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Abstract

Lowland chili (Capsicum annum L.) cultivation in Indonesia has lower productivity than highlands. Root-shoot
growth increment can enhance chili yield. Leaf defoliation with root cutting is modification technique to optimize root-
shoot growth. This research aims to determine improving physiological activity and yield of root-cutting chili varieties
tolerant to leaf defoliation in lowland areas. The factorial treatments were arranged in randomized complete block design
with 3 replications. The first factor was lowland chili varieties (Kencana, Lembang-1, Tanjung-2, and Ungara). The
second factor was leaf defoliation on root-cutting chili, consisting of 0, 20, 40, 60 %, and control (0 % leaf defoliation
without root-cutting). Analysis of variance was used to determine effect of leaf defoliation on physiological activity and
chili yield. The grouping chili varieties were analyzed through principal component and cluster analysis based on yield,
stress selection indices, and physiological activity. The result identified Lembang-1 and Ungara as tolerant varieties to
leaf defoliation, while Kencana and Tanjung-2 were intolerant. Ungara and Lembang-1 could increase fresh weight of
fruit by 39.26 and 29.30 %, respectively under 40 and 60 % leaf defoliation compared to control. The increased chili yield
and root-shoot growth in tolerant varieties were caused by improving physiological activity. Root growth was driven by
increased invertase activity, reducing sugar, indole acetic acid, and kinetin hormones, while shoot growth was influenced
by increased sucrose, invertase activity, reducing sugar, gibberellin, and kinetin hormones. Leaf defoliation until 60 % on
intolerant varieties (Tanjung-2 and Kencana) decreased chili yield by 9.53 and 19.64 %, respectively. It was concluded
that 40 and 60 % leaf defoliation treatment were toleranted by root-cutting chili varieties of Ungara and Lembang-1,

which increased chili yield in lowland areas.
Keywords: Chili yield, Invertase activity, Kinetin, Reducing sugar, Sucrose

Introduction

Chili (Capsicum annum L.) is one of horticultural
commodities that is cultivated in lowland and highland
areas with tropical climates such as Indonesia. The
productivity of lowland area was lower than highlands
in Indonesia by 6.33 and 11.79 tons ha™', respectively
[1]. Increasing chili plant productivity in lowland areas
is necessary to meet the high demand for chili yield. In
Indonesia, chili varieties which were adapted in lowland
area, namely Lembang-1, Ungara, Kencana, and
Tanjung-2. The chili varieties were classified as open-
pollinated with diverse morphological traits. Ungara has

wider leaves but smaller plant height. Lembang-1 has

longer petioles, taller plant height, and small fruit
diameter. Tanjung-2 has shortest harvest time, largest
fruit diameter, and wider leaves. Kencana has longest
harvest time, longer petioles, and small fruit diameter
[2]. Kusumaningrum et al. [3] reported that increment
of lowland chili yield can be obtained by root cutting at
8 weeks after transplanting (8 WAT). Moreover,
Lembang-1, Ungara, and Kencana were classified as
tolerant varieties while Tanjung-2 was classified as
intolerant varieties. The root cutting at 8 WAT in
tolerant varieties (Lembang-1, Ungara, and Kencana)
could increase fresh weight of fruit by 33.76, 31.74, and
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30.66 %, respectively, compared without root cutting.
The root cutting treatment causes plants to mainly
allocate assimilates to roots for growth after root
biomass loss [4]. Mechanism involved changes in
assimilate translocation from leaves to roots in chili
plants [5]. Root cutting increases the need for root
assimilates as a result of dry weight root loss, as had
been observed in raspberries [6]. Not only root cutting,
plant yield can be increased by regulating leaf
composition through defoliation. Defoliation applied by
removing below leaves in plant shoot. It could increase
sunlight exposure and suppress leaf mutual shading [7].
According to Iseki ef al. [8] mutual shading of leaf can
inhibit tomato growth. High leaf plant density can result
low penetration sunlight into canopy, and low carbon
partitioning to fruit yield. Wang et al. [9] suggested the
compensatory mechanisms of defoliation, e.g., enhance
photosynthesis rate, and changing biomass allocation to
maintain plant growth. Therefore, plant production in
lowland areas can be increased by root-shoot growth
modification through root cutting and/or leaf
defoliation.

Leaves are main organ for production of organic
matter and source of carbohydrates. According to Islam
et al. [10] greater source capacity leads to poor crop
performance because it produces greater foliage. It
means instead of optimum source capacity increase
potential sink size. Leaf defoliation be useful to suppress
excessive vegetative growth, encourage reproductive
growth, and promote fruit production. After defoliation,
sugar allocation to new leaves increases. Sugar and
starch are the main components of mobile carbon pools
in plants. Starch functions as a storage compound and
could be depleted in plants under stress conditions.
Large carbon reserves can mobilize reserves for osmotic
adjustment to maintain normal physiological activities
under stress conditions. Plants could recover by up-
regulating photosynthesis, and enhancing leaf biomass
ratio [11]. In previous research, Islam ef al. [10] showed
that leaf defoliation at 37.5 % on tomato before initial
flowering increased fruit yield compared to control.
Raza et al. [12] reported that in soybean, the 15 % leaf
defoliation from top of canopy could increase seed yield
by 9 % compared to control. On maize, Liu ef al. [13]
informed that leaf defoliation 15.38 % from top of plant
after silking increased kernel weight and grain yield

