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Abstract: The pecan tree is a temperate-climate species that requires the
accumulation of chilling hours (CH) to overcome dormancy. This process is still not
well understood, especially under mild winter conditions. Therefore, the objective
of this research was to deepen the understanding of budburst and the biochemical
changes occurring in pecan tree buds during dormancy in a subtropical climate.
The experiment was conducted using buds from the cultivars Pitol 2 (Importada),
Pitol 1 (Melhorada), and Barton, grown in Guarapuava, PR, southern Brazil. Two
experiments were carried out: one in the laboratory with different amounts of
artificial chilling at 7 °C (0, 168, 336, 504, and 672 CH), and another in the field with
different natural accumulations of CH (15, 94, 179, 214, and 258 CH). Dormancy
was evaluated using a biological test with isolated node cuttings. Respiratory
activity was assessed using the tetrazolium test, and peroxidase (POD) enzyme
activity was also measured. The cultivars showed different dormancy dynamics in
response to the amount and timing of cold accumulation. POD enzyme activity
and bud respiratory activity were inversely associated with dormancy level, both
being lower when buds were deeply dormant, with a longer average time to
budburst and a lower budburst rate. The chilling requirement of the cultivars was
not precisely determined; however, it was observed that ‘Barton’ pecan trees have
a higher requirement than ‘Melhorada; which, in turn, has a higher requirement
than‘Importada’

Indexing terms: Carya illinoinensis, chilling hours, peroxidase, budburst, pecan.

Brotacao e alteragdes bioquimicas durante
a dorméncia de gemas de nogueira-peca em
condicao de inverno ameno

Resumo: A nogueira peca é uma espécie de clima temperado que necessita
acumular horas de frio (HF) para superar o periodo de dorméncia. Este processo
ainda é pouco conhecido, principalmente em condi¢des de inverno ameno. Dessa
forma, o objetivo dessa pesquisa foi aprofundar o conhecimento sobre a brotacao
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e as alteragbes bioquimicas que ocorrem em gemas de nogueira-peca durante o periodo
de dorméncia em clima subtropical. O experimento foi conduzido com gemas das
cultivares Pitol 2 (Importada), Pitol 1 (Melhorada) e Barton, cultivadas em Guarapuava-PR,
Brasil. Foram realizados dois experimentos, um em laboratério com diferentes quantidades
de frio (7 °C) artificial (0, 168, 336, 504 e 672 HF) e outro com diferentes acimulos de HF
a campo (15, 94, 179, 214 e 258 HF). A dorméncia foi avaliada pelo teste biolégico de
estacas com nés isolados. Foi avaliada a atividade respiratéria pelo teste do tetrazélio e
a atividade da enzima peroxidase (POD). As cultivares apresentam diferente dinamica
da dorméncia em resposta a quantidade de frio acumulado e da época do acumulo. A
atividade da enzima POD e a atividade respiratéria das gemas foram inversamente
associadas a profundidade de dorméncia, sendo os valores para essas atividades menores
guando as gemas se apresentavam mais profundamente dormentes, ou seja, com maior
tempo médio para brotacao e menor taxa de brotagao. A exigéncia em frio das cultivares
nao foi determinada com exatidao, mas se constatou que a ‘Barton’ é mais exigente do

que a‘Melhorada; e esta mais exigente do que a‘Importada’

Termos para indexacao: Caryal illinoinensis, horas de frio, peroxidase, brotacao, pecan.

Introduction

The pecan tree (Carya illinoinensis) is a pe-
rennial species native to North America,
but it is also cultivated in several other
countries, including Brazil (CASALES et al.,
2018). In Brazil, the main producing regions
are predominantly located in the southern
states, collectively yielding approximately
6,000 to 7,000 metric tons of pecan nuts an-
nually. Production is concentrated primari-
ly in Rio Grande do Sul, followed by Santa
Catarina and Parana (EMBRAPA, 2023).

The steady growth of the sector reflects
increasing domestic demand for healthi-
er food options and the favorable climatic
conditions for pecan cultivation in these
regions (MARTINS et al., 2021). The main
cultivars planted in Brazil include Barton,
Pilot 1 (Melhorada), and Pilot 2 (Importada),
all with an average kernel yield of approxi-
mately 50% (MARTINS et al., 2023).

Several environmental and physiological
factors strongly influence pecan budbreak,
including temperature fluctuations, soil
moisture, photoperiod, solar radiation, and
the tree’s nutritional status. Adequate cold
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exposure followed by warm temperatures,
sufficient water availability, and balanced
nutrition promote uniform bud develop-
ment, whereas environmental stresses and
poor soil conditions can delay or impair this
process (KAUR et al., 2020; ZHENG et al.,
2021; EMBRAPA, 2023).

