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ABSTRACT:In orderto investigate the existence of a possible abscission
zone in the binding region between the peduncle and the coffee fruit,
as well as the biochemical events involved in fruit ripening, we studied
peduncles and fruits of Coffea arabica L. cv. “lcatu amarelo”. Coffee
fruits were harvested at different maturation stages by using specific
intervals of detachment force. It was observed a breakdown in the cells
of the connecting region between peduncles and fruits throughout the
maturation process. This disruption is probably caused by increased
activity of the cell wall-loosening enzymes (polygalacturonase

and cellulase) as well as by higher levels of lipid peroxidation in the
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final maturation stages. In general, physiological differences between
maturation stages were observed and can largely explain the different
detachment forces required at different stages. In conclusion, there is
no clear abscission zone between the peduncle and the coffee fruit cv.
“lcatu amarelo”. Nevertheless, the decrease in the detachment force
throughout the maturation process can occur due to the activity of
cell wall-degrading enzymes together with increased oxidative stress
during the fruit ripening.
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degrading enzyme, oxidative stress.
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INTRODUCTION

The operating speed and the vibration of the rods
of the harvester during mechanized harvesting of coffee
are determined by the force required to detach the fruit
from the plant (Silva et al. 2010; 2013; 2014). Thus, to
maximize harvest efficiency, it is necessary to adjust the
vibration of the rods to avoid the harvesting of green
fruits, since there are variations of fruit detachment force
(FDF) in green and cherry fruits among cultivars and
maturation period (Silva et al. 2010). In recent years,
a FDF from 2 to 5.9 N has been adopted as optimal for
mechanized and selective harvesting of coffee (Silva et
al. 2013).

The abscission of leaves, flowers and fruits is a highly-
regulated phenomenon involving structural, biochemical
and molecular changes (Lewis et al. 2006). Usually this
process takes place in an anatomically distinct layer
of cells known as the abscission zone (Estornell et al.
2013). Abscission begins with cell wall loosening within
this zone due to the dissolution of the middle lamella,
followed by complete enzymatic degradation of cell wall.
Degradation is mediated by the action of enzymes, such
as polygalacturonase (PG) and cellulase, and culminates
in a loss of intercellular adhesion (Rodionova et al. 2001).
Reactive oxygen species (ROS) also play an important
role in cell wall loosening. For example, exogenous
application of H,O, in Capsicum plants led to an increase
in the expression of genes encoding the cellulase enzyme
and resulted in leaf abscission (Sakamoto et al. 2008).
The mechanisms of membrane deterioration and tissue
disruption during ripening are similar to those observed
during senescence (Mondal et al. 2009).

Although abscission zones have been recorded in
the fruits of several species, as Olea europaea L. (Parra-
Lobato and Gomez-Jimenez 2011), there is still a lack
of structural studies related to FDF in coffee fruits. In
order to investigate the existence of a possible abscission
zone in the binding region between the peduncle and the
coffee fruit, as well as the biochemical events involved in
fruit ripening, we studied peduncles and fruits of Coffea
arabica L. cv. “Icatu amarelo”. The characterization of
the abscission zone throughout the ripening process and
its relationship with the detachment force applied by
harvesters will significantly contribute to the improvement
of selective mechanical harvesting of coffee.

MATERIALS AND METHODS

Fruits and peduncles of Coffea arabica L. cv. “Icatu
amarelo” were collected individually at different stages of
maturation and with different degrees of detachment force
(Table 1). FDF was measured by a portable dynamometer
Instrutemp (DD-200), adapted for coffee fruits. Detachment
force intervals for each stage of fruit ripening were determined
and fixed by a pre-test conducted at the place of the harvest,
based on the results reported by Silva et al. (2013). Fruits
were collected individually, and the region of connection
between the peduncle and the fruit was excised with a blade
(Figure 1a) or manually (Figure 1b).

Table 1. Fruits ripening stage, harvesting period and detachment force
intervals of fruits and peduncles of Coffea arabica cv. “lcatu amarelo”.

Maturation Harvesting Detachment force
stage period intervals (N)
Green March - April 8t099and10to 13

Green-Yellow May - June 6to6.9and7to 79
Cherry June - July 2to3.9and4t059

Ultrastructural
and anatomic analysis

Biochemical analysis

; Longitudinal section

(a)
Karnovsky (Sample “a”) «——

FAA (Sample “b") «—— | — 2 ~80°C(Sample’c’)

' —> —80°C (Sample “d”)

- @

(Sample “e”)

— Karnovsky —

4>'

Figure 1. Schematic illustration of a coffee fruit with peduncle. This
scheme shows the samples and their application for different storage
methods before ultrastructural, anatomical and biochemical analyses
(a). The grey circle (b) is a demonstration of the top view of sample
“e”. Dashed lines point out the cuts of the blade.
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Samples fixed (sample “a”) in modified Karnovsky (2.5%
glutaraldehyde, 2.0% paraformaldehyde, 0.05 M cacodylate
buffer, pH 7,2) were placed in glycerol 30% for 30 min and,
subsequently, immersed in liquid nitrogen. A longitudinal
section was then performed with a blade (Figure 1a).
Peduncles stored in Karnovsky (Figure 1b) were excised in
the proximal region of the fruit, and sample “¢” was analyzed.