compared to control. Leaf regeneration under

defoliation requires carbohydrates supply from
photosynthetic. During photosynthesis, 3-
phosphoglyceric acid (3-PGA) and glyceraldehyde-3-
phosphate (G3P) are produced by carbon fixation
(COz+Ribulose-1,5-bisphosphate

oxygenase), which act as precursors of sucrose

carboxylase/

biosynthesis [14]. Sucrose is a non-structural
carbohydrate which an important energy supply in
metabolism processes. Sucrose acts as signaling
molecule that produced in source and translocated to
sink for growth [15]. In sink organ, sucrose is
hydrolyzed into reducing sugar using invertase enzyme
for metabolism. Invertase activity plays an important
role in this hydrolysis process and has been reported in
many plant species such as Arabidopsis [16], rice [17],
petunia [18], pepper [19]. Previous research showed that
defoliation in A. fruitoca can compensate leaf growth
due to increased carbohydrates accumulation on shoot
[20]. Hoidal et al [21] reported after 50 % leaf
defoliation in Lolium parenne, the utilization of reserve
carbon is needed for leaf regeneration. In Amarantus
vruentus, A hypochondriacus and A caudatus spinach,
defoliation treatment had an effect reallocation of
carbohydrates to shoot for leaf regeneration [22]. Wang
et al. [15] also reported 50 % defoliation in leguminosae
increased carbon allocation to shoot for leaf
regeneration.

Leaf defoliation changes in carbon fixing and
biomass production by changes in hormonal status.
Plant hormones modify canopy and controlling crop
growth through increase in redistribution of
photosynthate [23]. In maize, increase shoot dry mass in
defoliation  treatment can be attributed to
phytohormones, such as gibberellin (GA), indoleacetic
acid (IAA), indolebutyric acid (IBA), and =zeatin.
Gibberellins play roles in stem cell elongation, leaf
expansion, development of new leaf primordia, and
plant adaptation to stress condition. Auxins are mainly
produced in shoots and play a key role in regulating
plant root development, shaping root system in response
to variations environment, and conferring an adaptive
advantage [24]. Cytokinin regulates growth,
metabolism, nutrient absorption, and transport, all of
which appear to be linked with regrowth vigor upon
defoliation. Generally, cytokinin increases shoot cell
growth, chlorophyll accumulation, and photosynthetic
activity. It is anticipated that the role of cytokinin in
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shoot growth and physiology is determined by cell
phases at which cytokinin accumulation is promoted.
When cytokinins were induced in the cell expansion
phase through upregulation of the isopentenyl
transferase gene and downregulation of cytokinin
oxidase/dehydrogenase gene (HvCKX2), this effect
changes in leaf size, chlorophyll content, and
photosynthetic activity [25,26].

Leaf defoliation tolerance to root-cutting chili
varieties planted in lowland areas related to improve
yield and physiological activity such as phytohormone,
sucrose, invertase activity, reducing sugar in root and
shoot was not reported yet. The lowland chili varieties
including Lembang-1, Tanjung-2, Kencana, and Ungara
are used in this research to evaluate root-cutting chili
varieties under leaf defoliation tolerant through
physiological activity and yield. Therefore, chili
varieties tolerant under leaf defoliation can be identified
in lowland areas. Increasing lowland root-cutting chili
yield under leaf defoliation is expected to contribute
improving chili yield. Yield improvement impacts the
economy of chili farmers by optimizing root and shoot
growth to support chili yield.

Materials and methods

Experimental site and research design

This experiment was performed at Tridharma
Field, Faculty of Agriculture, Yogyakarta, Indonesia
(latitude: 7°5024.87"S and longitude: 110°24'29.99"E).
The experiment was arranged in factorial randomized
complete block design with 3 blocks as replications. The
first factor was lowland chili varieties (Kencana,
Lembang-1, Tanjung-2, and Ungara). The second factor
was leaf defoliation on root-cutting chili, consisting of
0,20, 40, 60 %, and control (0 % leaf defoliation without
root cutting). Root cutting was applied at 8 weeks after
transplanting (WAT) to all chili plants with leaf
defoliation treatments based on research results of
Kusumaningrum et al. [3]. Lembang-1, Kencana, and
Tanjung-2 originated from Indonesia vegetable crops
research institute, while Ungara originated from Bogor
Agricultural University, Indonesia. In the experimental
design, a single block consisted of 20 experimental
units. Each experimental unit, measuring 700x100 cm,
contained 28 plants. Three samples were observed in
each experimental unit for physiological activity and

yield measurement. Lowland environmental conditions

were observed during research. Air temperature ranged
from 29 to 35 °C, relative humidity ranged from 52 to
63 %, while light intensity ranged from 123,366 to
164,200 lux. Soil texture in the field was classified as
regosol. The composition of sand, silt, clay fractions
was 51:27:22 %.

