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PREFACE 

 

The third issue of 2025, Kultivasi Volume 24 

No. 3, presents research articles and review 

papers covering a wide range of agricultural 

scientific disciplines, including plant 

production, plant breeding, postharvest 

technology, seed science, and soil science. 

This edition also features contributions from 

authors across the globe, providing diverse 

perspectives and novel insights into 

contemporary agricultural research. Such 

disciplinary and geographical diversity is 

expected to enrich agricultural knowledge 

and further support the advancement of 

scholarly research and publication. 

The Kultivasi editorial team remains 

committed to continuously improving 

article quality to ensure sustainable growth 

and to strengthen the journal’s international 

presence. We strive to provide the best 

possible support for authors, editors, 

reviewers, and stakeholders within the 

agricultural sector. We sincerely express our 

gratitude to all scholars and researchers who 

have contributed to the development of 

Kultivasi, particularly those whose work 

appears in this issue. 
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software, on A4 size paper with a writing 
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effective and academic language style. 
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The sent manuscript is a group of original 
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Sitompul KN ∙ Mubarok S ∙ Kusumiyati 
 

Role of nano edible coating, packaging, and storage temperature in 
maintaining color, moisture content, and phenolic compounds of straw 
mushroom 
 
Abstract. Straw mushrooms are among the most sought-after edible mushrooms, but their harvest is 
highly perishable due to their high respiration and transpiration rates, leading to a decline in quality 
during storage. The application of nano edible coating can cover the surface of straw mushrooms and 
maintain their freshness, while packaging and storage at low temperatures can maintain quality by 
inhibiting respiration and enzymatic activity. This study aims to evaluate the effects of nano edible 
coating, packaging types, and different storage temperatures on the color, moisture content, and 
phenolic compounds of straw mushrooms. The study was conducted at the Horticulture Laboratory, 
Faculty of Agriculture, Universitas Padjadjaran using a Completely Randomized Design (CRD) 
consisting of a combination of nano edible coatings (nano sodium alginate and nano aloe vera), 
packaging types (vacuum packaging, biodegradable, and wrap), and storage temperatures (room 
temperature (±25 °C), 10 °C, and 5 °C) so that there are 18 treatment combinations. Each treatment was 
repeated twice, resulting in 36 experimental units at each observation time. Observations were 
conducted at 3 and 6 days after storage, resulting in 72 samples observed. The results showed that the 
combination of nano edible coating, packaging type, and different storage temperatures significantly 
affected the color, water content, and phenolic compounds of straw mushrooms. The combination of 
nano aloe vera with vacuum packaging at 10 °C had the best effect on the L*, b*, chroma, h°, total 
phenolic, and total flavonoid values of straw mushrooms during storage. 
 
Keywords: Edible mushroom ∙ Flavonoid ∙ Perishable food 
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Introduction 
 

Straw mushroom (Volvariella volvacea) is an 
edible mushroom that is highly sought after due 
to its taste and nutritional content. Straw 
mushrooms possess a tasty flavor, so they are 
used in various foods (Hendrawani & Hulyadi, 
2023). Straw mushrooms are also beneficial for 
health because they contain secondary 
metabolite compounds such as phenolics and 
flavonoids (Elawati et al., 2021; Ali et al., 2024). 
However, the straw mushroom harvest has a 
high respiration and transpiration rate so it is 
easily damaged compared to other fresh 
commodities (Wang et al., 2017). The high 
respiration and transpiration rates are caused by 
the mushroom not having a cuticle layer that 
protects it from mechanical damage and 
microbial attack during storage (Kumari & 
Baskaran, 2015; Castellanos-Reyes et al., 2021).  
According to research by Sakinah et al. (2020), 
straw mushrooms have a short shelf life at room 
temperature, for about 1-2 days. This shows that 
proper post-harvest treatment is necessary to 
maintain the quality of straw mushrooms. 

Nano edible coating is a post-harvest 
technology that can maintain the quality of straw 
mushrooms during storage. Nano edible coating 
has a smaller particle size and a wider contact 
area, thus providing a better effect (Filho et al., 
2021). The use of nano edible coating can 
maintain freshness and color (Saputra et al., 
2023). Sodium alginate and aloe vera are 
examples of natural polysaccharides that can be 
used as nano edible coating materials. Nano 
coatings made from sodium alginate are able to 
form a gel that is hydrophilic, transparent, and 
shiny (Puscaselu et al., 2020). With these 
capabilities, sodium alginate coatings are able to 
maintain moisture, freshness, and improve the 
appearance of coated products (Parreidt et al., 
2018). Nano coatings made from aloe vera can 
also maintain product freshness and appearance 
because they contain antioxidants, 
antimicrobials, and antifungals (Hęś et al., 2019; 
Mendy et al., 2019). 

Straw mushrooms are a storage condition-
sensitive food product. Storage temperature 
affects respiration, microbial growth, and 
enzyme activity (Claassen et al., 2024). 
Inappropriate storage temperatures make 
mushrooms wet or dry, making them unsafe for 
consumption. Storage at high temperatures 
enhances mushroom respiration and enzyme 

activity (Cliffe-Byrnes & O’Beirne, 2007; Iqbal et 
al., 2009; Silva et al., 2025). Elevated enzyme 
activity leads to nutritional degradation and 
discolouration of mushrooms (Nugraheni et al., 
2023). Straw mushrooms can be kept under low-
temperature storage to extend their freshness. 
However, very low temperatures lead to a 
reduction in quality. Freezing storage 
temperatures make mushroom cells freeze, 
leading to cell wall damage that, when thawed, 
degrades cell structure and tissue (Ilyas & Soeka, 
2019; Tan et al., 2021). The deterioration of cells 
makes the mushrooms discolour and experience 
chemical changes (Moutia et al., 2024). 

The temperature conditions of storage can 
affect the humidity of the air around the straw 
mushroom. Excessive humidity can reduce the 
quality of stored straw mushrooms. High 
humidity leads to condensation in the packing, 
especially when the temperature fluctuates 
(Dehghani et al., 2024). Condensed water in the 
packaging adheres to the mushroom, inducing 
the growth of microbes and causing color and 
texture alterations (Castellanos-Reyes et al., 
2021). Excess water vapor from product 
respiration inside the packaging may condense 
and cause product shrinkage and deterioration  
Basha et al., 2022). Low humidity in storage can 
deplete the moisture content (Gidado et al., 2024). 

The deterioration in the quality of straw 
mushrooms due to condensation of water vapor 
within the packaging can be mitigated through 
the use of appropriate packaging methods. The 
packaging approach significantly influences the 
stability of mushroom quality during storage 
(Kumar et al., 2020). Packaging that effectively 
regulates humidity and restricts the inflow of 
external air can help preserve the 
physicochemical quality of mushrooms 
(Mahajan et al., 2008; Geyer et al., 2015). 
Furthermore, suitable packaging minimizes 
physical damage throughout the distribution 
chain and contributes to an extended shelf life 
(Joshi et al., 2018; Sharma et al., 2024). 

In selecting appropriate packaging, it is 
essential to consider the characteristics of the 
packaging material, storage temperature, and 
duration. This study employed three types of 
packaging: vacuum, biodegradable, and wrap. 
Vacuum packaging is a sealed system with 
reduced oxygen levels, thereby limiting moisture 
accumulation resulting from respiration (Chetti 
et al., 2014; Chen et al., 2022). Wrap packaging 
helps prevent secondary microbial 
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contamination and reduces spoilage and weight 
loss (Dhall et al., 2012). Biodegradable packaging, 
in addition to being environmentally friendly, 
offers improved air permeability (Cheng et al., 
2024). 

Vacuum packaging occupies a smaller 
internal volume compared to biodegradable and 
wrap packaging, leading to differences in 
respiration activity and humidity levels within 
the package. The volume of the packaging space 
plays a crucial role in regulating the respiration 
rate of mushrooms, as the amount of available 
gas inside the package is directly influenced by 
this volume (Pogorzelska-Nowicka et al., 2020). 
Additionally, both storage temperature and 
duration significantly impact the respiration rate 
of mushrooms (Joshi et al., 2018). There is still a 
lack of research on how nano edible coating 
treatment, packaging type, and storage 
temperature affect straw mushroom quality. 
Based on these criteria, this study aims to 
evaluate the effects of nano edible coating, 
packaging types, and different storage 
temperatures on the color, moisture content, and 
phenolic compounds of straw mushrooms. 

 
 

Materials and Methods
  
Time and Location. The research was conducted 
at the Horticulture Laboratory, Faculty of 
Agriculture, Universitas Padjadjaran, from 
September 2024 to March 2025. The straw 
mushroom samples used were sourced from 
farmers in Purwakarta. The samples were at the 
same harvest age, 15 days after sowing the seeds 
in the growing medium (not blooming/edged), 
and were free from damage. 

Tools and materials. The tools used were a 
Mettler Toledo analytical balance type AG254 
(Switzerland), a Memmert oven type UM300 
(Germany), a Konica Minolta reflectance 
spectrophotometer type CM-600D (Japan), a 
grinder, a Shimadzu UV-Vis spectrophotometer 
type UV-1601 (Japan), a centrifuge, a BK-2000 
ultrasonic cleaner, a vacuum sealer, a 
refrigerator, cooling storage, a freezer. The 
materials used are: semi-edge straw mushrooms, 
nano aloe vera, nano sodium alginate, methanol, 
distilled water, folin reagent, sodium carbonate, 
gallic acid, aluminum chloride, sodium acetate, 
quercetin, vacuum plastic, biodegradable plastic, 
styrofoam, and plastic wrap. 

Preparation and Application of Nano edible 
Coating. Sodium alginate and aloe vera were used 
as coatings on straw mushrooms and subjected to 
nano-treatment. The nano-sodium alginate and 
nano aloe vera were produced by the Functional 
Nano Powder University Center of Excellence 
(Finder U-CoE) at Universitas Padjadjaran, 
Indonesia. The particle size of the nano edible 
coating was approximately 300 nm. A 1% nano 
edible coating was made by dissolving 1 g of nano-
sodium alginate in 100 mL of distilled water, then 
mixing until uniform. The same process was used 
to prepare a 1% nano aloe vera solution. Fresh, 
cleaned straw mushrooms were coated by 
brushing with nano sodium alginate or nano aloe 
vera. The coated mushrooms were air-dried before 
packaging and storage. 

Packaging and Storage. Straw mushrooms 
that have been coated using 1% nano sodium 
alginate or 1% nano aloe vera are then packaged 
using vacuum, biodegradable, wrap packaging 
of ±100 g each. Packaging using vacuum 
packaging is done using a vacuum sealer. Wrap 
packaging uses plastic wrap or cling wrap and 
Styrofoam. Biodegradable packaging uses 
biodegradable plastic. The packaged mushrooms 
are stored at three temperatures, namely room 
temperature (±25 °C), 10 °C and 5 °C for 6 days. 
Observations are made at 3 and 6 days after 
storage (DAS). 

Experimental Design and Analysis. The 
experimental design used was a Completely 
Randomized Design (CRD). Treatments 
consisted of combinations of nano edible coating 
types (nano sodium alginate, nano aloe vera), 
packaging types (vacuum, biodegradable, and 
wrap packaging), and storage temperatures 
(room temperature (±25 °C), 10 °C, and 5 °C). 
Each treatment combination had two 
replications, resulting in 36 experimental units. 
Each experimental unit consisted of 
approximately 100 g of straw mushroom, 
observed at 3 and 6 days after storage (DAS), 
resulting in 72 straw mushroom samples. The 
data obtained were tested for normality and 
homogeneity, then analyzed using analysis of 
variance (ANOVA) at a significance level of 5% 
to determine the effect of the given treatment.  
When the calculated F-value exceeded the critical 
F-value at the 5% significance level, mean 
separation was performed using the Scott–Knott 
advanced test at a 5% significance level with 
SmartStatsXL software. 
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Observation Parameters: Color. Color 
measurements were performed using a Konica 
Minolta reflectant spectrophotometer that can 
measure color quantitatively (Kusumiyati et al., 
2022). Measurements were made at two points, 
namely the front and back of the straw 
mushroom, and were repeated three times. The 
data obtained per sample were averaged. The 
values displayed by the instrument are L*, a*, and 
b*. The hue angle (h°) and chroma (C) were 
calculated using the following formula: hue = 
tan-1 (b/a) and chroma =(a2+b2)1/2.  

Moisture Content. Measurements were 
made by cutting 4 g of the straw mushroom fruit 
bodies, referring to SNI, and  Kusumiyati et al. 
(2021). The sample was placed in a cup whose 
weight had been constant. The cup was placed in 
an oven at 105 °C for 3 hours. The sample was 
removed from the oven and cooled for 5 minutes 
in a desiccator before being weighed. Heating 
was repeated until the sample weight was 
constant. The formula for calculating water 
content is:   

 

Moisture content (%) =
fresh weight −  dry weight

fresh weight
X 100 

 
Total Phenolic. A 100 mg sample of the 

dried sample was weighed and transferred into a 
10 mL volumetric flask. Methanol solvent was 
added to the mark. The solution was extracted 
with a sonicator at room temperature for 60 
minutes. The solution was transferred into a 
centrifuge tube and centrifuged for 10 minutes at 
4000 rpm. The supernatant was transferred to a 
vial. Total phenolics were determined using a 
modified Folin-Ciocalteu (Sytar et al., 2018). A 0.3 
mL sample was extracted, 0.2 mL of methanol 
and 2.5 mL of 10% Follin reagent were added, 
then incubated for 5 minutes at room 
temperature. 2 mL of 7.5% sodium carbonate was 
added and homogenized. The solution was 
incubated at room temperature for 60 minutes. A 
standard solution was prepared by dissolving 10 
mg of gallic acid in 10 mL of methanol to obtain 
a gallic acid concentration of 1000 mg/L and 
diluting it to 20, 40, 80, 160, and 320 mg/L. The 
absorbance of the sample and standard was 
measured at a wavelength of 765 nm using a 
Shimadzu UV-1601 UV-Vis spectrophotometer 
(Japan). The total phenolic content in the sample 
was expressed in GAE mg/100 g using the 
calculation formula: 

𝑇𝑜𝑡𝑎𝑙 𝑝ℎ𝑒𝑛𝑜𝑙𝑖𝑐 (
𝑚𝑔 𝐺𝐴𝐸

100 𝑔
) =

𝐶. 𝑉

𝐵
 𝑋 100 

Note: C = Gallic acid concentration (mg/L); V = 
Volume of test solution (L); B = Sample weight (g) 

Total Flavonoid. A 100 mg sample of the 
dried sample was weighed and transferred into a 
10 mL volumetric flask. Methanol solvent was 
added to the mark. The solution was extracted 
with a sonicator at room temperature for 60 
minutes. The solution was transferred into a 
centrifuge tube and centrifuged for 10 minutes at 
4000 rpm. The total flavonoid measurement 
procedure refers to Sytar et al. (2018), which has 
been modified. 1 mL of the extracted sample was 
added with 2 mL of methanol, 0.1 mL of 10% 
aluminum chloride, 0.1 mL of 1 M sodium 
acetate, and 1.8 mL of distilled water. The 
solution was homogenized, then incubated at 
room temperature for 30 minutes. A blank was 
also prepared using the same procedure, but the 
sample was replaced with methanol. A standard 
solution was prepared by dissolving 10 mg of 
quercetin in 10 mL of methanol, obtaining a 
quercetin concentration of 1000 mg/L, and then 
diluting it to 4, 8, 16, 32, 64, and 128 mg/L. The 
absorbance of the sample and standard was 
measured at a wavelength of 435 nm using a 
Shimadzu UV-VIS Spectrophotometer (Japan). 
The absorbance of the standard measurement 
was used to create a calibration curve. The total 
flavonoid content in the sample was expressed in 
QE mg/100 g. 

 

𝑇𝑜𝑡𝑎𝑙 𝑓𝑙𝑎𝑣𝑜𝑛𝑜𝑖𝑑 (
𝑚𝑔 𝑄𝐸

100 𝑔
) =  

𝐶. 𝑉

𝐵
 𝑋 100 

 
Note: C = Quercetin concentration (mg/L); V = 
Volume of test solution (L); B = Sample weight (g) 
 
 

Results and Discussion 
 
Color (L* value). The results of the analysis of 
variance showed that the nano edible coating 
treatment, packaging type, and storage 
temperature had a significant effect on mushroom 
color in terms of L* values. The combination 
treatment of nano sodium alginate with wrap 
packaging at a temperature of 10 °C showed the 
highest L* value, which was not significantly 
different from the combination treatment of nano 
aloe vera with vacuum packaging at a temperature 
of 10 °C and significantly different from other 
combination treatments, especially at a 
temperature of 5 °C (Table 1). The above treatment 
also showed a constant L* value during 6 days of 
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storage. Semi-fresh straw mushrooms have a bright 
grayish-light brown color. Color changes indicate a 
decrease in the quality of straw mushrooms during 
storage (Khan et al., 2021) 

The L* value indicates the lightness and 
whiteness of the color, with a value of 100, a 
decrease towards 0 indicates browning (Kamali et 
al., 2024). A higher and constant L* value indicates 
freshness and better appearance of the straw 
mushrooms. A constant L* value during storage 
indicates that the combination of nano sodium 
alginate treatment with wrap packaging at a 
temperature of 10 °C can maintain the freshness 
and quality of the straw mushrooms during 
storage. The L* value was positively correlated with 
other color parameters except the a* value, water 
content, and total flavonoids during 6 days of 
storage (Figure 1). Thus, color changes are closely 
related to changes in the biochemical compounds 
of straw mushrooms during storage. 

The combination treatment of nano edible 
coating with all packaging at 5 °C showed a 

lower L* value compared to the storage 
temperature of 10 °C. The decrease in the L* value 
indicates a change in the color of the straw 
mushrooms during storage. The darker color of 
the button mushrooms is in line with the 
decrease in the L* value (Lin & Sun, 2019). 

Cold stress can damage membrane integrity 
and increase cell membrane permeability, which 
contributes to chilling injury symptoms (Li et al., 
2023). Damage to the cell membrane causes the 
polyphenol oxidase (PPO) enzyme in its bound 
form to change into its free form, increasing the 
free form of the PPO enzyme (Zou et al., 2025). 
The increase in the free form of PPO is in line 
with the number of PPO enzymes that oxidize 
phenolic compounds. Oxidation of phenolic 
compounds by the PPO enzyme forms quinone 
compounds and ultimately causes melanin 
clumping. Melanin clumping causes browning in 
straw mushrooms at a storage temperature of 5 
°C. PPO enzyme activity is the main cause of 
browning (Harisha et al., 2023). 

   
 

 
Figure 1. Correlation of all observation parameters during 6 days of storage (DAS) 
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Table 1. Effect of the combination of nano edible coating, type of packaging, and different temperatures 
on L* value of straw mushrooms at 3 and 6 days after storage (DAS) 

Treatment 
L* 

3 DAS 6 DAS 

Nano SA + vacuum + temperature 25 °C  56.27 a 51.06 c 
Nano SA + biodegradable + temperature 25 °C  53.55 a 44.07 b 
Nano SA + wrap + temperature 25 °C  54.98 a 56.05 d 
Nano SA + vacuum + temperature 10 °C 56.88 a 55.53 d 
Nano SA + biodegradable + temperature 10 °C 52.62 a 48.88 c 
Nano SA + wrap + temperature 10 °C 62.70 a 62.78 d 
Nano SA + vacuum + temperature 5 °C 50.66 a 51.04 c 
Nano SA + biodegradable + temperature 5 °C 50.12 a 40.80 b 
Nano SA + wrap + temperature 5 °C 38.54 a 49.71 c 
Nano AV + vacuum + temperature 25 °C  52.13 a 54.19 d 
Nano AV + biodegradable + temperature 25 °C  47.42 a 36.69 b 
Nano AV + wrap + temperature 25 °C  60.84 a 50.75 c 
Nano AV + vacuum + temperature 10 °C 52.01 a 55.03 d 
Nano AV + biodegradable + temperature 10 °C 48.34 a 47.91 c 
Nano AV + wrap + temperature 10 °C 62.61 a 58.44 d 
Nano AV + vacuum + temperature 5 °C 55.94 a 48.34 c 
Nano AV + biodegradable + temperature 5 °C 43.63 a 29.04 a 
Nano AV + wrap + temperature 5 °C 43.58 a 48.02 c 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
Scott-Knott Test at 5 %; DAS = days after storage; SA = Sodium Alginate; AV = Aloe Vera. 
 

 
In this study, straw mushrooms showed 

symptoms of chilling injury during storage at 5 
°C. A temperature of 5 °C is considered 
extremely cold for straw mushrooms, which 
grow optimally at high temperatures (35 °C). 
Extreme cold storage can trigger chilling injury, 
which increases PPO enzyme activity, resulting 
in browning (Sogvar et al., 2020). Browning can 
reduce the visual and commercial quality of 
straw mushrooms. Nano edible coatings 
consisting of sodium alginate and aloe vera, 
packaged in wrap at 10 °C, produced the highest 
and most consistent L* values during storage. 
PPO enzyme activity increased with storage time 
(Zhao et al., 2021). However, the application of 
nano edible coatings can inhibit PPO enzyme 
activity during storage.  

The application of nano sodium alginate can 
inhibit browning in straw mushrooms during 
storage. Sodium alginate has various biological 
activities, such as antioxidant, antimicrobial, and 
biocompatibility. In line with research Louis et al. 
(2021), the sodium alginate coating can maintain 
the color of button mushrooms during storage. 
Sodium alginate coating is transparent, 
biocompatible, biodegradable, and 
semipermeable (Kenny et al., 2025). Sodium 
alginate coating can prevent moisture loss by 
reducing transpiration (Wang et al., 2020). 

Sodium alginate coating has low permeability to 
fat and oxygen (Nair et al., 2020). Thus, sodium 
alginate coating can slow oxidation that triggers 
enzymatic browning reactions.  

Aloe vera can also inhibit enzymatic 
browning because it contains natural 
antioxidants such as phenolics and flavonoids 
(Takeungwongtrakul et al., 2022). Enzymatic 
browning is a chemical reaction that occurs when 
the PPO enzyme oxidizes phenols to quinones 
(Gupta et al., 2022). Mohebbi et al. (2012) 
reported that aloe vera coating can reduce 
browning of button mushrooms during storage. 

Wrap and vacuum packaging reduce and 
inhibit oxygen contact from the outside into the 
package during storage, compared to 
biodegradable packaging. This can reduce the 
oxidation reaction that causes browning in straw 
mushrooms. The color of enoki mushrooms can 
be maintained for 6 days of storage using 
vacuum packaging (Choi et al., 2022). Therefore, 
the combination of nano sodium alginate or nano 
aloe vera with wrap packaging at a temperature 
of 10 °C has been proven to maintain the 
lightness of the color of straw mushrooms. 

Color (a* value). The results of the analysis 
of variance showed that the nano edible coating 
treatment, packaging type, and storage 
temperature had a significant effect on 
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mushroom color in terms of a* values. The 
combination of nano aloe vera with 
biodegradable packaging at 25 °C and 10 °C 
showed significantly different a* values 
compared to most other treatments, especially at 
5  °C (Table 2). This treatment also showed a 
constant a* value for 6 DAS. A constant a* value 
indicates that the treatment can maintain the 
freshness of straw mushrooms during storage. A 
low a* value indicates the color of fresh straw 
mushrooms is not striking.  

A positive a* represents red, whereas a 
negative a* represents green (Bahreini et al., 
2024). The rise in the value of a* represents a red 
color, which signifies enzymatic browning of 
straw mushrooms. Several variables affect 
enzymatic browning, such as oxygen, phenolic 
substances, PPO enzymes, and peroxidase 
(POD), which lead to edible mushroom 
browning (Sharma et al., 2024). An increase in the 
a* value indicates undesirable color changes in 
straw mushrooms. POD enzymes are associated 
with undesirable changes in product flavor and 
color (Singh et al., 2018). 

The application of nano aloe vera coating can 
inhibit the enzymatic browning process by limiting 
oxygen contact with straw mushrooms at 
temperatures of 25 °C and 10 °C. Aloe vera coating 
in antibacterial, protecting the straw mushrooms 

from microbial attack that causes colour and 
appearance changes (Falahati et al., 2024). This 
agrees with da Silva et al. (2023),finding that aloe 
vera coating can effectively decrease the 
discoloration of shiitake mushrooms during 
storage. Aloe vera coating also contains natural 
antioxidants that can inhibit the activity of the PPO 
enzyme. However, its effectiveness decreases at 
temperatures below 5  °C due to tissue and cell 
damage caused by cold stress (Figure 2). 

Enzymatic browning is linked to membrane 
breakdown during tissue degeneration (Wang et 
al., 2024). Extrinsic and intrinsic factors control 
browning in edible mushrooms. Moisture 
content, respiration rate, and microbial activity 
are internal, whereas relative humidity and 
storage temperature are external (Liang et al., 
2024). The decrease in the respiration rate is in 
line with the lowered metabolic activity that is 
accountable for straw mushroom browning. 
Storage temperature significantly affects 
metabolic processes such as respiration, 
microbial growth, and enzyme activity, which 
cause product deterioration (Claassen et al., 
2024). Low temperature is capable of retarding 
metabolic activity, preserving quality (Silva et al., 
2025). In line with research by Li et al. (2022), a 
temperature of 10 °C can inhibit browning of 
shiitake mushrooms during storage. 

 
Table 2. Effect of the combination of nano edible coating, packaging type, and different temperatures on 
the a* value of straw mushrooms at 3 and 6 days after storage (DAS) 

Treatment 
a* 

3 DAS 6 DAS 

Nano SA + vacuum + temperature 25 °C  9.12 a 12.16 c 
Nano SA + biodegradable + temperature 25 °C  8.08 a 8.23 a 
Nano SA + wrap + temperature 25 °C  8.43 a 9.01 a 
Nano SA + vacuum + temperature 10 °C 8.89 a 11.32 b 
Nano SA + biodegradable + temperature 10 °C 7.81 a 9.60 b 
Nano SA + wrap + temperature 10 °C 8.12 a 10.94 b 
Nano SA + vacuum + temperature 5 °C 9.32 a 10.66 b 
Nano SA + biodegradable + temperature 5 °C 9.66 a 13.84 d 
Nano SA + wrap + temperature 5 °C 11.60 b 14.78 d 
Nano AV + vacuum + temperature 25 °C  11.45 b 11.43 b 
Nano AV + biodegradable + temperature 25 °C  7.97 a 7.81 a 
Nano AV + wrap + temperature 25 °C  9.17 a 10.35 b 
Nano AV + vacuum + temperature 10 °C 10.50 b 11.67 b 
Nano AV + biodegradable + temperature 10 °C 8.05 a 8.53 a 
Nano AV + wrap + temperature 10 °C 7.71 a 10.29 b 
Nano AV + vacuum + temperature 5 °C 10.13 b 9.89 b 
Nano AV + biodegradable + temperature 5 °C  11.18 b 9.88 b 
Nano AV + wrap + temperature 5 °C 11.30 b 14.66 d 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
Scott-Knott Test at 5 %; SA = Sodium Alginate; AV = Aloe Vera. 
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     (a)                             (b)                (c)                               (d) 

Figure 2. Color changes of straw mushrooms stored at 5 °C for 3 days: a) nano sodium alginate + vacuum 
packaging, b) nano sodium alginate + biodegradable packaging, c) nano aloe vera + vacuum packaging, 
d) nano aloe vera + wrap packaging. 
 
 

Color (b*). The results of the analysis of 
variance showed that the nano edible coating 
treatment, packaging type, and storage 
temperature had a significant effect on 
mushroom color in terms of b* values. The 
combination treatment of nano aloe vera with 
vacuum packaging at a temperature of 10 °C 
showed the highest b* value, which was 
significantly different from other combination 
treatments, especially the nano sodium alginate 
combination (Table 3). This combination 
treatment also showed a constant b* value during 
storage. The constant b* value during storage 
indicates the treatment's ability to maintain the 
freshness of straw mushrooms.  

The b* value consists of positive and 
negative b*. A positive b* value indicates a yellow 
color, while a negative b* value indicates a blue 
color (Huo et al., 2024). Nano aloe vera coating 
treatment can maintain the brownish-yellow 
color of semi-ripened straw mushrooms during 
storage. Aloe vera contains flavonoid 
compounds that can ward off free radicals and 
act as antioxidants (Tizazu & Bekele, 2024; 
Wariyah et al., 2024). Mirshekari et al. (2019) also 
reported that aloe vera coating can reduce the 
activity of the PPO enzyme, which causes 
browning in button mushrooms. Several 
treatments also showed decreases and increases 
in b* values during storage. 

The decrease and increase in the b* value 
during storage are indicators of browning in straw 
mushrooms. The decrease in the b* value is a result 
of the degradation of flavonoid compounds and 
carotenoid pigments that give the yellow color 
(Giménez et al., 2015). The oxidation of natural 
color compounds is exacerbated by temperature 
and the presence of oxygen, which causes a 
decrease in quality (Liang et al., 2024). The results 
of the study showed an increase in the b* value in 
several combination treatments, especially at a 
temperature of 5 °C. 

The combination treatment of nano sodium 
alginate with all packaging at a temperature of 5 
°C experienced an increase in the b* value at 6 
DAS (Figure 3). Temperatures that are too low 
tend to cause post-harvest chilling damage, 
which actually accelerates browning (Sharma et 
al., 2024). This temperature accelerates the 
damage to cell membranes, thereby increasing 
the oxidation of natural color compounds (Zou et 
al., 2025). Damage to cell membranes causes an 
increase in the PPO enzyme, which can oxidize 
phenolic compounds that form quinone and 
melanin compounds (Harisha et al., 2023). 

A temperature of 5 °C can cause cold stress 
that triggers the accumulation of free radicals 
and accelerates cell and tissue damage. Cell and 
tissue damage causes excessive release of the 
PPO enzyme, which oxidizes phenolic 
compounds to quinones through enzyme 
catalysis. Quinones react with amino acids to 
form melanin, causing browning in mushrooms 
(Fu et al., 2023). The increase in PPO enzyme 
activity increases quinones and melanin, which 
are indicators of browning of the Phlebopus 
portentosus fungus (Kong et al., 2025). 

Color (Chroma). The results of the analysis 
of variance showed that the nano edible coating 
treatment, packaging type, and storage 
temperature had a significant effect on 
mushroom color in terms of chroma values. The 
combination treatment of nano aloe vera with 
vacuum packaging at 10 °C showed a 
significantly different chroma value compared to 
other combination treatments, especially with 
biodegradable packaging. Biodegradable 
packaging for all nano edible coatings and 
storage temperatures showed a lower chroma 
value and increased during storage. 
Biodegradable packaging has poor barrier 
properties, especially against moisture and air 
(Ivankovic et al., 2017).  
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Table 3. Effect of the combination of nano edible coating, packaging type, and different temperatures on 
the b* value of straw mushrooms at 3 and 6 days after storage (DAS) 

Treatment 
b* 

3 DAS 6 DAS 

Nano SA + vacuum + temperature 25 °C  34.52 c 34.21 c 
Nano SA + biodegradable + temperature 25 °C  27.60 b 19.20 a 
Nano SA + wrap + temperature 25 °C  28.17 b 27.88 b 
Nano SA + vacuum + temperature 10 °C 31.99 c 37.10 c 
Nano SA + biodegradable + temperature 10 °C 24.91 a 27.18 b 
Nano SA + wrap + temperature 10 °C 30.67 c 35.66 c 
Nano SA + vacuum + temperature 5 °C 28.14 b 31.56 c 
Nano SA + biodegradable + temperature 5 °C 24.66 a 24.96 b 
Nano SA + wrap + temperature 5 °C 20.87 a 31.64 c 
Nano AV + vacuum + temperature 25 °C  35.78 c 36.36 c 
Nano AV + biodegradable + temperature 25 °C  24.10 a 16.01 a 
Nano AV + wrap + temperature 25 °C  33.17 c 26.71 b 
Nano AV + vacuum + temperature 10 °C 30.99 c 36.65 c 
Nano AV + biodegradable + temperature 10 °C 23.16 a 25.03 b 
Nano AV + wrap + temperature 10 °C 29.96 c 35.51 c 
Nano AV + vacuum + temperature 5 °C 33.14 c 29.88 c 
Nano AV + biodegradable + temperature 5 °C  23.73 a 13.21 a 
Nano AV + wrap + temperature 5 °C 23.36 a 32.72 c 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
Scott-Knott Test at 5 %; SA = Sodium Alginate; AV = Aloe Vera. 