« » « »

The samples (“a” and “¢”) were washed 3 times for 10 min
in 0.05 M cacodylate buffer and post-fixed in 1% osmium
tetroxide for 2 h. They were then dehydrated in gradient
of acetone (25; 50; 75 and 90%) for 10 min each and twice
in 100% acetone for 10 min and placed in critical point
apparatus (Balzers CPD 030) using liquid CO, to complete
the drying. Samples were assembled on aluminum brackets
(stubs), with double carbon tape, recovered by a gold layer
using an evaporator (Balzers SCD 050) and kept on silica gel
for observation. Specimens from sample “a” were arranged
with the excised area “up”, whereas those from sample “€”
were mounted with the fruit region “up”. Scanning electron
microscope (SEM) analyses were performed using a Leo
EVO 40, 5.5 to 9 mm working distance and 20 kV.

The region connecting the peduncle and the fruit was fixed
in FAA (formaldehyde, ethanol and acetic acid) for 72 h and
then preserved in 70% ethanol. For the permanent blades,
samples were dehydrated in ethanol gradient, infiltrated
and embedded in hydroxyethyl methacrylate Leica®. The
sections were obtained using a semiautomatic microtome
with a thickness of 8 microns. The sections were extended on
the blades containing water, and, when dried, the material
was stained with toluidine blue (O’Brien et al. 1964). The
blades were photographed with a Zeiss Axio Cam Erc 5sina
camera attached to a Zeiss Axio model Lab.A1 microscope.

Samples stored at — 80 °C (samples “c” and “d”) were
used for the biochemical analyses. Sample “c” contained
intact peduncle and a small portion of the fruit. Samples “d”
contained only the fruit without the peduncle.

PG activity was performed with the Buescher and
Furmanski method (1978), modified by Vilas-Boas et al.
(1996). The extract was obtained by maceration of 1.5 g of
fresh weight in liquid nitrogen and subsequent addition of
5 mL of 1 M NaCl, followed by addition of 1 mL of 0.25%
citrus pectin and immersion in a water bath at 30 °C for 3 h.
The reaction was stopped by boiling for 5 min, after which the
samples were deproteinized with 0.3 N barium hydroxide, 5%
zinc sulfate and water. The samples were filtered and used for

the determination of enzymatic activity by Somoghi-Nelson’s

method (Nelson 1944). Results were expressed as nmol of
galacturonic acid per g of fresh material per min.

Cellulase activity was determined according to Walker
et al. (2006) with modifications. Enzymatic extract was
obtained by macerating 0.3 g of fresh weight in liquid
nitrogen to which 1.5 mL of 1 M NaCl was added. The
solution was centrifuged at 12,000 g for 30 min at 4 °C,
and the supernatant was collected for analysis of enzymatic
activity; 400 pL of the extract were added to 400 pL of
1% carboxymethylcellulose and incubated in a water
bath at 30 °C for 1 h. Deproteinization was performed by
adding 3 N barium hydroxide, 5% zinc sulfate and water
to the samples, followed by centrifugation at 8,000 g for
20 min at 25 °C. Enzymatic activity was determined by
the DNS method (Miller 1959): aliquots of the samples
were added to 400 uL of DNS and were boiled for
10 min. The absorbance of the samples was determined
at 540 nm. One cellulase unit is defined as the amount
of enzyme required to break one 1 umol of reducing
sugars per hour.

Hydrogen peroxide (H,0,) was determined according
to Velikova et al. (2000) and lipid peroxidation, by the
quantification of thiobarbituric acid reactive species, as
described by Buege and Aust (1978).

Fruits and peduncles were collected in the 3™ middle of
the coffee plants and each maturation stage and FDF range
contained 4 replicates. Data were subjected to analysis of
variance using the statistical program Sisvar 4.3 (System
Analysis of Variance for Balanced Data) (Ferreira 2011).
Means between treatments were compared by the Scott and
Knott (1974) test (p < 0.05).

RESULTS AND DISCUSSION

In general, there were no observable differences in
cell structure between fruits at different stages, as well
as between the forces used. The abscission zone was not
detected (Figure 2).