Experimental procedure

The chili seedbed was prepared using 1:1:1 of
organic fertilizer, soil, and husk charcoal. The planting
medium was placed into 50 g nursery plastic, each
containing chili seed, which were arranged in
germination tray (30x30x15 ¢m®) under alternating light
and dark conditions. After 7 days, chili seedling with 4
fully opened were ready for transplanting. For
transplanting, planting medium was prepared using
mixture soil, husk, cow manure in 3:1:1 ratio. Organic
fertilizers sourced from livestock waste were
environmentally  sustainable.  Organic  fertilizers
contained essential macro and micronutrients, enhance
nutrient availability, and promote root uptake. Rice husk
produced through pyrolysis process. It was sterile,
neutral, and porous when added into soil. It helped retain
moisture and improve soil water holding capacity.
Combination soil, husk and organic fertilizers in
planting media offered significant benefits for plant
productivity and long-term quality soil [26]. The plants
were arranged with interspacing of 35%20 cm in field.
Seedlings with 4 open leaves were transplanted at a
depth of 5 cm until the base of stem was covered with
soil based on procedure reported by Kusumaningrum et
al. [3]. Fertilization during vegetative phase at 2 WAT,
included applying 300 kg ha™' of urea, 600 kg ha™! of
SP-36, and 300 kg ha™! of KCI. During generative phase
(6 WAT), P,Os and CaCOs + B were applied at 3 - 5 and
3 g L7, respectively. Weed control was managed
manually in field. Pest control was performed using
contact insecticide containing 135 g L' of pyridaben
and 18 g L™! of abamectin, applied every 7 days. Yellow
traps with 800 g L™! of eugenol were used in field.
Harvesting was conducted gradually, starting the chili
reached 80 % ripe and continued until fruit were suitable

for consumption.

Leaf defoliation treatments
Root-cutting was carried out at 8 WAT as much as
50 % planting distance (0.5%35 cm) in both side until 10
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cm soil depth based on reported by Kusumaningrum et
al. [3]. Leaf defoliation intensity was treated at 9 WAT
until chili plants already had third branch. The number
of leaves was counted that had third branch before
defoliation. The number of leaves were calculated based
on defoliation intensity treatment. For instance, if total
number of leaves was 60, then number of leaf
defoliation at 0, 20, 40, and 60 % would be 0, 12, 24, 36
leaves, respectively. Defoliation was started from

bottom leaves (1% branch), then continued in middle (2™
branch) and upper leaves (3™ branch) by prioritizing
shaded leaves (Figure 1). For example, Tanjung-2 has
40 leaves with defoliation treatment of 40 %, so number
of leaves that must be defoliated at 16 leaves.
Defoliation started from 1% branch. If there were only 6
leaves on 1% branch, then defoliation was continued on
2™ branch at 8 leaf defoliation by prioritizing shaded
leaves, then 2 leaves defoliated on the 3™ branch.

—— Upper leaf (37 branch)

— Middle leaf (2" branch)

Lower leaf (1% branch)

Figure 1 Lowland chili used in research Kencana (a), Lembang-1 (b), Tanjung-2 (c), Ungara (d).

Chili yield and stress selection indices

Chili yield can be observed through fresh weight
of fruit (g) up to 19 WAT. The fresh weight of fruit was
used to calculate stress selection indices under leaf
defoliation treatment. The chili tolerant under leaf
defoliation was measured using stress tolerance level
(TOL), stress tolerant index (STI), and yield stability
index (YSI). TOL was used to describe yield reduction
under stress condition [27] using Eq. (1).

Stress tolerance level (TOL) =Y, — Y, €))

Stress tolerant index (STI) was used to determine
relative performance under stress condition [27] using

Eq. (2).

Stress tolerant index (STI) = _YS;‘ZYC

2)

Yield stability index (YSI) was indicate stability
under stress condition [27] using Eq. (3).

Yield stability index (YSI) = ;(— 3)
(o

where Ys was fresh weight of fruit under stress
condition (leaf defoliation with root-cutting), and Yc
was fresh weight of fruit under control condition (0 %

leaf defoliation without root cutting). TOL level > 1, STI
< 1, and YSI > 1 was classified as tolerant varieties
under leaf defoliation.

Dry weight and leaf number increment

The root and shoot dry weight were determined at
15 WAT by drying in oven with 80 °C temperature for
24 h until constant weight. These were calculated using
analytical scales to obtain dry weight roots and shoot in
grams (g). The leaf number increment was calculated
between leaf number at 9 WAT (before defoliation) and
leaf number at 14 WAT (after defoliation).

Physiological activity

Physiological activity including sucrose, invertase
activity, reducing sugar, and phytohormones were
analyzed at 14 WAT. Fresh weight leaf and fresh weight
root were taken from 3 plant samples for physiological
analysis. Samples were stored at 5 °C temperature to
maintain freshness organ. Physiological analysis
preparation was initiated by crushed 10 g leave and root
using liquid nitrogen. Homogeneous 0.50 g sample used
extraction buffer. The supernatant was produced by
centrifugation at 10,000 rpm, temperature 4 °C for 10
min [28]. Sucrose was analyzed using resorcinol method
[29] by added 15 pl supernatant and 70 pl of NaOH 1M,

then vortex until homogeneous. The supernatant



Trends Sci. 2025; 22(4): 9389

5of14

mixture was heated at 100 °C for 10 min. After cold, it
was reacted with 250 pl of 0.1 % resorcinol (in 95 %
ethanol) and 750 pul HCI 30 %. Re-vortex and incubated
supernatant used temperature at 80 °C for 8 min. After
cold, it was observed using spectrophotometer Genesys
10S UV-Vis A 520 nm.

