to cryopreservation protocols 3 and 4, i.e.,
drying in silica gel to 17 or 20% (wb), followed by
direct immersion in liquid nitrogen and rewarming in
a water bath at 40 £ 1 °C for two minutes. This is
because in these protocols, there is no need for a pre-
cooling step; this reduces the cost of the process and
simplifies the technique by eliminating one step.

This study elucidated some obstacles regarding
the long-term conservation of the species C. arabica
L. and contributes to the knowledge on the storage of
coffee seeds. These findings are of great value for studies
related to desiccation tolerance and the improvement of
cryopreservation techniques of this species.

CONCLUSION

Pre-cooling is a step that can be dispensed
in the cryopreservation of Coffea arabica seeds, direct
immersion in liquid nitrogen being more indicated.
Coffea arabica L. seeds tolerate cryopreservation
after rapid drying in silica gel up to water contents
of 17 or 20% (wb), with greater survival at 17%. The
enzyme activities of CAT, PPO and PO are indicators
of the quality of C. arabica L. seeds subjected to
cryopreservation.

ACKNOWLEDGMENTS

The authors express their thanks to Embrapa, to
Universidade Federal de Lavras (UFLA), to Fundagdo de Amparo
a Pesquisa do Estado de Minas Gerais (FAPEMIG), Coordenagao
de Aperfeicoamento de Pessoal de Nivel Superior (CAPES), to
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq), to Consorcio Pesquisa Café and to INCT Café for funding
this study and for granting scholarships. They also express their
thanks to Fundagdo PROCAF¢, for offering the seeds for the studies.

DECLARATION OF
INTEREST

CONFLICT OF

The authors declare no conflicts of interest. The
funding institutions played a role in the study design; in data
collection, analysis, or interpretation; in the writing of the
manuscript; or in the decision to publish the results.

AUTHORS’ CONTRIBUTIONS

ACS performed the experiment and wrote the
manuscript; SDVFR coordinated and supervised the experiment

and co-worked the manuscript; MCC, MAF, CCP, SVBC, ALOV
and DSP co-worked the experiment; DSP co-worked the statistical
analyses; ACS, SDVFR and SVBC reviewed and approved the
final version of the work.

REFERENCES

ABREU, L.AS. et al. Behavior of coffee seeds regarding
tolerance to desiccation and storage. Journal of Seed Science,
v.36, n4, 2014. Available from: <https://www.scielo.br/j/jss/a/
xq4tJIDrF69V7DYtGhgtbq6z/abstract/?format=html&lang=pt>.
Accessed: Mar. 22, 2021. doi: https://doi.org/10.1590/2317-
1545v36n41008.

ALFENAS, A.C. et al. Electrophoresis and biochemical
markers in plants and microorganisms. 2.ed. Vigosa: UFV,
2006. 627 p.

BERJAK, P.; PAMMENTER, N.W. Cryostorage of germplasm
of tropical recalcitrant-seeded species: Approaches and
problems. International Journal Plant Science, v.175,
n.1, p.29-39, 2014. Available from: <https://www.jstor.org/
stable/10.1086/673302>. Accessed: May. 22, 2021. doi:
10.1086/673302.

BERJAK, P; PAMMENTER, N.W. Implications of the lack
of desiccation tolerance in recalcitrant seeds. Frontiers in
plant science, v.4, n.478, 2013. Available from: <https://www.
frontiersin.org/articles/10.3389/fpls.2013.00478/full>. Accessed:
Mar. 29, 2021. doi: 10.3389/fpls.2013.00478.

BRANDAO JUNIOR DS, et al. Acquisition of desiccation
tolerance at different development stages of coffee seeds (Coffea
arabica L.). Ciéncia e Agrotecnologia, v.26, n.4, p.673-681, 2002.
Available from: <https://www.scielo.br/j/rbs/a/VtdtQw6owxcVIbR
PqCDW5Xzy/?ang=pt>. Accessed: Apr. 22, 2021. doi: 10.1590/
S0101-31222002000100004.