Peduncles that were manually detached from the fruits
(sample “e”) (Figure 3) at the green stage, regardless of the
detachment force used, had disrupted cell walls in the central
and peripheral regions. Disruption was more organized in
the green-yellow and cherry stages, with cells arranged
in the central portion and in the connecting region between
fruits and peduncles.
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Figure 2. Scanning electron micrographs of the connection region between peduncles and fruits. (a) Green stage with detachment force
of 10 to 13 N; (b) The center of the cell and the periphery; (c) Green stage with detachment force of 8 to 9.9 N; (d) The center of the cell and
the periphery; (e) Green-yellow stage with detachment force of 7to 7.9 N; (f) The center of the cell and the periphery; (g) Green-yellow stage
with detachment force of 6 to 6.9 N; (h) The center of the cells and the periphery; (i) Cherry stage with detachment force of 4to 5.9 N; (j) The
center of the cells and the periphery; (k) Cherry stage with detachment force of 2 to 3.9 N; (1) The center of the cells and the periphery. Scale
bar: 200 pmin (a); (c); (e); (g); (i) and (k) and 100 pm in (b); (d); (f); (h); (j) and (I) (sample “a”).

In the green stage (Figure 3a to f), the peduncle was
strongly attached to the fruit, requiring higher force
for detachment (10 to 13 and 8 to 9.9 N). The manual
detachment of the peduncle causes cell disruption and,
consequently, the cells were more disorganized. In green-
yellow fruits (Figure 3g to 1), there was a disruption and a
slight organization of cells, without apparent breakdown
of the cell wall. This can be explained by the decrease in
fruit detachment force (7 to 7.9 and 6 to 6.9 N) and the
physiological changes associated with the beginning of
maturation. In contrast, in the cherry stage (Figure 3m,r),
the fruits were mature, and the cells had higher degree of
loosening. This explains the higher organization of cells
and the smaller force required to harvest (4 to 5.9 and 2 to
3.9 N). In this case, the cells were naturally disorganized
and did not show any signs of forced breaking.

In summary, although there was a reduction in the
FDF during maturation due to cell loosening, there was no
evidence of an abscission zone (cells showing disruption
without a linear pattern). Abscission zone cells, when present,
are characterized by dense cytoplasm, interconnecting

plasmodesmata and by a variable number among species
(Estornell et al. 2013).

As in the SEM analysis, the anatomical one provided
no evidence of a breakdown of the cells in a specific
linear zone of the peduncle in any of the maturation
stages and detachment forces (Figure 4). There was only
a separation of some cells in the final maturation stage
(Figure 3n,0), probably due to the action of cell wall-
degrading enzymes. These results indicate that coffee
fruits detach from the branches by the loosening of
some cells in the connecting region between peduncle
and fruit instead of forming an abscission layer. Thus,
the fruit ripens on the branch, changing its color as it
progresses through characteristic developmental stages.
Indeed, in coffee crops, it is common to have fruits at
different maturation stages on the same branches. It is
believed that dried fruit drops primarily as a result of
mechanical disruption (by dehydration) of the peduncle
tissues. Thus, under natural conditions, fruit fall is
probably due to external factors such as wind and rain
(Chaves Filho 2007).
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Binding region of the penducles Periphery

Figure 3. Scanning electron micrographs of binding region between peduncles and fruits. (a) Green stage with detachment force of 10 to
13 N; (b) The center of the cell; (c) Periphery; (d) Green stage with detachment force of 8 to 9.9 N; (e) The center of the cell; (f) Periphery;
(g) Green-yellow stage with detachment force of 7 to 79 N; (h) The center of the cell; (i) Periphery; (j) Green-yellow stage with detachment
force of 6 to 6.9 N; (k) The center of the cells; (I) Periphery; (m) Cherry stage with detachment force of 4 to 5.9 N; (n) The center of the cells;
(o) Periphery; (p) Cherry stage with detachment force of 2 to 3.9 N; (q) The center of the cells; (r) Periphery. Scale bar: 200 pm in (a); (d); (g);
(j); (m) and (p) and 100 pm in (b); (c); (e); (f); (h); (i); (k); (1); (n); (0); (g) and (r) (sample “e”). Square means the observed areas in the center
and the periphery; arrows indicate the cells.
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Figure 4. Photomicrographs of anatomical sections of the proximal binding region between peduncles and fruits (sample “b”). (a) to (c)

Green stage, with detachment force of 10 to 13 N;

yellow stage with

) - (0) Cherry stage with detachment force

(d) to (f) Green stage with detachment force of 8 to 9.9 N; (g) — (i) Green
() Green-yellow stage with detachment force of 6 to 6.9 N; (m

detachment force of 7to 79 N; (j) —

of 4t0 5.9 N; (p) — (r) Cherry stage with detachment force of 2 to 3.9 N. Scale bar: 10 pm. Arrows indicate cell disruption.
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The highest levels of PG activity (Figure 5a) were
found in the green-yellow stage, regardless of FDF and
organ, and in the cherry stage, though only for minor
FDF and only in the fruit. Cellulase activity (Figure 5b)
also showed significant differences between the
maturation stages, with the highest values observed in the
cherry stage, regardless of FDF and organ. Statistical
differences in detachment force were only observed in
the cherry stage (both organs), with the highest cellulase
activity associated with less force.