Reducing sugar was analyzed using dinitro
salicylic acid reagent (DNS) method [30]. The 50 pl
supernatant + 450 pl H.O was inserted into tube, and
was added 500 pl of DNS reagent. The tube was heated
at 100 °C for 10 min for reaction between glucose in
sample and DNS. The tube was cooled to room
temperature. After cold, it was observed using
spectrophotometer Genesys 10S UV-Vis A 560 nm.

Invertase activity was analyzed using Arai method
[31]. The reagent solution contained 25 mM MOPS-Na-
OH (pH 5.5) and 100 mM sucrose was used to measure
activity of enzyme acid invertase (AI). A 250 uL buffer
was incubated at 30 °C for 5 min. After adding 50 puL of
buffer, the enzyme sample was vortexed and incubated.
After 0 and 20 min of incubation at 30 °C, 500 pL of
DNS reagent was added. Boiling water was used for 10
min to boil it. It was measured using spectrophotometer
Genesys 10S UV-Vis A 560 nm.

Phytohormone analysis measurement, including
indole acetic acid, gibberellin and kinetin were
determined by linsken & jackson method [32]. Crushed
10 g leave and root using liquid nitrogen. The smooth
sample was added 20 mL of 65 % MeOH solvent. Then
supernatant was centrifuged at 4,000 rpm for 30 min,
and filtered using Whatman 42. The pH of the solution
was maintained in acidic condition by adding HPLC
grade glacial acetic acid (Merck, USA) to prevent
protonation of phytohormones [33]. The upper organic
phase was collected and dried using vacuum rotary
evaporator (Biobase Inc., China). The isocratic mobile
phase used for this analysis consisted of HPLC grade
methanol (Hi-media, India) and HPLC grade water
(Merck, USA) in a 55:45 ratio, acidified with 1 % glacial
acetic acid (Merck, USA), and was flowed at rate of
1 mL/min for 20 min. The supernatant was injection 5-
10 pL to high-performance liquid chromatography
(HPLC, thermo fisher scientific, USA 254 UV-VIS)
column C18 (1.8 Im, 50 9 2.1 mm internal diameter)
(Macherey—Nagel, Duren, Germany) at temperature of
40 °C.

Statistical analysis

All data were analyzed using analysis of variance
(ANOVA) (o = 5 %) factorial followed honestly
significant difference (o = 5 %). The grouping chili
variety were analyzed through principal component and
cluster analysis based on yield, stress selection indices,
physiological activity. Pearson correlation was used to
determine relationship of fresh weight of fruit and
physiological activity on chili group. SAS version 9

software and OriginPro 2023 were used in analyses.

Results and discussion

Fresh weight of fruit

Fresh weight of fruit chili varieties to leaf
defoliation treatment (leaf defoliation with root-cutting)
and control (0 % leaf defoliation without root-cutting)
showed different responses. Lembang-1, Ungara, and
Kencana could increase fresh weight of fruit by 10.59,
15.07, and 10.24 %, respectively under 0 % leaf
defoliation (with root-cutting) compared to control (0 %
leaf defoliation without root-cutting) (Table 1). While,
0 % leaf defoliation (with root-cutting) in Tanjung-2
could not increase fresh weight of fruit compared to
control (0 % leaf defoliation without root-cutting).
Similar to previous research which reported that root
cutting at 8 WAT increased fresh weight of fruit on
tolerant varieties, namely Lembang-1, Ungara, and
Kencana [3]. The leaf defoliation on root-cutting chili
up to certain limit on chili plant had positive response.
Lembang-1 and Ungara could produce higher fresh
weight of fruit under leaf defoliation increment. The leaf
defoliation at 60 % in Lembang-1 could increase fresh
weight of fruits by 20.93 % compared to 0 % leaf
defoliation (Table 1). In Ungara, fresh weight of fruit
increased by 28.48 under 40 % leaf defoliation
compared to 0 % leaf defoliation (Table 1). Therefore,
it showed that leaf defoliation up to 60 and 40 % on
Lembang-1 dan Ungara could increase fresh weight of
fruit compared to 0 % leaf defoliation. Increasing fresh
weight of fruit under leaf defoliation in Lembang-1 and
Ungara indicated that chili varieties were adaptive to
lowland environments. Chili preferred well-drained,
moisture-holding loamy soil, with optimal growth and
fruit production temperatures ranging from 18 to 30 °C
[34]. Leaf defoliation increment up to 60 % decreased
fresh weight of fruit on Kencana by 19.64 % compared
to 0 % leaf defoliation (Table 1). Leaf defoliation at 60
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% in Tanjung-2 not increased fresh weight of fruit
compared to 0 % defoliation (with root-cutting) and
control (0 % leaf defoliation without root-cutting)
(Table 1). Therefore, leaf defoliation up to 60 %
intensity on Kencana and Tanjung-2 could decrease
fresh weight of fruit. After defoliation, plants required
more assimilates for regrowth. Compensatory growth
occurred through the synthesis of carbohydrates,
allocation of assimilates, and remobilization of carbon
storage compounds to recovery of photosynthetic
capacity. Priority allocation of carbon resources to

active shoot sinks was the main adaptive response to
regrowth after defoliation [35]. Increased translocation
of assimilates to shoot affected the growth of chili fruit.
According to Marcelis & Heuvelink [36] fruit growth is
influenced by sink ability to receive photoassimilate
which depends on sink activity and assimilate
availability at source. Chili yield increment in lowland
areas under leaf defoliation could result higher chili
productivity and improved farmer income. This means
that high-income farmers due to effective use of land
resulting increased chili production [37].