 
 
 

   

(a) (b) (c) 
Figure 3. Changes in the color of straw mushrooms during 3 days of storage in the combination treatment 
of nano sodium alginate at a temperature of 5 °C with various packaging: a) fresh straw mushrooms, b) 
vacuum packaging, c) biodegradable packaging. 
 
 

The chroma value indicates color purity or 
intensity (Pandiselvam et al., 2023). A high and 
consistent chroma value during storage indicates 
freshness and good post-harvest visual quality of 
straw mushrooms. The combination of nano aloe 
vera with vacuum packaging at 10 °C showed a 
high and constant chroma value during storage. 
Aloe vera coating contains natural antioxidant 
compounds such as aloe-emodin and ascorbic 
acid, which can maintain the color attributes of 
the product (Nicolau-Lapeña et al., 2021). The 
application of aloe vera coating can inhibit color 
changes in button mushrooms during storage 
(Mirshekari et al., 2019).  

The combination treatment of nano sodium 
alginate with all packaging and the combination 
of nano aloe vera with wrap packaging at a 
temperature of 5 °C showed a low chroma value 
at 3 DAS and increased at 6 DAS. The increase in 
chroma value indicates browning in straw 
mushrooms. This is in line with research by 
Nunes et al. (2024) that the increase in chroma 
value is in line with the browning of white 
shimeji mushrooms. A temperature of 5 °C can 
cause cell damage, resulting in phenolic 
compounds and PPO enzymes meeting outside 
the cells, and enzymatic browning occurs. 
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Table 4. Effect of the combination of nano edible coating, packaging type, and different temperatures on 
the chroma value of straw mushrooms at 3 and 6 days after storage (DAS) 

Treatment 
Chroma 

3 DAS 6 DAS 

Nano SA + vacuum + temperature 25 °C  35.71 b 36.33 c 
Nano SA + biodegradable + temperature 25 °C  28.78 a 20.90 a 
Nano SA + wrap + temperature 25 °C  29.40 a 29.30 b 
Nano SA + vacuum + temperature 10 °C 33.20 b 38.79 c 
Nano SA + biodegradable + temperature 10 °C 26.17 a 28.84 b 
Nano SA + wrap + temperature 10 °C 31.73 b 37.30 c 
Nano SA + vacuum + temperature 5 °C 29.68 a 33.31 c 
Nano SA + biodegradable + temperature 5 °C 26.49 a 28.61 b 
Nano SA + wrap + temperature 5 °C 23.90 a 34.95 c 
Nano AV + vacuum + temperature 25 °C  37.58 b 38.11 c 
Nano AV + biodegradable + temperature 25 °C  25.39 a 17.82 a 
Nano AV + wrap + temperature 25 °C  34.41 b 28.65 b 
Nano AV + vacuum + temperature 10 °C 32.72 b 38.46 c 
Nano AV + biodegradable + temperature 10 °C 24.53 a 26.46 b 
Nano AV + wrap + temperature 10 °C 30.94 b 36.98 c 
Nano AV + vacuum + temperature 5 °C 34.67 b 31.48 c 
Nano AV + biodegradable + temperature 5 °C  26.24 a 16.50 a 
Nano AV + wrap + temperature 5 °C 25.95 a 35.93 c 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
Scott-Knott Test at 5 %; SA = Sodium Alginate; AV = Aloe Vera.  
 
Table 5. Effect of the combination of nano edible coating, packaging type, and different temperatures on 
the h° value of straw mushrooms at 3 and 6 days after storage (DAS) 

Treatment h° 

3 DAS 6 DAS 

Nano SA + vacuum + temperature 25 °C  75.16 b 70.30 c 
Nano SA + biodegradable + temperature 25 °C  73.70 b 66.33 b 
Nano SA + wrap + temperature 25 °C  73.30 b 72.08 c 
Nano SA + vacuum + temperature 10 °C 74.47 b 73.05 c 
Nano SA + biodegradable + temperature 10 °C 72.36 b 70.52 c 
Nano SA + wrap + temperature 10 °C 75.18 b 72.94 c 
Nano SA + vacuum + temperature 5 °C 71.37 b 71.33 c 
Nano SA + biodegradable + temperature 5 °C 68.61 b 62.55 b 
Nano SA + wrap + temperature 5 °C 60.85 a 64.88 b 
Nano AV + vacuum + temperature 25 °C  72.19 b 72.55 c 
Nano AV + biodegradable + temperature 25 °C  71.59 b 63.96 b 
Nano AV + wrap + temperature 25 °C  74.56 b 68.83 c 
Nano AV + vacuum + temperature 10 °C 71.24 b 72.34 c 
Nano AV + biodegradable + temperature 10 °C 70.93 b 71.17 c 
Nano AV + wrap + temperature 10 °C 75.54 b 73.82 c 
Nano AV + vacuum + temperature 5 °C 72.92 b 71.68 c 
Nano AV + biodegradable + temperature 5 °C  64.77 a 53.22 a 
Nano AV + wrap + temperature 5 °C 64.17 a 67.54 c 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
Scott-Knott Test at 5 %; SA = Sodium Alginate; AV = Aloe Vera. 
 

 
Color (h° value). The results of the analysis 

of variance showed that the nano edible coating 
treatment, packaging type, and storage 
temperature had a significant effect on 

mushroom color in terms of h° values. The 
combination treatment of nano aloe vera with 
vacuum packaging at a temperature of 10 °C 
showed a hue value (h°) that was significantly 
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different from other combination treatments, 
especially the combination with biodegradable 
packaging at a temperature of 5 °C (Table 5). This 
treatment also showed a constant value during 6 
days of storage. The constant h° value during 
storage indicates the treatment's ability to 
maintain color and is one indicator of the 
freshness of straw mushrooms. Differences in 
storage temperatures showed different effects on 
the color of straw mushrooms, especially on the 
h° value. This indicates that 10 °C can inhibit the 
activity of the PPO enzyme that causes browning 
without damaging the straw mushroom tissue. 
In line with research Kumari & Baskaran (2015) 
The temperature of 10 °C can reduce the activity 
of the PPO enzyme in oyster mushrooms. 

The h° value indicates the type of color or 
color angle in the color spectrum (Shameena et 
al., 2024). A decreasing h° value indicates 
browning, resulting in a decrease in the visual 
and commercial quality of straw mushrooms. 
The combination treatment of nano sodium 
alginate and nano aloe vera with all packaging at 
a temperature of 10 °C is able to maintain the h° 
value during storage. Nano sodium alginate and 
nano aloe vera can protect mushrooms against a 
decrease in h° value at a storage temperature of 
10 °C. Sodium alginate coating can form a 
semipermeable protective layer, reducing the 
rate of respiration and oxidation (Kalita et al., 
2025). However, the layer formed is less dense 
compared to nano sodium alginate. Aloe vera 
coating has natural antibacterial and antioxidant 
activity and slows down color changes (Habibi et 
al., 2022). 

Vacuum packaging shows a better effect 
than biodegradable packaging and wrap 
packaging in maintaining h° values, especially at 
a temperature of 5 °C. It can reduce oxygen in the 
packaging, thereby slowing the oxidation 
reaction that causes browning. Storage 
temperature significantly affects the h° value. A 
temperature of 5 °C indicates a lower h° value. 
Temperatures that are too low or extreme (≤ 5 °C) 
can cause chilling injury, which triggers 
metabolic reactions that cause faster browning 
(Farcuh, 2025). 

 Extreme temperatures can also accelerate 
cell membrane damage and PPO enzyme 
activity. A decrease in the h° value indicates 
browning in straw mushrooms. The decrease in 
the hue value is caused by the activity of the PPO 
enzyme that causes browning (Liang et al., 2024). 
Thus, the combination treatment of Nano sodium 

alginate and nano aloe vera with wrap packaging 
at a temperature of 10 °C is the best combination 
in maintaining the h° value of straw mushrooms. 

Moisture Content. The results of the 
analysis of variance showed that the combination 
of nano edible coating, packaging type, and 
different storage temperatures significantly 
affected the moisture content of straw 
mushrooms at 3 DAS and did not significantly 
affect the moisture content at 6 DAS (Table 6). 
The combination treatment of nano sodium 
alginate with vacuum packaging at a 
temperature of 10 °C showed the highest air 
content, which was significantly different from 
other combination treatments, especially the 
combination treatment with biodegradable 
packaging at 3 DAS. The combination of nano 
sodium alginate with vacuum packaging at a 
temperature of 10 °C showed a constant moisture 
content during storage (3 and 6 DAS). Thus, the 
combination treatment of nano sodium alginate 
with vacuum packaging at a temperature of 10 °C 
can maintain the freshness of straw mushrooms 
during storage. 

Straw mushrooms are an agricultural 
commodity with a relatively high moisture 
content. Moisture content is an indicator of the 
post-harvest technology's ability to maintain 
freshness, with a constant moisture content being 
optimal. In this study, the treatment of nano 
sodium alginate and nano aloe vera coating with 
vacuum packaging and wrap at temperatures of 
10 °C and 5 °C showed a higher water content 
compared to the combination treatment with 
biodegradable packaging in 3 DAS. This may be 
because sodium alginate and aloe vera can 
inhibit transpiration in mushrooms, which 
causes water loss. According to Martínez-Cano et 
al. (2022) The application of sodium alginate 
edible coating can form a semipermeable layer, 
thereby reducing water loss and weight loss. 

The vacuum packaging used is also more 
effective in maintaining moisture than 
biodegradable packaging. Vacuum packaging 
inhibits mushroom respiration due to controlled 
atmospheric conditions and minimal air contact 
with the product (Sakinah et al., 2020). 
Moradinezhad & Dorostkar (2021) also stated 
that vacuum packaging can minimize water loss 
through transpiration and maintain relative 
humidity within the package. Therefore, vacuum 
packaging proved more effective in maintaining 
mushroom moisture during storage than other 
packaging. 
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The moisture content of mushrooms in 
biodegradable packaging showed a lower value 
than in other packaging. This may be due to the 
relatively high air and water vapor permeability 
of biodegradable packaging. This relatively high 
permeability allows the moisture content in the 
mushrooms to easily escape, resulting in a 
decrease in moisture content during storage. 
Furthermore, maintaining the internal moisture 
of mushrooms in biodegradable packaging is 
difficult. The higher and more constant moisture 
content at a storage temperature of 10 °C also 
indicates that the respiration and transpiration of 
straw mushrooms can be inhibited. Iqbal et al. 
(2009), reported that the respiration rate of button 
mushrooms decreased at 8 °C and increased at 20 
°C.  Therefore, the combination of nano sodium 
alginate with vacuum packaging at 10 °C can be 
applied to maintain the freshness of straw 
mushrooms during storage. 

Total Phenolic. The results of the analysis of 
variance showed that the nano edible coating 
treatment, packaging type, and storage 
temperature had a significant effect on the total 
phenolic content of mushrooms. The 
combination of nano aloe vera with vacuum 
packaging at temperatures of 10 °C showed a 

significantly different total phenolic content 
compared to other treatments during storage 
(Table 7). The treatment also showed a constant 
total phenolic content during storage. A constant 
total phenolic content indicates the treatment's 
ability to maintain the quality of straw 
mushrooms during storage. 

Phenolic compounds are bioactive 
compounds with high antioxidant activity. 
Phenolic compounds in edible mushrooms act as 
natural antioxidants (Chun et al., 2021). The total 
phenolic content indicates the functional value of 
mushrooms and is related to resistance to oxidation 
and browning (Liang et al., 2024). The combination 
treatment of nano aloe vera with vacuum 
packaging at a storage temperature of 10 °C 
showed the highest total phenolics. Aloe vera has 
antioxidant properties because it contains phenolic 
compounds (Mensah et al., 2025). These phenolic 
compounds include aloin, aloesin, and aloe emodin 
(Solaberrieta et al., 2022). These compounds are 
antioxidants, thus maintaining freshness, inhibiting 
the activity of the PPO enzyme, and stabilizing 
phenolic compounds during storage. Mirshekari et 
al. (2019), reported that aloe vera coating can 
increase the total phenolic content of button 
mushrooms during storage. 

 
Table 6. Effect of the combination of nano edible coating, type of packaging, and different temperatures 
on the moisture content of straw mushrooms at 3 and 6 days after storage (DAS) 

Treatment 
Moisture content (%) 

3 DAS 6 DAS 

Nano SA + vacuum + temperature 25 °C  90.36 b 91.09 a 
Nano SA + biodegradable + temperature 25 °C  86.78 a 91.85 a 
Nano SA + wrap + temperature 25 °C  90.80 b 94.75 a 
Nano SA + vacuum + temperature 10 °C 90.81 b 89.57 a 
Nano SA + biodegradable + temperature 10 °C 88.99 a 89.18 a 
Nano SA + wrap + temperature 10 °C 90.84 b 91.24 a 
Nano SA + vacuum + temperature 5 °C 90.58 b 89.37 a 
Nano SA + biodegradable + temperature 5 °C 87.89 a 88.28 a 
Nano SA + wrap + temperature 5 °C 89.90 b 91.16 a 
Nano AV + vacuum + temperature 25 °C  88.89 a 90.26 a 
Nano AV + biodegradable + temperature 25 °C  90.78 b 82.81 a 
Nano AV + wrap + temperature 25 °C  90.33 b 94.90 a 
Nano AV + vacuum + temperature 10 °C 89.71 b 88.13 a 
Nano AV + biodegradable + temperature 10 °C 88.19 a 89.20 a 
Nano AV + wrap + temperature 10 °C 90.67 b 91.86 a 
Nano AV + vacuum + temperature 5 °C 90.47 b 90.32 a 
Nano AV + biodegradable + temperature 5 °C  88.89 a 89.66 a 
Nano AV + wrap + temperature 5 °C 90.69 b 89.94  A 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
Scott-Knott Test at 5 %; SA = Sodium Alginate; AV = Aloe Vera. 
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Vacuum packaging can control the 
atmosphere in the packaging, thereby reducing 
oxygen availability (Chen et al., 2022). Limited 
oxygen availability can inhibit phenol oxidation, 
which causes browning in straw mushrooms. A 
temperature of 10 °C can maintain total phenolic 
content because it inhibits PPO enzyme activity 
and is not too cold to trigger chilling injury. 

Total Flavonoid. The results of the analysis 
of variance showed that the combination of nano 
edible coating treatment, packaging type, and 
storage temperature had a significant effect on 
the total flavonoids of straw mushrooms during 
storage (Table 8). The combination treatment of 
nano aloe vera with vacuum packaging at a 
storage temperature of 10 °C showed the highest 
total flavonoids, which were significantly 
different from other treatments. The use of nano 
edible coating can maintain quality during 
storage because aloe vera contains 
polysaccharides such as glucomannan and 
acemannan (Moghaddasi & Kumar Verma, 2011; 
Sefrienda et al., 2020). Aloe vera coating also acts 
as an air barrier for straw mushrooms so that 

they can maintain freshness and quality during 
storage. 

Flavonoids are a major group of phenolic 
compounds that function as natural antioxidants 
(Huyut et al., 2017). The higher the total 
flavonoid content, the higher the antioxidant 
activity of edible mushrooms (Kozarski et al., 
2015). However, antioxidant activity can 
decrease during storage due to the degradation 
of flavonoid compounds by the PPO enzyme. 
Based on research results, the use of nano aloe 
vera with vacuum packaging at a temperature of 
10 °C can maintain the total flavonoid content of 
straw mushrooms during storage.  

The stability of total flavonoids during storage 
is due to the application of aloe vera coating 
containing natural antioxidants that can inhibit the 
activity of the PPO enzyme (Ali et al., 2019). 
Vacuum packaging also supports the performance 
of nano aloe vera in inhibiting the activity of the 
PPO enzyme by reducing oxygen, which causes 
oxidation reactions. Storing straw mushrooms at a 
temperature of 10 °C can inhibit the activity of the 
PPO enzyme without causing chilling injury. 

 

Table 7. Effect of the combination of nano edible coating, type of packaging, and different temperatures 
on total phenolics of straw mushrooms at 3 and 6 days after storage (DAS) 

Treatment 
Total Phenolic (mg GAE/100g)  

3 DAS 6 DAS 

Nano SA + vacuum + temperature 25 °C  1,615.63 i 3.16 g 
Nano SA + biodegradable + temperature 25 °C  1,396.11 h 2.92 e 
Nano SA + wrap + temperature 25 °C  270.71 a 2.77 c 
Nano SA + vacuum + temperature 10 °C 1,822.54 j 3.34 h 
Nano SA + biodegradable + temperature 10 °C 1,184.05 g 3.07 f 
Nano SA + wrap + temperature 10 °C 310.48 a 2.47 a 
Nano SA + vacuum + temperature 5 °C 1,361.90 h 3.02 f 
Nano SA + biodegradable + temperature 5 °C 1,191.59 g 2.88 d 
Nano SA + wrap + temperature 5 °C 1,085.00 f 2.71 c 
Nano AV + vacuum + temperature 25 °C  1,970.87 k 3.19 g 
Nano AV + biodegradable + temperature 25 °C  1,650.71 i 2.74 c 
Nano AV + wrap + temperature 25 °C  522.86 c 2.52 b 
Nano AV + vacuum + temperature 10 °C 2,042.86 l 3.32 h 
Nano AV + biodegradable + temperature 10 °C 1,429.76 h 3.18 g 
Nano AV + wrap + temperature 10 °C 414.13 b 2.56 b 
Nano AV + vacuum + temperature 5 °C 1,379.13 h 3.07 f 
Nano AV + biodegradable + temperature 5 °C  955.95 e 2.94 e 
Nano AV + wrap + temperature 5 °C 779.37 d 2.72 c 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
Scott-Knott Test at 5 %; SA = Sodium Alginate; AV = Aloe Vera. 

 
 
 
 
 



262 Jurnal Kultivasi Vol. 24(3) December 2025 
 ISSN: 1412-4718, eISSN: 2581-138x 

Sitompul KN, Mubarok S, Kusumiyati. 2025. Role of nano edible coating, packaging, and storage temperature in maintaining 
color, moisture content, and phenolic compounds of straw mushroom. Jurnal Kultivasi, 24(3): 249-267. 

Table 8. Effect of the combination of nano edible coating, type of packaging, and different temperatures 
on total flavonoids in straw mushrooms at 3 and 6 days after storage 

Treatment 
Total flavonoid (mg QE/100g) 

3 DAS 6 DAS 

Nano SA + vacuum + temperature 25 °C  168.16 c 226.06 c 
Nano SA + biodegradable + temperature 25 °C  115.99 a 98.19 a 
Nano SA + wrap + temperature 25 °C  126.31 b 140.85 b 
Nano SA + vacuum + temperature 10 °C 218.05 d 289.04 d 
Nano SA + biodegradable + temperature 10 °C 140.21 b 164.65 b 
Nano SA + wrap + temperature 10 °C 63.12 a 73.12 a 
Nano SA + vacuum + temperature 5 °C 246.77 e 122.48 b 
Nano SA + biodegradable + temperature 5 °C 204.22 d 120.85 b 
Nano SA + wrap + temperature 5 °C 178.40 c 89.43 a 
Nano AV + vacuum + temperature 25 °C  244.82 e 193.58 c 
Nano AV + biodegradable + temperature 25 °C  145.82 b 108.26 a 
Nano AV + wrap + temperature 25 °C  89.61 a 139.93 b 
Nano AV + vacuum + temperature 10 °C 321.42 f 334.75 e 
Nano AV + biodegradable + temperature 10 °C 233.40 e 199.50 c 
Nano AV + wrap + temperature 10 °C 92.16 a 77.09 a 
Nano AV + vacuum + temperature 5 °C 155.67 c 186.91 c 
Nano AV + biodegradable + temperature 5 °C  95.57 a 125.00 b 
Nano AV + wrap + temperature 5 °C 83.30 a 87.38 a 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
Scott-Knott Test at 5 %; SA = Sodium Alginate; AV = Aloe Vera. 

 
 

The results of this study indicate that the 
combination of nano edible coating, packaging 
type, and different storage temperatures have 
important implications in increasing shelf life 
and maintaining the quality of straw 
mushrooms, especially for post-harvest 
applications in perishable commodities. The use 
of nano aloe vera coating with vacuum 
packaging at 10 °C has important implications as 
an effective post-harvest technology in 
maintaining the color and phenolic components 
of straw mushrooms, thus potentially increasing 
their shelf life and commercial value during 
storage. These findings open up opportunities 
for future research to evaluate more stable nano 
edible coating formulations, examine their 
interactions with various types of packaging, and 
assess their effectiveness under different storage 
conditions and at larger production scales. 
However, this study still has limitations, such as 
the limited types of nano edible coatings, the 
limited variation in nano coating concentrations 
tested, the observation period is too long, and the 
lack of a more in-depth evaluation of 
physiological and microbiological changes in 
mushrooms (e.g., enzymes that play a role in 
color changes and metabolite compounds of 
straw mushrooms, as well as disease incidence 

parameters), so further research is needed to 
produce more comprehensive recommendations. 

 
 

Conclusion 
 
Straw mushroom harvest is easily damaged, so 
the quality decreases during storage. The results 
of the study showed that the combination 
treatment of nano aloe vera with vacuum 
packaging at a temperature of 10 °C gave the best 
effect on color parameters (L*, b*, chroma, h° 
values), total phenolics, and total flavonoids of 
straw mushrooms during storage. The ability of 
the post-harvest combination treatment above 
can improve the economy by increasing shelf life, 
maintaining quality, and reducing post-harvest 
losses of straw mushrooms. Further research can 
be done with pre-harvest treatment to improve 
the quality and shelf life of straw mushroom fruit 
bodies. 
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Introduction 
 

Sappanwood (Caesalpinia sappan L.) is a shrub or 
small tree that thrives in tropical regions and has 
been widely distributed across various regions, 
including Asia, Africa, America, and Europe 
(Uddin et al., 2015). This species is commonly found 
in Southeast Asia (Thanayutsiri et al., 2023) and is 
native to, as well as still grows wild in, several 
regions of South and Southeast Asia, such as 
southern India, West Bengal, Orissa, Madhya 
Pradesh, the Malay Peninsula, Sri Lanka (Ahmed et 
al., 2024), and the Pacific Islands (Dapson & Bain, 
2015). Sappanwood has been utilized as a medicinal 
plant in various countries, including India, Sri 
Lanka, Myanmar, Vietnam, the Malay Peninsula 
(Ahmed et al., 2024), and Thailand (Srisaikham & 
Rupitak, 2020). Sappanwood serves as a natural red 
dye and has been extensively utilized in textile 
dyeing (Kannathasan & Kokila, 2021), cosmetic 
formulations (Agustin & Pratiwi, 2023), and herbal 
beverages, which are traditionally consumed either 
as a sole ingredient or in combination with other 
medicinal herbs (Septiyani et al., 2024). In 
Indonesia, wedang uwuh is a traditional herbal 
beverage that contains sappanwood as one of its 
ingredients and has been traditionally consumed 
(Setyowati et al.,2023). 

Indonesians are very interested in 
traditional medicine. In Indonesia, herbal 
medicine (jamu) remains an integral part of 
traditional healthcare practices and is widely 
available in traditional markets across the 
country (Mardiyanto et al., 2023). A recent study 
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herbal medicine use reached 68% (431 out of 634 
respondents), with 40% (219 out of 549 
individuals who reported illness) practicing self-
medication using herbal remedies during the past 
six months (Rahayu et al., 2020). Sappanwood is 
widely recognized as a promising plant for 
pharmaceutical development due to its rich 
content of bioactive compounds and diverse 
pharmacological activities. 

Pharmacological activity is derived from a 
plant’s bioactive compounds, which are typically 
classified as secondary metabolites. Secondary 
metabolites are organic molecules derived from 
primary metabolites through physiological 
processes in plants (Twaij & Hasan, 2022). 
Secondary metabolites are produced and 
regulated  through  primary  metabolic  pathways  
 
 

(Caretto et al., 2015), which not only supply the 
energy essential for plant development but also 
generate the carbon skeletons required for their 
biosynthesis (Liu et al., 2017). While primary 
metabolites—such as carbohydrates, lipids, and 
proteins—play a direct role in plant growth and 
development, secondary metabolites primarily 
function in defense mechanisms and facilitating 
interactions with the surrounding environment 
(Jan et al., 2021). 

Secondary metabolites in sappanwood can 
be classified into groups such as flavonoids, 
phenolics, anthraquinones, triterpenoids, 
steroids, alkaloids, and tannins (Vij et al., 2023). 
These secondary metabolites also include 
antioxidant compounds such as homoiso-
flavonoids, notably brazilin and protosappanin, 
which exhibit strong antioxidant, anti-
inflammatory, and anticancer activities (Nirmal 
et al., 2015). The brazilin compound, which gives 
the red color to sappanwood, is known to have 
benefits in pharmacology as an antioxidant, 
antibacterial, anti-inflammatory, 
antihyperglycemic, and analgesic properties 
(Settharaksa et al., 2019). 

Sappanwood naturally occurs in regions 
characterized by clay, limestone, or sandy soils, 
predominantly at low to moderate altitudes 
(ICRAF, 2023). However, the lack of proper and 
sustainable cultivation practices, including 
adequate nutrient management and controlled 
agronomic interventions, may lead to a gradual 
decline in its natural populations within native 
habitats. On the other hand, sappanwood 
possesses considerable potential as a source of 
secondary metabolites, whose biosynthesis and 
accumulation can be enhanced through specific 
cultivation strategies, such as phytohormone 
application and nutrient management. Applying 
mineral nutrients as supplements can potentially 
promote plant growth and regulate the 
accumulation of secondary metabolites (Yang et 
al., 2018). Most previous review articles have 
primarily focused on phytochemical composition 
and pharmacological activities, while discussions 
on cultivation strategies that regulate secondary 
metabolite accumulation remain limited. 
Therefore, this review aims to discuss cultivation 
strategies that can be applied to sappanwood, 
particularly phytohormone application, and 
nutrient supplementation to enhance secondary 
metabolite production. 
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Materials and Methods 
 

In conducting this literature review, relevant 
keywords were first identified in English, which 
served as the primary search method to locate 
related journal articles on Google Scholar. 
Keywords in Indonesian were also used as a 
supplementary search strategy to ensure broader 
coverage of locally published studies. The journal 
search was conducted from May 15, 2024, to 
December 24, 2025.  The keywords used included: 
“Origin of the sappanwood plant”, “benefits of the 
sappanwood”, “sappanwood as a natural dye”, 
“utilization of sappanwood in traditional medicine 
in Indonesia”, “pharmacological activities of 
sappanwood”, “secondary metabolites of 
sappanwood”, “benefits of secondary metabolites 
in sappanwood”, “relationship between secondary 
metabolites and antioxidant activity”, “antioxidant 
activity of sappanwood”, “antioxidant potential of 
sappanwood”, “brazilin and brazilein as the major 
characteristic compounds of sappanwood”, 
“mechanisms of brazilin and brazilein as 
antioxidants in sappanwood”, “mechanisms of 
brazilin and brazilein in the human body as 
therapeutic agents”, “seconday metabolites from 
different parts of sappanwood“, “preharvest of 
sappanwood”, “crop pattern of 
sappanwood”,”phytohormones in plants”, 
“functions of phytohormones”, “utilization of 
phytohormones as plant growth regulators, 
“application of phytohormones in various 
medicinal plants”, “application of phytohormones 

in sappanwood cultivation”, “nutrient application 
as a plant cultivation technique” , “role of mineral 
nutrients in enhancing secondary metabolites and 
antioxidant activity”, “use of fertilizers to increase 
antioxidant activity and secondary metabolite 
production”, “fertilizer application and nutrient 
management in medicinal plants”,  “fertilizer 
application to enhance secondary metabolite 
production in sappanwood”, “post harvest 
technique for sappanwood”, “post harvest 
technique for woody plant”, “effect of drying for 
sappanwood product”, and “effect of blanching for 
sappanwood product”. Most of the articles were 
published within the past decade. This review 
discusses a total of 111 publications, written mostly 
in English. 
 

 

Results and Discussion 
 
Secondary metabolites in Caesalpinia sappan L. 

The secondary metabolites contained in 
sappanwood provide numerous medicinal 
benefits. Multiple studies confirm that 
sappanwood extracts are rich in polyphenols and 
flavonoids, which are responsible for their potent 
antioxidant effects (Artati et al., 2025). Extracts 
with higher total phenolic (TPC) and total 
flavonoid content (TFC) consistently show 
stronger free radical scavenging activity (Masturi 
et al., 2021).  The secondary metabolite content in 
sappanwood is presented in more detail in Table 
1. 

 

Table 1. Secondary metabolites found in sappanwood 

Class Compounds Medicinal uses References 

Flavonoid brazilin, hematoxylin, protosappanin, 
brazilein, 3'-O-metilbrazilin, sappanin, 
chalcone, and sappancalchone 

Antioxidant, anti-
inflammatory, 
anticancer, analgesic 

(Niu et al., 2020; 
Vij et al., 2023) 

Phenolic Chlorogenic acid, caffeic acid, and gallic 
acid 

Antioxidant and anti-
inflammatory 

(Sakti et al., 2019) 

Anthraquinone Brazilin, brazilein, and sappanone-A Antimicrobial, 
anticancer, and anti-
inflammatory 

(Ahmad et al., 
2020b) 

Triterpenoid  Lupeol, β-amyrin, and cycloartenol  Antimicrobial, 
anticancer, and anti-
inflammatory 

(Rajput et al., 
2022) 

Steroid  Stigmasterol and β-sitostero Anticancer and anti-
inflammatory 

(Tu et al., 2022) 

Alkaloid Sappan chalcone and sappanone B Anticancer and anti-
inflammatory 

(Tamburini, 
2019) 

Tannin Gallic acid and ellagic acid Provides astringent taste (Vij et al., 2023) 
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Table 2. Secondary metabolite profile of different plant parts of sappanwood 

Plant Part Identified Secondary 
Metabolites  

Key findings  References 

Branch (Sapwood & 
Heartwood) 

alkaloids, triterpenoids 
(except branch 
sapwood), Tannins, 
saponin, phenolic  

The total phenolic content and 
antioxidant activity in branch 
sapwood were higher than those in 
branch heartwood. 

(Arsiningtyas, 
2021)  

Middle Stem 
(Sapwood & 
Heartwood) 

Alkaloid, tannins, 
saponins, triterpenoid, 
phenolic 

The total phenolic content and 
antioxidant activity in middle stem 
sapwood were higher than those in 
middle stem heartwood. 

(Arsiningtyas, 
2021)  

Main Trunk 
(Sapwood & 
Heartwood) 

alkaloids, triterpenoids, 
tannins, saponins, 
phenolic 

The total phenolic content in main 
trunk sapwood was lower than that in 
main trunk heartwood; however, the 
antioxidant activity of main trunk 
sapwood was higher than that of 
main trunk heartwood. 

(Arsiningtyas, 
2021)  

Bark  Flavonoid, antioxidant 
activity  

Flavonoid total 0.170 ± 0.10 mg 
QE/100 g extract.   

(Nurulita & 
Harahap, 2025)  

Seed Flavonoid, antioxidant 
activity 

Flavonoid total 0.032 ± 0.12 mg 
QE/100 g extract.   

(Nurulita & 
Harahap, 2025) 

Leaves  Flavonoid, antioxidant 
activity 

Flavonoid total 0.147 ± 0.002 mg 
QE/100 g extract.   

(Nurulita & 
Harahap, 2025) 

Sappanwood 
product (samples 
from local markets in 
Bandung, Indonesia)  

Alkaloid, triterpernoid, 
phenolic, flavonoid 

Flavonoids play a major role in the 
extract’s antioxidant activity, 
contributing to an effectiveness of up 
to 80%. 

(Artati et al., 
2025) 

Seed  Caesalsappanin R and 
caesalsappanin S 

Two new cassane-type diterpenoids 
(1(R) and 2(S)) were isolated from 
Caesalpinia sappan, with compound 
1 showing in vitro antiplasmodial 
activity (IC₅₀ = 3.60 µM). 

(Zhu et al., 
2017) 

 
 

 
Brazilin and brazilein represent the key 

secondary metabolites characteristic of 
sappanwood. Brazilin is the major flavonoid 
found in sappanwood and has shown potential 
for medicinal applications (Septiani et al., 2022). 
The secondary metabolites in sappanwood are 
predominantly concentrated in the stem region, 
including the bark, wood, and heartwood (Vij et 
al., 2023), with the pith being identified as the 
primary site of brazilin accumulation 
(Rosniawaty, et al., 2024b). Figure 1 illustrates the 
stem region where secondary metabolites are 
concentrated. 