The accumulation of chilling hours (CH) is
essential for dormancy release in pecan
trees, as exposure to low temperatures en-
ables the overcoming of dormancy and
promotes uniform budbreak. Cold-induced
dormancy represents an adaptive mecha-
nism that enhances the species’survival un-
der adverse winter conditions (FALAVIGNA
et al,, 2019). Determining the chilling re-
quirements of each cultivar allows for the
identification of regions with adequate cold
accumulation, thereby ensuring proper
dormancy release and productive success
(PETRI et al., 2021; WANG et al., 2022).

The biological determination of CH in pe-
can trees relies on assessing the physiolog-
ical response of buds to cold exposure. By
evaluating budbreak from dormant shoots
under controlled conditions, it is possible to
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identify when chilling requirements are ful-
filled, offering more accurate estimates than
meteorological models. Biological methods
have been widely used in temperate fruit
species, including pecan, to understand
cultivar variability and climatic adaptation
(EREZ; LAVEE, 1971; RICHARDSON et al.,
1974; KUDEN et al,, 2013; PETRI et al., 2021).
However, methods based on final budbreak
rate (FBR) and the number of days required
to reach 50% budbreak (DD50%) do not
clearly determine the chilling requirements
of pecan cultivars (CROSA et al., 2023).

Bud dormancy progresses through three
main phases: paradormancy, regulated by
other plant organs; endodormancy, which
represents true physiological dormancy;
and ecodormancy, triggered by environ-
mental conditions. These phases are in-
fluenced by temperature, photoperiod,
water content, protein and carbohydrate
metabolism, and antioxidant metabolism
(BEAUVIEUX et al., 2018).

During dormancy, bud dehydration pro-
vides protection against cold, while rehy-
dration and increased respiration at the end
of endodormancy promote ATP synthesis,
thereby stimulating budburst (TAN et al.,
2015). Dehydration also increases soluble
carbohydrate levels, preventing ice crystal
formation. These carbohydrates, derived
from adjacent photosynthetically active tis-
sues, support osmoregulation and serve as
a vital energy source for budburst (LUO et
al., 2024).

The measurement of biochemical indica-
tors provides a complementary approach
for estimating chilling accumulation in
buds. Cold-induced oxidative stress increas-
es reactive oxygen species (ROS) levels and
modulates the activity of antioxidant en-
zymes, such as peroxidases (POD), through-
out the dormancy period. (GUZICKA et al.,
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2018; BEAUVIEUX et al., 2018).

Despite its relevance, the biochemical reg-
ulation of dormancy in pecan trees is not
yet fully understood, particularly under
mild winter conditions. Therefore, this study
aimed to investigate the physiological and
biochemical changes occurring in pecan
buds during dormancy under subtropical
climate conditions.

Materials and Methods

Biological test on bud sprouting
in pecan trees

Twelve-year-old pecan trees of the culti-
vars Barton, Pilot 1 (Melhorada), and Pitol 2
(Importada), grown in Guarapuava, Parana,
Brazil (25°23'04.5" S, 51°29'31.7" W; 1,220
m altitude), were used for bud collection in
this study. At the time of collection, in May,
the plants still had leaves and fruits, a char-
acteristic of plants in paradormancy.

Two biological experiments were conduct-
ed using buds from these cultivars. In the
first experiment, branches were collected
on May 14,2022, and transported to the lab-
oratory, where they were wrapped in moist
paper, placed in plastic bags, and stored in
a BOD-type climate chamber at 7 °C in the
dark. Weekly, a portion of the branches was
removed from the chamber for evaluation.
Thus, the buds were exposed to different
amounts of artificially accumulated chilling
hours (CH), corresponding to treatments of
0 (installed immediately after field collec-
tion), 168, 336, 504, and 672 CH.

In the second experiment, branches were
collected in the field on May 14, June 2, July
2, August 13, and September 17, 2022, and
transported to the laboratory. Each collec-
tion date represented a treatment charac-
terized by the natural accumulation of chill-
ing hours (CH) in the field: 15, 94, 179, 214,
and 258 CH, respectively.
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For both experiments, the same character-
istics were evaluated using the bud sprout-
ing bioassay. Branches were cut into 10 cm
long cuttings, each with one bud at the
apex. The cuttings were placed in pheno-
lic foam arranged in Styrofoam™ trays with
a 1 cm water layer and kept in a BOD-type
growth chamber at 25°C with a 12-hour
photoperiod. Each cutting was individual-
ly evaluated every two days up to 20 days
after the experiment installation, based on
the international BBCH scale (Biologische
Bundesanstalt, Bundessortenamt und
Chemische Industrie). The original BBCH
scale provides a standardized description of
the complete phenological stages of plants
in ten main phases, coded from 0 to 9. Each
main stage is further divided into ten sub-
stages (or secondary stages), also identified
by digits from 0 to 9 (HACK et al.,, 1992). In
the present study, stages 0 (bud develop-
ment - substage 07) and 1 (leaf develop-
ment - substage 10) were used, according
to the classification proposed by the afore-
mentioned scale (DE MARCO et al., 2021).