Table 1 Fresh weight of fruit, dry weight of shoot, and dry weight of roots under leaf defoliation.

Varieties Leaf defoliation Fresh weight of fruit (g) Dry weight of shoot (g)  Dry weight of roots (g)
Control 205.19 c 19.72 c 1.57 c
0% 229.50 b 26.83 b 2.27 be

Lembang-1 20 % 283.34 a 28.12 b 2.50

40 % 284.86 a 31.08 a 2.67
60 % 290.24 a 32.01 a 3.77 a
Control 121.55 d 18.47 b 1.47 c
0% 143.11 c 19.81 b 1.90 b
Ungara 20 % 173.15 b 20.72 b 2.01 b
40 % 200.11 a 29.94 a 2.74 a
60 % 182.81 b 19.33 b 2.18 b
Control 202.71 b 22.18 b 1.14 a
0% 225.84 a 38.05 ab 1.23 a
Kencana 20 % 232.68 a 28.56 ab 1.31 a
40 % 235.46 41.63 1.55 a
60 % 188.77 b 24 .81 b 1.28 a
Control 226.71 a 22.27 a 1.79 a
0% 233.69 a 23.87 a 1.26 a
Tanjung-2 20 % 248.78 a 25.02 a 1.70 a
40 % 238.63 22.83 1.56 a
60 % 213.36 b 18.65 b 1.36 a

Sig. % % %

Note: The numbers followed by different letters in the same column and the same variety were significantly different at

honestly significant difference test level at a =5 % (*) levels.

Stress selection indices

Stress selection indices on chili yield could be
identified through fresh weight of fruit under leaf
defoliation compared to control. Thus, root-cutting chili

varieties could be identified as tolerant and intolerant to

leaf defoliation. Tolerance level indicates plant
adaptation under stress which can still increase fresh
weight of fruit. Chili varieties with tolerance level
greater than 0 indicated tolerant to leaf defoliation,

while less than 0 was classified as intolerant varieties.
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Lembang-1 and Ungara increased tolerance level (TOL)
value 85.05 and 78.56 under 60 and 40 % leaf
defoliation compared to control (Figure 2(a)). Lower
value of TOL in Kencana and Tanjung-2 by —37.07 and
—20.33 under 60 % leaf defoliation indicated high stress.
The effectiveness and adaptability of plant tolerance
under leaf defoliation can be evaluated through stress
tolerance index (STI). An increase STI values indicates
tolerant variety [38]. Chili varieties with stress tolerance
index less than 1 indicated tolerant varieties, while
greater than 1 was classified as intolerant to leaf
defoliation. All leaf defoliation treatment on Lembang-
1 and Ungara had STI values < 1 compared to control
(Figure 2(c)). Conversely, leaf defoliation at 60 % on
Kencana and Tanjung-2 resulted STI value > 1

100.00
90.00
80.00
70.00
60.00

250.00
2000
30.00
20.00
10.00
0.00

compared to control (Figure 2(c)). Yield stability index
(YSI)
susceptible genotypes. Chili varieties with yield stability

is useful for distinguishing tolerant and
index greater than 1 indicated tolerant varieties, while
less than 1 was classified as intolerant to leaf defoliation.
Lembang-1 and Ungara had YSI values > 1 under 20,
40, 60 % leaf defoliation (Figure 2(b)). Kencana and
Tanjung-2 had YSI value < 1 under 60 % leaf defoliation
(Figure 2(b)). This showed that Kencana and Tanjung-
2 at 60 % leaf defoliation had YSI <1, STI> 1, TOL <
0. Conversely, Lembang-1 and Ungara had YSI> 1, STI
<1, TOL > 0 under leaf defoliation compared to control.
Based on stress tolerance, Lembang-1 and Ungara were
tolerant under leaf defoliation, whereas Kencana and

Tanjung-2 were intolerant.

Note: The numbers presented mean + standard error, (n = 3).