 
 

Figure 1. Illustration of the Stem of 
Sappanwood (Caesalpinia sappan L.) Showing 
the Presence of Secondary Metabolites in the 

Inner Tissues 
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Previous studies consistently report that the 
heartwood is the richest source of bioactive 
secondary metabolites, particularly phenolic 
compounds such as brazilin and brazilein, which 
are responsible for the characteristic red color and 
strong antioxidant activity of sappanwood. The 
extraction of sappanwood wood involves felling the 
trees, irrespective of whether they grow wild in 
forests or are planted in domestic gardens 
(Arsiningtyas, 2021). Conservation of sappanwood 
can be achieved by harvesting wood selectively 
from branches or the central portions of the tree, 
rather than felling it entirely (Arsiningtyas, 2021). 
This practice promotes regrowth and mitigates the 
risk of extinction. Additionally, the distinction 
between heartwood and sapwood is important, as 
these compartments possess different secondary 
metabolites that may influence their respective 
antioxidant activities (Miranda et al., 2017). Table 2 
shows that different parts of sappanwood contain 
diverse secondary metabolites with varying 
concentrations. Table 2 indicates that heartwood 
tends to produce higher levels of secondary 
metabolites, particularly phenolic compounds that 
contribute to the tree’s natural durability. The 
higher yield in heartwood compared to the middle 
and branch sections is likely due to the increasing 
extractive content with wood age (de Paula et al., 
2019).  

Scientific studies have validated many of 
sappanwood for traditional uses, brazilin and 
brazilein are proven to reduce inflammation, 
enhance blood circulation (Mueller et al., 2016), and 
protect against oxidative stress (Vij et al., 2023), 
supporting their potential for modern therapeutic 
applications. Brazilin, in particular, has 
demonstrated potential in lowering blood glucose, 
improving glucose metabolism, and even inhibiting 
the formation of toxic protein fibrils, which may 
help in treating infections and promoting wound 
healing (Septiani et al., 2022; Xuan et al., 2022). 
Brazilein, meanwhile, is noted for its stability as a 
dye and its medicinal effects, including cytotoxic 
activity against cancer cells and the ability to 
suppress melanin synthesis, making it useful in 
medicine (Ngamwonglumlert et al., 2020).  

Brazilin is a yellow-orange crystalline 
compound found in sappanwood. Brazilin is 
readily oxidized to brazilein, which produces the 
vivid red color characteristic of sappanwood 
extracts, a transformation that is particularly 
enhanced in alcoholic and aqueous solutions 
under air exposure or alkaline conditions (Vij et 
al., 2023). Brazilin and brazilein are two primary 

bioactive compounds isolated from sappanwood, 
both of which exhibit a wide range of 
pharmacological properties with well-studied 
mechanisms of action. Table 3 shows the 
mechanism of brazilin and brazilein as a 
medicinal treat.  

Brazilin demonstrates anticancer properties 
by inducing apoptosis (programmed cell death) 
through the upregulation of proteins such as Bcl-2, 
p21, caspase-3/-7, and PARP, and by inhibiting 
cancer cell growth through ROS-mediated 
activation of NF-κB (Nava-Tapia et al., 2022; He et 
al., 2017). Brazilin exerts anti-inflammatory effects 
by inhibiting NF-κB activation, leading to reduced 
expression of pro-inflammatory cytokines and 
suppression of TACE enzyme activity (Tumor 
Necrosis Factor-α Converting Enzyme) 
(Amarawati et al., 2019), along with mitigating 
tissue oxidative stress (He et al., 2017). Brazilin's 
antioxidant activity is associated with the activation 
of the SIRT3/GPX4 signaling pathway, which plays 
a crucial role in protecting cells from oxidative 
stress and ferroptosis—a type of cell death driven 
by the accumulation of iron-dependent lipid 
peroxides (Yan et al., 2025). Brazilin also 
demonstrates neuroprotective effects by preventing 
amyloid beta (Aβ) aggregation, a key pathological 
feature of both Alzheimer’s (Cui et al., 2024) and 
Parkinson’s diseases (Nava-Tapia et al., 2022). This 
mechanism involves hydrophobic interactions and 
hydrogen bonding with Aβ, facilitating the 
remodeling of amyloid plaques. Brazilin has also 
been reported to exhibit antidepressant and 
anxiolytic effects by mitigating oxidative stress and 
inflammation in the central nervous system 
(Jamaddar et al., 2023). 

Brazilein, the oxidized derivative of brazilin, 
also exhibits strong anticancer activity by 
inducing apoptosis, inhibiting epithelial–
mesenchymal transition (EMT), and 
downregulating PD-L1 expression, a key 
molecule in cancer immune evasion (Wudtiwai et 
al., 2023). Brazilein exerts its biological effects 
through the modulation of several signaling 
pathways, such as AKT, NF-κB, and GSK3β/β-
catenin, and additionally suppresses the activity 
of matrix metalloproteinases (MMPs), enzymes 
that contribute to extracellular matrix 
degradation during the metastatic process 
(Wudtiwai et al., 2023). Its anti-inflammatory 
effects are mediated through mechanisms similar 
to those of brazilin, including TACE inhibition, 
reduction of pro-inflammatory cytokines, and 
immunomodulation (Amarawati et al., 2019).  
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Table 3. Mechanisms of action of brazilin and brazilein as therapeutic agents in humans 

Compound Therapeutic Effects Main Mechanisms References 

Brazilin 

Anticancer (induces apoptosis, 
inhibits proliferation, autophagy 
in various cancers) 

Induces apoptosis (Bcl-2, p21, 
caspases, PARP), inhibits 
proliferation, triggers autophagy 
via ROS-NF-κB, 

(He et al., 2017; 
Jamaddar et al., 2023; 
Nava-Tapia et al., 
2022; Raptania et al., 
2024) 

 Blocks JNK, regulates Nrf2, 
chelates iron.  

 

Anti-inflammatory (inhibits NF-
κB, NLRP3 inflammasome, 
reduces cytokines, protects 
tissues) 

Inhibits NF-κB pathway, 
suppresses pro-inflammatory 
cytokines, inhibits TACE, 
reduces oxidative stress 

(Amarawati et al., 
2019; Jamaddar et al., 
2023; Nava-Tapia et 
al., 2022; Yan et al., 
2025) 

Antioxidant (protects against 
oxidative stress, reduces 
ferroptosis) 

Enhances SIRT3/GPX4 pathway, 
reduces mitochondrial oxidative 
stress and ferroptosis 

(Jamaddar et al., 
2023; Nava-Tapia et 
al., 2022; Yan et al., 
2025) 

Neuroprotective (inhibits 
amyloid β aggregation, potential 
for Alzheimer’s and Parkinson’s 
disease) 

Inhibits Aβ fibrillogenesis, 
remodels amyloid fibrils, binds 
Aβ via hydrophobic and 
hydrogen bonding 

(Cui et al., 2024; 
Nava-Tapia et al., 
2022) 

Antidepressant/Anxiolytic 
(reduces oxidative stress and 
inflammation in neural tissues) 

Inhibits oxidative stress and 
inflammation in neural tissues 

(Jamaddar et al., 
2023) 

Brazilein 

Anticancer (induces apoptosis, 
inhibits EMT and PD-L1, 
reduces metastasis in breast 
cancer) 

Induces apoptosis, suppresses 
EMT and PD-L1 via inhibition of 
AKT, NF-κB, GSK3β/β-catenin, 
inhibits MMPs 

(Wudtiwai et al., 
2023) 

Anti-inflammatory (inhibits 
TNF-α converting enzyme, 
potential for rheumatoid 
arthritis) 

Inhibits TACE, reduces pro-
inflammatory cytokines, 
immunomodulation 

(Amarawati et al., 
2019; Wudtiwai et 
al., 2023) 

 
 

The use of chemical-based medicines is 
generally effective in treating various diseases; 
however, their application may be associated 
with serious side effects in certain cases (Kaushik 
et al., 2021). Consequently, plant-based 
medicines and herbal remedies are increasingly 
regarded as healthier, more natural, and safer 
alternatives due to their origin from natural 
resources (Wyk & Prinsloo, 2020). In addition to 
producing essential primary metabolites, plants 
are capable of synthesizing a wide range of 
secondary or specialized metabolites that play 
crucial roles in plant–environment interactions 
(Pagare et al., 2015). These secondary metabolites 
are typically produced in low quantities (less 
than 1% of dry weight), and their accumulation 
varies depending on the physiological status, 
developmental stage, and environmental 
conditions of the plant (Madani et al., 2021). 

Importantly, secondary metabolites serve as key 
indicators of the therapeutic quality of medicinal 
plants and contribute significantly to their 
pharmacological properties (Pant et al., 2021). 
Moreover, these compounds function as defense 
mechanisms against biotic and abiotic stresses 
while simultaneously possessing substantial 
therapeutic potential for the treatment of various 
human diseases (Hilal et al., 2024). 

The distribution and sustainability of 
medicinal plants are strongly influenced by 
environmental factors such as climate, altitude, 
and seasonal fluctuations (Kaushik et al., 2021), 
highlighting the necessity of appropriate 
agronomic interventions to ensure their 
continued availability. In this context, the 
cultivation of sappanwood as a medicinal plant 
represents a promising strategy to support the 
growth of plant-based pharmaceutical industries. 
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Production techniques involving the application 
of plant growth regulators (phytohormones) and 
optimized fertilization practices have the 
potential to enhance the plant’s capacity to 
synthesize essential secondary metabolites. The 
characteristic bioactive compounds of 
sappanwood, including brazilin and brazilein, 
are responsible for its therapeutic activity and are 
closely associated with environmental and 
agronomic factors that regulate their 
biosynthesis. 

Pre-Harvest Effect on Bioactive 
Compounds. In sappanwood, applying 
phytohormones holds the potential to boost the 
production of secondary metabolites. An 
overview of phytohormone applications is 
provided in Table 4. The combination of auxins 
and cytokinins of the induction callus of 
sappanwood was more effective in inducing 
callus formation than the use of a single 
phytohormone (Bukke & Shankar, 2014). Methyl 
jasmonate and salicylic acid functioned as 
elicitors that influenced the growth of 
sappanwood plants (Rosniawaty et al., 2024b). 
The results indicated that the separate application 
of methyl jasmonate at 50 µM and salicylic acid at 
50 µM was effective in increasing the number of 
leaves during the 12 and 14 weeks after planting 
(WAP) (Rosniawaty et al., 2024b). Treatment with 
50 µM salicylic acid resulted in the highest dry 
weight of sappanwood seedlings compared to 
other treatments. However, these elicitor 
applications did not significantly affect plant 
height or stem diameter. Further investigation by 
Rosniawaty et al. (2025a) on sapanwood leaves 
remains inconclusive. However, salicylic acid 
application has shown particular effectiveness in 
promoting stem diameter growth, whereas 
methyl jasmonate, especially when applied under 
close spacing conditions (1 × 1 m), results in the 
highest accumulation of phenolic and flavonoid 
compounds (Rosniawaty et al., 2025a). 
Additional studies are required to assess the 
levels of secondary metabolites and antioxidant 
capacity of sappanwood at harvest, considering 
its significant potential as a medicinal plant with 
a wide range of pharmacological activities. A 
potential interaction exists between plant growth 
regulators and reactive oxygen species (ROS) in 
sappanwood, given that ROS can act as signaling 
molecules that enhance antioxidant activity. 

Metabolic activities in plants, including 
photosynthesis and respiration, result in the 
formation of various compounds, among them 

reactive oxygen species (ROS), these ROS are 
persistently generated in mitochondria, 
chloroplasts, peroxisomes (Torun et al., 2020), 
plasma membranes, apoplast and the 
endoplasmic reticulum and cell walls (Mansoor 
et al., 2022). Excessive levels of ROS can damage 
cellular components such as DNA, proteins, and 
lipids; however, plants employ both enzymatic 
and non-enzymatic systems to neutralize ROS 
(Dvořák et al., 2021; Janku et al., 2019; Mansoor et 
al., 2022). Beyond their role as toxic byproducts, 
ROS also act as key signaling molecules that 
modulate plant growth, development, and 
adaptive responses to environmental stresses 
(Mhamdi & Van Breusegem, 2018; Wang et al., 

2024b; Waszczak et al., 2018). ROS play a 

signaling role in processes such as cell 
proliferation, differentiation, programmed cell 
death, and environmental adaptation, while also 
interacting with phytohormones and other 
signaling pathways (Mhamdi & Van Breusegem, 
2018; Singh et al., 2016b).  

The role of phytohormones for plants is as a 
regulator of plant growth and development, and 
also plays a role in responding to stress. 
Phytohormones, synthesized in small quantities 
within plant tissues, function as critical regulators 
of diverse biological processes such as 
embryogenesis, reproductive development, 
defense mechanisms, and tolerance to 
environmental stress (Kashchenko et al., 2021). 
Based on their chemical structure, 
phytohormones are classified into several 
groups, such as auxins, cytokinins (CK), ethylene 
(ET), gibberellins (GA), brassinosteroids (BR), 
abscisic acid (ABA), strigolactones, and 
jasmonates (JA)—all of which have the potential 
to enhance plant defense mechanisms  (Wani et 
al., 2016). 

Gibberellin is one of the phytohormones 
naturally present in plants, but it can also be 
applied exogenously through the use of plant 
growth regulators (PGRs). The application of 
gibberellin in the form of GA₃ at a concentration 
of 2 mg/L on Stevia rebaudiana resulted in the 
most effective treatment for enhancing secondary 
metabolite parameters, such as total phenolic 
content (TPC: 9.84 mg GAE/g dry weight), total 
phenolic production (TPP: 147.6 mg/L), total 
flavonoid content (TFC: 5.12 mg QE/g dry 
weight), and total flavonoid production (TFP: 
76.91 mg/L). This treatment also improved 
antioxidant activity, reaching 77.2% (Ahmad et 
al., 2020a). In the medicinal plant Tinospora 
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cordifolia, gibberellic acid (GA) treatment resulted 
in a marked increase in total alkaloid content, 
reaching 9,454 mg/g dry weight (DW) in cell 
extracts, thereby demonstrating GA’s stimulatory 
effect on alkaloid biosynthesis, the total phenolic 
content peaked at 3 mg/L GA, with 20,5 mg/g 
DW in cell extracts, confirming GA’s regulatory 
role in phenolic metabolic pathways (Patel et al, 
2024). The increasing concentrations of GA₃ 
significantly enhance total flavonoid content. GA₃ 
plays a role in facilitating the formation of 
secondary metabolites, particularly in flavonoid 
production (Ahmadi et al., 2020). In ramie 
(Boehmeria nivea L.), exogenous application of 
gibberellin significantly reduces lignin content in 
the leaves but not in the stems, and overall, 
gibberellin treatment effectively decreases lignin 
accumulation while enhancing flavonoid and 
chlorogenic acid contents in the forage (Jie et al., 
2023). In plantation crops such as tea (Camellia 
sinensis), gibberellin is also known to suppress 
dormant buds, thereby improving tea quality, 
including increasing catechin content as an 
antioxidant (Anjarsari, 2023). 

In general, phytohormones function as 
natural signaling compounds in plants to 
regulate growth and development, while the 
application of elicitors as exogenous compounds 
aims to trigger defense reactions in plants. 
Various types of elicitors have been investigated 
for their effects on enhancing the secondary 
metabolite content in plants. Elicitation is a 
production technique used to stimulate the 
production of secondary metabolites in plants. 
When plants are treated with elicitors (inducing 
compounds), signaling molecules from the 
elicitor bind to receptors in the plant under in 
vitro conditions (Kumari et al., 2020). Elicitors 
play several aspects, such as : 1) elicitors are 
considered ecologically safe because they involve 
activating the innate (endemic) immune potential 
of plants through gene expression; 2) elicitors 
provide protective effects against pathogens; 3) 
when elicitors induce resistance in plants, they 
activate multiple defense systems rather than 
relying on a single mechanism; and; 4) elicitors 
can trigger a broad-spectrum resistance response, 
protecting plant against various types of 
pathogens, including fungi, bacteria, and viruses 
(Kumari et al., 2020). This resistance is considered 
non-specific because it is not targeted to a 
particular pathogen but instead enhances the 
overall plant defense mechanisms. 

Based on their source, elicitors are 
categorized as either abiotic or biotic. Abiotic 
elicitors are non-living chemical or physical 
agents such as metal ions including oxalate, 
cadmium, calcium, europium, and lanthanum 
(Kumari et al., 2020; Naik & Al-Khayri, 
2016).Biotic elicitors are compounds derived 
from living organisms, including polysaccharides 
(such as alginate, pectin, chitosan), 
oligosaccharides (such as guluronate, mannan, 
galacturonide), peptides (including glutathione), 
and various molecules derived from bacteria, 
fungi, algae, and yeast (Bhaskar et al., 2022; Jain 
et al., 2024; Naik & Al-Khayri, 2016). By activating 
plant defense responses, elicitors stimulate gene 
expression and metabolic pathways involved in 
the production of secondary metabolites such as 
alkaloids, flavonoids, phenolics, and terpenoids. 
(Bhaskar et al., 2022).  

Phytohormones such as brassinosteroids, 
jasmonic acid, salicylic acid, strigolactones, and 
peptide hormones play vital roles in both plant 
development and stress response regulation 
(Zhao et al., 2021). Various production techniques 
involving abiotic and biotic stress treatments 
have the potential to enhance antioxidant levels 
in sappanwood. In general, when plants are 
exposed to stress, genes associated with 
antioxidant defense are activated, leading to 
enhanced activity of antioxidant systems to 
neutralize ROS, which simultaneously 
accumulate at elevated levels (Sanam et al., 2020). 
These responses collectively enhance the plant’s 
resilience under stress conditions. 

Abiotic stress triggers phytohormone-
mediated signaling pathways in plants, leading 
to the activation of MYB genes, which in turn 
upregulate antioxidant-related genes and help 
mitigate stress-induced damage (Zhao et al., 
2021). Under high-temperature stress, WRKY 
genes act as essential components of the jasmonic 
acid signaling pathway, while ethylene plays a 
pivotal role in mediating the plant's response to 
waterlogging stress. Ethylene biosynthesis 
involves two major enzymes—ACC synthase 
(ACS) and ACC oxidase (ACO)—both of which 
are critically involved in the plant’s adaptive 
response to waterlogging conditions. Ethylene 
signaling is known to modulate physiological 
responses, including changes in phenolic 
compounds in tea leaves (Ahammed & Li, 2022). 
Additionally, antioxidant enzyme activities 
exhibited differential responses following ACC 
treatment: the activities of superoxide dismutase 
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(SOD), peroxidase (POD), and catalase (CAT) 
decreased, while the activity of ascorbate 
peroxidase (APX) increased (Ke et al., 2018). 

As a phytohormone, salicylic acid (SA) 
participates in multiple physiological functions 
and serves as a key signal in stimulating the 
biosynthesis of secondary metabolites (Gorni et 
al., 2020). Salicylic acid has synergistic and 
antagonistic effects with various other plant 
phytohormones in responding to environmental 
stress (Wang et al., 2020a). Jasmonic acid and 
salicylic acid often act synergistically or through 
overlapping pathways in plant defense 
mechanisms. Salicylic acid contributes 
significantly to plant immunity by promoting 
resistance to diverse pathogens such as fungi, 
viruses, and bacteria (Singh et al., 2017a), 
Jasmonic acid (JA), on the other hand, modulates 
signaling pathways involved in the biosynthesis 
of compounds essential for plant responses to 
both biotic and abiotic stresses (Kumari et al., 
2020). 

Nutrients are an important factor in plant 
cultivation to achieve optimal quantity and 
quality of yields. Plants require a balanced 
supply of nutrients, including both macro- and 
micronutrients, to support their growth and 

productivity.  Fertilizers provide key nutrients as 

a vital for plant growth and metabolic function. 
As key macronutrients, nitrogen (N) and 
phosphorus (P) significantly contribute to the 
regulation and enhancement of antioxidant 
defenses in plants. Mineral nutrients, including 
C, N, P, K, S, and various micronutrients, 
function not only as essential resources for plant 
growth but also as signaling molecules and 
metabolic substrates that reshape primary 
metabolic pathways and, consequently, regulate 
the biosynthesis of phenolics, flavonoids, 
terpenes, alkaloids, saponins, and other 
secondary metabolites in plants and 
microorganisms (Bhat et al., 2020). In plants, 
nutrient limitation or imbalance redirects 
metabolic resources from growth toward 
defense- and quality-related secondary 
metabolites, increasing secondary metabolites, 
whereas optimal or high nutrient supply 
generally favors biomass accumulation at the 
expense of some carbon-based defenses, although 
it may enhance nitrogen-containing metabolites 
or specific essential oils depending on the species 
and biosynthetic pathway (El-Nakhel et al., 2019). 
Research shows that the combined application of 
N and P can significantly increase the activities of 

key antioxidant enzymes such CAT, peroxidase 
(PX), SOD, and APX, which help neutralize 
reactive oxygen species and protect plants from 
oxidative stress, especially under stress 
conditions (Jia et al., 2025; Ma et al., 2024; Zhang 
et al., 2024). Balanced N and P fertilization 
enhances plant growth and nutrient uptake while 
simultaneously strengthening antioxidant 
defenses, leading to improved health, 
productivity, and resilience across various plant 
species and environments (Jia et al., 2025; Ma et 
al., 2024). 

The balance of nitrogen plays a crucial role 
in determining the accumulation of secondary 
metabolites in medicinal plants. In basil, 
prolonged low mineral nutrition, with variations 
in nitrogen level and form, enhanced 
phenylalanine ammonia‑lyase (PAL) activity, 
increased total phenolic and flavonoid contents, 
and improved antioxidant capacity, showing 
strong specificity depending on cultivar and 
nitrogen form, while roots under nutrient 
limitation accumulated particularly high levels of 
caffeic and rosmarinic acids (Jakovljević et al., 
2019). In Lonicera japonica, nitrate nutrition 
promotes phenolic metabolite accumulation via 
enhanced photosynthesis, carbon flux, and 
phenylpropanoid enzyme activity, while 
ammonium nutrition shifts metabolism toward 
amino acids and lignin-related compounds (Cao 
et al., 2025). In Panax notoginseng, nitrogen 
deficiency increased the C/N ratio, amino acids, 
and sugars while upregulating genes in the 
mevalonate (MVA) and methylerythritol 
phosphate (MEP) pathways, leading to higher 
total triterpenoid saponins despite decreases in 
some flavonoids, whereas in ginseng, moderate 
nitrogen optimized root yield and total 
ginsenosides and modulated root-associated 
microbes and soil metabolites, including plant 
secondary metabolite pathways (Cun et al., 2024; 
Li et al., 2025).  

The use of organic fertilizers, such as 
compost or biofertilizers, is believed to increase 
antioxidant activity in sappanwood plants. The 
nutrient content in organic fertilizers varies 
depending on their source materials, and easily 
decomposed materials tend to become more 
effective sources of nutrients (Purba et al., 2021). 
Raw rice husk decomposition enriches the soil 
with N, P, and Potassium (K), contributing to 
improved nutrient status and fertility 
(Thiyageshwari et al., 2018). The application of 
rice husk improves soil physical properties, 
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increases organic matter content, and enhances 
nutrient availability, which collectively 
contributes to enhanced root growth, greater 
biomass accumulation, and elevated chlorophyll 
levels in sunflower plants (Bashir et al., 2021; 
Rupngam et al., 2025). Additionally, rice husk 
amendments can help sunflowers cope with 
environmental stresses, such as heavy metal 
contamination, by reducing oxidative stress and 
increasing the uptake of essential nutrients like 
N, P, and K (Bashir et al., 2021). Production of 
Brassica rupestris in nitrogen-rich soil resulted in 
the enhanced accumulation of key bioactive 
constituents, including total antioxidants, 
chlorophyll, carotenoids, and vitamin C (ascorbic 
acid) (Muscolo et al., 2019). 

Vermicompost application under drought 
stress significantly improved the antioxidant 
profile and yield components of Thymus vulgaris 
by increasing chlorophyll content, carotenoids, 
essential oils, nutrient absorption (N, P, K), and 
relative water content (Rahimi et al., 2023). Light 
water stress increased the amount of oil and oil 
yield of thyme, with the highest values of 2.61% 
and 3.68 g/m², respectively (Rahimi et al., 2023). 
Water stress enhances antioxidant activity by 
activating enzymes such as SOD, APX, and CAT, 
which play a role in protecting plants against 
lipid peroxidation (as indicated by 
malondialdehyde, MDA, and content). Organic 
fertilizer application appears to improve 
antioxidant capacity and thyme yield by 
increasing water-use efficiency under drought 
conditions. 

The application of chicken, cow, and goat 
manure had no significant effect on the growth 
performance of sappanwood plants (Rosniawaty, 
et al., 2024c). In general, solid or liquid animal 
manure contains approximately 0.5% N, 0.25% P, 
and 0.5% K, which serve as essential nutrient 
sources for plant growth (Purba et al., 2021). The 
application of cattle manure had no significant 
effect on branch and leaf growth in purslane 
(Portulaca grandiflora). However, the highest 
levels of total phenolics (0.1532 mg GAE/g), 
flavonoids (0.1529 mg GAE/g), and antioxidant 

activity (0.6440 µmol TE/g fresh) were observed 
in plants treated with 10 g of cattle manure per 
polybag (Liwanda et al., 2023).  

Applications of organic fertilizers as 
nutrient supplements in sappanwood production 
are summarized in Table 4. The use of rice husk 
as a growing medium of sappanwood showed 
the greatest stem diameter and the highest total 
flavonoid content, it increased stem diameter by 
45.93% and total flavonoid content by 20.12% 
compared to the control (Srisaikham & Rupitak, 
2020). The use of compost-based growing media 
can influence both the growth and the content of 
bioactive compounds in sappanwood 
(Srisaikham & Rupitak, 2020). The combined 
application of compost and NPK fertilizer (N:P: K 
= 21:17:17) at a 1:1 ratio significantly improved 
the biochemical attributes and antioxidant 
activity of Moringa oleifera, as evidenced by 
increased carbohydrate levels, phenolic content, 
and flavonoid accumulation, compared to the 
sole application of either compost or NPK 
fertilizer alone (Sarwar et al., 2020). 

Although plants produce a wide variety of 
secondary metabolites, not all of these 
compounds necessarily confer health benefits to 
humans. Many secondary metabolites function 
primarily in plant defense, pigmentation, or 
stress responses, and their effects on human 
physiology can vary depending on chemical 
structure, dosage, and bioavailability. Some 
secondary metabolites, such as certain 
flavonoids, phenolics, and saponins, have been 
reported to exhibit antioxidant properties, which 
allow them to scavenge ROS and potentially 
contribute to human health. However, the 
antioxidant activity of plant secondary 
metabolites cannot be assumed for all 
compounds. Further research is therefore needed 
to identify which secondary metabolites exert 
health benefits through ROS modulation, similar 
to the mechanism of conventional antioxidants. 
Such studies are essential to clarify the specific 
compounds and mechanisms responsible for the 
beneficial effects of secondary metabolites in 
humans. 
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Table 4. Pre-harvest conditions of sappanwood  

No Plant Material Treatment Experimental 
conditions 

Effect for Sappanwood References 

1 Sappanwood 
seeds 

Indole-3-acetic 
acid (IAA), α-
naphthalene 
acetic acid 
(NAA), 6-
benzylaminopuri
ne (BAP) 

The use of 
topsoil and cow 
manure as a 
growing 
medium. 

Soaking in NAA (1.25 ppm) 
and BAP (1.25 ppm) 
produced the best results for 
leaf number and stem 
growth of sappanwood 
seedlings. 

Al-Adawiah 
et al. 2023  

2.  Sappanwood 
seeds  

IAA, NAA, BAP  The addition of 
cow manure (2:1) 
to the 
sappanwood 
growing 
medium. 

Auxin and cytokinin 
affected the seedling height, 
stem diameter, number of 
leaves, leaf area, root length, 
root dry weight, and stem 
dry weight of sappanwood 
seedlings. 

Rosniawaty et 
al., 2023d 

3. Callus of 
sappanwood  

Auxins + 
cytokinins  

The cultures 
maintained at a 
temperature of 
28±2 °C. at a16-
hours light/8-
hours dark cycle 

Inducing callus formation 
than the use of a single 
phytohormone 

Bukke & 
Shankar, 2014 

4 Sappanwood 
seedlings  

Cytokinins and 
giberelins  

Foliar spray on 
sappanwood 
seedlings  

The application of BAP at 60 
ppm and gibberellin at 150 
ppm produced the highest 
root length response. 

Rosniawaty et 
al., 2023e 

5. Sappanwood 
seedlings 

Methyl jasmonate 
at 50 µM and 
salicylic acid at 50 
µM 

Foliar spray at 
two-week 
intervals 

The separate application of 
phytohormone was effective 
in increasing the number of 
leaves during the 12 and 14 
weeks after planting (WAP)  

Rosniawaty, 
et al., 2024b 
 

6.  Fresh foliage 
sample from 16-
month-old 
plants 

Salisilyc acid 200 
ppm and methyl 
jasmonate 300 
ppm 

Foliar spray; 
spacing 1×1 m, 
2×2 m, 3×3 m 

Salicylic acid increase stem 
diaeter, and interactions of 1 
x 1 m planting distance with 
methyl jasmonates 
improved phenolic and 
flavonoid total in 
sappanwood 

Rosniawaty et 
al., 2025a 

7. 12 months 
sappanwood 
seedlings  

Application of 
chicken, cow, and 
goat manure 

Planting distance 
levels 1 x 1 m, 2 x 
2 m, 3 x 3 m. 

An interaction between 
planting distance and 
manure application 
influenced stem diameter of 
sappanwood at 3 months 
after planting, manure 
application showed no 
significant effect on the 
measured parameters. 

Rosniawaty, 
et al., 2024c 

8.  Fresh foliage 
samples from 
3.5 years old 
sappanwood 
plants 

Rice husk, 
coconut coir dust 

Different 
growing media  

Rice husk–based growing 
media produced the greatest 
stem diameter and highest 
total flavonoid content in 
sappanwood compared to 
the control Similarly, 
compost-based growing 
media were shown to 
influence both plant growth 
and bioactive compound.  

Srisaikham & 
Rupitak, 2020 
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Post-Harvest Effect on Bioactive 
Compound. Post-harvest handling is critical for 
preserving the quality and bioactive compounds 
of sappanwood, particularly brazilin, the major 
phenolic pigment responsible for its red color and 
antioxidant activity. Improper handling can lead 
to degradation of bioactive compounds, color 
loss, and reduced pharmacological efficacy. High 
drying or storage temperatures accelerate 
oxidation and hydrolysis of vitamin C, phenols, 
flavonoids, glycosides, and pigments, reducing 
antioxidant activity and therapeutic potential 
(ElGamal et al., 2023). Exposure to air and light 
promotes oxidation of polyphenols, carotenoids, 
and anthocyanins, driving color fading and loss 
of radical‑scavenging capacity (Ndhlala et al., 

2025). Insufficient drying or storage in a humid 
environment can promote the growth of mold 
and microorganisms, which may change the 
plant’s chemical composition and reduce product 
safety (Patil et al., 2024). 

In plants with wood as the target organ, 
such as cinnamon, wood sorting can determine 
quality classes based on color, flavor, moisture 
content, ash content, and oil yield (Izhar & Jendri, 
2022). Drying is necessary to prevent mold and to 
ensure the product can be stored safely for a long 
period (Baiqi et al., 2019). Drying can be carried 
out using traditional methods by sun-drying or 
using controlled heat dryers such as ovens (Baiqi 
et al., 2019). Post-harvest handling of 
sappanwood can be seen in Table 5. 

 

Table 5. Post harvest technique of sappanwood 

Post-
harvest  

Purpose  Methods Key findings References 

Drying To evaluate the 
effects of foaming 
agents and drying 
temperature on the 
drying kinetics and 
phytochemical 
properties of 
sappanwood extract 
powder 

The use of 
foaming agents 
(egg albumin and 
gum Arabic) and 
drying 
temperatures (40, 
60, and 80 °C). 

Optimal drying of 
sappanwood extract was 
achieved using 5% egg 
albumin and 25% gum Arabic 
at 64.1 °C for 64.7 minutes, 
resulting in a drying process 
approximately seven times 
faster than without a foaming 
agent, while retaining 87.25% 
of total phenolic compounds. 

Utari et al., 
2023 

Blanching 
& drying  

To identify the 
optimal method to 
preserve brazilin, 
the phytochemical 
responsible for the 
red coloration, in a 
stable and effective 
form 

Steam blanching, 
water blanching, 
sun drying, and 
cabinet drying 
were evaluated, 
and the traditional 
method without 
blanching and 
with sun drying 
was used as the 
control. 