BRASIL. Ministério da Agricultura, Pecuéria e Abastecimento.
Secretaria de Defesa Agropecuéaria. Regras para analise de
sementes. Brasilia: MAPA/ACS, 2009. 399 p.

COELHO, S. V. B. et al. Cryopreservation of coffee seeds: a
simplified method. Seed Science and Technology, v.45, n.3,
p-1-12. 2017a. Available from: <https://ainfo.cnptia.embrapa.
br/digital/bitstream/item/169797/1/Cryopreservation-of-coffee-
seeds-a-simplified-method.pdf>. Accessed: Mar. 22, 2021. doi:
10.15258/sst.2017.45.3.15.

COELHO, S. V. B. et al. Physiological and biochemical
changes in coffee seeds dried on silica gel and saturated saline
solutions. Pesquisa Agropecuaria Brasileira, v.50, n.6, p.483-
491, 2015. Available from: <https://www.scielo.br/j/pab/a/
khQZSkWv7gq5p47IMxWdhY G/?lang=pt#:~:text=0%20
objetivo%20deste%20trabalho%20foi,lenta%2C%20em%?20
s0lu%C3%A7%C3%B5es%20salinas%20saturadas. &text=0%2-
Operfil%20enzim%C3%A 1tico%20das%20sementes,e%20
pela%?20velocidade%20de%20secagem>. Accessed: Jan. 20,
2021. doi: 10.1590/S0100-204X2015000600007.

COELHO, S. V. B. et al. Cryopreservation of Coffea canephora
Pierre ex A. Froehner seeds: importance of drying rate and
moisture contente. Australian Journal of Crop Science v.13,
n.08, p.1335-1342, 2019. Available from: <https://www.embrapa.

Ciéncia Rural, v.54, n.2, 2024.



Steps of cryopreservation of coffee seeds: physiological responses and antioxidant systems 11

br/busca-de-publicacoes/-/publicacao/1114203/cryopreservation-
of-coffea-canephora-pierre-ex-a-froehner-seeds-importance-of-
drying-rate-and-moisture-content>. Accessed: Aug. 17, 2021. doi:
10.21475/ajcs.19.13.08.p1747.

COELHO, S. V. B. et al. Tolerance of Coffea arabica L. seeds to
sub-zero temperatures. Ciéncia e Agrotecnologia, v.41,n.3, p.312-
321, 2017b. Available from: <https://www.scielo.br/j/cagro/a/Kt
dmnNzSNmNTW6jHnzVZt6H/?lang=en>. Accessed: Mar. 25,
2021. doi: 10.1590/1413-70542017413035216.

DUSSERT, S. et al. Biologie de la conservation des semences de
caféiers : aspects fondamentaux et conséquences pratiques. Une
revue. [Coffee seeds conservation biology: Fundamental aspects
and practical implications. A review]. Cahiers Agricultures, v.21,
p.106-114, 2012. Available from: <https://revues.cirad.fr/index.
php/cahiers-agricultures/article/view/30966>. Accessed: Sept. 22,
2021. doi: 10.1684/agr.2012.0552.

DUSSERT, S.; ENGELMANN, F. New determinants for
tolerance of coffee (Coffea arabica L.) seeds to liquid
nitrogen exposure. CryoLetters, v.27, n.3, p.169-178, 2006.
Available from: <https://www.ingentaconnect.com/content/
cryo/cryo/2006/00000027/00000003/art00004>.  Accessed:
Jan. 18, 2021.

DUSSERT, S. et al. Basis of coffee seed sensitivity to liquid
nitrogen exposure: oxidative stress or imbibitional damage?
Physiologia Plantarum. v.119, p.534-543, 2003. Available
from: <http://onlinelibrary.wiley.com/doi/10.1046/j.1399-
3054.2003.00197.x/pdf>. Accessed: Oct. 08, 2021. doi:
10.1046/§.1399-3054.2003.00197 .x.