Figure 2 (a) Stress tolerant level (TOL), (b) Yield stability index (YSI), and (c) Stress tolerance index (STI), of four chili

varieties planted in lowland at 19 WAT.
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Figure 3 (a) Principal component analysis, and (b) cluster analysis based on stress selection indices and physiological

activity.
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Principal component and cluster analysis

The grouping of tolerant and intolerant chili
varieties under leaf defoliation was determined through
principal component analysis (PCA) and cluster analysis
(Figures 3(a) - 3(b)). Analysis was conducted based on
yield, stress tolerance indices, phytohormones, sucrose,
invertase activity, and reducing sugar in root and shoot.
PCA uses vector to reduced dimensionality of large data
sets by transforming into uncorrelated principal
component (PC). The main purpose was retaining
variation possible, while simplifying data. Computation
of principal components reduces to solution of an
eigenvalue-cigenvector problem for a positive-semi-
definite symmetric matrix. It is a way of identifying
patterns in data, and expressing data to highlight their
similarities and differences [39]. The results of principal
component analysis could explain total diversity by 100
% through stress tolerance indices and physiological
activity. The first component variant (PC1) contributed
to 69.14 % of the total variability, and the second
component variant (PCA 2) contributed to 24.71 % of
the total variability. The variable that had eigenvalue (+)
on PC1 such as TOL, YSI, sucrose of leaf, invertase
activity of leaf, reducing sugar of leaf, gibberellin of
leaf, kinetin of leaf, and invertase activity of root, while
variable that had eigenvalue (-) on PC1 such as indole
acetic acid of leaf and STI (Figure 3(a)). Based on the
PCI1 grouping Lembang-1 and Ungara were classified as
tolerant varieties, while Tanjung-2 and Kencana as
intolerant varieties under leaf defoliation. Grouping on
tolerant varieties based on characters tolerance level,
yield stability, sucrose, invertase activity, reducing
sugar, and phytohormones. The similarity level into
tolerant and intolerant group were analyzed using
cluster. Tolerant varieties had similarity of 41.24 %,
while intolerant had similarity of 46.14 % (Figure 3(b)).
The similarity of 4 lowland chili varieties by 35.13 %
through stress tolerance indices and physiological
activity under leaf defoliation.

Dry weight of shoot and dry weight of root

Dry weight is accumulation of assimilate from
photosynthesis process which is used for plant growth.
The dry weight of shoot-roots in tolerant varieties under
leaf defoliation had different response. The dry weight
of shoot on Lembang-1 and Ungara could increase by

16.18 and 33.83 %, respectively under 60 and 40 % leaf
defoliation compared to 0 % leaf defoliation.
Conversely, Kencana and Tanjung-2 could reduce dry
weight of shoot by 34.80 and 21.87 % under 60 % leaf
defoliation compared to 0 % leaf defoliation. The dry
weight of root on Lembang-1 and Ungara could increase
by 39.78 and 30.65 %, respectively under 40 and 60 %
leaf defoliation compared to 0 % leaf defoliation (Table
1). The response of tolerant varieties under leaf
defoliation treatment can be shown through dry weight
shoot and dry weight root increment. The increased
shoot growth indicated that there was competition
between vegetative and reproductive organs on
assimilate demand [40].

Physiological activity in plant roots

The root regeneration mechanism of tolerant
varieties under leaf defoliation through hormones and
sugars. Leaf defoliation increment until 60 and 40 % in
Lembang-1 and Ungara could increase invertase activity
in plant roots by 26.93 and 14.41 %, respectively, and
increased reducing sugar in plant roots by 59.00 and
33.82 %, respectively compared to 0 % leaf defoliation
(Table 2). The hormones mechanism in tolerant variety
under leaf defoliation in plant root through increased
indole acetic acid and kinetin hormone. In Lembang-1
and Ungara, 60 and 40 % leaf defoliation could promote
indole acetic acid by 26.94 and 29.71 % respectively,
and increased kinetin by 36.87 and 30.79 %,
respectively compared to 0 % defoliation (Table 2).
Leaf defoliation until 60 % on intolerant varieties could
decrease dry weight of root (Table 1) because decreased
reducing sugar in root compared to 0 % leaf defoliation
(Table 2). Leaf defoliation caused changes sugar
metabolism in root on tolerant variety. Leaf defoliation
increased sucrose translocation from shoot to root to
provide energy for root growth. Sucrose is translocated
from mesophyll to sieve element in phloem tissue, then
it is transported to sink tissue through phloem loading.
Sucrose in sink tissue is converted into reducing sugar
by invertase activity for growth [41]. The root
regeneration was influenced by endogenous hormones
that contribute to plant growth and development. Root
growth can be initiated through increased indole acetic
acid synthesis by apical meristem and transported
basipetal to root tip. This is achieved through the
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regulation of various cellular processes such as cell wall
relaxation, cell membrane permeability, and vascular
bundles differentiation [42]. On the other hand, many
studies have shown that higher cytokinin promotes root

growth. Cytokinin is responsible for cell elongation,

expansion. Meanwhile, auxin is involved in cell
expansion through cell wall loosening encouragement.
Cell expansion in root is mainly determined by crosstalk
between cytokinin and indole acetic acid as occurs in

tolerant variety under leaf defoliation [43].

increased turgor cell, and endoreduplication during cell

Table 2 Sucrose content, invertase activity, reducing sugar, and hormone content in root under leaf defoliation.