The combination of water 
blanching and cabinet drying 
(BCD) produced the highest 
red color intensity, 
representing a 48% increase 
compared to the control. This 
increase in color intensity was 
consistent with the higher 
brazilin content, which was 
376% greater than that of the 
control. In addition, the BCD 
treatment exhibited the 
highest antioxidant activity 
and total phenolic content, 
with an IC₅₀ value of 98.99 
ppm and a total phenolic 
content of 213.12 mg GAE/g. 
These results indicate that 
brazilin plays an important 
role as an antioxidant 
compound. 

Septiyani 
et al., 2024  
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Table 5 shows that the drying process affects 
the secondary metabolite content of 
sappanwood. Brazilin is highly susceptible to 
oxidation when exposed to air, heat, light, or pH 
changes, converting its hydroxyl groups (-OH) 
into carboxyl groups (-COOH) (Utari et al., 2023). 
The stability of brazilin also can be influenced by 
metal ion interactions (Ngamwonglumlert et al., 
2020) and temperature of processing the product 
(Septiyani et al., 2024). Sappanwood is widely 
used in beverages without pre-treatment, though 
pH, temperature, and light can significantly affect 
drink quality and brazilin stability during storage 
(Putri et al., 2024).  

Foam mat drying is applied to stabilize such 
unstable compounds through the addition of 
foaming agents. The foam, a gas dispersion in a 
liquid or solid, is stabilized by surfactants or 
surface-active agents (Utari et al., 2023; Hardy & 
Jideani, 2017). Egg albumin, as a foaming agent, 
enhances lamellar interfacial viscoelasticity and 
generates small initial bubbles, resulting in a 
more stable foam (Utari et al., 2023). In contrast, 
the role of gum Arabic is to form a highly viscous 
solution due to its large polysaccharide 
structures, which hinders foam formation and 
leads to uneven pore distribution in the dried 
extract (Utari et al., 2023).  

Blanching can inactivate enzymes, which 
may cause undesirable color changes in dried 
products, while also helping to stabilize bioactive 
compounds; however, phenolic losses may still 
occur due to thermal degradation or leaching, 
reducing antioxidant activity (Deylami et al, 
2016). During drying, prolonged heat can 
degrade pigments and diminish color intensity, 
and oxidation reactions can further contribute to 
color changes (ElGamal et al., 2023). In addition, 
drying affects antioxidant activity through the 
loss of water-soluble antioxidants, the retention 
of lipid-soluble compounds, and the Maillard 
reaction, which is a heat-induced reaction 
between amino acids and reducing sugars that 
can lead to browning and alter bioactive 
compounds (Calín-Sánchez et al., 2020). 

Optimized post-harvest strategies—
including blanching, controlled drying, and 
careful extract processing—are essential to 
maintain the quality, stability, and functional 
properties of sappanwood. Proper handling not 
only enhances its pharmacological potential but 
also supports its use as a standardized raw 
material for medicinal, functional food, and 
natural colorant applications. 

Conclusion 
 

Sappanwood contains a wide range of secondary 
metabolites, including flavonoids, phenolics, 
anthraquinones, triterpenoids, steroids, 
alkaloids, and tannins, which are suggested to 
have significant health benefits. These 
metabolites are distributed in various parts of the 
plant, with the heartwood generally containing 
the highest concentration, particularly of brazilin. 
Numerous production techniques have been 
studied to optimize morphological and 
physiological traits as well as the secondary 
metabolite content that governs antioxidant 
activity. Practices such as adjusting planting 
density and applying different types of fertilizers 
have been shown to enhance these parameters. In 
addition to pre-harvest treatments, post-harvest 
processes are also critical, as they determine the 
quality and properties of sappanwood as an 
herbal drink. Post-harvest methods such as 
drying and blanching play a key role in 
preserving brazilin content and ensuring product 
quality. 
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Comparative analysis of color, texture, and water content in three 
shallot cultivars at different harvest ages 
 
Abstract.  Shallots are a major horticultural commodity with high economic value. The quality of 
shallots is determined not only by the quantity of the harvest but also by physical characteristics such 
as bulb color, texture, and water content. This study aims to evaluate the differences in these physical 
parameters in three popular local cultivars: Brebes, Sumenep, and Tuktuk, harvested at 56, 63, and 70 
days after planting (DAP), respectively. This research uses a Randomized Block Design consisting of 9 
treatment combinations and analyzed using the SmartstatXL application. Color measurements are 
conducted using the CIELAB method and converted to CIELCH and RGB for color type identification. 
The texture of the tuber is measured using the Texture Analyzer MCT-2150W, while the water content 
is analyzed using the oven method. The study's results demonstrate a negative correlation between bulb 
texture and water content. Sumenep cultivar showed the lowest water content (77.57%) and highest 
texture (17.97 N) compared to others. Additionally, each cultivar displays significant color variations 
that correspond to differences in harvest maturity. The Brebes cultivar tuber changes from dark coffee 
to dark taupe, the Sumenep cultivar from mocha to beaver, and the Tuktuk cultivar from rose taupe to 

dark coffee. This means that the color has changed from dull and gray to bright and full. These findings 

provide practical guidance for determining the optimal harvest timing to preserve shallot quality 
during postharvest handling. 
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Introduction 
 

Shallot (Allium cepa var. aggregatum L.) is one of 
the leading horticultural commodities with high 
economic value. Market demand for shallots is 
determined not only by the quantity of the 
harvest but also by quality in terms of physical 
attributes including bulb color, texture 
(Kurniawan et al., 2020), and water content 
(Kaveri et al., 2015). These parameters are very 
important as they affect consumer preference, 
shelf life, and post-harvest processing efficiency. 
Studies on shallot quality often focus on single 
physical parameters or individual cultivars, 
while comparative analyses across cultivars and 
harvest ages, as well as the interrelationships 
among key physical traits, remain limited.  

The physical quality of shallot can be 
influenced by various factors, including genetic 
variation in the form of cultivars and harvest age. In 
Indonesia, there are various local cultivars with 
distinct characteristics, including the Brebes, 
Sumenep, and Tuktuk cultivars. Each cultivar has 
its own unique characteristics, such as bulb color, 
bulb texture, and water content, which affect 
quality and storage durability. According to 
previous study, the Brebes cultivar is characterized 
by its uniform shape, bright red color, and harder 
texture (Kurniawan et al., 2020). The Tuktuk 
cultivar typically has a rounder shape, good 
adaptability, and lower dry weight (Wijoyo et al., 
2020). Meanwhile, the Sumenep cultivar has a 
relatively low water content (Kusumiyati et al., 
2024) which makes it widely used for fried onions. 

Harvest age is a significant determinant of 
shallots' physical quality in addition to genetic 
considerations. Shallots with a high water content 
are typically produced by harvesting them too 
early, whereas those with a lower water content 
can be harvested (Ansar et al., 2022). Shallots' 
texture after harvesting is influenced by their 
water content. A tougher texture may be the 
result of low water content (Sukorini, 2024). 

Shallot quality can also be assessed by 
looking at the bulb, especially the color of its skin. 
Color changes may be influenced by how long 
shallot skin is exposed to sunlight (Ghazali et al., 
2023). Shallots' skin color is associated with the 
compounds they contain, such as flavonoids, 
phenolics, anthocyanins, and antioxidants 
(Vojnović et al., 2025). Therefore, measuring 
shallot color using CIELAB-based technology can 
be useful for a variety of purposes, including 
determining harvest age in the field, setting 

market standards for product quality, and 
monitoring the distribution and storage 
processes.Color parameter measurements using 
the CIE Lab* and LCh* systems, as well as texture 
testing, provide an objective picture of the visual 
and mechanical quality of shallot bulbs.  

Shallot bulb quality can be objectively 
assessed through texture testing and color 
parameter measurements using the CIE Lab* and 
LCh* systems. Meanwhile, water content analysis 
provides important information regarding 
potential shelf life and weight loss during 
storage. Nevertheless, there are currently few 
studies that compare these three quality 
parameters in-depth while taking harvest age 
and cultivar genetic factors into account. This 
study aims to evaluate and compare color, 
texture, and water content among three local 
shallot cultivars (Brebes, Sumenep, and Tuktuk) 
harvested at different maturity stages, to 
determine the optional harvest age for 
maintaining posharvest quality. The results of 
this study are expected to provide information for 
farmers and industry participants in determining 
optimal harvesting strategy in different cultivar 
to maintain the quality of shallots.  

 
 

Materials and Methods 
 

Time and Location. This experiment was 

conducted in open fields in Sindanggalih Village, 
Cimanggung District, Sumedang Regency, West 
Java, from October 2024 to December 2025. The 
experimental site was located at an altitude of 746 
m above sea level with Latosol and Alluvial soil 
types and a temperature range of 26-30 0C 
(Guswita et al., 2020). The research was 
conducted at the Horticulture Laboratory, 
Faculty of Agriculture, Universitas Padjadjaran 
University from January to March 2025.  

Material. The seeds came from farmers in 
Brebes for the Brebes cultivar, while the Sumenep 
and Tuktuk cultivars came from Garut, each of 
which had been stored for at least 2 months. The 
cultivated land was then fertilized with 20 
tons/ha of chicken manure and 2 tons/ha of 
dolomite. Planting was carried out in open fields 
using a monoculture system with a planting 
distance of 15 x 15 cm. Follow-up fertilization 
used NPK 16:16:16 and KCL at 14, 28, and 42 days 
after planting. 

Experimental Design. The experiment used 
a Randomized Block Design with different 
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treatment combinations of three cultivars 
(Brebes, Sumenep, and Tuktuk) and three harvest 
ages: 54, 63, and 70 days after planting (DAP).  
There were 9 treatment combinations, each with 
3 replicates, and each replicate consisted of 3 
samples, which were then analyzed using the 
SmartstatXL application with a Scott-Knott post 
hoc test at a 5% level. 

Texture Measurement. Texture 
measurements refer to the method of Devgan et 
al., (2019) which has been modified and adapted 
to the product being tested. Measurement of 
onion bulb texture was carried out using a 
Texture Analyzer (Material Testing Machine-
2150W from Japan). The tool was calibrated 
before being used for testing. The probe used was 
a cylindrical probe with a diameter of 2 mm, a 
compression mode type, a 50N force sensor and a 
pressing speed of 300 mm/min. Measurements 
were carried out by operating the tool connected 
to the software. The probe will automatically 
insert into the onion sample being tested. 
Measurements were carried out at three points: 
on the right side, left side, and center of the onion 
bulb. The texture value of the onion bulb is 
displayed in units of g/force or Newton. 

Water Content Determination. To measure 
water content, a method referring to Ansar et al., 
(2022) was used. Onion samples were cut into 
small pieces and weighed 1-4 g. Then, the onion 
pieces were placed in aluminum foil cups whose 
weight had been homogenized. The cups were 
arranged on a baking sheet and then oven-dried 
for 3 hours at 105 °C. The cups were placed in a 
desiccator for 10 minutes. The samples were then 
weighed until they had a constant dry weight. 
The water content measurement was calculated 
using the following formula: 

 

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%)  =
𝑓𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 −  𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑓𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡
 𝑥 100% 

 
Color Measurement. Color measurement 

using a reflectant Spectrophotometer (Konica, 
Minolta, Tokyo, Japan) the values displayed on 
the device are L*, a*, b*. Sample measurements 
were carried out at three measurement points, 
namely on the right, left, and center of the bulb. 
The color value is then visualized in the 
measurement of L* (Lightness), a* (green-red 
color), and b* (blue-yellow color) (Kusumiyati et 
al., 2018). Furthermore, these values are used to 
determine C* and Ho which are calculated using 
the equation by Askin et al., (2021): 

 

𝐶ℎ𝑟𝑜𝑚𝑎 𝑣𝑎𝑙𝑢𝑒 (𝐶 ∗) = √(𝑎∗)2 + (𝑏∗)2  

 

𝐻𝑢𝑒 𝑎𝑛𝑔𝑒𝑙 𝑣𝑎𝑙𝑢𝑒 (𝐻𝑜) = 𝑇𝑎𝑛−1
𝑏∗

𝑎∗
 

 
The Chroma value is used to determine the 

intensity or brightness of a color. The higher the 
Chroma value, the higher the color intensity 
perceived by humans (Pathare et al., 2013). 
Meanwhile, the Hue value produces an angle 
whose number determines the color type of an 
object. The results of the L*, C*, and Ho values are 
then analyzed using the Lch.oklch and Colorxs 
websites to determine the color type and compare 
RGB (Red, Green, Blue) and Hex values (Azetsu 
et al., 2021). 

Photographic documentation was 
conducted using a smartphone camera (Samsung 
Galaxy A02s, 13 MP; 4128 × 3096 pixels). Photos 
were capturated under natural daylight without 
flash, at a distance of approximately 20 cm above 
the sample at a perpendicular angle. The sample 
was placed on aluminum foil. The images were 
saved in JPEG format without post-processing. 
Each treatment was photographed in three 
replicates. Shallot color analysis with a digital 
approach uses a Hexadecimal (Hex) color 
representation system converted into Red, Green, 
Blue (RGB) format. The initial data is a color code 
in the format #RRGGBB, where the character 
pairs RR, GG, and BB indicate the intensity of red, 
green, and blue colors, respectively, in the base 16 
(hexadecimal) number system (Drofova et al., 
2024). Each Hex digit pair consists of a first digit 
(high) and a second digit (low) (Matumoto et al., 
2023). According to the digital color system 
standard, each Hex code can therefore be 
interpreted into an RGB value within 0-255 (Yoo 
et al., 2023)Additionally, the color characteristics 
of shallots for each cultivar and harvest age are 
interpreted using the RGB values that were 
obtained. The hexadecimal to RGB conversion 
formula is as follows (Mohammadi et al., 2024): 

 
 𝑋𝑑𝑒𝑐 = (𝑋ℎ𝑖𝑔ℎ × 16) + 𝑋𝑙𝑜𝑤   

 
Xdec  = decimal value (0–255) 
Xhigh = first digit in Hex (base 16) 
Xlow = second digit in Hex (base 16) 
Convertions letters to numbers: A=10, B=11, 
C=12, D=13, E=14, F=15 
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Results and Discussion 
 
This research generally demonstrates that the 
quality of red onion bulbs is impacted by genetic 
variation manifested in cultivar differences and 
harvest age. The physical characteristics of the 
bulbs, such as their color, texture, and water 
content, clearly show these variations. Each 
variety has its own characteristics, and the 
maturity level affects how these characteristics 
change based on the harvest date. According to 
the findings, growing red onions that are both 
market-ready and storage-ready requires 
selecting the right varieties and timing the 
harvest. 
 
Table 1. The effect of the combination of shallot 
cultivars and harvest age on texture and water 
content 

Cultivar + Harvest 
Age (DAP) 

Average 
Texture (N) 

Average 
Water 

Content 
(%) 

Brebes + 56 DAP 12.13 a 82.67 d 
Brebes + 63 DAP 11.74 a 85.13 f 
Brebes + 70 DAP 11.20 a 86.79 g 

Sumenep + 56 DAP 12.55 a 80.08 c 
Sumenep + 63 DAP 14.93 b 78.91 b 
Sumenep + 70 DAP 17.97 c 77.57 a 
Tuktuk + 56 DAP 11.13 a 87.97 h 
Tuktuk + 63 DAP 12.51 a 86.83 g 
Tuktuk + 70 DAP 15.95 b 84.13 e 

Notes: Means followed by the same letter indicate 
values that are not significantly different based on the 
Scott-Knott test at the 5% level. 

 
Texture and Water Content. The results of 

the study showed that the water content of 
shallots has an inverse relationship with texture. 
Low water content correlates with increased bulb 
texture. Based on Table 1, the Brebes cultivar has 
a different pattern from the Sumenep and Tuktuk 
cultivars, where the longer the harvest age, the 
more it shows a decrease in texture value and an 
increase in water content (r = −0.98). However, 
for Sumenep (r = -1.00) and Tuktuk (r = -1.00), the 
longer the harvest age, the higher the texture and 
lower the water content. This indicates a negative 
correlation between texture and water content, 
even though the pattern of change in both at 
harvest age differs between cultivars. The local 
Sumenep variety, which tends to have a lower 
water content physiologically, is expected to 

produce a denser and firmer bulb texture than 
other cultivars such as Brebes or Tuktuk. 

 An earlier study by (Mutia, 2019) clearly 
demonstrated a negative correlation between 
these two parameters, based on Table 1. found 
that shallots with an initial water content of 
76.69%  has a higher level of texture 4.46 N than 
samples with higher water content (85.25%) has 
lower level of texture (4.01 N). The lower the 
initial water content of shallots during storage, 
the higher their firmness (Mutia, 2019). High 
water content accelerates the decline in firmness 
during storage The negative correlation between 
water content and texture suggests that reduced 
water content increases bulb firmness due to cell 
wall dehydration and pectin polymerization, 
consistent with (Lawal et al., 2025). The drying 
process, or evaporation of water within the bulb 
tissue cells, causes the cells to shrink, the pectin 
structure to harden, and the intercellular layers to 
fuse, resulting in a harder and stiffer texture.  

Color is one of the most important visual 
quality parameters in post-harvest evaluation of 
shallots. In this study, color characteristics were 
analyzed using the CIELAB color space system 
which consists of three main parameters: L* 
(lightness), a* (green-red color direction), and b* 
(blue-yellow color direction). These values were 
then converted into C* (chroma) and H° (hue 
angle), and translated into RGB and hex codes for 
color visualization (Sandoval et al., 2018).  

Lighness (L*) Values. The results in 
Table 2 showed significant that there are 
significant variations in L* values between 
cultivars and harvest ages. The highest L* value 
is found in the Sumenep cultivar at 56 days after 
planting (54.56), indicating a brighter surface 
color of the bulb. Meanwhile, the lowest L* value 
is found in the Brebes cultivar harvested at 63 
days after planting (35.62), indicating a darker 
color. The L* value shows a decrease in the 
Sumenep and Tuktuk cultivars; on the other 
hand, the L* value in the Brebes cultivar tends to 
increase at the 70 DAP harvest age. The increased 
L* value indicates a fading process of 
anthocyanin pigments while physiological 
processes are still ongoing (Sharma et al., 2015). 

The a* Values.  For all samples show 
positive numbers indicating a dominance of red 
color in all treatments. The Brebes and Tuktuk 
cultivars produced higher a* values compared to 
the Sumenep cultivar. The highest a* value was 
found in the Tuktuk cultivar harvested at 56 DAP 
(20.20), resulting in a stronger red color. 
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Meanwhile, the lowest a* value was produced by 
the Sumenep red onion harvested at 56 DAP 
(9.55), resulting in a fainter red color. The a* value 
tends to decrease with increasing harvest age. 
This indicates degradation of red pigments such 
as anthocyanins (Enaru et al., 2021). 

The b* Values. Experiences an increase over 
the harvest time, showing a tendency to change 
color towards yellow. The highest b* value occurs 
in the Sumenep cultivar harvested at 56 DAP 
(14.05), while the lowest value is in the Brebes 
cultivar harvested at 56 DAP (4.42). The increase 
in b* value indicates the occurrence of phenolic 
oxidation and the formation of yellowish-brown 
colored compounds during the storage period or 
differences in harvest timing. (Pathare et al., 2013) 
and (Sharma et al., 2015). 

Chroma (C*) Values. Chroma values 
integrate changes in both a* and b*, providing an 
overall indicator of color intensity. The higher C* 
value observed in the Tuktuk cultivar at 70 DAP 
(21.88) reflects a combination of relatively high a* 
values and moderate b* values, indicating 
sustained pigment saturation despite advancing 
maturity. Conversely, the lower C* values in the 
Sumenep cultivar at early harvest stages (17.29) 
suggest reduced pigment concentration and 
lower color intensity. These findings indicate that 
Tuktuk exhibits greater pigment stability during 
maturation, whereas Sumenep undergoes faster 
pigment degradation, resulting in diminished 
color saturation. 

Overall, the coordinated changes in L*, a*, 
b*, and C* values demonstrate that bulb color 
development is closely linked to physiological 

maturation and cultivar-specific pigment 
metabolism. Cultivars with higher water content 
and softer texture, such as Sumenep at earlier 
harvest stages, tended to exhibit higher L* and 
lower a* values, indicating lighter and less 
intense red coloration. In contrast, cultivars with 
lower water content and firmer texture, such as 
Brebes and Tuktuk at later harvest ages, showed 
darker and more saturated red color. This 
relationship highlights the interaction between 
water content, texture, and pigment stability in 
determining shallot bulb color quality. 

Hue Angle (H°) Values. The hue angle (H°) 
values quantitatively describe color hue based on 
the relative contributions of a* and b*. The lower 
H° values observed in the Brebes cultivar (12.76–
34.06) indicate dominance of red pigments, 
whereas the higher H° values in the Sumenep 
cultivar (27.80–54.89) reflect increased yellow-
brown components. These numerical trends are 
consistent with the RGB and hex color 
conversions derived from the same CIELAB data, 
which show color transitions from deep coffee to 
mocha, deep taupe, and rose taupe depending on 
the cultivar and harvest age (Table 3). 

These color changes are closely related to 
post-harvest biochemical processes. Degradation 
of anthocyanin pigments causes the red color to 
fade, while the Maillard reaction and phenolic 
oxidation produce yellow to brownish pigment 
compounds (Sharma et al., 2015). Previous 
studies have also shown that temperature and 
humidity during storage significantly influence 
the direction and intensity of color changes 
(Demissew, 2018). 

 

Table 2. The effect of the combination of shallot cultivars and harvest age on lightness, a*, b*, chroma, and 
hue values 

Cultivar + Harvest Age (DAP) L* a* b* C* Ho 

Brebes + 56 DAP 37.06 a 20.13 c 4.42 a 20.81 b 12.76 a 
Brebes + 63 DAP 35.62 a 17.32 c 6.24 a 18.81 a 20.21 a 
Brebes + 70 DAP 43.24 c 15.23 b 10.26 c 18.96 a 34.06 c 

Sumenep + 56 DAP 54.56 d 9.55 a 14.05 d 17.29 a 54.89 e 
Sumenep + 63 DAP 46.41 c 15.05 b 8.08 b 17.64 a 27.80 b 
Sumenep + 70 DAP 44.61 c 13.68 b 13.87 d 19.60 a 45.16 d 
Tuktuk + 56 DAP 40.97 b 20.20 c 6.14 a 21.21 b 16.57 a 
Tuktuk + 63 DAP 36.92 a 18.40 c 5.93 a 19.41 a 18.02 a 
Tuktuk + 70 DAP 37.55 a 19.61 c 8.90 b 21.88 b 25.15 b 

Notes: Means followed by the same letter indicate values that are not significantly different based on the Scott-
Knott test at the 5% level. 
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Table 3. RBG, hex, and color type values in various shallot cultivars with different harvest age 

Cultivar 
Harvest Age (DAP) 

56 63 70 

Brebes 

 
Deep Coffee 

RGB (119, 74, 81) 
Hex (#774a51) 

 
Deep Coffee 

RGB (113, 73, 74) 
Hex (#71494a) 

 
Deep Taupe 

RGB (131, 92, 85) 
Hex (#835C55) 

Sumenep 

 
Mocha  

RGB (154, 124, 107) 
Hex (#9a7c6b) 

 
Deep Taupe  

RGB (138, 100, 97) 
Hex (#8A6461) 

 
Beaver  

RGB (133, 97, 83) 
Hex (#856153) 

Tuk Tuk 

 
Rose Taupe  

RGB (130, 84, 88) 
Hex (#825458) 

 
Deep Coffee 

RGB (117, 75, 78) 
Hex (#754b4e) 

 
Deep Coffee 

RGB (121, 76, 74) 
Hex (#794c4a) 

 
 

Color Type Values. Overall, shallot color is 
influenced by a combination of genetic (cultivar) 
and physiological (harvest age) factors, as well as 
post-harvest processes involving pigment 
degradation and the formation of new 
compounds. Research on the changes and 

dynamics of color is important to determine the 
optimal harvest time. This can lead to the 
development of a digital quality system through 
objective and standardized color identification. 
Color is one of the parameters that serves as an 
indicator of visual quality in the post-harvest 
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evaluation of shallots. Color transformation 
indicates visual changes depending on genetic 
variation and differences in harvest age. The 
Brebes cultivar shows a transition from deep 
coffee color to deep taupe at 70 DAP. The 
Sumenep cultivar tends to produce brighter 
colors, namely mocha (56 DAP), deep taupe (63 
DAP), and beaver (70 DAP). Meanwhile, the 
Tuktuk cultivar produces rose taupe color (56 
DAP) and becomes darker with a deep coffee 
color at 70 DAP. 

Hex and RGB Values.  RGB and hex color 
visualization (Table 4) can help with a digital 
color quality classification system. Applications 
for image-based quality standardization, such as 
automatic sorting and grading in the post-harvest 
sector, can be developed using this color model 
as a foundation (Azetsu et al., 2021). The color 
changes caused by L*, C*, and H° values show 
that the primary causes of color transformation 
during growth and storage are biochemical 
processes like anthocyanin degradation, 
enzymatic oxidation, and Maillard reactions. 
Furthermore, the rate of these changes is strongly 
influenced by temperature and humidity (Chope 
et al., 2012). 

The Brebes cultivar shallot produces a red 
(R) value in the range of 113–131, indicating 
moderate to strong red dominance. When the R 
value is at its lowest point, namely 113 at 63 days 
after planting, the color appears darker and 
duller. Conversely, when R increases to 131 at 70 

days after planting, the red hue becomes more 
pronounced and gives the impression of a 
brighter color. The green (G) value is in the range 
of 73–92, low values at 56 and 63 days after 
planting make the color tend to be deep towards 
red-brown, while the increase in G at 70 days 
after planting adds a slight greenish nuance that 
creates a neutral or ashy effect on the red hue. The 
blue (B) value which ranges from 74–85 also plays 
a role in brightness, the low B value at 63 days 
after planting strengthens the depth of the red-
brown color, while its increase at 70 days after 
planting gives the impression of a softer color, 
shifting towards taupe. These changes indicate 
fading of red pigments (anthocyanins) and an 
increased contribution of gray-brown pigments 
resulting from phenolic oxidation. The Hex color 
code of the Brebes cultivar shows a clear 
transition between harvest ages. At 56 days after 
harvest, the identified color is #774a51, which is 
categorized as deep coffee, depicting a deep red-
brown hue. At 63 days after harvest, the code 
changes to #71494a, still categorized as deep 
coffee, but darker and duller due to decreased 
brightness caused by anthocyanin pigment 
degradation. Entering 70 days after harvest, the 
Hex code changes to #835C55, which is 
categorized as deep taupe. This shift indicates an 
increase in brightness and a slight shift towards 
gray-brown, in line with the fading of the red 
color and the formation of secondary pigments 
through phenolic oxidation. 

 
Table 4. Conversion results from hex to RGB values 

Cultivar 
Harvest 

Age 
Hex 

R 
(pair) 

Count R 
R 

Decimal 
G 

(pair) 
Count G 

G 
Decimal 

B 
(pair) 

Count B 
B 

Decimal 

Brebes 56 DAP #774a51 77 (7×16) + 7 
= 112+7 

119 4A (4×16) + 10 
= 64+10 

74 51 (5×16) + 1 
= 80+1 

81 

Brebes 63 DAP #71494a 71 (7×16) + 1 
= 112+1 

113 49 (4×16) + 9 
= 64+9 

73 4A (4×16) + 
10 = 64+10 

74 

Brebes 70 DAP #835c55 83 (8×16) + 3 
= 128+3 

131 5C (5×16) + 12 
= 80+12 

92 55 (5×16) + 5 
= 80+5 

85 

Sumenep 56 DAP #9a7c6b 9A (9×16) + 10 
= 144+10 

154 7C (7×16) + 12 
= 112+12 

124 6B (6×16) + 
11 = 96+11 

107 

Sumenep 63 DAP #8a6461 8A (8×16) + 10 
= 128+10 

138 64 (6×16) + 4 
= 96+4 

100 61 (6×16) + 1 
= 96+1 

97 

Sumenep 70 DAP #856153 85 (8×16) + 5 
= 128+5 

133 61 (6×16) + 1 
= 96+1 

97 53 (5×16) + 3 
= 80+3 

83 

Tuktuk 56 DAP #825458 82 (8×16) + 2 
= 128+2 

130 54 (5×16) + 4 
= 80+4 

84 58 (5×16) + 8 
= 80+8 

88 

Tuktuk 63 DAP #754b4e 75 (7×16) + 5 
= 112+5 

117 4B (4×16) + 11 
= 64+11 

75 4E (4×16) + 
14 = 64+14 

78 

Tuktuk 70 DAP #794c4a 79 (7×16) + 9 
= 112+9 

121 4C (4×16) + 12 
= 64+12 

76 4A (4×16) + 
10 = 64+10 

74 

Notes: Columns R (pair), G (pair), B (pair) are hex digit pairs for each color value. 
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In the Sumenep cultivar, a high R value at 56 
DAP (154) produces a bright, warm light brown 
hue. A decrease in R to 133 at 70 DAP makes the 
color appear more intense and dark. The G value, 
which was initially 124 at 56 DAP, gives a bright 
and neutral impression, but when it drops to 97 
at 70 DAP, the color loses its brightness and shifts 
to reddish brown. The B value also shows a 
similar pattern, from 107 at 56 DAP to 83 at 70 
DAP, which eliminates the bluish nuances, 
making the color warmer and more intense. 
These changes illustrate the shift from a bright, 
neutral color to reddish brown due to the 
degradation of blue/green pigments and the 
dominance of red-brown pigments during the 
ripening process. In the Sumenep cultivar, the 
color at 56 DAP has the code #9a7c6b or mocha, 
which describes a bright light brown hue. As the 
harvest age increases at 63 DAP, the code shifts to 
#8A6461 (deep taupe), indicating a darkening of 
the color and a shift towards reddish gray. At 70 
DAP, the code changes again to #856153 (beaver), 
indicating a deeper reddish brown color. These 
changes indicate a loss of brightness due to a 
decrease in G and B values in the RGB 
composition, followed by a dominance of red-
brown tones due to the degradation of 
blue/green pigments. 

Meanwhile, in the Tuktuk cultivar, the R value 
is relatively stable at 117–130, maintaining a soft to 
deep red hue. The lowest R value at 63 DAP makes 
the color slightly darker, and a further increase at 70 
DAP warms the hue. The G value, which ranges 
from 75–84, is consistently low, so the color remains 
intense and does not experience much shift in 
brightness. The B value, which ranges from 74–88, 
maintains a stable red-gray hue, the highest B value 
at 56 DAP gives a slightly pale impression, while 
the lowest value at 70 DAP reinforces the warm and 
deep impression of the color. This stability of the 
RGB composition indicates that the Tuktuk cultivar 
tends to maintain its red-brown character with 
relatively small changes in intensity, likely due to 
the pigment's resistance to degradation during 
ripening.  

Overall, the results indicate a clear 
interaction between genotype and harvest age in 
determining the physical quality of shallot bulbs. 
Each cultivar responded differently to increasing 
maturity, as shown by the contrasting trends in 
water content, texture, and color parameters. For 
instance, the Sumenep cultivar consistently 
exhibited decreasing water and increasing texture  

with later harvest ages, while Brebes and Tuktuk 
showed more moderate changes in firmness but 
stronger shifts in color attributes such as a and 
hue angle. These findings highlight that cultivar-
specific physiological characteristics interact with 
harvest timing to produce distinct quality 
profiles. Recognizing this interaction is essential 
for identifying the most suitable cultivar–harvest 
age combinations to achieve desired postharvest 
traits. The Tuktuk shallot cultivar at 56 DAP 
showed the code #825458 (rose taupe), which 
exhibits a pale red hue with ash undertones. At 
63 DAP, the code shifted to #754b4e (deep coffee), 
indicating a darkening of the color due to a 
decrease in light intensity across all RGB values. 
Interestingly, at 70 DAP, the code changed to 
#794c4a, still in the deep coffee category, but 
slightly warmer than at 63 DAP. This reflects the 
stability of the red-brown hue of this cultivar, 
with small variations in brightness and color 
saturation. 