DUSSERT, S. et al. Cryopreservation of seed of four coffee
species (Coffea arabica, C. costatifructa, C. racemosa and
C. sessiliflora): importance of water content and cooling rate.
Seed Science Research, v.8, n.l, p.9-15, 1998. Available
from:  <https://www.cambridge.org/core/journals/seed-science-
research/article/abs/cryopreservation-of-seeds-of-four-coffee-
species-coffea-arabica-c-costatifructa-c-racemosa-and-c-
sessiliflora-importance-of-water-content-and-cooling-rate/
A131400BE81771DBEF5FBEC345127F51>. Accessed: Nov. 27,
2021. doi: 10.1017/S096025850000386X.

DUSSERT, S. et al. Tolerance of coffee (Coffea spp.) seeds to ultra-
low temperature exposure in relation to calorimetric properties of
tissue water, lipid composition, and cooling procedure. Physiologia
Plantarum, Malden, v.112, n.4, p.495-504, 2001. Available from:
<https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7193679/pdt/
PPL-112-495.pdf>. Accessed: Jan. 22, 2021. doi: 10.1034/j.1399-
3054.2001.1120406.x.

ELLIS, R. H.; HONG, T. D.; ROBERTS, E. H. An intermediate
category of seed storage behaviour?: I. Coffee. Journal of
Experimental Botany, v.41, n.9, p.1167-1174, 1990. Available
from: <https://www.jstor.org/stable/23695125>. Accessed: Mar.
14, 2021. doi: 10.1093/jxb/41.9.1167.

ENGELMANN, F. Use of biotechnologies for the conservation of
plant biodiversity. In vitro Cellular & Developmental Biology —
Plant, v.47,n.1, p.5-16,2011. Accessed: Jul. 11,2021. doi:10.1007/
$11627-010-9327-2.

FERREIRA, D. F. Sisvar: a guide for its bootstrap procedures
in multiple comparisons. Ciéncia e Agrotecnologia, v.38, n.2,

p-109-112, 2014. Available from: <https://www.scielo.br/j/
cagro/a/lyyWQQVwqNcH6kzf9qT9Jdhv/?lang=en>. Accessed:
Mar. 20, 2021. doi: 10.1590/S1413-70542014000200001.

FIGUEIREDO, M. A. et al. Exploratory studies for cryopreservation
of Coffea arabica L. seeds. Journal of Seed Science, v.39, n.2,
p-150-158, 2017. Available from: <https://www.scielo.br/j/jss/a/
XYFbP89;9D8GmMNXdgMMFL3J/?1ang=en>. Accessed: May. 01,
2021. doi: 10.1590/2317-1545v39n2171123.

FIGUEIREDO, M. A. et al. Physiological, biochemical,
and ultrastructural aspects of Coffea arabica L. seeds under
different cryopreservation protocols. Ciéncia e Agrotecnologia,
45:€027020, 2021. Available from: <https://www.scielo.br/j/
cagro/a/Jw94wczLckIn8ckK5VwDhwd/abstract/?lang=en>.
Accessed: Mar. 01, 2021. doi: 10.1590/1413-
7054202145027020.

GARG, N.; MANCHANDA, G. ROS generation in plants: boon
or bane? Plant Biosystems, v.143, n.1, p.81-96, 2009. Available
from: <https://doi.org/10.1080/11263500802633626>. Accessed:
Mar. 08, 2021.

HENDRY, G. A. F. Oxygen and free radical processes in seed
longevity. Seed Science Research, v.3, n.3, p.141-153, 1993.
Available from: <https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC6630744/pdf/plants-08-00174.pdf>. Accessed: Mar. 17,
2021. doi: 10.1017/S0960258500001720.