Based on these evaluations, the following
variable was calculated:

« Mean Time to Sprouting (MTS) - the av-
erage number of days between the start
of the experiment and detection of the
GT stage;

- Final Sprouting Rate (FSR) - the percent-
age of cuttings with buds reached the GT
stage;

- Vigorous Sprouting Rate (VSR) - the per-
centage of cuttings whose buds reached
the GT stage and progressed to the BB
stage (equation 1):

(% of cuttings with buds at BB stage) x 100

VSR = TSR

« Mean Sprouting Speed (MSS) - assesses
the sprouting rate over time and is calcu-
lated by using the equation 2:

Garcia et al. (2026)

MSS = (n; +t;) (buds/day)

Where ni = number of buds that reached
the GT stage at time “i", and ti = time after

the experiment installation (i = 1 — 20).

Biochemical Tests on Bud
Sprouting in Pecan Trees

The tetrazolium test (CARVALHO et al,
2010) was performed to assess the respi-
ration of meristematic tissues present in
the buds. Lateral vegetative buds from the
upper half of the branches were collected,
with the outer scales kept intact, and longi-
tudinally cut in half to expose the internal
tissues. Each sample consisted of 0.5 g of
buds, which were immediately used in the
test to prevent oxidation.

The bud samples were immersed in 5 mL
of a 1% (w/v) 2,3,5-triphenyl tetrazolium
chloride solution in sealed containers and
incubated in a BOD incubator at 25°C for
two hours to stain the living tissues. After
staining, the buds were removed from the
solution and placed in 6 mL of absolute eth-
yl alcohol (PA grade) at room temperature
for one hour to extract the red coloration
from the buds. The intensity of the color
in the ethanol solution was measured by
spectrophotometry as absorbance at 560
nm (Shimadzu Corporation, Kyoto, Japan).

For enzymatic activity analysis, lateral vege-
tative buds were removed from the branch-
es at the time each treatment was initiat-
ed in both experiments. The buds were
wrapped in aluminum foil, placed in ther-
mos bottles containing liquid nitrogen, and
stored in a freezer at —20 °C until analysis.

To obtain the enzymatic extract, the buds
were weighed and ground in a mortar
with liquid nitrogen. The ground material
was transferred to pre-cooled Eppendorf
tubes, and 2 mL of chilled 50 mM potassi-
um phosphate buffer (pH 7.0) containing
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0.1 mM EDTA and 1% (w/w) polyvinylpyr-
rolidone (PVP) was added. The mixture was
stirred with a magnetic stirrer for 20 s, trans-
ferred to 2 mL Eppendorf tubes, and kept
in a Styrofoam box containing crushed ice
until centrifugation. The homogenate was
centrifuged at 5,000 rpm for 30 min at 4 °C,
and the supernatant was collected and con-
sidered the enzymatic extract, which was
stored at —20 °C for later determination of
enzymatic activity (KAR; MISHRA, 1976).

Protein content was determined according
to Bradford (1976), as a preliminary step for
enzymatic activity quantification. For this
purpose, 40 uL of the enzymatic extract
was added to 1 mL of Bradford reagent
and mixed for 2 seconds with a magnet-
ic stirrer. After 5 minutes, absorbance was
read at 595 nm using a spectrophotome-
ter. Protein concentration, expressed in mg
mL"' of sample (mg protein mL"), was de-
termined using a standard curve prepared
with bovine serum albumin (BSA) concen-
trations ranging from 0 to 1.0 mg mL". The
BSA standard curve was obtained using the
Bradford method.

Guaiacol peroxidase (POD, EC 1.11.1.7) activ-
ity was determined following the method-
ology of Urbanek et al. (1991). For this assay,
100 pL of enzymatic extract was added to 2.9
mL of a reaction mixture containing 50 mM
sodium acetate buffer (pH 5.2) and 20 mM
hydrogen peroxide. The solution was incu-
bated in a water bath at 30°C for 10 minutes.
After incubation, absorbance was measured
at 480 nm to determine the conversion of
guaiacol to tetraguaiacol. POD activity was
expressed as U A mg™' protein min', where
one unit of enzyme activity was defined as a
change of 1.0 absorbance unit at 480 nm per
milligram of soluble protein per minute.

The experimental design used in both ex-
periments was a completely randomized
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3x5 factorial scheme (cultivars x chilling
hours), with four replicates of 10 cuttings
per experimental unit. Data were subject-
ed to analysis of variance, and means were
compared using Tukey test at a 5% prob-
ability level, using the statistical software
SISVAR version 5.6 (FERREIRA, 2019).

Results and Discussion

Biological test on bud sprouting
in pecan trees (C. illinoinensis)

In the studied region, significant tempera-
ture fluctuations were observed throughout
the entire evaluation period (Figure 1). This is
a natural characteristic of subtropical regions
in southern Brazil and can pose adaptive
challenges for temperate-climate species.