Varieties Leaf Sucrose Invertase activity Reducing sugar  Indole acetic Gibberellin Kinetin
defoliation (mgg™') (mg protein pg! glucose) (mg g™ acid (mg kg™) (mg kg ™) (mg kg™
Control 453 a 5.19 c 20.49 c 4.11 c 5.03 a 1.87 ¢
0% 341 a 5.48 c 23.61 c 4.53 c 4.99 a 226 b
Lembang-1 20 % 419 a 6.07 b 33.69 be 5.15 b 5.34 a 25 b
40 % 414 a 6.66 b 41.38 b 5.39 b 6.39 a 315 a
60 % 431 a 7.50 a 57.58 a 6.20 a 6.37 a 358 a

Control 333 b 3.84 a 16.63 c 4.01 b 5.99 a 211
0% 536 a 4.10 a 26.79 be 4.85 b 6.43 a 272 b
Ungara 20 % 570 a 4.61 a 30.25 b 4.25 b 6.56 a 321 ab
40 % 6.14 a 4.79 a 40.48 a 6.90 a 6.63 a 393 a
60 % 581 a 4.01 a 22.40 c 6.16 a 6.57 a 3.06 ab
Control 526 a 3.48 a 9.65 ab 2.05 b 4.29 a 120 a
0% 426 a 3.32 a 9.05 ab 2.29 b 4.13 a 105 a
Kencana 20 % 587 a 3.57 a 10.15 ab 3.69 a 4.21 a 1.64 a
40 % 530 a 3.78 11.18 4.26 a 4.80 a 196 a
60 % 598 a 2.78 b 8.56 b 2.60 b 4.63 a 159 a
Control 298 a 3.76 a 10.96 ab 2.18 b 4.56 a 205 a
0% 2.64 a 3.29 a 10.85 ab 2.74 b 4.71 a 221 a
Tanjung-2 20 % 320 a 3.81 a 11.55 a 3.96 a 4.59 a 222 a
40 % 287 a 4.29 a 12.95 4.36 a 4.49 a 245 a
60 % 237 a 3.41 a 9.86 b 2.24 b 4.56 a 207 a

Sig. * * * * ns *

Note: The numbers followed by different letters in the same column and the same variety were significantly different at
honestly significant difference test level at a =5 % (*) levels and non-significance (ns).

Physiological activity in plant shoot

The increased dry weight of shoot and chili yield
in tolerant varieties could be associated with sugar and
hormone activities. Leaf defoliation increment until 60
% in Lembang-1 and 40 % leaf defoliation in Ungara
could increase sucrose by 42.18 and 49.15 %,
respectively, increased invertase activity by 22.73 and
60.74 %, respectively, and increase reducing sugar by
60.23 and 40.69 %, respectively compared to 0 % leaf

defoliation (Table 3). The hormone mechanism in shoot
on tolerant variety can be seen on increasing gibberellin
and kinetin. Gibberellin was found increment by 25.85
and 21.85 %, respectively under 60 and 40 % leaf
defoliation in Lembang-1 and Ungara. The kinetin
hormone increased by 23.30 and 25.51 %, respectively
under 60 and 40 % leaf defoliation in Lembang-1 and
Ungara compared to 0 % leaf defoliation (Table 3). The
accumulation of sucrose,

invertase activity, and
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reducing sugar increment in tolerant varieties could
increase dry weight of shoot (Table 3). The shoot
growth mechanism through changes carbon formation
[44].
photosynthesis, CO; can be efficiently converted into 3-

balance under stress condition During
phosphoglyceric acid and glyceraldehyde-3-phosphate,

which act as precursor for starch and sucrose
biosynthesis. As much as 80 % of CO, is assimilated
during photosynthesis and it is converted to sucrose
[45]. Sucrose is dynamic process that degradation and
synthesis simultaneous during stress conditions.
Sucrose as soluble sugar not only serve as source
metabolism and structural of cells, but also as primary
messengers that control gene expression involved in
biomass production, growth and metabolism [46].
Higher sucrose accumulation in tolerant varieties was
associated with better plant resistance to stress condition
and provides information about energy status of plant

[47]. Sucrose was rapidly hydrolyzed into reducing

sugar with invertase activity. In many cases, invertase
activity have been confirmed to perform -crucial
physiological functions, such as in reproductive
development, cell elongation, and stress responses.
Furthermore, invertase activity are involved in cross-
talk with most phytohormones, since carbohydrate
metabolism is usually necessary for hormone-promoted
[43].

associated with high sink activity [48]. Increasing

plant development Invertase activity was
invertase activity resulted higher reducing sugar in
shoot. Reducing sugar is related to synthesis of
secondary metabolites and signaling molecule that
controls plant growth [49]. In general, lower sugar
concentration in shoot promotes photosynthesis process,
mobilization assimilate, and translocation assimilate,
whereas higher sugar concentration promotes growth
and storage carbohydrate [46]. Increasing reducing
sugar can be converted to starch for shoot growth and

increase shoot biomass on tolerant varieties.

Table 3 Sucrose content, invertase activity, reducing sugar, and hormone content in leaf under leaf defoliation.