PG is a pectinase associated with cell wall loosening,
while cellulase promotes cell wall lysis in a process
coordinated throughout fruit maturation (Bonghi
et al. 1992; Goulao and Oliveira 2008). Disruption of the
cell wall by enzymatic action begins with the digestion
of pectic polysaccharides containing polygalacturonic
acid. Firstly, pectinase (PG) leads to the hydrolysis of
a 1-4 bonds between galacturonic acid residues in the cell
wall. Cellulase then cleaves the  1-4 glycolytic bonds of
cellulose or carboxymethyl cellulose molecules, which
are present in the amorphous region of the cell wall
(Rodionova et al. 2001). Studies about fruit ripening
reveal that, during maturation process, PG promotes
cell wall loosening, allowing greater access of cellulase,
which, in turn, more efficiently degrades the cell wall.
Thus, there is one possible hypothesis for coffee fruit
ripening, since we observed increased activity of both
enzymes through the transition from green-yellow to
cherry stage.

The increase in cellulase activity throughout fruit
maturation stages has been reported where it is strongly
associated with the abscission of the fruits (Wu et al.
2008). These enzymes drive the fruit abscission process
through dissolution of the middle lamella and cell wall
degradation.

The activation of the cell wall-degrading enzymes may
be triggered by the presence of ROS. For example, H,0,
is known to act as a signaling molecule for activation
of these enzymes (Sakamoto et al. 2008). In our study,
H,0, levels (Figure 6a) were higher in green and green-
yellow stages, in peduncles and fruits collected by smaller
force and in the cherry stage (regardless of the force
and organ). Significant differences in H,O, levels were
observed between all maturation stages and sampling
forces, with the highest overall values observed in fruits.

Lipid peroxidation (Figure 6b) was higher in the later
stages of maturation. The highest average was obtained
from peduncles and fruits harvested with a smaller
force, both at the green and the green-yellow stages. The
highest means were found in the cherry stage, regardless
of detachment force or organ. Within the cherry stage,
higher levels of lipid peroxidation were recorded in fruits
obtained with greater detachment force.

H,0, is a key regulator of different processes, including
fruit maturation and senescence of flowers and leaves
(Mittler et al. 2004; Bright et al. 2006). Moreover, the
degradation of cellular components and disruption of
membranes during fruit development are triggered by
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Figure 5. Activity of polygalacturonase (a) and cellulase (b) in the peduncles (P) — sample “c” — and fruit (F) — sample “d” — at different
maturation stages and detachment forces. Capital letters compare the maturation stages in each detachment force (minor and major) and
each organ; lowercase letters compare the detachment forces in each maturation stage and each organ; and lowercase letters followed
by apostrophe compare the organs (P and F) in each detachment force and each maturation stage. Different letters indicate significant

differences with 95% of probability.
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Figure 6. Hydrogen peroxide content (a) and lipid peroxidation levels (b) in the peduncles (P) — sample “c” — and fruit (F) — sample “d”
— at different maturation stages and detachment forces. Capital letters compare the maturation stages in each detachment force (minor
and major) and each organ; lowercase letters compare the detachment forces in each maturation stage and each organ; and lowercase
letters followed by apostrophe compare the organs (P and F) in each detachment force and each maturation stage. Different letters indicate

significant differences with 95% of probability.

ROS accumulation. Thus, maturation and senescence
are recognized as oxidative processes (Awad et al.
2011). H,0O,, together with ethylene, regulates cellulase
expression (Sakamoto et al. 2008). For example, in
Capsicum chinense and C. baccato, the final abscission
of leaves was associated with increased H,O, production,
which degrades cell walls by cleaving polysaccharides
(Sakamoto et al. 2008).

The intensity of oxidative stress can be measured by
the extent of lipid peroxidation: imbalances between the
production and removal of ROS can result in damage to
the membranes due to ROS (Sreelatha and Padma 2009).
In our study, higher H,O, concentrations were found in
samples using greater detachment force in the cherry stage.
This molecule is probably a signal for the activation of cell
wall-degrading enzymes, resulting in cell wall loosening
and, consequently, a smaller fruit-detachment force.
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