The chilling accumulation during the win-
ter of 2022 totaled 258 chilling hours (CH)
up to September 19, the date of the last
field sampling of branches (Table 1). This
value was lower than the average record-
ed in Guarapuava between 2000 and 2004,
which was 308 CH, although interannual
fluctuations in chilling accumulation are
common. During that period, 2000 was the
coldest year with 422 CH, whereas 2002 was
the mildest, with only 224 CH (BOTELHO et
al., 2006). Similar variability was observed in
Pinhais, Parana, where an almost sequential
alternation occurred between colder and
milder years over the 12-year evaluation
period. The lowest accumulation occurred
in 2015 with 30 CH, and the highest in 2009
with 349 CH, with an average of 169.6 CH
over the period (SILVA; BIASI, 2020). Such
variability in chilling accumulation can
strongly influence pecan bud physiology,
as insufficient or uneven chilling may affect
both the timing and uniformity of budburst.
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Figure 1. Maximum and minimum air temperatures (°C) from May to September 2022 in
Guarapuava, Parand, Brazil. Arrows indicate the days on which pecan tree (Carya illinoinensis)
buds were collected from the cultivars Barton, Pilot 1 (Melhorada), and Pilot 2 (Importada).

Table 1. Accumulated chilling hours (CH) based
on temperatures < 7.2°C during the months of

May to September 2022.
. Chill Hours Accumulated

Co[I)I:tcet;on Betwe_en Chill Hours
Collections (CH)

14/05/2022 15 15

02/06/2022 79 94

02/07/2022 85 179

13/08/2022 35 214

17/09/2022 44 258

In the biological analyses of bud sprouting
in pecan trees (Carya illinoinensis), a signifi-
cant interaction between cultivars and chill-
ing hours (CH) was observed under both ar-
tificial and natural chilling conditions (Tables
2 and 3). In the artificial chilling experiment,
the cultivars exhibited distinct responses
to cold accumulation. The cultivar ‘Barton’
showed an increase in mean budburst time
(MBT) and a decrease in bud sprouting rate
(BSR) with higher CH accumulation. A simi-
lar trend was observed for ‘Melhorada’ re-
garding MBT, although the difference be-
tween the control and the highest CH treat-
ment (672 hours) was smaller. For ‘Barton;
MBT increased 2.2-fold, reaching 14.3 days,

6

whereas for ‘Melhorada’it increased 1.6-fold,
reaching 5.3 days, still lower than the con-
trol value of ‘Barton’ (6.5 days). In contrast,
the cultivar ‘Importada’ exhibited the oppo-
site pattern, with a progressive reduction in
MBT and an increase in BSR as CH increased
a response consistent with temperate-cli-
mate species that require sufficient chilling
accumulation to overcome bud dormancy.
These results highlight how the variability
in chilling accumulation between years can
directly influence the physiological behavior
of different pecan cultivars, affecting both
the timing and uniformity of bud sprouting
(Table 2).

The cultivar Barton showed a reduction in fi-
nal budburst time (FBT) with increasing CH,
while the total budburst percentage (TBP)
increased from 22.5% in the control to 82.4%
with 672 CH. The Melhorada cultivar showed
a similar pattern for TBP, increasing from
25.0% in the control to 82.8%. The Importada
cultivar showed increases in both FBT and
TBP throughout the chilling accumulation
period, demonstrating its need for cold ex-
posure to favor bud sprouting (Table 2).

Fruit. Crop. Sci. J. 2026; v.1: e-039
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Table 2. Mean budburst time (MBT), final budburst rate (FBR), vigorous budburst rate (VBR),
and budburst speed of pecan tree buds (Carya illinoinensis), cultivars Pilot 2 (Importada), Pilot 1
(Melhorada), and Barton, subjected to artificial chilling at 7°C for 0, 168, 336, 504, and 672 chilling

hours (CH).
Chill Hours (CH)
Cultivar Average Budburst Time (ABT) (Days)
0 168 336 504 672

Barton 6.5 Bb 5.5Bb 2.9Bb 6.3Bab 14.3 Aa
Importada 12.3 Aa 10.5Aa 10.1 Aa 8.4Ab 7.1Bb
Melhorada 3.3 Bb 3.4 Bb 7.4 Aa 4.7Ba 5.3 Ba

CV (%) 20.51

Final Budburst Rate (FBR) (%)

Barton 97.5Aa 100.0 Aa 82.5Aa 57.5Bb 45.0 Bb
Importada 20.0Bb 35.0 Bb 32.5Bb 80.0 Aa 55.0 Bab
Melhorada 87.5 Aab 100.0 Aa 75.0 ABb 100.0 Aa 97.5Aa

CV (%) 19.7

Vigorous Budburst Rate (VBR) (%)