 
 

Conclusion 
 
This study demonstrates that cultivar and harvest 
age significantly affect shallot bulb color (L*, a*, 
b*, C*, H°), texture, and water content. A strong 
negative relationship was observed between 
water and texture. Among all combinations, 
Sumenep harvested at 70 DAP showed the 
highest texture (17.97 N) with the lowest water 
(77.57%), indicating superior postharvest 
firmness and potential for longer shelf life. Brebes 
and Tuktuk showed stronger red tones (higher 
a*), while Sumenep 56 DAP exhibited the 
brightest surface (highest L*). Practically, 
Sumenep around 70 DAP is recommended when 
firmness and low water are prioritized, while 
harvest timing for Brebes and Tuktuk can be 
adjusted to meet specific color preferences. These 
findings provide actionable guidance for 
selecting cultivar–harvest age combinations to 
maintain shallot quality during handling and 
storage. 
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Analysis of source–sink organ dynamics in kaffir lime (Citrus hystrix 
DC.) at different plant ages 
 
Abstract. Kaffir lime (Citrus hystrix DC.) is a leafy spice commodity widely used as a culinary ingredient, 
in bio-pharmaceuticals, and as a raw material for essential oil production. Despite its high demand, leaf 
productivity remains relatively low, highlighting the need for improved cultivation practices. A better 
understanding of source–sink dynamics is essential, as leaf production is strongly influenced by the 
balance between assimilate-producing and assimilate-consuming organs. Therefore, this study aimed 
to evaluate the source-sink capacity of kaffir lime plants of different ages as a preliminary step toward 
identifying cultivation strategies to enhance leaf production. The experiment was conducted at Bale 
Tatanen experimental field, Universitas Padjadjaran, Sumedang. This work used a randomized 
complete block design with five replications and three age treatments: A = 1 year, B = 2 years, and C = 
3 years. The results showed the source-to-sink ratio in 1-, 2-, and 3-year-old plants were 53:47, 50:50, 
and 48:52, respectively. As kaffir lime plants grow older, their source–sink balance shifts because older 
plants allocate assimilates more efficiently to developing organs. In this study, increasing plant age was 
associated with a greater capacity to develop sink organs, which in turn supports leaf expansion and 
overall leaf productivity. This study offers baseline information on the source–sink proportions of kaffir 
lime plants at different ages, providing a foundation for improving cultivation practices. The findings 
support better harvest timing and more accurate yield estimation to enhance planning efficiency. 
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Introduction 
 
Kaffir lime (Citrus hystrix DC.) is a high-value 
horticultural commodity, primarily due to its 
leaves, which serve as a key ingredient in 
culinary preparations and as a raw material in the 
food, beverage, and cosmetics industries 
(Budiarto et al., 2024). The increasing demand for 
both fresh and dried kaffir lime leaves, driven by 
the growth of the culinary and herbal industries 
(Abidin et al., 2020), underscores the need for 
cultivation strategies that sustainably optimize 
leaf production. 

As a perennial species, the growth and leaf 
yield of kaffir lime are strongly influenced by the 
balance between the source system 
(photosynthate-producing organs such as mature 
leaves) and the sink system (photosynthate-
utilizing organs such as shoots and young leaves) 
(Goldschmidt & Koch, 2017; Li et al., 2024). 
Variations in plant age and size can lead to 
differences in source capacity and sink strength 
(Sunmonu & Kudo, 2014) , thereby shaping 
vegetative growth patterns (Smith et al., 2018). A 
comprehensive understanding of source–sink 
dynamics is therefore essential as a foundation 
for developing targeted cultivation strategies, 
particularly those aimed at manipulating plant 
physiological processes to maximize leaf 
production. 

The source–sink relationship plays a crucial 
role in determining plant growth and 
productivity, as it governs the allocation of 
photosynthates between producing organs 
(sources, e.g., mature leaves) and utilizing organs 
(sinks, e.g., shoots, young leaves, stems, and 
roots) (Amarullah, 2021). Managing this 
allocation effectively is key to sustaining 
vegetative growth and optimizing productivity 
(White et al., 2016; Yu et al., 2015). In perennial 
crops such as kaffir lime (Citrus hystrix DC.), 
insights into these physiological processes 
provide a foundation for designing cultivation 
practices that enhance leaf production (Li et al., 
2024; Budiarto et al, 2023). 

Plant age strongly influences source and 
sink capacities. Younger plants typically exhibit 
higher sink demand due to rapid vegetative 
development, whereas older plants tend to have 
greater source capacity from mature leaves, often 
exceeding sink requirements (Chen et al., 2021). 
In leaf-oriented cultivation systems, strategies 
such as close planting spacing can suppress 
reproductive development and promote 

continuous leaf production (Haque & Sakimin, 
2022). 

This study investigates source and sink 
capacities in 1-, 2-, and 3-year-old kaffir lime 
plants under a close-planting system designed to 
maintain vegetative growth. The analysis focuses 
on vegetative sinks (young leaves, young stems, 
and roots) while excluding reproductive organs, 
aiming to clarify age-related differences in 
photosynthate allocation patterns and their 
implications for sustainable leaf yield 
optimization. 
 
 

Materials and Methods 

 
This research was conducted at the open field of 
Bale Tatanen garden, Universitas Padjadjaran, 
Jatinangor District, Sumedang Regency, West 
Java Province. Present experiment used kaffir 
lime (Citrus hystrix DC. cv. Puri Agrihorti) 
seedling as plant materials. The plant materials 
were produced through vegetative method, i.e., 
grafting, combining kaffir lime scion into 
Rangpur lime (Citrus limonia Osbeck) rootstock, 
produced by local seedling producer in  
Majalengka. There were three tested-plant age in 
present experiment, i.e., 1, 2, and 3 years after 
grafting. All plant were raised in Inceptisol soil 
growing bed supplemented with goat manure. 

The relationship between source and sink in 
kaffir lime plants of different ages was analyzed 
through destructive sampling. Classification of 
plant organs into source or sink categories was 
conducted using a morphometric approach. The 
experimental design employed was a 
Randomized Block Design (RBD) consisting of 3 
treatments with 5 replications. The treatments 
were based on plant age, 1-, 2-, and 3-years-old 
kaffir lime plants. Observations were carried out 
by measuring and weighing plant components 
according to the defined parameters. All 
measurements were performed on the same day 
as the destructive sampling to ensure that the 
plant materials remained fresh. 

The observation parameters consisted of 
plant height (cm), leaf length (cm), number of 
young and mature leaves, fresh weight of young 
and mature leaves (g), fresh weight of young and 
mature stems (g), fresh weight of shoots and roots 
(g), dry weight of shoots and roots (g), and 
source-sink capacity. Young leaves—
characterized by pale light-green color, thin and 
soft texture, glossy surface, and small size 
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(Budiarto et al., 2022)—were classified as sink 
organs, whereas mature leaves—dark-green, 
thicker and firmer in texture, with a rough or dull 
surface and fully expanded size (Budiarto et al., 
2022)—were classified as source organs. Young 
stems—identified by their bright green color, 
smooth surface, soft and flexible texture, and 
small diameter—were classified as sink organs, 
whereas mature stems—brownish green to dark 
brown in color indicating lignification, with a 
rough, hard, and rigid texture and larger 
diameter—were classified as source organs. 

Data Analysis. Data were analyzed using 
analysis of variance (ANOVA) based on a 
randomized complete block design (RCBD) at a 
5% significance level, followed by Tukey’s 
Honestly Significant Difference (HSD) test (5%) 
for post hoc comparisons. 

 
 

Result and Discussion 
 
Plant height and leaf length. According to the 
results (Table 1), plant height exhibited a gradual 
increase with advancing plant age. This 
increment in height indicates the cumulative 
effect of progressive and continuous vegetative 
growth, which is strongly associated with the 
dynamic balance between source capacity and 
sink demand within the plant. As plants age, 
photosynthetic organs such as leaves expand in 
size and increase in number, thereby enhancing 
the source capacity of the plant to produce 
assimilates through photosynthesis (Leng et al., 
2025). On the other hand, young organs such as 
apical meristems, roots, and lateral branches that 
function as sinks also develop more actively in 
older plants (Cheng et al., 2022), thus increasing 
the demand for assimilates and supporting 
overall plant growth (Doidy et al., 2024). 

A balanced relationship between source 
capacity and sink demand is crucial to ensure 
efficient carbon distribution, particularly to 
meristematic tissues that determine plant height 
(Amarullah, 2021). In addition, older plants tend 
to have a more developed vascular system (xylem 
and phloem) (Swidrak et al., 2014; Yang & Wang, 
2016). This allows for greater efficiency in the 
transport of water, nutrients, and 
photosynthates, thereby supporting a higher 
growth rate (Vadera et al., 2025). 

Leaf length serves as a key indicator of 
morphological growth and biomass 
accumulation in kaffir lime. Longer leaves are 

closely associated with greater surface area, 
which enhances light absorption and 
photosynthetic capacity (Telaumbanua et al., 
2024). As plants age, leaf development becomes 
more optimal in both number and size, thereby 
increasing carbon productivity and assimilate 
supply (Poorter et al., 2015; Weraduwage et al., 
2015). This improvement is supported by a more 
developed vascular system that facilitates 
efficient distribution of water and nutrients, 
promoting cell expansion and leaf elongation 
(Yang & Wang, 2016). 

 
Table 1. Plant height and leaf length of kaffir 
lime at different ages 

Treatment 
Plant height 

(cm) 
Leaf length 

(cm) 

A: 1 year old 68.00 a 4.58 a 
B: 2 years old 93.80 b 6.70 b 
C: 3 years old 187.80 c 8.64 c 

Note: Mean values followed by the same letter in the 
same column are not significantly different according 
to Tukey’s HSD test at the 0.05 significance level. 

 
Within the source–sink framework, longer 

leaves contribute significantly to source capacity 
due to their higher photosynthetic potential 
(Nuranisa et al., 2020). In three-year-old kaffir 
lime plants, the presence of longer leaves 
suggests enhanced assimilate production to 
sustain the growth of sink organs such as young 
leaves, stems, roots, and shoots (Lambers et al., 
2019). This reflects a transition toward greater 
physiological stability, allowing more efficient 
assimilate production and allocation (Chang & 
Zu, 2017). 

Number and weight of young and mature 
leaves. An increase in leaf number directly 
influences the source–sink relationship in kaffir 
lime. Mature leaves serve as the primary source 
by producing assimilates through 
photosynthesis, while young leaves act as sinks 
due to their active growth and limited 
photosynthetic ability (Zhang et al., 2023). With 
advancing plant age, the rise in mature leaf 
number significantly enhances source capacity 
(Table 2), thereby providing sufficient energy and 
carbon to sustain the growth of sink organs such 
as young leaves, shoots, and meristematic tissues 
(Bielczynski et al., 2017; Durand et al., 2018). The 
coexistence of more mature and young leaves in 
older plants indicates a more efficient and 
balanced source–sink system (White et al., 2016). 
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A higher sink capacity, reflected in the 
increased number of young leaves, creates strong 
demand for assimilates, which physiologically 
stimulates metabolic activity in source organs 
(Fernie et al., 2020). The abundance of mature 
leaves also contributes to an eltevated overall 
photosynthetic rate, ensuring a continuous 
assimilate supply to support vegetative growth 
and leaf regeneration (Wu et al., 2018). As a result, 
older kaffir lime plants tend to accumulate 
greater biomass and exhibit faster canopy 
development (Sunmonu & Kudo, 2014). 

The increase in leaf biomass not only reflects 
the quantitative rise in leaf number but also 
indicates an enhanced physiological capacity of 
the plant to produce, store, and distribute 
photosynthates more efficiently (Weraduwage et 
al., 2015). This is closely related to the concept of 
source–sink dynamics, in which mature leaves, 
functioning as the primary photosynthetic 
organs, act as sources, while young leaves 
undergoing cell expansion and tissue 
development act as active sinks (Yu et al., 2015; 
Jansson et al., 2015; Koley et al., 2019). 

The increase in mature leaf biomass signifies 
an expansion of active surface area for 
photosynthesis, which directly enhances the 
plant’s capacity to produce soluble carbohydrates 
such as sucrose and glucose through carbon 
fixation (Liu et al., 2022). In older plants, 
particularly at three years of age, the 
accumulation of biomass in mature leaves 
indicates that the plant has reached a vegetative 
phase with a more developed phloem transport 
system, enabling efficient translocation of 
photosynthates from sources to sink tissues 
(Milne et al., 2015; Nam et al., 2022). This activity 
is critical, as young leaves, functioning as sinks, 
not only require energy for cell expansion but 
also for the construction of internal structures 
such as chloroplasts and incompletely developed 
vascular tissues (Van Campen, 2016). 

In young plants, source limitation leads to 
higher competition among sink organs, thereby 
slowing leaf growth (White et al., 2016). 
Conversely, older plants exhibit a more stable 
source–sink ratio, allowing a more proportional 
allocation of photosynthates to support extensive 
sink growth (Burnett et al., 2016), such as the 
sharp increase in the number and weight of 
young leaves. This condition demonstrates that 
enhanced source capacity accelerates sink 
expansion, while stronger sink growth also 
stimulates greater source activity (Fatichi et al., 
2014). Moreover, the increase in young leaf 
biomass in three-year-old plants indicates greater 
potential for continued growth (Table 2). Active 
sinks such as young leaves will remain a primary 
target for carbon allocation, facilitating the 
formation of a larger canopy (Fatichi et al., 2019). 
This is particularly important in kaffir lime, 
where canopy development is directly correlated 
with the productivity of vegetative organs (Feng 
et al., 2016). 

Young and mature stems weight. A greater 
biomass of young stems in older plants indicates 
that meristematic growth activity remains high in 
the stem, which functions as part of the active 
sink system (Rademacher et al., 2022). Young 
stems continue to grow through cell division and 
elongation, thus requiring large amounts of 
carbon and energy supplied by source tissues, 
particularly mature leaves (Czedik-Eysenberg et 
al., 2016; Kocurek et al., 2020). Meanwhile, 
mature stems that have undergone lignification 
and secondary tissue formation serve as 
supporting and more efficient conducting organs 
(Asaoka et al., 2024). The significant increase in 
mature stem biomass in three-year-old plants 
(Table 3) demonstrates that cambial thickening is 
actively taking place, contributing substantially 
to the accumulation of vegetative organ mass 
(Guada et al., 2018). 

 

Table 2. Number and weight of young and mature leaves of kaffir lime at different ages 

Treatment 
Number of 

young leaves 
Number of mature 

leaves 
Young leaves 

weight (g) 
Mature leaves 

weight (g) 

A: 1 year old 49.00 a 86.00 a 17.00 a 33.00 a 
B: 2 years old 64.00 a 180.40 a 21.00 a 87.00 a 
C: 3 years old 319.60 b 574.00 b 144.00 b 263.00 b 

Note: Mean values followed by the same letter in the same column are not significantly different according to 
Tukey’s HSD test at the 0.05 significance level. 
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Table 3. Young and mature stems weight of kaffir lime at different ages 

Treatment Young stems weight (g) Mature stems weight (g) 

A: 1 year old 38.14 a 57.21 a 
B: 2 years old 86.40 a 129.60 a 
C: 3 years old 306.00 b 459.00 b 

Note: Mean values followed by the same letter in the same column are not significantly different according to 
Tukey’s HSD test at the 0.05 significance level. 

 
Table 4. Fresh and dry weight of shoots and roots of kaffir lime at different ages 

Treatment 
Shoots fresh weight 

(g) 
Roots fresh weight 

(g) 
Shoots dry 
weight (g) 

Roots dry 
weight (g) 

A: 1 year old 149.36 a 24.64 a 44.81 a 7.39 a 
B: 2 years old 320.00 a 109.00 a 96.00 a 32.70 a 
C: 3 years old 1,172.00 b 332.00 b 351.60 b 99.60 b 

Note: Mean values followed by the same letter in the same column are not significantly different according to 
Tukey’s HSD test at the 0.05 significance level. 

 
 

The relationship between stem biomass and 
the source–sink system can also be understood 
from the perspective of long-term carbon 
allocation. In older plants, carbon distribution is 
not only directed toward young organs but also 
allocated to permanent tissues such as mature 
stems (Hartmann et al., 2018). Mature stems play 
a role in storing energy reserves in the form of 
starch and in maintaining the integrity of the 
vascular system (Plavcova & Jansen, 2015). 
Therefore, greater biomass of mature stems can 
be considered an indicator of long-term carbon 
allocation efficiency (Hartmann et al., 2018), 
whereas young stem biomass reflects the ongoing 
potential for vertical and lateral growth (Speck & 
Burgert, 2011). The coexistence of both young and 
mature stems with significant biomass in three-
year-old plants illustrates a balance between 
active growth and the differentiation of 
functionally mature tissues. 

Fresh and dry weight of shoots and roots. 
The shoot system, comprising leaves, stems, and 
branches, is the center of source activity where 
photosynthesis and assimilate production occur. 
The greater the shoot biomass, the larger the 
photosynthetic surface area of the plant (Chen et 
al., 2020; Zhang et al., 2020), thereby increasing 
carbon production capacity through CO₂ fixation 
(Dhami & Cazzonelli, 2021). Table 4 showed that 
three-year-old plants have the highest shoot dry 
weight (Table 4), implying that the tissues formed 
are more structural and durable, such as lignin 
and sclerenchyma, which are essential for 
supporting continued growth and facilitating 
assimilate transport to sink organs (Putra et al., 
2023). 

Conversely, roots function as active sinks 
that require carbon supply from sources for 
growth, elongation, and lateral root formation 
(Waheed et al., 2025). The sharp increase in root 
biomass at three years of age suggests extensive 
root system development to support greater 
water and nutrient demands (Carvalho & 
Foulkes, 2019). The balance between shoot and 
root biomass reflects that the plant has achieved 
an optimal shoot–root ratio (Punyasu et al., 2024). 
This ratio is important because roots are not only 
passive sinks but also long-term carbon storage 
sites in the form of starch (Irving, 2015), and they 
influence stability and efficiency of nutrient 
uptake from the soil (Lopez et al., 2023). 

The increase in both shoot and root biomass 
indicates synchronization between production 
(source) activity and the distribution and 
utilization of photosynthetic products (sink). In 
young plants, source capacity remains limited, 
leading to lower root dry weight as sinks. 
However, in three-year-old plants, the more 
developed vascular and hormonal systems 
enable more efficient communication between 
organs (Savage et al., 2016), thus allowing 
assimilate allocation to be more effective in 
generating large and balanced biomass growth 
(Wang & Ruan, 2016). 

In addition, the increase in dry weight 
compared to fresh weight reflects greater tissue 
density and structural compounds (cellulose and 
lignin) accumulation (Afzal et al., 2022). This 
indicates that the plant has reached an advanced 
vegetative phase and physiological stability. 
Plants in this condition have stronger 
adaptability to environmental stresses, 
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supported by a well-developed root system and a 
broad canopy that sustain photosynthesis and 
transpiration (Koevoets et al., 2016). 

Source-sink capacity. The results indicated 
that plant age influenced the distribution of 
source and sink capacities. Mature leaves and 
mature stems were classified as source organs, 
whereas young leaves, young stems, and roots 
represented sink organs. The relative 
contribution of each organ changed progressively 
with increasing plant age. The 1-year-old plant 
display a total source capacity for about 53%, 
while the sink capacity was 47% (Figure 1). The 
dominance of source capacity indicates that the 
plants were still in the early growth phase, 
focusing on the development of photosynthetic 
tissues (Körner, 2015). The proportion of source 
and sink capacities became balanced in 2-year-
old plants, each accounting for 50% (Figure 2). 
This indicates that the plant’s metabolic system 

began to stabilize, with an increased distribution 
of photosynthates toward actively growing sink 
organs, particularly the roots, which showed a 
significant increase from 15% to 25%. The 
decrease in the proportion of young leaves from 
10% to 5% suggests that most leaves had matured 
and functionally served as source organs. Later 
on, sink capacity increased to 52% in 3-year-old 
plants, while source capacity decreased to 48% 
(Figure 3). This indicates that the plants had 
entered an active vegetative growth phase with a 
higher demand for photosynthates to support the 
development of new tissues such as young stems 
and roots (Burnett, 2019). Roots remained the 
dominant sink organs, followed by young stems 
and young leaves. The relative proportion of 
mature leaves declined, not because their number 
decreased, but due to the increasing activity and 
demand of sink organs (Brant & Chen, 2015). 
 

 
 

 
Figure 1.  Source and sink capacity diagram for 1-year-old kaffir lime plants 

 

 
Figure 2. Source and sink capacity diagram for 2-year-old kaffir lime plants 
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Figure 3. Source and sink capacity diagram for 3-year-old kaffir lime plants 

 
 

In young plants, growth is constrained by 
source capacity because developing shoots have 
relatively low photosynthetic ability compared to 
the energy required for growth (Trugman & 
Anderegg, 2024). Conversely, in older plants, 
growth is more often limited by sink capacity, as 
growth rates slow while photosynthetic activity 
remains high (Burnett et al., 2018; Campany et al., 
2017). The transition from source-limited to sink-
limited growth typically occurs as plants begin 
entering the reproductive phase, when 
metabolism shifts toward seed or fruit 
production (Lv et al., 2020; White et al., 2016). 
This shift aligns with plant physiology theory, 
which states that with increasing age, sink 
capacity rises due to the enlargement, increased 
number, and complexity of source organs 
(Burnett, 2019). Young organs and roots continue 
to grow as major consumers of photosynthates, 
thereby influencing assimilate distribution 
patterns within the plant (Anuradha et al., 2017). 

Plant age showed a positive correlation with 
the increasing number of mature leaves, which 
serve as the primary organs of photosynthesis. 
Mature leaves have greater photosynthetic 
capacity compared to young leaves (Budiarto et 
al., 2022) because their anatomical structure and 
chlorophyll content are more fully developed 
(Wu et al., 2018). As the number of mature leaves 
increases, overall photosynthetic capacity also 
rises, producing more assimilates available for 
distribution to various plant organs. This 
enhanced photosynthetic capacity directly 
contributes to increased sink capacity, as sink 
organs such as shoots, roots, and buds gain 

greater access to photosynthates (Pawar & Rana, 
2019; Singh et al., 2017). Thus, plant aging not 
only strengthens the source system through a 
higher number of mature leaves but also 
enhances the efficiency and capacity of sink 
organs, which are critical for supporting plant 
growth and productivity (Sonnewald & Fernie, 
2018). 

Older plants also exhibit a greater ability to 
store carbon in permanent structures such as 
stems, branches, and roots (Plavcová et al., 2016). 
This activity can be categorized as carbon trading, 
a process of capturing and storing carbon from 
the atmosphere into plant biomass (Nath et al., 
2015; Shen et al., 2020). This process holds 
important ecological value as it helps reduce 
atmospheric carbon dioxide (CO₂) concentrations 
(Kukah et al., 2024) and highlights the role of 
aging plants in climate change mitigation 
through enhanced carbon storage capacity 
(Nunes et al., 2020). 

Overall, the combined increase in mature 
leaf biomass, stem thickening, and root 
development with plant age reflects a 
coordinated shift in source–sink balance. Older 
plants accumulate greater source capacity 
through expanded mature leaf area, while 
simultaneously supporting stronger sink activity 
in developing shoots and roots. This integrated 
response demonstrates that the progression of 
plant age does not enhance individual organs in 
isolation but reshapes the entire assimilate 
allocation system, ultimately strengthening both 
the source and sink components of kaffir lime’s 
growth physiology.
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Conclusion 
 
The study demonstrates that plant age 
significantly influences the source–sink dynamics 
in kaffir lime. As the age of the kaffir lime plant 
increases, the plant's ability to form sink organs 
also increases. Younger plants tend to be source-
dominated, relying on limited photosynthetic 
tissues to support growth, while older plants 
show a gradual increase in sink capacity through 
the development of young leaves, stems, and 
roots. By the third year, sink demand exceeds 
source supply, reflecting active vegetative 
growth and greater assimilate allocation to 
developing organs. These findings highlight the 
importance of managing age-related source–sink 
balance as a foundation for optimizing 
cultivation practices aimed at maximizing leaf 
production in kaffir lime. 
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The effects of nanobubble fertigation and soil conditioners to improve 
nutrient dynamics, soil microbial activity, and chili productivity 
 
Abstract.  Drip fertigation is a fertilization method that integrates nutrient delivery with an irrigation 
system, which is capable of optimizing the direct delivery of nutrients to the root zone. This experiment 
aims to investigate the effect of drip fertigation with nanobubble technology, and soil conditioners on 
the population of Phosphate-Solubilizing Bacteria (PSB) and Azotobacter spp., available phosphorus, 
total nitrogen, growth, and yield of red chili. The study used a Strip Plot Design with two factors and 
three replications. The first factor was nutrient application (solid NPK fertilizing as control; drip 
fertigation; and drip fertigation with nanobubble technology), and the second factor was soil 
conditioner application (cow manure fertilizer; bioameliorant; and ameliorant). The measured 
parameters included PSB and Azotobacter spp. population, available phosphorus, total nitrogen, growth 
components (plant height, number of leaves, and stem diameter), and yield components (number of 
fruits per plant, fruit weight per plant, and yield quality). The results showed that the interaction 
between drip fertigation with nanobubble technology and soil conditioners significantly influenced the 
increase in PSB population and available phosphorus. Drip fertigation treatment with nanobubble and 
ameliorant application gave the best effect on the PSB population and P available.  Nutrient application 
significantly affected plant height, stem diameter, number of fruits per plant, and fruit weight per plant. 
Soil conditioner application significantly affected total nitrogen, plant height, number of leaves, stem 
diameter, number of fruits per plant, and fruit weight per plant. 
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Introduction 
 

Red chili (Capsicum annuum L.) is an 
important vegetable commodity that plays a vital 
role in both domestic and international markets. 
Total chili production (red chilies and cayenne 
peppers) in Indonesia in 2023 was 3.11 million 
tons. With this high production, Indonesia has 
good market potential in world trade. According 
to the Statistics Indonesia (2023), red chili 
consumption in Indonesia in 2023 was 675 
thousand tons. This figure increased from 636.56 
thousand tons in 2022 to 596.14 thousand tons in 
2021. This indicates that the level of consumption 
and demand for red chili continues to increase 
annually. The increase in red chili consumption 
each year indicates that red chili production 
needs to be increased to meet consumption 
needs. Despite continued increases in 
production, the continued growth in total 
consumption suggests that domestic red chili 
supply could still be further increased to reduce 
dependence on imports.  

Meeting the increasing need for red chili 
consumption can be achieved through the 
utilization of suboptimal agricultural land, such 
as Inceptisols soil. Modifying the growing 
medium through soil conditioners, such as cow 
manure fertilizer, bioameliorant, and ameliorant, 
is known to improve the physical and chemical 
properties of the soil, increase pH, and support 
soil microbial activity (Avifah et al., 2022; 
Antonius et al., 2018). The application of liquid 
nutrients through drip fertigation can support 
nutrient availability in the root zone. Nutrient 
solutions are liquid inorganic fertilizers 
containing essential macro and micro nutrients 
for plants. Fertigation is a method of nutrient 
delivery performed simultaneously with 
irrigation (Kafkafi & Tarchizky, 2011; Yuan et al., 
2014). The effectiveness of this system can be 
enhanced through the integration of nanobubble 
technology, which involves nano-sized gas 
bubbles (100–200 nm) that exhibit high stability in 
water.  

Nanobubble technology is known to 
enhance the solubility of dissolved oxygen and 
accelerate the release of nutrients in the soil, 
thereby supporting optimal plant growth 
(Alqaramah et al., 2025). Phosphorus (P) and 
nitrogen (N) are two essential macronutrients in 
plant tissue formation. In addition, soil microbial 
activity such as phosphate-solubilizing bacteria 
play an important role in solubilizing P from an 

unavailable form into a form available to plants 
(Campos et al., 2018) and Azotobacter spp. plays 
an important role in N fixation (Kholida & 
Zulaika, 2015). Studies on drip fertigation 
combined with nanobubble technology and soil 
conditioners remain limited; therefore, this study 
aims to determine their effects on the population 
of phosphate-solubilizing bacteria, available 
phosphorus, soil nitrogen, and the growth and 
yield of chili. 

 
 

Materials and Methods 
 
The experiment was conducted from August to 
December 2024 at the Bale Tatanen Experimental 
Field, Faculty of Agriculture, Universitas 
Padjadjaran, located at an altitude of ± 750 meters 
above sea level (m asl). The materials used in this 
study included Inceptisol soil from Jatinangor; 
red chili seeds of the Baja F1 variety; single 
inorganic fertilizers comprising urea , SP-36 and 
KCl; AB mix solution, consisted of stock solution 
A (LI-A) containing Ca(NO₃)₂, KNO₃, and Fe-
EDTA, and stock solution B (LI-B) containing 
KH₂PO₄, (NH₄)SO₄, K₂SO₄ (ZK), MgSO₄.7H₂O, 
CuSO₄, ZnSO₄, H₃BO₃, MnSO₄, and Mo-NH₄; 
cow manure fertilizer; ameliorant, consisted of a 
mixture of coconut shell biochar, sugarcane 
bagasse compost, guano, and dolomite; 
bioameliorant, consisted of a mixture of 
ameliorant and biofertilizers (phosphate-
solubilizing bacteria, nitrogen-fixing bacteria, 
and Trichoderma sp.).  

The research conducted pot experiment, 
used a strip-plot design with two factors and 
repeated three times. The first factor was nutrient 
application, consisted of three levels, namely 
solid NPK fertilizing (as control); drip fertigation; 
and drip fertigation with nanobubble technology. 
The second factor was soil conditioner type, 
consisted of three levels, namely cow manure (20 
tons ha-1 as control); bioameliorant (4 ton ha-1 
ameliorant + 200 kg ha-1 biofertilizers) and 
ameliorant (4 ton ha-1). 

NPK fertilizer application is side placement 
by dose 300 kg ha-1 urea, 300 kg ha-1 SP-36, and 
300 kg ha-1 KCl given at 3, 6, and 9 weeks after 
planting (WAP). The volume flowed from drip 
fertigation with nanobubble technology or 
without nanobubble technology is 200 ml AB mix 
solution/polybag. The solution is dripped by 
concentration 800 ppm (early vegetative stage, 
from 1 to 2 WAP), 1200 ppm (late vegetative 
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stage, from 3 to 4 WAP), and 1600 ppm 
(generative stage). Soil conditioner is given by 
side placement, buried in the soil.  

Watering is carried out based on the 
treatment design and its volume is determined 
based on field capacity. In the NPK treatment, 
watering is done manually. In the fertigation 
treatment, watering uses drip fertigation with 
nutrient solutions. Meanwhile, in the fertigation 
+ nanobubble treatment, watering uses drip 
fertigation with nanobubble technology. Other 
plant maintenance were replanting, weeding, 
and control plant pests and diseases. 

Soil samples were collected at the end of the 
vegetative stage. Rhizosphere soil samples were 
collected at approximately 100 g for biological 
analysis, and composite soil samples were 
collected at approximately 500 g for chemical 
analysis. The population of phosphate-
solubilizing bacteria and Azotobacter was 
calculated using the Total Plate Count (TPC) 
method, Soil P-Availability measured using the 
Olsen and Bray I method, for measuring soil 
nitrogen by Kjeldahl Method.  

Growth observations were conducted once a 
week, starting from 1 week after planting until the 
plants reached the end of vegetative phase. 
Measurements included plant height, number of 
leaves, and stem diameter. In addition, observations 
were made on the components of chili plant yields, 
including the number of fruits per plant, the weight 
of the fruits per plant, and the quality of the chili 
fruits. All collected data were tabulated in Microsoft 
Excel and then the data were analyzed using 
analysis of variance (ANOVA). When significant 
differences among treatment factors were detected, 
mean comparisons were performed using Duncan’s 
Multiple Range Test (DMRT) at a 5% significance 
level. 

Results and Discussion 
 

PSB Population. Interactions occur between 
nutrient application techniques and soil 
conditioners on PSB populations. The application 
of drip fertigation using nanobubble technology 
and soil conditioners results in the best PSB 
populations (Table 1). Nanobubbles can increase 
oxygen levels in the root zone, thereby 
stimulating root growth, improving nutrient 
uptake, and creating more optimal 
environmental conditions for beneficial soil 
microbes (Zhou et al., 2019). This aligns with the 
statement by Chen et al. (2023), who noted that 
increased oxygenation due to nanobubbles can 
influence the activity and population of beneficial 
soil microbes such as PSB, which play a crucial 
role in maintaining soil fertility and plant health. 
Based on Table 1, the treatment of providing drip 
fertigation nutrients + nanobubbles and soil 
conditioners in the form of ameliorants gave the 
best results for the PSB population of 7.12 105 x 
CFU mL-1.  