JAGANATHAN, G.K.; LIU, B. Effects of dimethyl
sulfoxide concentration, pre-cooling and cooling rate
on cryopreservation of hydrated lettuce seeds. Seed
Science & Technology, v.42, p.214-226, 2014. Available
from: <https://www.ingentaconnect.com/contentone/ista/
sst/2014/00000042/00000002/art00010>. Accessed: Mar. 22,
2021. doi: 10.15258/sst.2014.42.2.10.

KRZYZANOWSKY, F. C. et al. Reports of vigor tests available
for major field crops. Informativo ABRATES, v.1, n.2, p.15-50,
1991. Accessed: Dec. 01, 2020.

LOPES, C. A. et al.,, Cryopreservation of primed tobacco
seeds. Journal of Seed Science, v.40, n.4, p.415-420, 2018.
Available from: <https://www.scielo.br/j/jss/a/mN8vGtsBG
cLdqqwgXKjmT7B/?lang=en#:~:text=Seeds%20were%20
cryopreserved%20in%20liquid,water%20bath%20for%20
two0%?20minutes>. Accessed: Mar. 22, 2021. doi: 10.1590/2317-
1545v40n4207216.

LORENZETTI, E. et al. Induction of resistance to Macrophomina
phaseolina in soyben treated with rosemary extract. Summa
Phytopathologica, v.44, n.1, p.45-50, 2018. Available from:
<https://www.scielo.br/j/sp/a/kwLGVDg8fmWHFBLkb8ZW
kvN/?lang=pt>. Accessed: Nov. 22, 2020. doi: 10.1590/0100-
5405/176895.

PANIS, B. et al. Droplet vitrification of apical meristems:
a cryopreservation protocol applicable to all Musaceae.
Plant Science, p.168:45-55, 2005. Available from:
<https://www.sciencedirect.com/science/article/abs/pii/
S0168945204003176>. Accessed: Mar. 05,2021. doi: 10.1016/j.
plantsci.2004.07.022.

PIMENTA, J. C.; VILELA E. R. Microbial composition and
ochratoxin in coffee (Coffea arabica L.) subjected to different

Ciéncia Rural, v.54, n.2, 2024.



0NN AW~

— b
(S R N S =l

12 Souza et al.

drying waiting times. Ciéncia e Agrotecnologia, v.27, n.6,
p-1315-1320, 2003. Available from: <https://www.scielo.
br/j/cagro/a/msFqM6Yzt9dGhpxqVSGZLGh/?lang=pt>.
Accessed: Mar. 05, 2022. doi: https://doi.org/10.1590/S1413-
70542003000600016.

ROCHA, M. S. et al. Cryopreservation of cotton seeds.
Revista Brasileira de Engenharia Agricola e Ambiental.
v.13, n.3, p.312-318, 2009. Available from: <https://
www.scielo.br/j/rbeaa/a/tbDyp4cKssMQyTsg4rz54Ny/?1
ang=pt>. Accessed: Jan. 05, 2022. doi: 10.1590/S1415-
43662009000300013.

SILVEIRA, H. R. O. et al. Gas exchange and carbohydrate
partitioning in coffee seedlings under waterlogging. Ciéncia

e Agrotecnologia, v.39, n.2, p.138-146, 2015. Available from:
<https://www.scielo.br/j/cagro/a/Y6nPvg8pDpg98THSEPG
bWJP/?lang=en>. Accessed: Mar. 05, 2021. doi: 10.1590/
S1413-70542015000200005.

TOWILL, L. E. Cryopreservation of plant germplasm. In:
TOWILL, L. E.; BAJAJ, Y. P. S. (Ed.). Cryopreservation
of plant germplasm II. Berlin: Springer, 2002. p.4-21.

WINSTON, G. W. Physiochemical basics for free
radical formation in cells: production and defenses.
In: ALSCHER, R. G.; CUMMIMG, J. R. (Ed.). Stress
responses in plants: adaptation and acclimation
mechanisms. New York: W. Liss, 1990. p.57-86.
Accessed: Oct. 05, 2021.

Ciéncia Rural, v.54, n.2, 2024.