Barton 22.5Ab 27.5 ABb 27.0Bb 75.7 Aab 82.4 Aa
Importada 0.0Bb 15.0 Bb 36.1Bb 42.8 Bab 72.7 Ba
Melhorada 25.0 Ab 42.5 Ab 71.6 Aab 60.0 Aab 82.8 Aa

CV (%) 20.51

Budburst Speed (BS) (buds day-)

Barton 2.6 Aab 2.6 Aab 3.4 Aa 1.4 Bab 0.5Bb
Importada 0.17Bb 0.6 Bab 0.3Bab 2.3 Aba 1.3 Bab
Melhorada 3.6 Aa 3.3Aa 2.4 ABb 3.5Aa 3.6 Aa

CV (%) 18.7

Means followed by the same uppercase letter in the column and lowercase letter in the row do not differ significantly

by Tukey'’s test (p<0.05).

The differences observed among pecan cul-
tivars in response to artificial chilling reflect
genotypic variability in dormancy require-
ments. The cultivar ‘Barton’ showed an in-
crease in mean budburst time (MBT) and a
decrease in bud sprouting rate (BSR) with
increasing chilling accumulation, indicat-
ing that prolonged cold periods may delay
budburst, possibly due to a lower toler-
ance to excessive chilling (PETRI et al., 2021;
WANG et al., 2022). The cultivar ‘Melhorada’
exhibited a similar pattern, although less
pronounced, suggesting a lower chilling re-
quirement or greater tolerance to tempera-
ture fluctuations.

In contrast, the cultivar ‘Importada’ showed
a reduction in mean budburst time (MBT)
and an increase in bud sprouting rate (BSR)

Fruit. Crop. Sci. J. 2026; v.1: e-039

as chilling accumulation increased, demon-
strating a greater dependence on cold ex-
posure to overcome dormancy, character-
istic of temperate-climate species (LANG
et al, 1987; EREZ; LAVEE, 1971). These cul-
tivar-specific differences highlight the im-
portance of considering chilling require-
ments when planning pecan cultivation in
subtropical regions, ensuring uniform bud-
burst, adequate vegetative growth, and ef-
ficient productivity (KUDEN et al., 2013; TAN
etal, 2015).

Such responses are closely linked to the
physiological mechanisms underlying dor-
mancy. Low temperatures initially induce
bud dormancy, allowing plants to acclimate
to the cold and enter endodormancy, during
which budburst does not occur even under
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ideal environmental conditions (LANG et al,,
1987; HANNINEN, 2016). After overcoming
this phase, buds must reverse dormancy to
allow sprouting, a process controlled by the
bud meristem in response to environmen-
tal cues. The deeper the endodormancy, the
greater the number of chilling hours (CH)
required for its release (LANG et al., 1987),
with prolonged exposure to low tempera-
tures being the main driving force behind
dormancy release (FUCHIGAMI et al., 1982;
BAUMGARTEN et al., 2021).

During endodormancy, meristematic cells
exhibit large nuclei and reduced cytoplasm,
which ensures controlled cell division and
reduces potential damage caused by low
temperatures, particularly related to cyto-
solic water content. Once endodormancy is
satisfied, buds enter ecodormancy, where
physiological constraints are lifted but bud-
burst remains dependent on favorable en-
vironmental conditions, such as sufficient
heat accumulation. As spring begins, the
water content in bud cells increases, en-
abling the resumption of cellular metabo-
lism and the initiation of budburst (LANG et
al., 1987; DEL BARRIO et al., 2022).

In the field experiment, with natural chilling,
the cultivars showed results similar to those
observed under laboratory conditions (ar-
tificial chilling), but with greater variation,
probably due to fluctuations in daily max-
imum and minimum temperatures during
fall and winter (Figure 1). Barton cultivar
showed fluctuations in MBT and FBR, in
response to with temperature variations,
which disrupt uniform chilling accumula-
tion. Similarly to the laboratory experiment
(artificial chilling), in the field (natural chill-
ing), MBT was lower at the beginning of the
evaluations and FBR was higher, with 97.5%
of buds sprouting at the start, while at the
end of the test, FBR dropped to 45% (Tables
2 and 3). The high FBR observed on May 14
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indicates that the buds of the Barton culti-
var had not yet entered endodormancy and
were still in paradormancy, since the plants
still had leaves and fruits at the time of col-
lection—characteristic of plants in parador-
mancy (YAACOOUBI et al., 2016). Over time,
endodormancy deepened, which was not
fully overcome by the 258 CH accumulated
in the field or even by the 672 CH provid-
ed in the laboratory. This suggests that the
Barton cultivar may have a higher chilling
requirement.