The application of ameliorant containing 
coconut shell biochar, sugarcane bagasse 
compost, dolomite, and guano can provide 
sufficient carbon sources for PSB. The high 
organic carbon content in coconut shell biochar 
(Situmorang et al., 2019), sugarcane bagasse 
compost (Salsavira, 2024), and guano (Yeri et al., 
2024) can increase PSB population because 
organic carbon serves as an energy source for 
PSB. Previous research showed that ameliorant 
application of 4 t ha⁻¹ combined with nutrient 
solution can increase PSB population by up to 
78.4% compared to the control (Fitriatin et al., 
2024). 
 

 
Table 1. Effect of nutrient applications and soil conditioners interaction on phosphate-solubilizing 
bacteria population at 6 WAP 

PSB Population (105 CFU mL-1) 

Nutrient Application 
Soil Conditioners 

Cow Manure Fertilizer Bioameliorant Ameliorant 

NPK Fertilizer 
6.66 a 

A 
6.58 a 

A 
6.73 a 

A 

Drip Fertigation 
6.90 a 

A 
6.66 a 

A 
6.65 a 

A 
Drip Fertigation + 
Nanobubble 

6.74 a 
A 

6.77 a 
A 

7.12 b 
B 

Note: Means followed by the same letter are not significantly different according to Duncan's Multiple Range Test 
at the 0.05 significance level. Capital letters are read horizontally, and small letters are read vertically. 



312 Jurnal Kultivasi Vol. 24(3) December 2025 
 ISSN: 1412-4718, eISSN: 2581-138x 

Fitriatin BN, Rokayah EH, Elmyra EN, Simarmata T, Fauziah NO, Fakhrurroja H. 2025. The effects of nanobubble  
fertigation and soil conditioners to improve nutrient dynamics, soil microbial activity, and chili productivity.  
Jurnal Kultivasi, 24(3): 309-320. 

Azotobacter spp. Population. The results 
showed no interaction between nutrients and soil 
conditioner application on the Azotobacter spp. 
population (Table 2). High nitrogen availability 
from readily absorbable nutrient sources can 
inhibit the nitrogen-fixing activity of Azotobacter 
spp. These free-living, non-symbiotic bacteria 
typically reduce their nitrogen fixation processes 
when sufficient nitrogen is already present in the 
soil. This physiological response is consistent 
with their ecological role, as Azotobacter spp. 
preferentially activate nitrogen fixation under 
low-nitrogen conditions to compensate for the 
deficiency. Consequently, elevated nitrogen 
levels can suppress both their population density 
and biological activity (Sheikh Assadi et al., 2023). 

 
Table 2. Effect of nutrient applications and soil 
conditioners on Azotobacter spp. population at 6 
WAP 

Treatments 
Azotobacter spp. 

Population 
(105 CFU mL-1) 

Nutrient Applications 
NPK Fertilizer 7.02 a 
Drip Fertigation 7.11 a 
Drip Fertigation + 
Nanobubble 

7.14 a 

Soil Conditioners 
Cow Manure Fertilizer 7.05 a 
Bioameliorant 7.09 a 
Ameliorant 7.12 a 

Note: Means followed by the same letter are not 
significantly different according to Duncan's Multiple 
Range Test at the 0.05 significance level. 

 
Previous studies have demonstrated that the 

use of soil conditioners can markedly influence 
the population dynamics of Azotobacter spp. 
(Table 2). One of the key factors affecting this 
response is the relatively high carbon-to-nitrogen 
(C/N) ratio of the applied soil amendments and 
bio-ameliorants, which in this case was 27.93%. 
Such an elevated C/N ratio restricts the 
availability of nitrogen in plant-accessible forms, 
thereby limiting the proliferation and activity of 
nitrogen-fixing microorganisms such as 
Azotobacter spp. (Yihune & Addisu, 2024). 

Soil P-Availability. Interactions occurred 
between the application of nutrients and soil 
conditioners on available phosphorus. The 
application of drip fertigation using nanobubble 
technology and ameliorant interacts to produce 
the best available phosphorus (Table 3). This is 
likely because ameliorant can support the release 

of bound phosphorus, while drip fertigation with 
nanobubble technology enhances nutrient 
distribution efficiency due to its direct 
application to the plant root zone. According to 
Alqaramah et al. (2025), nanobubbles can 
improve nutrient absorption efficiency by plants 
and enhance microbial activity in the soil. 
Increased microbial activity promotes the 
decomposition and mineralization of organic 
compounds, and can release a certain amount of 
phosphorus ions, thereby increasing their 
availability in the soil (Pang et al., 2024). 

This increase in available P is also closely 
related to the increase in the population and 
activity of PSB in the soil. This bacteria can 
produce the enzyme phosphatase, which 
dissolves organic phosphate into inorganic 
phosphate through a mineralization process, 
making P available to plants, especially in soils 
with low P content (Pan & Cai, 2023). 

 
Table 3. Effect of Nutrient Applications and Soil 
Conditioners Interaction on Soil P-Availability 

Soil P-Availability 

Nutrient 
Applications 

Soil Conditioners 

Cow 
Manure 
Fertilizer 

Bioame-
liorant 

Amelio-
rant 

NPK Fertilizer 
64.92 c 

B 
29.50 a 

A 
20.19 a 

A 

Drip Fertigation 
51.21 b 

B 
19.50 a 

A 
42.28 b 

B 
Drip Fertigation 
+ Nanobubble 

16.91 a 
A 

44.41 b 
B 

79.32 c 
C 

Note: Means followed by the same letter are not 
significantly different according to Duncan's Multiple 
Range Test at the 0.05 significance level. Capital letters 
are read horizontally, and small letters are read. 
vertically 

 
The ameliorant used in this study contained 

sugarcane bagasse compost and guano. 
According to Saldaña et al. (2014), the application 
of bagasse compost can increase the available 
phosphorus content in the soil due to the release 
of CO2 from organic matter, which increases the 
CO2 concentration in the soil and accelerates the 
decomposition process of phosphate minerals, 
thereby increasing the available phosphorus in 
the soil. The application of guano fertilizer 
enhances soil organic matter content and 
improves physical properties, particularly 
structure and porosity, thereby increasing the 
availability of essential nutrients such as 
phosphorus (Lubis et al., 2024). 
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Total Nitrogen. The results of the analysis 
showed that there was no interaction between the 
provision of nutrients and soil conditioners on 
total N. The analysis reveals that nutrient 
application exerts variable effects on soil total 
nitrogen (Total-N) levels, largely shaped by 
processes such as nitrogen volatilization, nitrate 
leaching, and plant competition for uptake. 
Numerous studies have underscored the 
complexity of nitrogen dynamics in soil systems. 
For example, Acharya and Shrestha (2015) 
reported that low soil nitrogen levels can result 
from rapid plant absorption, coupled with 
substantial losses through leaching and 
volatilization. These findings underscore a key 
characteristic of nitrogen as a highly mobile 
element, which often escapes the soil matrix 
rather than being efficiently retained. 
 
Table 4. Effect of nutrient applications and soil 
conditioners on total Nitrogen 

Treatments Total N (%) 

Nutrient Applications 

NPK Fertilizer 0.32 a 
Drip Fertigation 0.36 a 
Drip Fertigation + 
Nanobubble 

0.39 a 

Soil Conditioners 
Cow Manure 
Fertilizer 

0.53 b 

Bioameliorant 0.28 a 
Ameliorant 0.26 a 

Note: Means followed by the same letter are not 
significantly different according to Duncan's Multiple 
Range Test at the 0.05 significance level. 

 
The application of cow manure fertilizer had 

a significant effect on total nitrogen. Based on 
Table 4, the soil conditioner treatment in the form 
of manure gave the best results for total N of 
0.53%. Cow manure fertilizer contains organic 
nitrogen that decomposes into an available form 
(Moe et al., 2019). Increased microbial activity 
helps to maintain nitrogen in an available form 
and enriches the soil with total nitrogen (Khodaei 
Joghan et al., 2010). This is supported by reports 
showing that the addition of organic matter, such 
as manure, increases the presence of nitrogen in 
soluble form in the soil, which in turn enhances 
nitrogen uptake efficiency by plants (Yang et al., 
2018). 

Plant Height. The application of drip 
irrigation, particularly when combined with 
nanobubble technology, significantly influenced 

chili plant height at 6 weeks after planting (WAP) 
(Table 5). Drip fertigation facilitates precise 
nutrient delivery to the rhizosphere, thereby 
minimizing fertilizer losses and enhancing 
nutrient-use efficiency, which ultimately 
promotes plant growth (Zhao et al., 2023). 
Moreover, the enrichment of soil oxygen 
concentration through nanobubble technology 
has been reported to improve photosynthetic 
activity, stimulate gibberellin production, 
regulate microbial dynamics, and further 
enhance nutrient uptake efficiency (He et al., 
2022). The subsequent section presents the 
documentation of chili plant growth following 
the application of nutrient inputs and soil 
amendments at 6 WAP (Figure 1). 

 

 
 

Figure 1. Comparison of chili height in response 
to different nutrient applications and soil 

conditioners: N1 (NPK Fertilizer), N2 (Drip 
Fertigation), N3 (Drip Fertigation + Nanobubble), 
P1 (Cow Manure Fertilizer), P2 (Bioameliorant), 

and P3 (Ameliorant) 

 
As highlighted by Howe et al. (2024), cow 

manure is a valuable source of essential nutrients 
required for plant development, including 
nitrogen (N), phosphorus (P), and potassium (K), 
along with various macro- and micronutrients. 
These nutrients occur in both organic and 
inorganic fractions, with the organic component 
undergoing microbial mineralization that 
gradually releases them into plant-available 
forms. The efficiency and extent of this 
mineralization process are largely determined by 
microbial activity and are strongly influenced by 
environmental factors such as soil temperature, 
moisture levels, and the physicochemical 
characteristics of both the soil and the manure. 
Beyond the primary nutrients, cow manure also 
provides secondary nutrients such as calcium 
(Ca) and magnesium (Mg), as well as trace 
elements including zinc (Zn), iron (Fe), 
manganese (Mn), copper (Cu), sulfur (S), and 
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boron (B). These nutrients may be available 
directly in bioavailable forms or as compounds 
that can be rapidly converted into accessible 
forms. The integration of cow manure into 
agricultural practices has consistently been 
linked with improved soil fertility and enhanced 
crop productivity (Dhiman et al., 2019). 

Number of Leaves. The analysis results show 
that nutrient application has no significant effect on 
the number of leaves (Table 6). The nutrient 
formulations used in this approach are designed to 
supply both macro- and micronutrients in water-
soluble forms, ensuring immediate availability for 
plant uptake. Among these, nitrogen is the most 
prominent and plays a vital role in promoting leaf 
development, as it is integral to photosynthesis and 
overall vegetative growth (Santana et al., 2021). 

When combined with nanobubble technology, drip 
fertigation not only enhances oxygen availability in 
the rhizosphere but also stimulates root 
development and supports more robust vegetative 
growth (Zahra et al., 2025). 

The use of cow manure in conjunction with 
soil ameliorants has been demonstrated to 
significantly enhance plant growth, notably 
reflected by an increase in number leaves count at 
5–6 WAP. This effect is primarily attributed to the 
organic matter in cow manure and ameliorants, 
which improves soil physical properties by 
enhancing porosity and aeration. Such 
improvements optimize nutrient availability and 
uptake—particularly nitrogen—thereby 
promoting healthier and more vigorous 
vegetative development (Artacho et al., 2009). 

 
Table 5. Effect of nutrient applications and soil conditioner on chili plant height at 1-6 WAP 

Treatments 

Plant Height (cm) 

1 
WAP 

2 
WAP 

3 
WAP 

4 
WAP 

5 
WAP 

6 
WAP 

Nutrient Applications       
NPK fertilizers 25.84 34.14 47.73 67.52 79.46 91.35 a 
Drip fertigation 25.32 35.31 49.49 70.29 84.64 98.25 b 
Drip fertigation with nanobubble  24.84 36.16 49.97 71.77 85.38 101.77 b 

Soil Conditioners       
Cow manure fertilizer 26.25 37.07 b 52.39 b 73.76 b 87.29 b 101.80 c 
Bioameliorant 24.84 33.20 a 46.18 a 63.65 a 76.75 a 92.24 a 
Ameliorant 24.90 35.35 ab 48.63 ab 72.17 b 85.44 b 97.32 b 

Note: Means followed by the same letter are not significantly different according to Duncan's Multiple Range 
Test at the 0.05 significance level.  
 
Table 6. Effect of nutrient applications and soil conditioner on the number of chili plant leaves at 1-6 WAP 

Treatments 

Number of Leaves (blades) 

1 
WAP 

2 
WAP 

3 
WAP 

4 
WAP 

5 
WAP 

6 
WAP 

Nutrient Applications       
NPK fertilizers 11.55 17.70 33.88 73.14 115.18 173.63 
Drip fertigation 12.11 17.66 35.11 78.11 115.33 162.55 
Drip fertigation with nanobubble  12.14 18.25 38.88 76.40 128.07 181.40 

Soil Conditioners       
Cow manure fertilizer 12.37 a 18.77 b 40.81 b 87.59 b 138.07 b 190.74 b 
Bioameliorant 11.51 a  16.70 a 30.70 a 65.48 a 94.14 a 143.85 a 
Ameliorant 11.92 a  18.15 ab 36.36 ab 74.59 ab 126.37 b 183.00 b 

Note: Means followed by the same letter are not significantly different according to Duncan's Multiple Range 
Test at the 0.05 significance level. 
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Stem Diameter. The application of drip 
fertigation and drip fertigation with nanobubble 
technology had a significant effect on stem 
diameter (Table 7). This technique optimizes the 
supply of both macro- and micronutrients, 
thereby supporting essential physiological 
processes required for vigorous plant growth. 
Among these nutrients, nitrogen is particularly 
crucial, as it stimulates the development of 
vegetative structures, including stems, which 
play a fundamental role in sustaining overall 
plant performance (Dianawati et al., 2023). The 
application of drip irrigation with nanobubble 
technology enhances gas transport efficiency to 
cells, improves membrane structure and protein 
activity, thereby supporting stem growth (Liu et 
al., 2013; Seddon et al., 2012).  

The incorporation of cow manure together 
with soil ameliorants has been shown to 
substantially promote plant growth, as indicated 
by a significant increase in stem diameter at 3–4 
weeks after planting (WAP). This effect is 
primarily associated with the high organic matter 

content of cow manure and ameliorants, which 
improve soil physical properties by enhancing 
porosity and aeration. Such improvements 
facilitate more efficient nutrient dynamics, 
particularly nitrogen uptake, thereby stimulating 
vigorous vegetative growth (Artacho et al., 2009). 

Number of Fruits per Plant. The 
combination of drip fertigation and nanobubble 
technology has been shown to markedly improve 
fruit production in crop systems (Table 8). Drip 
fertigation ensures the precise and efficient 
delivery of macro- and micronutrients in soluble 
forms, facilitating rapid uptake by plants. When 
coupled with nanobubbles, this system further 
enhances nutrient utilization and physiological 
efficiency, particularly during the generative 
phase of developm ent. In fruiting crops such as 
chili peppers, these synergistic effects translate 
into a significant increase in yield (Giri et al., 
2024). Nanobubble formulations enhance 
nutrient absorption efficiency through 
controlled-release mechanisms (Zhou et al., 
2019). 

 
Table 7. Effect of Nutrient Applications and Soil Conditioners on Chili Plant Stem Diameter at 1-6 WAP 

Treatments 

Stem Diameter (mm) 

1 
WAP 

2 
WAP 

3 
WAP 

4 
WAP 

5 
WAP 

6 
WAP 

Nutrient Applications       
NPK fertilizers 3.67 4.40 5.31 6.60 7.46 8.57 a 
Drip fertigation 3.68 4.36 5.52 7.00 7.74 9.44 b 
Drip fertigation with nanobubble  3.75 4.59 5.55 7.03 7.57 9.68 b 

Soil Conditioners       
Cow manure fertilizer 3.67 4.34 5.80 b 7.27 b 8.00 9.58 
Bioameliorant 3.71 4.37 5.21 a 6.57 a 7.25 8.95 
Ameliorant 3.72 4.63 5.38 ab 6.80 ab 7.52 9.16 

Note: Means followed by the same letter are not significantly different according to Duncan's Multiple Range Test 
at the 0.05 significance level. 

 

Table 8. Effect of Nutrient Applicationss and Soil Conditioner on the Number of Fruits per Plant 

Treatments Number of Fruits per Plant 

Nutrient Applications 
NPK Fertilizer 37.07 a 
Drip Fertigation 31.59 a 
Drip Fertigation + Nanobubble 48.44 b 

Soil Conditioners   
Cow Manure Fertilizer 47.59 b 
Bioameliorant 28.77 a 
Ameliorant 40.74 b 

Note: Means followed by the same letter are not significantly different according to Duncan's Multiple Range Test 
at the 0.05 significance level. 
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The application of cow manure combined 
with soil ameliorants has been demonstrated to 
significantly increase the number of fruits per 
plant. This improvement is associated with the 
abundant supply of key nutrients, particularly 
nitrogen (N), phosphorus (P), potassium (K), and 
organic carbon, which collectively enhance plant 
vigor and productivity. These elements are 
essential for cellular development and 
carbohydrate metabolism (Ogundare et al., 2015). 
Among them, phosphorus is especially critical, as 
it is absorbed predominantly in the form of 
hydrogen phosphate (HPO₄²⁻) and dihydrogen 
phosphate (H₂PO₄⁻) ions. These soluble species 
represent the most plant-available forms of 
phosphorus in the soil solution and are primarily 
taken up through diffusion (Wang et al., 2024). 
The efficiency of phosphorus absorption is 
strongly regulated by soil pH, with the optimal 
range for uptake typically between 4.5 and 5.0. 
Within this range, plants preferentially utilize 
H₂PO₄⁻, emphasizing the importance of 
maintaining suitable soil pH conditions for 
effective nutrient management (García et al., 
2025). 

Fruit Weight per Plant. The application of 
drip fertigation with nanobubble technology has 
a significant effect on fruit weight per plant 
(Table 9). The application of drip fertigation 
integrated with nanobubble technology has a 
pronounced effect on fruit weight per plant. This 
system enhances the precision and efficiency of 
nutrient delivery, thereby supporting the 
biosynthesis of proteins, carbohydrates, and 
lipids that are fundamental to fruit development 
and weight accumulation (Camarero et al., 2023). 
The improved nutrient availability promotes 
optimal metabolic functioning within the plant, 
ensuring that assimilates are efficiently allocated 
to developing fruits. Potassium (K), in particular, 
plays a pivotal role as a macronutrient 
influencing plant growth, physiology, and yield. 
Acting as a key enzyme activator, potassium 
regulates numerous biochemical processes, 
including photosynthesis, osmotic balance, and 
assimilate transport. Given its high uptake 
demand—second only to nitrogen—potassium is 
indispensable for sustaining physiological 
efficiency and maximizing fruit production (Al-
Raddadi et al., 2024). Nanobubbles enhance 
oxygen availability in the root zone, support root 
respiration, and improve water and nutrient  
 

absorption efficiency, thereby supporting fruit 
filling and weight increase (Wu et al., 2019). 
 

Table 9. Effect of nutrient applications and soil 
conditioners on fruit weight per plant 

Treatments 
Fruit Weight per Plant 

(g) 

Nutrient Applications 
NPK Fertilizer 177.90 a 
Drip Fertigation 174.47 a 
Drip Fertigation + 
Nanobubble 

261.91 b 

Soil Conditioners   
Cow Manure 
Fertilizer 

250.07 b 

Bioameliorant 160.14 a 
Ameliorant 204.14 ab 

Note: Means followed by the same letter are not 
significantly different according to Duncan's Multiple 
Range Test at the 0.05 significance level. 

 

The use of cow manure has been shown to 
significantly increase fruit weight per plant, mainly 
due to its rich composition of macro- and 
micronutrients, particularly N, P, and K, which are 
essential for protein synthesis, assimilate 
production, and fruit tissue development. In 
addition to nutrient supply, cow manure 
contributes substantial organic matter that 
enhances soil fertility, structural stability, and water 
retention capacity. These improvements foster 
better root growth and nutrient uptake, ultimately 
resulting in higher crop productivity (Ikeh et al., 
2023). Furthermore, its ability to improve soil water 
absorption enhances nutrient uptake efficiency, 
thereby supporting optimal fruit growth. 

Quality of Chili Yields. Irrigation with 
nanobubble-enriched water significantly 
improves the quality of chili fruits, with grade I 
peppers showing up to a 14.45% increase in fruit 
quality compared to conventional fertilization 
using urea, SP-36, and KCl. The macro- and 
micronutrients delivered through drip irrigation 
play a critical role in meeting plant nutritional 
demands for producing high-quality fruit. 
Potassium, in particular, is an essential 
macronutrient that supports growth and 
enhances fruit quality (Meylia & Koesriharti, 
2018). Moreover, nanobubbles improve irrigation 
efficiency by increasing nutrient uptake and 
water-use efficiency, thereby boosting crop yield 
and fruit quality without requiring additional 
water or fertilizer inputs (Liu et al., 2019). 
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Table 10. Effect of nutrient applications and soil conditioners on chili quality 

Treatments 

Yield Quality (%) 

I II 
Good 

Quality 
(I+II) 

Improvement in 
Quality (I+II) (%) 

III BS 

Nutrient Applications 
NPK fertilizers 5.63 a 59.98 65.61 - 30.20 4.19 
Drip fertigation 8.30 a 65.36 73.66 12.27 20.85 5.49 
Drip fertigation with 
nanobubble  

14.96 b 60.13 75.09 14.45 20.26 4.65 

Soil Conditioners 
Cow manure fertilizer 6.36 64.71 71.07 - 24.57 4.36 
Bioameliorant 13.56 60.81 74.37 4.64 20.51 5.12 
Ameliorant 8.98 59.94 68.92 -3.03 26.23 4.85 

Note: Means followed by the same letter are not significantly different according to Duncan's Multiple Range Test 
at the 0.05 significance level. 

 
 

 
 

Figure 2. Comparison of Chili Quality in 
Response to Different Nutrition and Soil 

Conditioners: I (Premium), II (Medium), III 
(Standard), BS (Below Standard) 

 
The chili classification system categorizes 

chili fruits into four quality grades, ranging from 
Grade I to Below Standard (Figure 2). This 
grading is primarily based on external attributes 
such as color uniformity, shape and size 
consistency, cleanliness, and the presence of 
physical damage or decay. Higher grades are 
characterized by uniform red coloration, typical 
fruit morphology, and minimal defects or 
contamination. In contrast, lower grades display 
reduced uniformity, irregular or undersized 
fruits, and a greater incidence of visible dirt, 
damage, or deterioration. 

Table 10 shows soil conditioner with 
bioameliorants indicates an 4.64% improvement 
in fruit quality (I+II) compared to the application 
of cow manure. This is because the 
bioameliorants used in this study contain guano 
and  biological  agents.   The   high   phosphorus  

content in guano fertilizer plays an important role 
in fruit quality formation and increases plant 
resistance to disease (Taofik et al., 2018). 
Biological agents can improve soil structure and 
increase nutrient absorption, thereby supporting 
optimal plant growth and producing fruit of 
better quality (Nicolson et al., 2021). This finding 
is consistent with the results of Widiantini et al. 
(2022), who reported that biological agents such 
as Trichoderma sp. and Pseudomonas fluorescens 
significantly improved dragon fruit quality and 
increased yield by up to 30%. 
 
 

Conclusion 
 
The interaction between drip fertigation with 
nanobubble technology and soil conditioners had 
a significant effect on increasing the population of 
PSB and available P. Nutrient treatment has a 
significant effect on plant height at 6 WAP, stem 
diameter at 6 WAP, and the quality of chili 
peppers of grade I. Soil conditioner treatment has 
a significant effect on plant height at 2–6 WAP, 
number of leaves at 3–6 WAP, stem diameter at 
3–4 WAP, number of fruits per plant, and fruit 
weight per plant. 
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Production analysis of seed-derived tea plants (Camellia sinensis (L.) 
O. Kuntze) across two different seasons 
 
Abstract. Tea (Camellia sinensis (L.) O. Kuntze) is a major economic crop in Indonesia, yet its productivity 
is strongly influenced by environmental variability, particularly rainfall seasonality. Fluctuating yields 
under dry and wet conditions pose challenges for sustainable tea production. This study aimed to assess 
the effects of contrasting seasonal rainfall on seed-derived tea plants' yield and yield components. The 
research was conducted at a seed-derived tea plantation block in IRITC, West Java, across dry and wet 
seasons using field observations aon tea yield, shoot proliferation, plucking quality, and environmental 
parameters. Statistical analyses included independent t-tests to compare seasonal differences and 
Pearson correlation to evaluate the relationships between environmental variables and production 
outcomes. The findings revealed that tea yield and shoot growth were higher in the wet season than in 
the dry season, which was statistically significant. Correlation analysis showed that temperature 
negatively influenced yield and shoot development, while rainfall, soil moisture, and relative humidity 
were strongly and positively associated with production performance. Conversely, plucking quality 
(fine and coarse leaves) remained stable across both seasons, indicating resilience to climatic variability 
and the role of consistent management practices. In short, the wet season provides more favorable 
conditions for seed-derived tea cultivation, especially in enhancing shoot growth and yield components. 
At the same time, adaptive management is required to mitigate temperature stress during the dry 
season. 
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Introduction 
 

Tea (Camellia sinensis L. (O.) Kuntze) is one of the 
most widely cultivated and economically 
important crops globally, primarily valued for its 
leaves used in producing various tea products. 
Tea production supports millions of livelihoods 
and represents a significant source of export 
income for several countries. Indonesia is the 
seventh-largest tea-producing country in the 
world with a total production of 129.259 tons in 
2021 (Cahyaningsih et al., 2025). Tea production 
is one of the important contributors to 
Indonesia’s foreign exchange earnings. However, 
despite the increasing global demand for tea, the 
productivity of tea in Indonesia has shown a 
fluctuating trend (Sita & Rohdiana, 2021). In 2022, 
the export volume decreased to 44.92 thousand 
tons, compared with 49.03 thousand tons in 2018. 
This unstable trend highlights the challenge of 
maintaining sustainable tea production in 
Indonesia, particularly under varying 
environmental conditions. 

The productivity of tea is significantly 
influenced by both genetic and environmental 
factors, among which rainfall is a critical factor 
influencing plant performance. Rainfall regulates 
vegetative growth and modulates the secondary 
metabolite accumulation (Langát, et al., 2018; 
Boehm et al., 2016). Yield components such as 
pekoe shoots, dormant shoots, young, mature, and 
damaged leaves are crucial indicators of tea plant 
growth and productivity. These components 
exhibit considerable sensitivity to fluctuations in 
soil moisture availability, reflecting the plants' 
physiological adaptation to varying rainfall regimes 
(Ochieng et al., 2016; Langát, 2022). Therefore, 
understanding rainfall influence is important for 
agronomic performance and ensuring tea quality 
and market competitiveness.  

Tea plants derived from seeds and those 
established through clonal cuttings differ 
primarily in their genetic diversity and 
uniformity. Seed-grown plants arise from sexual 
productivity, resulting in genetic variability 
among individuals, which enhances adaptability 
and resilience to environmental stresses 
genetically identical to the parent genotype, 
offering uniformity in growth, flavor, and 
quality, which is advantageous for commercial 
production but limits genetic adaptability (Xia et 
al., 2020). The genetic base of seed-derived plants 
may provide greater drought tolerance through 
enhanced water-use efficiency and survival 

under moisture-deficient conditions. Conversely, 
in high rainfall conditions, genetic variability 
may enable better adjustment to excessive soil 
moisture and associated risks such as root 
diseases, thereby supporting physiological 
resilience to waterlogging (Ding et al., 2021). 
Thus, seed-derived plants offer genetic diversity 
that supports adaptation to varying rainfall 
conditions, whereas cloned plants favor 
uniformity but may be more vulnerable to 
environmental extremes.  

Low and high rainfall conditions differentially 
affect tea plants' tea yields and yield components. 
Limited water availability can cause a reduction in 
the number and growth of pekoe buds and young 
leaves. It also prolongs shoot dormancy, lowers the 
biomass and photosynthetic activity of mature 
leaves, and increases the occurrence of diminished 
overall productivity and quality, with the severity 
depending on the intensity and duration of drought 
as well as the tea plant’s tolerance mechanisms 
(Hasan et al., 2023). Mature and damaged leaves 
tend to increase under high rainfall and humid 
conditions, where fungal infections and related 
stresses are more prevalent, negatively affecting leaf 
quality (Nyabundi et al., 2016). These contrasting 
responses highlight that rainfall impacts yield 
quantitatively and alters the balance of yield 
components, directly influencing the final 
harvested product.  

Despite the recognized impact of seasonal 
factors on tea cultivation, limited research has 
specifically addressed the effect of different 
seasonal conditions on tea yields and yield 
components in seed-derived tea plants. Most 
existing studies have focused primarily on clonal 
varieties or have examined tea yields and yield 
components traits independently, without 
integrating their interactions within seed-derived 
populations that exhibit greater genetic and 
physiological diversity. Investigating yield traits 
such as pekoe shoots, dormant shoots, young 
leaves, mature leaves, and damaged leaves, 
alongside phenolic and flavonoid contents under 
contrasting rainfall regimes, could provide 
valuable insights into adaptive responses and 
help optimize cultivation practices across diverse 
agroclimatic conditions (Abdullah et al., 2024). 
This knowledge gap is critical in Indonesia, 
where seed-derived tea fields are still widely 
found, but little is known about their 
performance under different seasonal conditions.  

Rainfall is well acknowledged for its 
influence on the trade-off between growth and 
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quality in tea production. This complexity is 
particularly relevant in seed-derived tea 
populations, which contain a broader genetic 
base than clonal cultivars, making them 
potentially more resilient but also more variable 
in response to environmental factors (Abdullah et 
al., 2024). Understanding these dynamics is 
critical for sustaining yield stability and 
components under increasingly variable rainfall 
patterns caused by climate change. Therefore, 
this study aims to evaluate the effects of 
contrasting rainfall regimes on the yield 
components of seed-derived tea plants in order to 
identify seasonal advantages and provide 
practical recommendations for sustainable tea 
cultivation. By assessing growth performance, 
leaf quality, and production output, the research 
intends to provide empirical data on how 
seasonal dynamics influence seed-derived tea 
plants and to identify which season provides 
optimal conditions for tea production. Such 
insights will help determine the extent to which 
environmental factors affect agronomic traits and 
economic yield during each season, thereby 
supporting the development of more effective 
management and harvesting strategies. 

 
 

Materials and Methods 
 

The experiment was conducted at the 
Experimental Field in Indonesia Research 
Institute for Tea and Cinchona (IRITC), 
Gambung, Ciwidey, at an altitude of ±1.350 m asl. 
The research was conducted from October 2023 to 
August 2024. The plant material comprised seed-
derived tea (A2 block) established since 1907, 
planted by R.E. Kerhoven, cultivated at a spacing 
of 120 × 110 cm. Samples were collected from a 
seed-derived tea field covering an area of 1 ha 
and consisting of approximately 8,000 plants. 
Harvesting was carried out three times each 
season, and each of these harvests was 
considered a replication. This study used existing 
field blocks with plants of similar age and 
management, so samples were taken using a 
blocking plot design, meaning the same plot 
areas were consistently observed each season. To 
obtain representative values for each replicate, all 
observations  from  each  harvest  were averaged.  
The primary parameters assessed included tea 
yields and yield components: shoot analysis and  

plucking analysis (fine plucking and coarse 
plucking). Supportive environmental and biotic 
parameters such as rainfall, temperature, relative 
humidity, soil moisture, and tea looper caterpillar 
incidence were also monitored. Seasonal 
differences in this research were evaluated based 
on the rainfall data recorded at the research site, 
which were classified according to the Oldeman 
climate classification, where a wet month is 
defined as having rainfall exceeding 200 mm, and 
a dry month as having less than 100 mm (Maru et 
al., 2016). Statistical analyses included the 
Shapiro–Wilk test to assess normality and 
Levene’s test for homogeneity of variance. 
Differences between treatments (dry and wet 
seasons) were evaluated using independent 
samples t-tests at the 5% significance level. 
Additionally, Pearson correlation analysis was 
employed to determine relationships between tea 
plant production, yield components, and 
environmental factors. 
 