Varieties Leaf Sucrose Invertase activity Reducing sugar Indole acetic Gibberellin Kinetin
defoliation  (mgg™')  (mg protein pg™' glucose) (mg g™) acid (mg kg™) (mg kg™) (mg kg™)
Control 10.81 b 7.23 b 507 ¢ 7.07 a 7.22 b 2.62 b
0% 11.20 b 7.48 b 987 b 7.51 a 7.83 b 372 ab
Lembang-1 20 % 17.53 a 8.02 b 934 b 8.29 a 9.26 a 4.78 a
40 % 18.98 a 8.95 a 1406 b 7.42 a 9.58 a 4.0 a
60 % 19.37 a 9.68 a 2482 a 8.33 a 10.56 a 4.85 a
Control 12.70 c 3.55 b 628 b 8.99 a 7.51 b 424 b
0% 11.09 c 2.01 b 675 b 8.58 a 8.30 b 4.00 b
Ungara 20 % 18.48 b 3.91 b 1054 a 8.49 a 10.19 a 425 b
40 % 21.81 a 5.12 a 1138 a 8.63 a 1062 a 537 a
60 % 13.64 c 3.52 b 7.88 b 9.47 a 8.92 b 424 b
Control 7.53 b 3.82 a 410 b 3.68 b 5.15 b 2381 ab
0% 11.14 a 3.66 a 644 a 5.76 a 6.58 a 3.29 a
Kencana 20 % 11.98 a 3.67 a 7.19 a 5.50 a 7.11 a 321 a
40 % 12.64 a 3.39 a 7.60 a 5.25 a 6.60 a 3.81 a
60 % 8.92 b 3.27 a 479 b 5.71 a 5.87 b 175 b
Control 13.59 b 2.53 a 473 b 8.70 a 6.81 b 426 a
0% 14.70 ab 3.88 a 7.91 a 7.52 a 9.68 a 442 a
Tanjung-2 20 % 15.64 a 3.26 a 8.37 a 7.85 a 10.35 a 480 a
40 % 13.64 b 3.37 a 6.13 ab 8.61 a 1149 a 450 a
60 % 13.03 b 2.66 a 591 b 8.72 a 6.99 b 4.00 a

Note: The numbers followed by different letters in the same column and the same variety were significantly different at honestly

significant difference test level at a =5 % (*) levels.
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Figure 4 Pearson correlation analysis of tolerant (a) and intolerant varieties (b).

Correlation analysis

Based on correlation analysis in the tolerant
varieties showed that there was relationship between
fresh weight of fruit with dry weight of shoot (r = 0.73%*)
and leaf number increment (r = 0.78%) (Figure 4(a)).
The fresh weight of fruit positively related to indole
acetic acid concentration of root (r = 0.70*) and
reducing sugar (r = 0.62*) (Figure 4(a)). This showed
that root growth under leaf defoliation caused by indole
acetic acid and accumulation reducing sugar in root.
Meanwhile, fresh weight of fruit associated with leaf
reducing sugar (r = 0.66*) and indole acetic acid of leaf
(r=-0.60*) (Figure 4(a)). The shoot growth in tolerant
varieties can be associated with leaf invertase activity
increment and leaf indole acetic acid decrement.

In the intolerant varieties showed that fresh weight
of fruit was associated with shoot dry weight (r = 0.69%)
and leaf number increment (r = —0.50*%). Root
regeneration positive related to indole acetic acid of root
(r =0.68%) but negative related to reducing sugar of root
(r = —0.52%) (Figure 4(b)). The low accumulation
reducing sugar of root on intolerant varieties encouraged
shoot growth and chili yield. Fresh weight of fruit was
positively associated with leaf indole acetic acid (r =
0.72%*) and leaf gibberellin (r = 0.69%) (Figure 4(b)).
This showed that on intolerant varieties under leaf

defoliation could increase indole acetic acid and

gibberellin as shoot regeneration mechanism.

Conclusions

The response of lowland root-cutting chili
varieties under leaf defoliation was classified into 2
groups, namely tolerant and intolerant based on chili
yield, stress selection, and physiological activity. The
tolerant varieties Lembang-1 and Ungara could increase
fresh weight of fruit by 29.30 and 39.26 %, respectively
under 60 and 40 % leaf defoliation compared to control.
The increased chili yield and root-shoot growth were
due to physiological activity. Root growth was driven by
increased invertase activity, reducing sugar, indole
acetic acid, and kinetin hormones, while shoot growth
was influenced by increased sucrose, invertase activity,
reducing sugar, gibberellin, and kinetin hormone.
Defoliation require more assimilates for regrowth.
Compensatory re-growth occurred through synthesis of
carbohydrates, allocation of assimilates, and
remobilization of carbon storage compounds to recovery
of photosynthetic capacity. Increased translocation of
assimilates to shoot affected growth of chili fruit. It was
concluded that 60 and 40 % leaf defoliation treatment
were toleranted by root-cutting chili varieties of
Lembang-1 and Ungara, which increased chili yield in

lowland areas. The implication of this research, leaf loss
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until 60 % under unfavorable biotic and abiotic
environmental conditions in tolerant varieties when
third branching phase in lowland areas could increase
chili yield. Treatment should be approached with
caution for intolerant varieties like Kencana and
Tanjung-2, which showed yield reduction until 9.53 and
19.64 %, respectively at high defoliation intensities. The
limitation of this research used lowland environmental
conditions to evaluate yield potential of root-cutting
chili varieties under leaf defoliation. The lowland
conditions affected reduction of chili leaves under
intolerance to environment. Leaf defoliation had
positive impact on tolerant chili varieties to increased
chili yield in lowland areas.
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