In addition to CH accumulation, environ-
mental conditions at the cultivation site
must also be considered. In experiments
conducted in Cangucgu/RS, Brazil, results
opposite to those obtained in the present
study were observed. The authors reported
that the Barton cultivar required between
750 and 1000 CH, while the Importada and
melhorada cultivars required between 250
and 500 CH. However, the chilling require-
ments of the cultivars were not conclusive
due to observed variations (CROSA et al.,
2023). In subtropical conditions in Turkey,
23 pecan cultivars were evaluated and chill-
ing requirements varied from 250 to 550 CH
across different years (KUDEN et al., 2013). It
is well known that autumn temperatures af-
fect dormancy; if autumn temperatures are
high, the depth of endodormancy increases
(WANG et al., 2022).

‘Melhorada’ pecan buds also exhibited fluc-
tuations in MBT, FBR, and BSR, following a
sprouting pattern similar to that observed
in the ‘Barton’ pecan buds—MBT increased
and FBR decreased in the final evaluation
on August 13. However, MBT was signifi-
cantly lower and BSR was higher than in
‘Barton; indicating a difference between the
cultivars and suggesting that Melhorada
may have a lower chilling requirement than
Barton. This distinction was also evident in
the laboratory experiment, where differ-
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ences were more pronounced after the ac-
cumulation of 672 CH (Table 2).

‘Importada’ pecan buds responded differ-
ently from the other cultivars, showing a
progressive reduction in MBT and an in-
crease in FBR, VBR, and BSR over the course
of the sampling period (Table 3). This culti-
var appeared to be in endodormancy at the
beginning of the experiment, as indicated

bud dormancy under mild winter conditions

by the high MBT (10.3 days) and low FBR
(20%). On July 7, when the CH total reached
179 hours, MBT dropped to 3.3 days—a
value substantially lower than that ob-
served in the laboratory with artificial con-
stant chilling (7.1 days) even after 672 CH,
demonstrating that this cultivar was able to
meet its chilling requirement with just 179
CH under the field conditions.

Table 3. Mean budburst time (MBT), final budburst rate (FBR), vigorous budburst rate (VBR),
and budburst speed of pecan tree buds (Carya illinoinensis), cultivars Pilot 2 (Importada), Pilot
1 (Melhorada), and Barton, after exposure to 15, 94, 179, 214, and 258 chilling hours (CH) in the

field.
Chilling Hours (CH)
Cultivar Average Budburst Time (ABT) (Days)
15 94 179 214 258

Barton 6.3 Bb 5.9Ab 8.3Aa 6.3 Bb 8.2Aa
Importada 10.3 Aa 6.6Ab 3.3 Bc - -
Melhorada 3.2Cb 4.3 Bab 3.2Bb 7.7 Aa 4.3 Bab

CV (%) 21.4

Final Budburst Rate (FBR) (%)

Barton 97.5Aa 37.7Ab 57.7 Ab 72.5Bab 45.0 Ab
Importada 20.0 Bb 22.5Bb 5.5Aa - -
Melhorada 87.5Aa 45.7 Ab 50.7 Aab 92.2 Aa 52.5 Abc

CV (%) 36.48

Final Budburst Rate (FBR) (%)

Barton 18.6 Ab 24.5Bb 46.9 Bb 71.8 Aa 80.7 Aa
Importada 0.0Bb 25.0Ba 455Ba - -
Melhorada 25.0 Ab 100.0 Aa 100.0 Aa 59.8 Bab 100.0 Aa

CV (%) 41.39

Budburst Speed (BS) (buds day-)

Barton 2.8 Aa 1.1Ab 1.5 Bab 2.4 Aab 0.6 Bc
Importada 0.16 Bb 0.6 Ab 2.4 Aa - -
Melhorada 3.4 Aa 0.7 Ab 1.4 Bb 2.3 Aab 1.9 Aab

CV (%) 19.2

Means followed by the same uppercase letter in the column and lowercase letter in the row do not differ significantly

according to Tukey'’s test (p<0.05).

Based on these results, the adaptability of
pecan trees (C. illinoinensis) can change ac-
cording to the climatic conditions, allowing
different cultivars to be cultivated in various
regions, depending on temperature and
photoperiod (WANG et al., 2022).

These variations in chilling hour (CH) re-
quirements during the dormancy peri-
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od—typically from May to September—
can range from less than 100 to up to 1000
hours, and such variation may occur among
cultivars (WELLS, 2017; CROSA et al., 2021).
Therefore, determining CH requirements is
essential for identifying the most suitable
cultivation areas for each cultivar (PETRI et
al., 2021; WANG et al., 2022).
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Biochemical tests on budburst of
pecan tree buds (C. illinoinensis)

Regarding the tetrazolium test, an interac-
tion was observed between the cultivars
and chilling hours in both the laboratory
(artificial chilling) and field (natural chilling)
experiments. In the laboratory, buds from
cv. ‘Barton’ showed a 43.4-fold increase in
absorbance after 168 CH compared to 672
CH. For cv. Importada, absorbance also
decreased as CH increased. Moreover, cv.
Melhorada showed the highest absorbance
at the beginning of the experiment, not dif-
fering significantly from the other cultivars,

Garcia et al. (2026)

and after accumulating 672 CH, its absor-
bance was higher than cv. Barton (Table
4), indicating greater respiratory activity,
which was consistent with the MBT and FBR
responses (Table 1).