 

Results and Discussion 
 
Environmental factors. Environmental factors 
showed distinct seasonal patterns significantly 
affecting tea growth, productivity, and pest 
dynamics. The temperature was higher during 
the dry season (23.08 °C) than during the wet 
season (22.19 °C), which was significant at the 5% 
level. Elevated temperatures during the dry 
season can influence physiological processes in 
tea plants, including photosynthesis, 
evapotranspiration, and leaf development. 
Previous studies have reported that temperatures 
between 23 °C and 26 °C optimize metabolic 
activity and new shoot growth, whereas 
temperatures exceeding 28 °C may reduce yield 
and leaf quality (Benti et al., 2023). Li et al. (2025) 
stated that high temperatures can accelerate 
biochemical pathways, causing drought stress in 
plants, which lowers chlorophyll content and 
antioxidant capacity if soil moisture is 
insufficient. Moreover, drought stress driven by 
temperature can reduce catechin synthesis, a 
critical component of tea quality, particularly in 
subtropical regions (Omer et al., 2025). These 
findings highlight the need for adaptive 
management strategies to mitigate heat stress 
during hotter dry seasons to optimize tea yields 
(Yan et al., 2021). 
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Table 1. Environmental conditions between the two seasons in tea plantation 

Seasons 
Temperature 

(°C) 
Relative 

humidity (%) 
Soil moisture (%) 

Pest (Hyposidra talaca) 
incidence (%) 

Dry seasons 23.08 ± 0.11 83.08 ± 2.88 29.37 ± 7.59 9.27 ± 1.04 
Wet seasons 22.19 ± 0.43 89.93 ± 1.01 37.46 ± 0.75 8.73 ± 1.54 

T-test * * ns ns 
C.V. (%) 3.32 2.26 7.67 16.36 

Note: Values are expressed as mean ± standard deviation (SD. ns indicates non-significant differences (p > 0.05) 
according to the independent t-test. C.V. = coefficient of variation. 

 
 

Relative humidity was significantly higher in 
the wet season (89.93%) compared to the dry season 
(83.08%), reflecting increased atmospheric moisture 
associated with rainfall. Elevated humidity 
improves stomatal conductance and reduces 
transpiration stress, supporting leaf turgor and 
promoting shoot growth. High atmospheric 
humidity creates a microclimate conducive to 
optimal physiological function, enhancing 
photosynthetic efficiency (Urban et al., 2017). 
However, increased humidity also influences pest 
and disease dynamics, as fungal pathogens and 
some insect pests often proliferate under wet 
conditions (Tapia et al., 2025). Thus, seasonal 
relative humidity fluctuations affect tea growth and 
require integrated pest and disease management 
strategies to maintain plant health and productivity. 

In contrast, soil moisture showed higher 
average values in the wet season (37.46) compared 
to the dry season (29.37), but the difference was not 
statistically significant. This lack of significance may 
result from variability in soil properties such as 
texture, drainage, or agronomic practices like 
irrigation, mulching, or soil management, which 
moderate water availability (Hou et al., 2025). Stable 
soil moisture even during drier periods can sustain 
root water uptake, maintaining physiological 
functions and supporting consistent production (Li 
et al., 2023). Long-term organic and integrated soil 
management practices have improved water 
retention, promoting sustainable tea yields across 
fluctuating moisture conditions (Țopa et al., 2025). 

From a biotic perspective, the tea looper 
caterpillar (Hyposidra talaca) showed relatively 
stable population levels across seasons (9.27 in 
the dry season vs. 8.73 in the wet season), with no 
significant difference. Although the analysis did 
not show significant results in the percentage of 
H. talaca attack in two type difference seasons, 
this pest is an important threat to tea plants. 
Attacks caused by H. talaca can result in leaf 
perforation and the loss of young shoots on tea 
plants, which may lead to high yield losses 

(Kusumah et al., 2023). Larval development and 
population dynamics of this pest are influenced 
by temperature and humidity, where warmer 
temperatures accelerate larval development and 
increase the potential number of annual 
generations, and adequate moisture enhances 
growth while lowering mortality (Roy et al., 
2017). Although seasonal differences in 
temperature and humidity were observed, the 
relatively stable population suggests that other 
factors, including microclimate variability and 
management practices, may moderate pest 
abundance. Nonetheless, the potential for 
outbreaks remains higher during warm, humid 
periods, emphasizing the importance of 
continuous environmental monitoring and 
timely pest management interventions. 

Overall, the findings highlight that 
temperature and atmospheric humidity are the 
primary environmental factors strongly affected 
by seasonal shifts, whereas local conditions and 
management practices moderate soil moisture 
and pest population levels. Understanding these 
interactions is essential for optimizing tea 
production, as it identifies periods when plants 
are exposed to environmental stress and when 
pest pressures may intensify. The interplay 
between abiotic factors (temperature, humidity, 
soil moisture) and biotic factors (tea looper 
caterpillar) underscores the complexity of 
seasonal effects in tea agroecosystems and the 
need for integrated management strategies to 
sustain productivity and crop quality.   

Tea yields and yield components. The 
comparative analysis of tea yields between the 
dry and wet seasons revealed a significant 
increase in production during the wet season. Tea 
yields rose from 281.23kg per ha in the dry season 
to 635.33kg per ha in the wet season, and the 
difference was statistically significant at the 5% 
level. This increase reflects the positive role of 
rainfall and moisture in supporting growth and 
development. The observed significant increase 
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in tea production during the wet season aligns 
with agronomic principles, where optimal 
moisture conditions during the growth phase 
stimulate leaf expansion and bud development, 
which are critical for plucking quantity (Chen et 
al., 2025a). The enhanced water availability 
during the wet season likely improved leaf 
hydration, turgor, and photosynthetic efficiency, 
promoting shoot elongation and overall biomass 
accumulation (Ndagijimana et al., 2024).  

Similar findings have been reported in 
Rwanda, where seasonal rainfall correlates 
strongly with tea production, and adequate soil 
moisture was critical in supporting leaf 
expansion and yield (Dushimimana & Nahayo, 
2022). Moreover, climatic stability, including 
moderate temperature and consistent 
precipitation, amplifies seasonal yield differences 
by enhancing physiological processes essential 
for tea productivity (Ndagijimana et al., 2024). 
Therefore, the observed significant increase in tea 
yields during the wet season highlights the 
crucial role of seasonal rainfall and water 
availability in maximizing tea production, while 
also illustrating the importance of local 
microclimate and agronomic practices in 
modulating these effects. 

Shoot analysis exhibited a significant 
seasonal effect, increasing from 38.66 in the dry 
season to 41.67 in the wet season, with the 
difference at 5%. Water availability, temperature, 
and relative humidity strongly influence shoot 
growth in tea plants. Higher moisture and 
moderate temperatures during the wet season 
promote bud break, leaf emergence, and shoot 
elongation, leading to greater biomass 
accumulation (Jayasinghe et al., 2018; Wulansari 
et al., 2022). Increased water availability enhances 
dry matter partitioning and new leaf production, 
while elevated CO₂ and stable climatic conditions 
further boost photosynthesis and shoot 
proliferation in tropical environments (Benti et 
al., 2023; Zhang et al., 2020). Recent studies 

confirm that rainfall and temperature interplay 
significantly regulate shoot growth and related 
metabolites, underscoring the importance of 
favorable seasonal conditions for tea 
development (Tukhvatshin et al., 2025). 

Plucking analysis revealed that fine leaf 
proportion increased slightly from 75.66% in the 
dry season to 81.33% in the wet season. In 
contrast, coarse plucking decreased from 62.16% 
to 59.33%, but neither change was statistically 
significant. This indicates that seasonal variation 
affects shoot quantity rather than leaf class 
distribution. Leaf quality stability is supported by 
intrinsic plant regulation and agronomic 
practices such as consistent plucking frequency 
(Jayasinghe et al., 2018; Benti et al., 2023). 
Seasonal studies further show that chemical 
quality parameters, including catechins, 
methylxanthines, and flavor-related metabolites, 
remain relatively stable across harvests despite 
environmental fluctuations, ensuring consistent 
functional quality of fine plucking leaves used for 
high-grade tea (Tang et al., 2020; Ye et al., 2022; 
Chen et al., 2025b). 

Overall, the findings demonstrate that tea 
yields and shoot growth respond strongly to 
seasonal climatic variation, with wet-season 
conditions significantly enhancing production 
through improved rainfall and moisture 
availability. In contrast, leaf plucking quality 
remains relatively stable across seasons, 
reflecting intrinsic plant regulation and the 
buffering role of consistent agronomic practices. 
These results highlight that rainfall-driven 
variability is the key determinant of yield 
performance, while leaf quality is maintained 
through physiological resilience and 
management strategies. Therefore, adaptive 
practices such as soil water conservation, 
irrigation management, and integrated pest 
control are essential to sustain productivity and 
ensure tea quality under changing climatic 
conditions. 

 
Table 2. Yields and yield components of tea between two seasons at the tea plantation 

Seasons 
Tea yields (kg ha-1 per 

plucking round) 
Shoot Analysis  

(%) 

Plucking Analysis (%) 

Fine Plucking Coarse Plucking 

Dry seasons 281.23 ± 170.13 38.66 ± 2.51 75.66 ± 8.73 62.16 ± 4.46 
Wet seasons 635.33 ± 85.45 41.67 ± 0.57 81.33 ± 3.05 59.33 ± 1.52 

T-test * * ns ns 
C.V. (%) 3.29 3.78 3.27 2.11 

Note: Values are expressed as mean ± standard deviation (SD. ns indicates non-significant differences (p > 0.05) 
according to the independent t-test. C.V. = coefficient of variation. 
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Correlation between tea yields, yield 
components (kg ha-1 per plucking round), pest 
incidence (%), and environmental conditions 
such as rainfall, temperature, and humidity. 
Pearson correlation analysis evaluated the 
relationships between environmental factors (air 
temperature, relative humidity, soil moisture, 
rainfall, and tea looper infestation) and tea 
production parameters, including overall yield, 
shoot quality, and leaf plucking characteristics. 
Correlation coefficients (r) ranged from -1 to +1, 
with values close to +1 indicating strong positive 
relationships, values close to -1 indicating strong 
negative relationships, and values near 0 
indicating weak or no association. Statistical 
significance was denoted by an asterisk (*).  

Tea yields exhibited a strong negative 
correlation with air temperature (r = -0.84*), 
indicating that higher temperatures adversely 
affect production by disrupting physiological and 
biochemical processes essential for growth (Omer 
et al., 2025). Conversely, relative humidity (r = 
0.97*) and rainfall (r = 0.95*) showed strong 
positive correlations with production, suggesting 
that higher moisture availability supports shoot 
growth, leaf hydration, and metabolic functions, 
thereby enhancing yield (Omer et al., 2025; Benti et 
al., 2023). Soil moisture (r = 0.52) and tea looper 
infestation (r = -0.58) showed moderate, non-
significant correlations, indicating that their 
impact on yield is more variable and likely 
moderated by local management practices and 
microclimatic conditions (Dushimimana & 
Nahayo, 2022; Siahaan et al., 2024). Overall, these 
results confirm that tea production is highly 
sensitive to temperature extremes and moisture 
availability, consistent with previous studies 
highlighting the critical role of stable 
environmental conditions in maintaining 
physiological processes necessary for optimal 
yield.  

Shoot proliferation and quality were similarly 
influenced by environmental factors. Air 
temperature was negatively correlated with shoot 
growth (r = -0.66*), reflecting the inhibitory effect of 
elevated temperatures on bud break and shoot 
elongation (Jayasinghe et al., 2018). In contrast, 
relative humidity (r = 0.78*), soil moisture (r = 0.94*), 
and rainfall (r = 0.71*) exhibited strong positive 
correlations with shoot development, supporting 
active cell division and elongation in tea shoots 
under favorable moisture conditions (Benti et al., 

2023). Tea looper infestation showed a moderate 
negative correlation with shoot proliferation (r = -
0.52), although this was not statistically significant, 
suggesting that while insect herbivory can reduce 
shoot vigor, environmental conditions primarily 
govern shoot growth (Jayasinghe et al., 2018; Benti 
et al., 2023). These findings emphasize that shoot 
development is particularly responsive to water 
availability and climatic stability, underscoring the 
importance of integrated environmental and pest 
management strategies to sustain high-quality 
shoot production.  

The fine and coarse leaf plucking analysis 
revealed weak and non-significant correlations 
with all environmental factors, indicating that 
leaf quality remains relatively stable across 
seasonal and climatic variations. Fine leaf 
proportion increased slightly from the dry to wet 
season, while coarse leaf proportion decreased 
slightly, but neither change was statistically 
significant. This stability is attributed to intrinsic 
physiological regulation within the plant and 
consistent farm management practices, such as 
selective plucking and maintaining plucking 
frequency (Deka et al., 2021; Siahaan et al., 2024). 
Leaf quality parameters, including catechin and 
methylxanthine concentrations, are largely 
unaffected by moderate fluctuations in 
environmental conditions, suggesting that both 
biological and agronomic factors buffer plucking 
outcomes. 

The correlation analysis demonstrates that 
tea yields and shoot quality are strongly 
influenced by environmental variables, with 
temperature exerting a negative effect and 
relative humidity, soil moisture, and rainfall 
exerting positive effects. Fine and coarse leaf 
plucking remain largely unaffected by these 
factors, reflecting intrinsic plant stability and the 
role of consistent management practices. These 
findings are consistent with the broader 
literature, highlighting the importance of 
moderate temperatures, sufficient moisture, and 
rainfall for optimal tea growth and production, 
while leaf quality remains resilient to seasonal 
variability (Omer et al., 2025; Jayasinghe et al., 
2018; Benti et al., 2023; Deka et al., 2021; Siahaan 
et al., 2024). Understanding these correlations 
provides critical insights for designing adaptive 
agronomic strategies to optimize yield, shoot 
quality, and leaf characteristics in the face of 
climatic variability.  
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Table 3. Correlation between tea yields, yield components, and pest incidence with environmental 
conditions such as rainfall, temperature, and humidity. 

 Rainfall Temperature 
Relative 

Humidity 
Soil Moisture 

Pest (Hyposidra 
talaca) incidence 

Tea yields 0.95 * -0.84 * 0.97 * 0.52 -0.58 
Shoot analysis 0.71 * -0.66* 0.78 * 0.94* -0.52 
Fine plucking 0.51 -0.4 0.52 0.88 0.45 

Coarse plucking -0.51 0.4 -0.52 -0.88 -0.45 

 
 

Conclusion 
 
This study demonstrates that seasonal variation 
plays a critical role in the productivity of seed-
derived tea plants, with yields and shoot 
proliferation generally higher during the wet 
season than the dry season. The wet season 
provided more favorable conditions, particularly 
through increased rainfall and relative humidity, 
significantly enhancing shoot growth and 
contributing to better yield components. Shoot 
growth as a primarily yield component in tea 
plants increases significantly during the wet 
seasons, indicating the importance of water 
availability in supporting active vegetative 
growth. In contrast, the quality of leaf plucking 
(fine and coarse plucking) were not show 
significant differences between two type seasons, 
indicating that plucking quality is more 
influenced by plant physiology and the method 
of plucking. For practical applications, tea 
farmers are encouraged to optimize harvesting 
during the wet season to take advantage of 
improved shoot growth, while implementing 
adaptive measures such as soil moisture 
conservation and shading during the dry season 
to mitigate heat stress. Future research should 
extend to long-term seasonal monitoring and 
consider additional environmental factors, 
including solar radiation and soil nutrient 
dynamics, to develop more comprehensive 
strategies for sustaining tea production under 
increasingly variable climatic conditions. 
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Effects of integrated biological and chemical fertilization on pecco and 
banji shoot development in tea plants 
 
Abstract. Tea productivity and quality are largely determined by shoot structure, particularly the 
balance between pecco shoots (tender buds and young leaves) and banji shoots (older, less productive 
shoots). Conventional reliance on inorganic fertilizers often enhances overall growth but does not 
necessarily improve shoot structure, while biofertilizers alone provide limited nutrient availability. This 
study aimed to evaluate the effects of combining microbial-based liquid biofertilizers with inorganic 
fertilizers on the structure of tea shoots. The experiment was carried out on seed-derived tea plants 
using a randomized block design with several fertilization treatments, including sole biofertilizer, sole 
inorganic fertilizer, and their combinations. The parameters observed were the number and weight of 
pecco and banji shoots. The results revealed that the combined application of microbial-based 
biofertilizers and inorganic fertilizers significantly increased both the number and weight of pecco 
shoots compared with single applications. Conversely, the proportion of banji shoots decreased under 
integrated fertilization treatments, indicating an improvement in shoot structure toward more 
productive harvests. The synergistic effects of microbial activity and balanced nutrient supply enhanced 
nutrient uptake, regulated shoot differentiation, and promoted a higher ratio of productive shoots. In 
conclusion, the application of biological and chemical fertilizers affected the growth of pecco shoots and 
banji shoots of tea plants. Treatment 40 L/ha biological + 100% chemical fertilizer) produced the highest 
weight and number of pecco, while treatment 30 L/ha biological + 75% chemical fertilizer produced 
equivalent results, allowing for a reduction in chemical fertilizer dosage by up to 25%.  
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Introduction 

 
The quality of tea is determined by the 
composition of primary and secondary 
metabolites, including amino acids, flavonoids, 
theanine, and alkaloids such as caffeine, which 
collectively influence flavor, aroma, and 
functional properties (Wu et al, 2025).  In tea 
production systems, harvestable young shoots 
consisting of the apical bud (pecco) and adjacent 
leaves play a central role in determining both 
yield and quality. Beyond total shoot biomass, the 
structural composition of tea shoots—
particularly the proportion and weight of pecco 
and banji shoots—has a direct influence on 
harvesting efficiency and the consistency of raw 
material quality. Therefore, optimizing tea shoot 
structure represents a key objective in sustainable 
tea plantation management. 

Nutrient management is one of the most 
critical agronomic practices for regulating tea 
shoot growth and development. In many tea 
plantations, nitrogen, phosphorus, and 
potassium required for continuous shoot flushing 
are primarily supplied through chemical 
fertilizers (Manzoor et al., 2024). Although 
chemical fertilizers can rapidly enhance shoot 
growth, excessive or prolonged use often leads to 
nutrient imbalance, soil degradation, and 
reduced nutrient use efficiency. Moreover, 
inappropriate fertilization practices may 
negatively affect metabolite composition, thereby 
compromising tea quality (Zhang et al., 2025). 

Previous studies have demonstrated the 
positive effects of chemical fertilizers and 
biofertilizers on tea growth and yield. However, 
most existing research focuses on general growth 
performance or total yield, while limited 
attention has been given to how fertilization 
strategies influence tea shoot structural 
characteristics. In particular, the combined 
application of chemical fertilizers and microbial-
based biofertilizers remains underexplored with 
respect to their role in shaping shoot structure, 
despite their importance for both productivity 
and quality.  Based on available literature, there 
is a lack of integrated studies that explicitly 
evaluate how such combined fertilization 
strategies affect tea shoot structural composition, 
especially pecco development. 

Microbial-based biofertilizers containing 
plant growth-promoting rhizobacteria (PGPR) 
offer a promising approach to improving 
fertilizer efficiency and sustainability in tea 

plantations. PGPR enhances nutrient availability 
through mechanisms such as nitrogen fixation, 
nutrient solubilization, and phytohormone 
production, which may regulate shoot initiation 
and development (Yorlady et al., 2024). The 
novelty of this study lies in evaluating how the 
combination of biofertilizers with reduced 
chemical fertilizer doses affects tea shoot 
structure, rather than focusing solely on yield or 
nutrient uptake. The findings are expected to 
provide scientific evidence for optimizing 
fertilization strategies that support sustainable 
tea production while maintaining high-quality 
shoot characteristics. 
 
 

Materials And Methods 
 
The experiment was conducted from July  to 
November 2024 at the Tea and Cinchona 
Research Center experimental Plantation in 
Gambung, Bandung Regency. The elevation 
ranged from ± 1,000 m to 1,800 m above sea level, 
rainfall ranged from 2,000 to 3,000 mm/year, and 
the average air temperature was 14 to 25°C. The 
soil order was mostly Andisol. 

The materials used in this experiment 
included seed-derived tea plants aged 75–85 
years and Fertomax PPKS liquid biofertilizer. 
Based on laboratory analysis, the biofertilizer 
contained a consortium of functional 
microorganisms with populations ≥10⁷ cfu mL⁻¹, 
including nitrogen-fixing bacteria (Azospirillum 
sp. and Azotobacter sp.), phosphate-solubilizing 
bacteria (Bacillus sp. and Pseudomonas sp.), and 
indole-3-acetic acid (IAA)-producing bacteria. In 
addition, the biofertilizer contained plant growth 
hormones, namely auxin (≥65 ppm), gibberellin 
(≥82 ppm), and cytokinin (≥34 ppm). Chemically, 
it contained organic carbon (≥0.17%), total 
nitrogen (≥0.12%), P₂O₅ (≥0.006%), K₂O 
(≥0.022%), and micronutrients including Fe, Cu, 
Zn, and B. 

  Inorganic fertilization was conducted 
using single-nutrient fertilizers rather than 
compound NPK, consisting of urea (46% N), SP-
36 (36% P₂O₅), KCl (60% K₂O), and kieserite (27% 
MgO). Application rates were calculated based 
on the standard fertilizer recommendation for 
mature tea plants grown on Andisol soils issued 
by the Indonesian Tea and Quinine Research 
Institute Gambung with annual rates of 558 kg N 
ha⁻¹, 75 kg P₂O₅ ha⁻¹, 214 kg K₂O ha⁻¹, and 119 kg 
MgO ha⁻¹. During the experimental period, 30% 
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of the annual recommendation was applied at 
three fertilization levels (50%, 75%, and 100%). 
For a 100 m² plot, the 100% rate corresponded to 
1.67 kg urea, 0.23 kg SP-36, 0.64 kg KCl, and 0.36 
kg kieserite, with proportional adjustments for 
the lower levels.  

The equipment used in this experiment 
included a knapsack sprayer for applying liquid 
organic and inorganic fertilizers; measuring cups 
for preparing treatment solutions; pruning shears 
for harvesting shoots; plastic bags for sample 
collection and storage; an analytical balance for 
weighing shoot samples; and an oven for drying 
the samples.  

The experiment employed a Randomized 
Block Design (RBD) comprising ten treatments 
with three replications, yielding a total of 30 
experimental plots. Each plot measured 10 × 10 
m, giving a total experimental area of 3,000 m². 
The treatment combinations of liquid biofertilizer 
and chemical fertilizer, ranging from the sole 
application of 100% recommended chemical 
fertilizer to reduced levels of chemical fertilizer 
supplemented with 20–40 L/ha biofertilizer. The 
treatments included: (A) 100% recommended 
chemical fertilizer (control), (B) 20 L/ha 
biofertilizer + 50% recommended chemical 
fertilizer, (C) 30 L/ha biofertilizer + 50% 
recommended chemical fertilizer, (D) 40 L/ha  
biofertilizer + 50% recommended chemical 
fertilizer, (E) 20 L/ha liquid biofertilizer + 75% 
recommended chemical fertilizer, (F) 30 L/ha 
biofertilizer + 75% recommended chemical 
fertilizer, (G) 40 L/ha biofertilizer + 75% 
recommended chemical fertilizer, (H) 20 L/ha 
biofertilizer + 100% recommended chemical 
fertilizer, (I) 30 L/ha biofertilizer + 100% 
recommended chemical fertilizer, and (J) 40 L/ha 
biofertilizer + 100% recommended chemical 
fertilizer. The research method used was a 
completely randomized design with 10 treatment 
combinations. Each treatment was repeated three 
times.  

All data collected were subjected to variance 
analysis and followed by Duncan’s multiple 
range test in SASMAgri software to test the 
differences between treatments. Chemical 
fertilizer is applied once after the initial harvest 
by scattering it on the tea rows, while liquid 
biofertilizer is applied twice at two-month 
intervals, namely after the initial harvest and 

after the second harvest. Plucking is carried out 
every 30 days using plucking shears with a 
medium plucking (p+2m, p+3m, b+2, b+3) 
(Santoso et al., 2020). A total of 100 g of shoot 
samples from each plot were collected for the 
analysis of pecco and dormant shoot numbers, 
with sampling conducted routinely after each 
production plucking at a one-month plucking 
cycle. Plant maintenance is carried out by 
mechanical weed control and routine pest 
control. 
 
 

Results and Discussions 
 
Weight of pecco shoots. Measuring the fresh 
weight of pecco shoots is important because this 
parameter reflects the production capacity of tea 
buds, the physiological condition of the plant, 
nutrient absorption efficiency, and the plant's 
response to the cultivation practices applied. 
Pecco shoots play a crucial role because they are 
the youngest part of the plant and are rich in 
secondary metabolites, such as polyphenols, 
caffeine, and amino acids, which significantly 
impact the quality of the tea brew. The fresh 
weight of tea buds can be used as an indicator of 
the vegetative growth of tea shoots and is closely 
related to the potential yield and quality of the tea 
produced (Turkmen et al., 2009). 

The analysis results show that the 
combination of chemical fertilizer and 
biofertilizer has a significant effect on the fresh 
weight of pecco shoots. Fresh weight of pecco 
shoots differed significantly among treatments 
(Table 1), indicating that shoot productivity 
responded to the interaction between biofertilizer 
rate and chemical fertilizer level. The highest 
fresh weight was observed in treatment J (40 L 
ha⁻¹ biofertilizer + 100% chemical fertilizer), 
confirming that sufficient nutrient supply 
combined with microbial activity can maximize 
shoot biomass. This condition suggests that 
adequate nutrient availability from chemical 
fertilizers, combined with the role of microbes in 
biofertilizers, can promote optimal shoot growth. 
Microbes effective in biological fertilizers are 
known to increase nutrient availability through 
nitrogen fixation, phosphate solubilization, and 
the production of growth regulators that 
stimulate shoot growth (Miao et al., 2024). 
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Table 1. Combined application of biofertilizers and chemical fertilizers on the weight of fresh pecco 
shoots 

Treatment Weight of fresh shoot (g) 

A 100% recommended chemical fertilizer (control) 62 bc 
B 20 L/ha biofertilizer + 50% recommended chemical fertilizer 93 ab 
C 30 L/ha biofertilizer + 50% recommended chemical fertilizer 77 abc 
D 40 L/ha biofertilizer + 50% recommended chemical fertilizer 51 c 
E 20 L/ha biofertilizer + 75% recommended chemical fertilizer 84 ab 
F 30 L/ha biofertilizer + 75% recommended chemical fertilizer 95 ab 
G 40 L/ha biofertilizer + 75% recommended chemical fertilizer 48 c 
H 20 L/ha biofertilizer + 100% recommended chemical fertilizer 90 ab 
I 30 L/ha biofertilizer + 100% recommended chemical fertilizer 71 bc 
J 40 L/ha biofertilizer + 100% recommended chemical fertilizer 112 a 

CV 11.89% 
Note: Means followed by different letters in the same column indicate significant differences based on Duncan's 
Multiple Range Test. CV – coefficient of variance. 

 
 
Interestingly, treatments with lower doses of 

chemical fertilizer, namely B (20 L/ha 
biofertilizer + 50% chemical fertilizer), C (30 L/ha 
biofertilizer + 50% chemical fertilizer), E (20 L/ha 
biofertilizer + 75% chemical fertilizer), F (30 L/ha 
biofertilizer + 75% chemical fertilizer), and H (20 
L/ha biofertilizer + 100% chemical fertilizer) 
treatments were not significantly different from 
treatment J. This shows that the combination of 
biofertilizer with a 25–50% reduction in chemical 
fertilizer is still capable of producing equivalent 
fresh shoot weight. The use of biofertilizers 
allows for a reduction in chemical fertilizer inputs 
without reducing productivity. Thus, the 
integration of biofertilizers is a potential strategy 
for improving fertilizer efficiency and reducing 
the negative environmental impacts of excessive 
chemical fertilizer use (Kumar et al., 2022). 

Physiologically, the increase in fresh weight 
of pecco shoots is closely related to the supply of 
essential nutrients, especially nitrogen, 
phosphorus, and potassium. Nitrogen is needed 
for the formation of chlorophyll and proteins, 
phosphorus plays a role in energy metabolism 
and meristematic tissue growth, while potassium 
regulates osmotic balance and the translocation 
of photosynthates to shoot tissues (Shambhavi et 
al., 2016). Optimal nutrient availability will 
increase cell division and enlargement in young 
shoots, resulting in higher fresh weight of pecco 
(Ruan et al., 2010). The role of biofertilizer in 
increasing nutrient availability and stimulating 
physiological activity supports more vigorous 
shoot growth (Nepolean et al., 2012). 

Thus, the use of biofertilizers in tea 
fertilization systems can be a sustainable 

approach. In addition to increasing the fresh 
weight of pecco shoots, the integration of 
biofertilizers enables the efficient use of chemical 
fertilizers without compromising productivity. 
These implications are very important in the 
management of modern tea plantations, which 
are required to maintain a balance between 
productivity, cost efficiency, and environmental 
sustainability.  According to  Miao et al. (2024) 
The rational application of fertilizers in tea 
plantation improves the soil environment of tea 
plantations, enhances the quality of tea leaves, 
and achieves sustainable tea production. 

Weight of banji shoots. In addition to pecco 
shoots, which are the main target in tea harvesting, 
tea plants also produce banji shoots, which are 
shoots that do not have young leaves because their 
apical shoots are dead or undeveloped. Banji shoots 
are unproductive because they cannot be harvested 
to produce young leaves, so their contribution to tea 
yield is very limited. The presence of banji shoots 
can even reduce the quality of the harvested buds, 
because buds that contain too many banji shoots 
will reduce the yield and quality of the tea brew. 
Measuring the weight of tea shoots is important for 
evaluating the effectiveness of cultivation practices. 
This parameter describes the extent to which a 
practice can reduce the formation of unproductive 
shoots and increase the proportion of economically 
valuable shoots. Thus, analyzing the weight of tea 
shoots can provide a more comprehensive picture 
of tea shoot growth, not only in terms of 
productivity but also in terms of yield quality. 

The results of statistical analysis in Table 2 
show that the application of various 
combinations of chemical and organic fertilizers 
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did not have a significant effect on the weight of 
banji shoots. This indicates that the formation of 
banji shoots is more influenced by plant 
physiological factors and environmental 
conditions, while fertilization factors also 
indirectly affect the growth of banji shoots.  

Banji shoots formation is caused by the 
cessation of apical meristem activity, preventing the 
terminal bud from developing into a productive 
shoot. This phenomenon can be caused by internal 
factors such as apical dominance and growth 
hormone balance, especially cytokinin and auxin, as 
well as external factors such as light availability, 
temperature, and environmental stress (Chen et al., 
2014). Thus, although fertilization can increase 
nutrient supply, it does not necessarily reduce the 
formation of banji shoots.  

The presence of banji shoots in the 
composition of harvested shoots is undesirable 
because banji shoots are classified as 
unproductive shoots that cannot be harvested 
further. The dominance of banji shoots will 
reduce the quality of the shoots produced and 
have implications for a decline in the quality of 
the tea brew, because this part tends to produce 
coarse biomass with lower secondary metabolite 
content (Wang et al., 2022). Supporting this 
interpretation, Wulansari and Rezamela (2017) 
reported that a high proportion of dormant or 
bird shoots (40–30%) reflects plant stress arising 
from nutritional imbalance and unfavorable 
environmental conditions, which ultimately 

induce shoot dormancy and banji shoot 
formation. 

From a management perspective, the 
absence of significant differences in banji shoot 
weight among fertilization treatments suggests 
that improving tea shoot quality cannot rely on 
fertilization manipulation alone. Instead, 
effective suppression of dormant shoots requires 
integrated crop management practices, including 
appropriate pruning regimes, shade 
management, and proper plucking techniques 
that regulate shoot turnover and hormonal 
balance. The integration of these practices is 
therefore expected to play a more decisive role in 
reducing banji shoot dominance and increasing 
the proportion of productive pecco shoots. 

Number of pecco shoots. The number of 
pecco shoots is an important parameter in 
determining the potential production of high-
quality tea. Not only the fresh weight, but also the 
number of pecco that appear will directly affect 
the productivity of the plant because pecco are 
the main ingredient in plucking (Anjarsari et al., 
2024). The higher the number of pecco formed, 
the greater the chance of increasing the yield and 
quality of tea buds that can be harvested. 
Variations in the number of pecco between 
treatments reflect the physiological response of 
plants to environmental conditions and 
cultivation treatments. Therefore, analyzing the 
number of pecco is an important step in 
understanding the dynamics of tea shoots' 
growth more comprehensively.  