Under field conditions (natural chilling), cv.
Barton showed the highest absorbance at
94 CH, which corresponded to the lowest
MBT (5.9 days), indicating that the buds were
exhibiting high respiratory and growth ac-
tivity. A similar result was observed for cv.
Melhorada, which had the highest absor-
bance at 179 CH (Table 4), also correspond-
ing to its lowest MBT (3.2 days) (Table 3).

Table 4. Tetrazolium test on pecan tree buds (Carya illinoinensis), cultivars Pilot 2 (Importada),
Pilot 1 (Melhorada), and Barton, after receiving 0, 168, 336, 504, and 672 chilling hours (CH) in the
laboratory, and 15, 95, 179, 214, and 258 CH in the field.

Absorbance - Laboratory

Cultivar
0 168
Barton 0.020Abc 0.087Aa
Importada 0.025Aa 0.022ABa
Melhorada 0.027Aa 0.012Bab
CV (%)
Cultivar
15 94
Barton 0.020Ab 0.034Aa
Importada 0.025Ab 0.021ABb
Melhorada 0.029Aab 0.019Bb
CV (%)

Cold Hours (CH)

336 504 672
0.025Ab 0.010Aab 0.002Bc
0.013Aab 0.006Bb 0.006ABb
0.0067Bb 0.013Aab 0.014Aab

22.7

Absorbance - Field
Cold Hours (CH)

179 214 258
0.028Bab 0.007Bb 0.020Bb
0.025Bb 0.023Ab 0.033Aa
0.043Aa 0.015ABb 0.021Bb

27.9

Means followed by the same uppercase letter in the column and lowercase letter in the row do not differ significantly

according to Tukey'’s test (p<0.05).

The tetrazolium test is associated with cel-
lular respiration, revealing the oxidizing
and reducing properties of tetrazolium salt,
which acts as a hydrogen ion receptor during
respiration. This hydrogenation occurs only
in metabolically active cells and, producing
red coloration as a result of the formation of
triphenyl formazan (BRASIL, 2009).

The results obtained from the tetrazolium
test showed a strong correlation with the
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biological tests, where the reduction in
respiratory activity paralleled changes in
mean budburst time (MBT), as clearly ob-
served for cv. Barton. In this case, MBT in-
creased with the artificial accumulation of
chilling hours (CH) in the laboratory, which
was accompanied by a decrease in absor-
bance readings and a reduction in the fi-
nal budburst rate (FBR), indicating bud
endodormancy.
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Once sufficient chilling has accumulated, a
reduction in pentose phosphate pathway
activity occurs, followed by the activation of
glycolysis and the tricarboxylic acid cycle. In
pecan buds, increased alpha-amylase activ-
ity has been reported during the winter, re-
sulting in higher concentrations of soluble
sugars available in the meristematic tissues
of the buds for cellular respiration (DANIELI
et al,, 2023). Consequently, adenosine tri-
phosphate (ATP) is synthesized and utilized
in cellular metabolism, characterizing dor-
mancy release (SHI et al., 2025). These en-
ergy molecules support shoot growth and
development until the photosynthetic ap-
paratus is fully formed and functional in the
spring (CAKMAK ; ENGELS, 2024).

In this context, physiological and biochem-
ical studies of pecan tree buds (Carya illi-
noinensis) demonstrate that these plants
show different responses depending on
the cultivar and cultivation region. Notably,
the CH accumulation for cv. Barton induced
endodormancy, suggesting that the ideal
chilling requirement for dormancy release
was not met, as reflected in increased MBT
and reduced FBR—both in the laborato-
ry (45% with 672 CH) and in the field (45%
with 258 CH).

In contrast, cv. Importada entered dorman-
cy earlier than the others, as indicated by its

bud dormancy under mild winter conditions

low FBR of just 20% on 15 May 2022, show-
ing a need for chilling accumulation to over-
come dormancy. Therefore, further studies
are recommended for these cultivars using
CH levels higher than 672. Moreover, cv.
Melhorada cultivar showed high budburst
rates with relatively low CH, reaching 100%
in the laboratory with 168 CH and 92.2% in
the field with 214 CH.

Thus, cold is an important agroclimatic fac-
tor in the cultivation of these trees. Budburst
in response to environmental conditions
directly influences growth, flowering, and
fruit development (KRAMER et al., 2017). In
this context, climate change, regional grow-
ing conditions, and cultivar selection re-
quire careful planning to achieve good per-
formance in pecan orchards (RODRIGUEZ et
al., 2021).

For POD-specific activity in the laboratory
experiment (artificial chilling), a significant
interaction between the analyzed factors
(cultivars and chilling hours) was observed.
For cv. Barton, POD activity did not differ
significantly between 504 and 672 CH, but
it was significantly higher than at the other
CH levels tested. This suggests that for this
cultivar, elevated POD activity is associated
with reduced budburst. For the other culti-
vars, POD activity decreased with the accu-
mulation of CH (Table 5).

Table 5. Specific activity of the enzyme Peroxidase (POD) in pecan tree buds (Carya illinoinensis),
cultivars Barton, Pilot 2 (Importada), and Pilot 1 (Melhorada), conditioned in the laboratory with

chilling hours (CH) of 0, 168, 336, 504, and 672.

Cold Hours (CH)
Cultivar Specific Peroxidase Activity (POD) (UAmgp!) - Laboratory
0 168 336 504 672
Barton 0.0025 Bb 0.0014 Ab 0.0023 Ab 0.0055 Aa 0.0044 Aa
Importada 0.1130 Aa 0.0017 Ab 0.0037 Ab 0.0016 Ab 0.0030 Ab
Melhorada 0.1480 Aa 0.0002 Bb 0.0008 Bb 0.0002 Bb 0.0046 Ab
CV (%) 232

Means followed by the same uppercase letter in the column and lowercase letter in the row do not differ significantly

according to Tukey'’s test (p<0.05).
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In the field experiment (natural chilling),
there was no interaction between the fac-
tors cultivars and chilling hours (CH) (Tables
6 and 7). Regarding cultivars, it was ob-
served that Melhorada showed an increase
of approximately 30% in POD activity com-
pared to the Barton and Importada culti-
vars (Table 6). However, in terms of CH, a re-
duction of 98.9% was observed when com-
paring the accumulation of 15 CH to 258 CH
(Table 7).

Table 6. Specific activity of the enzyme
Peroxidase (POD) in pecan tree buds (Carya
illinoinensis) of the cultivars Barton, Pilot 2
(Importada), and Pilot 1 (Melhorada).

Specific Peroxidase

Cultivar Activity (POD) (UAmgp)
Barton 0.0220 b
Importada 0.0230 b
Melhorada 0.0300 a
CV (%) 25.01

Means followed by the same uppercase letter in the col-
umn and lowercase letter in the row do not differ signifi-
cantly according to Tukey’s test (p<0.05).

Table 7. Specific activity of the Peroxidase
(POD) enzyme in pecan tree (Carya illinoinensis)
buds after accumulating 15, 95, 179, 214, and
258 chilling hours (CH) in the field.

Specific Peroxidase

Horas de Frio (HF) Activity (POD) (UAmgp)
94 0.0020 b
179 0.0018 b
214 0.0014 b
258 0.0013 b

Means followed by the same uppercase letter in the col-
umn and lowercase letter in the row do not differ signifi-
cantly according to Tukey'’s test (p<0.05).

The reduction in POD indicates a higher
accumulation of reactive oxygen species
(ROS) in the buds (PEREIRA et al., 2021).
This accumulation is related to the signal
transduction pathway involved in dorman-
cy breaking (TANG et al., 2023), suggesting
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that this process occurred in ‘Barton’ and
‘Importada’ pecan trees. However, it was
observed that with the accumulation of
chilling hours (CH) in the laboratory (natu-
ral chilling) for Barton, the increase in POD
possibly reduced ROS, indicating the onset
of endodormancy (PEREIRA et al., 2021).
This suggests that these cultivars respond
to this metabolic pathway in relation to
dormancy.

POD catalyzes the formation of monolignol
phenoxy radicals, which spontaneously pair
and form lignin polymers that are deposit-
ed in the cell wall (SINGH et al,, 2021). Due
to the reduced activity of this enzyme, such
deposition did not occur in the meristemat-
ic tissue cells of the buds, indicating ideal
conditions for cell division at the time of
bud sprouting (ZHAO et al., 2023).

Pecan tree buds exhibit a complex dorman-
cy process, with specific characteristics for
each cultivar regarding the chilling hours
to which they are exposed, which trigger
physiological and biochemical changes.
These variations respond to environmen-
tal conditions and to the specific gene ex-
pressions of each cultivar (FALAVGNA et al.,
2019).

Conclusions

The pecan cultivars Barton, Importada,
and Melhorada exhibit different dormancy
dynamics in response to the amount and
timing of accumulated chilling. The cultivar
Importada shows lower chilling require-
ments and tends to enter dormancy earlier.

The activity of the POD enzyme and the re-
spiratory activity of the buds are associated
with the depth of dormancy, being both
values lower when the buds are deeply dor-
mant—characterized by a longer average
bud break time and lower bud break rate.

Although the chilling requirements of the
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cultivars were not precisely determined, Data Availability: The data that support
the results clearly indicate that ‘Barton” has the findings of this study are available from
higher chilling demands than ‘Melhorada, the corresponding author, Garcia, C., upon
and ‘Melhorada’ higher than ‘Importada’ reasonable request.
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