 
Table 2. Combined application of biofertilizers and chemical fertilizers on the weight of banji shoots 

Treatment Weight of banji shoot (g) 

A 100% recommended chemical fertilizer (control) 249 a 
B 20 L/ha biofertilizer + 50% recommended chemical fertilizer 250 a 
C 30 L/ha biofertilizer + 50% recommended chemical fertilizer 242 a 
D 40 L/ha biofertilizer + 50% recommended chemical fertilizer 247 a 
E 20 L/ha biofertilizer + 75% recommended chemical fertilizer 245 a 
F 30 L/ha biofertilizer + 75% recommended chemical fertilizer 248 a 
G 40 L/ha biofertilizer + 75% recommended chemical fertilizer 265 a 
H 20 L/ha biofertilizer + 100% recommended chemical fertilizer 268 a 
I 30 L/ha biofertilizer + 100% recommended chemical fertilizer 270 a 
J 40 L/ha biofertilizer + 100% recommended chemical fertilizer 238 a 

CV 10.68% 
Note: Means followed by different letters in the same column indicate significant differences based on Duncan's 
Multiple Range Test. CV – coefficient of variance. 
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Table 3. Combined application of biofertilizers and chemical fertilizers on the number of pecco shoots  

Treatment Number of Pecco Shoots 

A 100% recommended chemical fertilizer (control) 80   b 
B 20 L/ha biofertilizer + 50% recommended chemical fertilizer 108 ab 
C 30 L/ha biofertilizer + 50% recommended chemical fertilizer 100 ab 
D 40 L/ha biofertilizer + 50% recommended chemical fertilizer 95   b 
E 20 L/ha biofertilizer + 75% recommended chemical fertilizer 105 ab 
F 30 L/ha biofertilizer + 75% recommended chemical fertilizer 125 a 
G 40 L/ha biofertilizer + 75% recommended chemical fertilizer 102 ab 
H 20 L/ha biofertilizer + 100% recommended chemical fertilizer 100 ab 
I 30 L/ha biofertilizer + 100% recommended chemical fertilizer 94   b 
J 40 L/ha biofertilizer + 100% recommended chemical fertilizer 129 a 

CV 14.91% 
Note: Means followed by different letters in the same column indicate significant differences based on Duncan's 
Multiple Range Test. CV – coefficient of variance. 

 
 
Statistical analysis shows that the 

combination of biofertilizer and chemical 
fertilizer affects the number of pecco shoots 
(Table 3). The number of pecco shoots was the 
most responsive parameter to fertilization 
treatments. Treatment J produced the highest 
number of pecco shoots, followed closely by 
Treatment F (30 L ha⁻¹ biofertilizer + 75% 
chemical fertilizer). Notably, Treatment F 
achieved pecco numbers statistically equivalent 
to the full chemical fertilizer treatment, 
demonstrating that a 25% reduction in chemical 
fertilizer input did not reduce productivity.  

This result clearly indicates that Treatment F 
represents the best compromise between 
productivity and input efficiency. The enhanced 
pecco formation is likely associated with improved 
nutrient availability and phytohormone production 
by biofertilizer-associated microbes, which 
stimulate bud initiation and meristem activity. 
These findings strongly support the role of 
biofertilizers in improving fertilizer efficiency and 
sustaining high-quality tea production. This is in 
line with the concept of sustainable agriculture, 
which emphasizes input efficiency and reducing 
environmental impact (Le et al., 2021). A high 
number of pecco is an important indicator in tea 
production, as pecco are the main raw material for 
high-quality tea (Owuor & Obanda, 2007). Younger 
tea plant leaves contain higher concentrations of 
phenolic compounds than the stems and roots, 
contributing both significantly to flavor and 
pharmacological health benefits (Techane et al., 
2025). Thus, these results show that the integration 
of biological and chemical fertilizers not only 

maintains productivity but also has the potential to 
increase fertilization efficiency. 

The increase in the number of shoots in the 
combination of biological fertilizer and chemical 
fertilizer treatments is thought to be related to the 
role of microbes in biological fertilizers, which 
can increase nutrient availability and stimulate 
shoot growth through the production of 
phytohormones such as auxin and cytokinin 
(Vejan et al., 2016).  The presence of chemical 
fertilizers as a source of macro nutrients directly 
supports the formation of new tissue, so that the 
synergy between the two can accelerate the 
growth of productive shoots. 

Number of banji shoots. In tea cultivation, 
in addition to pecco shoots which have high 
economic value, there are also banji shoots or 
inactive buds. Dormant buds generally do not 
develop into productive buds and are therefore 
considered to be less profitable vegetative parts. 
A high proportion of dormant buds in a bud 
population can reduce plucking efficiency and 
result in a decline in the quality of the harvested 
buds (Cheruiyot et al., 2007). Therefore, 
agronomic management that can suppress the 
formation of banji shoots is an important factor in 
efforts to improve tea quality and productivity.  

Statistical analysis shows that the number of 
banji shoots significantly varies between treatments 
(Table 4). Treatment A produced more banji shoots 
than the other treatments, but was not significantly 
different from treatments C, D, G, H, and I. A high 
number of banji shoots is undesirable in tea 
production because these buds are inactive and do 
not develop into productive buds.  
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Table 4. Combined application of biofertilizers and chemical fertilizers on the number of banji shoots  

Treatment Number of Banji Shoots 

A 100% recommended chemical fertilizer (control) 371 a 
B 20 L/ha biofertilizer + 50% recommended chemical fertilizer 296 c 
C 30 L/ha biofertilizer + 50% recommended chemical fertilizer 311 abc 
D 40 L/ha biofertilizer + 50% recommended chemical fertilizer 333 abc 
E 20 L/ha biofertilizer + 75% recommended chemical fertilizer 288 c 
F 30 L/ha biofertilizer + 75% recommended chemical fertilizer 298 bc 
G 40 L/ha biofertilizer + 75% recommended chemical fertilizer 361 ab 
H 20 L/ha biofertilizer + 100% recommended chemical fertilizer 318 abc 
I 30 L/ha biofertilizer + 100% recommended chemical fertilizer 317 abc 
J 40 L/ha biofertilizer + 100% recommended chemical fertilizer 288 c 

CV 10.54% 
Note: Means followed by different letters in the same column indicate significant differences based on Duncan's 
Multiple Range Test. CV – coefficient of variance. 

 
 
An increase in the number of banji shoots 

can reduce harvesting efficiency and affect the 
quality of the harvested shoots (Cheruiyot et al., 
2009) . The results show that the combination of 
certain biological and inorganic fertilizers, 
particularly in treatments B (20 L/ha biological 
fertilizer + 50% recommended inorganic 
fertilizer), E (20 L/ha biological fertilizer + 75% 
recommended inorganic fertilizer), and J (40 
L/ha of organic fertilizer + 100% of the 
recommended inorganic fertilizer), were able to 
suppress the formation of bird beaks compared to 
treatment A without the optimal combination. 

This phenomenon indicates that the 
application of organic fertilizer can play a role in 
improving the physiological balance of plants, so 
that photosynthetic energy is directed more 
towards the formation of productive shoots 
(pecco) rather than inactive shoots. Microbes in 
biofertilizers can increase nutrient availability 
and produce bioactive compounds that support 
cell division and differentiation (Yorlady et al., 
2024). Thus, the right combination of fertilizers 
not only increases the number and weight of 
pecco buds but also reduces the proportion of 
banji shoots, resulting in optimal productivity 
and quality of tea buds. The sustainability 
implication (chemical fertilizer reduction) is well 
supported and could be emphasized more clearly 
as a key contribution.  
 
 

Conclusion 
 
The application of biological and chemical 
fertilizers significantly affected the growth of 
pecco shoots and banji shoots of tea plants. 

Treatment J (40 L/ha biological + 100% chemical 
fertilizer) produced the highest weight and 
number of pecco shoots, while treatment F (30 
L/ha biological + 75% chemical fertilizer) 
produced equivalent results, allowing for a 
reduction in chemical fertilizer dosage by up to 
25%.  
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Growth of porang (Amorphopallus muelleri) seedlings as influenced by 
seed maturity and the presence of sarcotesta 
 
Abstract. Porang seed maturity based its position on spadix position significantly impacts germination. 
The presence of the seed coat (sarcotesta) also influenced germination and initial seedling growth. This 
study aimed to explore the effect of seed maturity and the presence of sarcotesta to the seedling growth. 
The experiment was conducted from January to June 2023. A two factor Randomized Complete Block 
Design was employed, examining three maturity levels based on spadix position (physiological 
maturity seed from the tip spadix (red colour), half physiological maturity seed from the middle spadix 
(orange colour), and immature seed from the base spadix (green colour)), and the presence of sarcotesta 
(seed with sarcotesta, and seed without sarcotesta). Every treatment replicated six times, each 
experimental unit consisted of five seeds, resulting in a total of 180 seeds used in the experiment. The 
observation parameters were seed germination capacity, seedling height, leaf canopy, seedling fresh 
weight, seedling dry weight, number of seedling roots, and tuber diameter. The result showed that 
physiologically mature seeds produce the highest germination capacity and seedling dry weight 
compared to others. No significant correlation was found between the level of seed maturity including 
the presence of sarcotesta on all observed parameters. Seeds obtained from the top of the spadix (red 
fruit) showed higher germination capacity compared to others The removal of sarcotesta significantly 
enhanced all growth parameters, resulting in the highest seedling height, leaf canopy area, fresh and 
dry seedling weight, number of seedling roots, and tuber diameter in porang. 
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Introduction 
 

Porang was found in tropical areas, from Africa 
expanded to Asia, including Indonesia (Turhadi 
& Indriyani, 2015). Porang plants are 
characterized by their elevated glucomannan 
content found in their tubers. Glucomannan is a 
hemicellulose-type polysaccharide that is water-
soluble, operates as a hydrocolloid, and is low in 
calories. Additionally, it is gluten-free, which 
renders it highly suitable for application as both 
an industrial raw material and a food ingredient 
(Yanuriati et al., 2017). The higher glucomannan 
content in porang than other tubers make the 
exports of porang as food and industrial raw 
materials have increased in recent years 
(Hidayah et al., 2022) 

Porang is commonly propagated through 
the use of small tubers, bulbils (referred to as 
frogs), and seeds. However, the propagation by 
small tubers or bulbils tends to be less efficient 
and may incur higher costs (Palupi et al., 2024). 
Among the three propagation materials, seeds 
are particularly advantageous because each plant 
generally produce approximately 300 seeds 
(Harijati & Widoretno, 2018). The limited 
availability of rare porang seeds poses a 
significant constraint on the propagation of 
porang through generative seeds, as it takes 
approximately four to five years for porang to 
produce seeds (Gusmalawati et al., 2023). 

Numerous factors significantly influence 
seed quality, including seed genotype, habitat of 
origin, local variety, seed purity, morphology, 
dimensions, and maturity (Yan & Chen, 2020). 
The successful cultivation of porang relies 
heavily on the availability of seeds that exhibit 
the necessary physiological characteristics and 
are present in adequate quantities (Riptanti et al., 
2023). One notable challenge in porang 
cultivation is the issue of immature seeds, as the 
maturity level of these seeds directly impacts 
their germination rates. The maturity of seeds 
influences the activity of the endophytic 
microbiome in A. muelleri seeds. During the mid 
to late stages of seed development, microbial 
functional genes that contribute to the production 
of resistant compounds like phenols, flavonoids, 
and alkaloids become significantly enriched, 
thereby boosting the resistance and 
environmental adaptability of A. muelleri seeds 
(Yang et al., 2022). Endophytic bacteria can 
enhance plant adaptability by improving nutrient 
mobilization, nitrogen fixation, and phosphate 

solubilization, as well as by providing resistance 
against pathogens (Wang et al., 2021). 

Furthermore, the presence of the seed coat is 
also an essential factor in seed development. 
Porang seeds are characterized by a thick testa, a 
thin tegmen, and a rafid sac (Dewi et al., 2015). 
The seed coat comprises an outer layer known as 
the testa and an inner layer referred to as the 
tegmen, both of which play crucial roles in 
supporting seed development. Amorphophallus 
muelleri tubers and seeds are rich in 
glucomannan, which is known for its high 
viscosity, solubility, and swelling properties, as 
well as its excellent film-forming and gel 
characteristics in water-based solutions. The 
substantial glucomannan content in the seeds 
prevents germination. Raising the germination 
temperatures can decrease the elasticity and 
strength of glucomannan, thereby facilitating 
germination (Herranz et al., 2013). According to 
Fadhilah et al. (2025), subjecting seeds to dry 
preheating at 35°C for four weeks can disrupt 
seed dormancy by causing the seed coat to 
fracture and tear, thus speeding up the 
germination of A. muelleri seeds. This research 
aims to investigate how seed maturity and the 
presence of the sarcotesta, along with their 
interaction, affect germination results. 
 
 

Materials and Methods 
 

This experiment was conducted from January to 
June 2023 at the Seed Technology Laboratory and 
Greenhouse of Agronomy Study Program, 
Faculty of Agriculture, University of Jember. The 
seed material used 3-4 months old porang seed 
with the differences in maturity and physical 
condition. This research used Randomized 
Complete Block Design with two factors. The first 
factor was seed maturity in three level based on 
Figure 1A, the second factor is the presence of 
sarcotesta (Figure 1B). Every treatment replicated 
six times, each experimental unit consisted of five 
seeds, resulting in a total of 180 seeds used in the 
experiment.  
Seed selection. Porang seeds were harvested 
from healthy, well-developed plants that 
possessed seed-bearing spadixs. The seeds were 
obtained from various maturity stages, ranging 
from green to orange and red (Figure 2). Red 
seeds were collected from the spadix tip, 
indicating that the seeds had reached 
physiological maturity. Orange seeds were 
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collected from the middle of the spadix, 
representing the half-physiological maturity 
phase. Meanwhile green seeds were obtained 
from the basal of the spadix, signifying an 
immature stage. Subsequently, the collected 
seeds were peeled and selected based on health 
criteria, ensuring they were free from diseases 
like mold and decay. 
 
 

  
 A  B 
 
Figure 1. A) Maturity level of porang seeds; K1= 
Physiological maturity seed from the tip spadix 
(red); K2= Half physiological maturity seed from 
the middle spadix (orange); K3= Immature seed 
from the base spadix (green). B) The presence of 
sarcotesta; B1= Seed with sarcotesta; B2= Seed 
without Sarcotesta 

 

 
 

Figure 2. Maturity stages from green, orange, 
and red (left to the right)  

 
Seed cleaning. The selected porang seeds 

were subsequently washed and soaked in 
distilled water for 24 hours in an Erlenmeyer 
flask. Seed separation using common separation 
methods include to remove lightweight and 
foreign material to separate seeds by weight. 
Clearing sarcotesta was done for the treatment 
only.  

Germinating Seed. The germination media 
consisted of a 1:1 mixture of soil and rice husk 
ash, which was previously sterilized using an 
autoclave. There are 6 treatments, every 
treatment replicated 6 times, so total of the 
treatment was 36 unit. Each experimental unit 

consisted of 5 seeds, resulting in a total of 180 
seeds used in the experiment. Seeds were then 
sown in germination trays (72 holes), measuring 
4.5 cm x 4.5 cm x 4.2 cm, received one seed. 

Seedling maintenance. The germination 
trays were sprayed daily with distilled water to 
maintain adequate moisture and prevent 
desiccation during the germination period. 
Throughout this process, non-viable seeds, those 
that were moldy and soft were eliminated. Seeds 
that were moldy but remained firm were rinsed 
with distilled water before being returned to the 
tray. 

Observation Variable. Seed Germination 
(%). Germination data was carried out to 
determine the initial quality of the seeds before 
used. Germination percentage (GP) was assessed 
35 days after planting (DAP) or 5 weeks after 
planting. Gusmalawati et al. (2023) reported that 
the porang seed dormancy lasted for 4-8 weeks 
(1-2 months). Since the International Seed Testing 
Association (ISTA) has not established specific 
criteria for normal porang seedlings, Hamdi et al. 
(2022) defined seed as a normal seedling if its 
plumule emergence reached 1 cm  (Figure 3).  

 

 
 

Figure 3. Normal seedling in porang 
 
The germination rate was subsequently 
calculated using the following formula: 

 

GP (%) = 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑜𝑟𝑚𝑎𝑙 𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑡𝑒𝑠𝑡𝑒𝑑
 × 100% 

 
Seedling height (cm). Seedling height was 

measured using a ruler, from the base of the stem 
to the tip of the coleoptile. This measurement was 
taken once at 50 DAP (Figure 4A), based on the 
experiment of Fadhilah et al. (2025) which 
observed the final count of germination at 57 
DAP. 

K

K
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Leaf canopy (cm2). Leaf canopy diameter, 
which reflects the spread of the crown, was 
measured using a ruler. The diameter was 
assessed by measuring the widest horizontal 
spread of the leaves at 50 DAP (Figure 4B). 

Seedling fresh weight (g). Seedling fresh 
weight was measured at 50 DAP immediately 
after harvest. This measurement, which reflects 
the plant’s metabolic activity, was recorded using 
a digital scale (Figure 4C). 

Seedling dry weight (g). Seedling dry weight, 
reflecting the accumulation of biomass and net 
CO2 assimilation, was determined at 50 DAP. 
Samples were dried in an oven until a constant 
weight was achieved, and the final weight was 
the recorded using a digital scale. 

Number of seedling roots. The number of 
seedling roots indicates the growth of the 
seedling, measured mechanically by counting the 
number of roots that have formed on the 50 DAP 
(Figure 4D). 

Tuber diameter (cm). The diameter of the 
porang tuber was early harvested from the 
seedling using a ruler on the 50 DAP (Figure 4E). 
 

  

 
 

Figure 4. The measurement of A) plant height, B) 
leaf area, C) seedling fresh weight, D) root 

number, E) tuber diameter  

 
Data Analysis. Data were analyzed using 

Analysis of Variance (ANOVA). When significant 
differences were detected, further comparisons 
among treatment means were performed using 
Duncan’s Multiple Range Test (DMRT) at α 5% 
significance level (α = 0.05).  
 
 
 

Results and Discussion 
 
The ANOVA analysis indicated no significant 
interaction between seed maturity and the 
presence of sarcotesta for any of the observed 
parameters, which included seedling height, leaf 
canopy, seedling fresh and dry weight, number 
of seedling roots and tuber diameter of porang. 
Only the single factors demonstrated a significant 
influence of these parameters.  

Seed Germination (%). Seeds collected 
from the spadix tip (red) resulted in the highest 
total number of normal seedlings (17.5 seedlings) 
(Figure 5A) and germination of 70% (Figure 5B). 
This suggests that seeds at the spadix tip (red) 
reached physiological maturity earlier than those 
in the middle (orange) and base sections (green) 
of the spadix. Physiologically mature seeds tend 
to have a higher dry weight resulting from 
embryo ripening. However, this germination 
capacity is considered low because it is still below 
the standard for good seed quality, which is 80%. 
The existence of sarcotesta is thought to inhibit 
germination, resulting in an initial germination 
below 80%. These findings are consistent with the 
results of (Gusmalawati et al., 2023), which also 
reported that seeds harvested from the spadix tip 
at 4 weeks after planting exhibited a faster 
germination rate compared with orange and 
green spadix.  This attributed to the sequential 
maturation of seeds along the porang spadix, 
where the seeds located at the tip attain 
physiological maturity earlier, thus resulting in 
faster germination. The viability of porang seeds 
originating from the spadix base was the lowest 
(31.0±19.92%) relative to seeds from the middle 
(81.7±32.5%) and tip of the porang spadix 
(77.7±25.5%). 

Wardani et al. (2019) reported that seed 
germination was directly correlated with fruit 
maturity. Seeds derived from red fruit showed 
the highest germination rate, measuring 
92±7.71%. This was followed by seeds from 
yellow fruit (64.5±5.86%) and lastly the seeds 
from the green fruit (37.77±8.2%) at 130 DAP. The 
lower germination observed in yellow and green 
seeds is due to they had not yet reached 
physiological maturity at the time of harvest. 
Consequently, these immature seeds resulted in 
lower germination uniformity and required 
longer time for first shoot emergence and 60% 
germination. This difference is attributed to the 
incomplete formation of food reserves stored 

A B 

C D E 
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within the embryo of seeds harvested before full 
physiological maturity. 

Yang et al. (2022) speculate that fully mature 
Amorphopallus muelleri seeds and their coats 
contained an abundance of plant growth 
promoting microorganisms, which may enhance 
resistance and facilitate the robust seedling 
establishment. There were strong correlation 
between seed maturity, indicated by fruit color 
and germination rate. Red seeds exhibited the 
highest germination to 100%, significantly 
outperforming yellow seeds (8.33%) and green 
seeds (0%). The superior performance of red 
seeds is linked to the microbial community 
within the seed coat. The relative abundance of 
genus Streptomyces, Bradyrhizobium, Pseudomonas, 
Bacillus and Burkholderia were markedly higher in 
the red seed coats. Since the seed coat acts as the 
primary protective layer, this microbial 
community enhanced the higher seed resistance 
against plant pathogens. 

 

 

 
Figure 5. A) Total of normal seedlings and B) 

germination percentage of porang seeds in 
different maturity levels  

 
Seedling Height (cm) and Leaf Canopy (cm2). 

The presence of sarcotesta significantly inhibited 
early porang seedling growth. At 50 DAP, seedlings 
from seeds with the sarcotesta removed exhibited a 

significantly greater height (10.48 cm) and leaf 
canopy (9.25 cm2) compared to intact seeds (9.00 
and 6.93 cm2, respectively) (Figure 6A, Figure 6B). 
This inhibition by the thick sarcotesta layer resulted 
in dwarfed seedling and reduced leaf size. This 
result aligned with the seedling height range (10.97 
– 16.47 cm) reported by Gusmalawati et al. (2023) 
for extracted porang seeds. Meanwhile the seedling 
height observed for intact seeds at 50 DAP (9.00 cm) 
was also considerably higher than the 6.43 cm 
reported by Wardani et al. (2019) for intact seeds at 
130 DAP. Hamdi et al. (2022) reported that porang 
seedling growth from seed without sarcotesta was 
considerably slower than that from bulbil. 
Seedlings from seed without sarcotesta reached 
only 4.8 cm at 50 DAP and 8.0 cm at 70 DAP.  

 

 

 
Figure 6. A) Seedling height and B) leaf canopy of 

porang seedlings in the presence of sarcotesta 
treatments 

 
The sarcotesta acts as a physical barrier, 

impeding the uptake of water and oxygen 
essential for germination, consequently delaying 
the emergence of vegetative organs. Porang seed 
is hypothesized to exhibit morphophysiological 
dormancy, where its embryo requires a period 
post-harvest development, followed by a 
physical dormancy phase imposed by the thick 
sarcotesta. Indriyani & Widoretno (2016) further 
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explained that physiological dormancy in porang 
prevents the formation of new shoots, requiring 
tubers, bulbils, or seeds to pass a specific seasonal 
cycle before growth resumes. The duration of this 
seed dormancy was reported by Gusmalawati et 
al. (2023) to last for 4-8 weeks post-harvest. To 
overcome this, Fadhilah et al. (2025) successfully 
demonstrated that dry heat treatment (25 or 30 
°C) applied for four weeks significantly reduced 
the time of physical dormancy, accelerating 
germination from 57 DAP to 37 DAP. 

Seedling Fresh and Dry Weight (g). Porang 
seedlings derived from seed without sarcotesta 
exhibited significantly more fresh and heavier 
than seed with sarcotesta. The absence of the 
sarcotesta likely removed barrier to growth, 
which at 50 DAP resulted in a greater mean 
seedling fresh weight of 7.38 g (Figure 7A) and a 
higher mean seedling dry weight of 2.79 g (Figure 
7B). Seedling weight is a key indicator of seed 
potential in developing biomass, where high-
quality seed yields greater seedling dry weight. 
The increasing in seedling weight is inline with 
enhanced seedling height and leaf canopy, 
indicating that sarcotesta elimination promoted 
more vigorous and rapid growth.  

 

 

 
Figure 7. A) Seedling fresh weight and B) 

seedling dry weight of porang in the presence of 
sarcotesta treatments 

Many seed coats including sarcotesta 
contain chemical compounds, such as 
germination inhibitors, which prevent premature 
germination. The elimination of the sarcotesta 
effectively removes this inhibitor. This facilitates 
the optimal action of endogenous growth 
hormones like gibberellins, consequently 
accelerating the rate of seedling growth and 
resulting in significantly higher biomass at 50 
DAP. Chenyin et al. (2023) reported that several 
common germination inhibitors such as phenols, 
flavonoids, aldehydes, aromatic oils, alkaloids, 
and amides are frequently detected in diverse 
plant organs, including the seed, fruit, leaf, stem, 
and root. Isnaini et al. (2025) detailed the presence 
of secondary metabolites specifically alkaloids, 
flavonoids, saponins, tannins, and steroids in 
porang tuber and leaves, though the study did 
not directly address the role of these compounds 
as germination inhibitors within the sarcotesta. 
As the porang seed matures, the sarcotesta 
undergoes a chromatic transition from green 
through orange to red. This shift strongly 
suggests the accumulation of anthocyanins, 
which are flavonoid-group pigments known to 
impart red, pink, purple, and blue. Zhao et al. 
(2025) reported that porang seeds also contained 
p-coumaric acid, an compound known to inhibit 
germination and classified as a germination 
destructor by Chenyin et al. (2023). 

 

 
Figure 8. Seedling dry weight of porang seeds in 

different maturity levels  

 
The seedling dry weight for seedlings 

derived from red and orange fruits was not 
significantly different, measuring 2.44 and 2.06 g, 
respectively (Figure 8). Seeds collected from the 
tip and middle portions of the spadix were 
confirmed to have already attained the 
physiological maturity phase at three to four 
months after planting. However, subsequent 
analysis showed that seeds harvested from red 
fruits generally resulted in a higher seedling dry 
weight also total number of normal seedlings and 
germination percentage. This observation 
suggests that if the harvest period is prolonged, 
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red seeds likely achieve a more advanced stage of 
maturity compared to seeds from orange fruits, 
thereby enhancing their overall vigor. Seed 
harvesting is not performed at the phase of 
physiological maturity (the agronomic yield 
harvest), but rather several weeks after, when 
viability and vigor had reached their optimum. 
During physiological maturity, the seed are still 
undergoing the seed-filling process, resulting in 
an increasing dry weight. In contrast, at harvest 
maturity, the grain-filling process had reached its 
maximum, the seed protection mechanism is 
fully developed, and the seed desiccation is 
complete. Sari et al. (2019) explained that seed 
harvesting should be performed gradually when 
the fruit turns red, specifically at 10-11 months 
after plating or 8-9 months after anthesis. 
Wardani et al. (2019) added that seed from red 
fruit planted in soil and cocopeat media resulted 
in the higher seedlings (8 cm), larger petiole 
diameter (8 cm), and wider canopy diameter (3 
mm). This is likely to the sufficient availability of 
food reserves within the seed, which are utilized 
to accelerate shoot and root growth. 

Number of Seedling Roots and Tuber 
diameter (cm). Seeds without the sarcotesta 
resulted in a higher number of seedling roots (13.79) 
(Figure 9A) and a greater tuber diameter (1.70 cm) 
(Figure 9B). The elimination of sarcotesta removes 
both of physical and chemical dormancy, which 
allows for faster absorption of water and oxygen 
also frees the seed from inhibiting agents. This 
optimal condition facilitates radicle protrusion and 
the efficient allocation of energy from food reserves 
to develop a stronger seedling structure, as 
evidenced by the higher number of roots formed at 
50 DAP or 7 weeks after sowing. Consistent with 
these findings, Sari et al. (2019) reported that seeds 
with eliminated sarcotesta showed an increase in 
the number of seedling roots, from 3.0 to 12.0 roots, 
between 3 and 6 weeks after sowing. Furthermore, 
Hamdi et al. (2022) found that seedlings grown 
from seeds produced a root length of 12.08 cm, 
which was not significantly different from seedlings 
grown from bulbil (16.36 cm). This suggests that 
both seeds and bulbils possess a comparable total 
amount of food reserves capable of supporting 
vegetative growth, particularly root elongation and 
maturation. With sufficient energy derived from 
these food reserves, the roots are able to undergo 
maturation and form lateral roots, which ultimately 
maximizes the absorption of water and nutrients 
essential for overall plant health and tuber 
development. 

 

 
Figure 9. A) Number of seedling roots and B) 
tuber diameter of porang in the presence of 

sarcotesta treatments 

 
The average tuber diameter harvested at 27 

months after planting from spadixs developed 
from seeds without sarcotesta was 1.53 cm 
(Gusmalawati et al., 2023), whereas this study 
found a slightly higher average of 1.7 cm (Figure 
9B) at 1.6 months after planting (50 DAP). 
Sarcotesta removed from seeds also yielded 
greater fresh and dry seedling weights, indicating 
higher seed vigor. This suggests an enhanced 
capacity for efficient and effective transport of 
food reserves to growth organs, such as the roots 
and leaves. Furthermore, the resulting larger leaf 
canopy area allows for greater light interception, 
leading to maximum carbohydrate accumulation 
in the porang tuber. Previous research reported 
that porang seeds exhibit physiological 
dormancy primarily due to the sarcotesta barrier 
(Harijati & Widoretno, 2018). Removing the seed 
coat or fruit flesh significantly increased the 
average germination percentage to over 90%. The 
removal of sarcotesta enhances seed permeability 
to water and oxygen, consequently accelerating 
seedling growth and promoting higher 
accumulation of food reserves in the developing 
tuber. 
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Conclusion 
 

There is no correlation between the level of seed 
maturity and the presence of sarcotesta on all 
observed parameters. Seeds obtained from the 
top of the spadix (red fruit) showed higher 
germination capacity compared to others. The 
removal of sarcotesta eliminate the causes of 
dormancy and germination inhibitors, thereby 
facilitating optimal growth in seedling height 
(10.48 vs 9.00 cm), leaf canopy area (9.25 vs 6.93 
cm2), fresh and dry seedling weight (7.38 and 2.79 
g, respectively), number of seedling roots (13.79 
vs 8.42), and tuber diameter (1.7 vs 1.4 cm). 
Future research on causes of seed dormancy and 
chemical compounds contained in sarcotesta is 
needed to identify growth inhibitors in porang. 
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Fruit characteristics of F1 NIL Sletr1-2 vary with parental background 
 
Abstract.  The Sletr1-2 allele, which reduces ethylene sensitivity in tomatoes, offers a promising 
approach to extending fruit shelf life by slowing ripening-related metabolism. However, the trait’s 
success depends on compatibility with the recipient cultivar’s genetic background. This study evaluated 
fruit characteristics of F1 near-isogenic line (NIL) hybrids carrying Sletr1-2 in the commercial 
backgrounds ‘Costoluto’, ‘Oxheart’, and ‘Sart Roloise’. The field trial was carried out between May and 
August 2024 at the Experimental Station of Universitas Padjadjaran, Sumedang, Indonesia, following a 
randomized complete block design with eight biological replicates for each treatment. The results 
revealed that fruit characteristics of F1 NIL Sletr1-2 hybrids depend on parental background: NIL Sletr1-
2 x ‘Oxheart’ produced small fruit size, thin pericarp, and poor visual quality, while NIL Sletr1-2 x 
‘Costoluto’ and NIL Sletr1-2 x ‘Sart Roloise’ showed more commercial performance, with bigger fruit 
size. These findings highlight the critical role of parental background in optimizing Sletr1-2-linked traits 
and inform breeding strategies that balance postharvest resilience with commercial quality. 
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Introduction 
 
The increasing frequency of extreme weather 
events associated with global climate change has 
posed significant challenges to agricultural 
productivity, particularly in horticultural crops 
such as tomatoes (Solanum lycopersicum) (Singh et 
al., 2022). As climacteric fruits with a high water 
content (~94% of their total weight), tomatoes are 
highly susceptible to postharvest deterioration 
due to their elevated respiration rates and 
accelerated ripening, especially under heat-stress 
conditions. (Alenazi et al., 2020; Mubarok, Okabe, 
et al., 2015). In response to these challenges, 
recent research has focused on breeding 
strategies to develop tomato cultivars with 
extended fruit shelf life. 

Hybrid tomato breeding has shown 
considerable promise in improving both yield 
potential and fruit quality. However, a critical 
limitation remains in integrating desirable traits, 
particularly abiotic and biotic stress tolerance, 
along with postharvest longevity, without 
compromising agronomic performance. (Patanè 
et al., 2021). Advances in tomato genetics have 
identified the SlETR1 gene, which encodes an 
ethylene receptor, as a key regulator of ethylene-
mediated responses. (Saadah et al., 2023). A 
specific allele, Sletr1-2, has been associated with 
reduced ethylene sensitivity, delayed ripening, 
and extended shelf life while maintaining 
essential agronomic traits. (Mubarok et al., 2023). 

The Sletr1-2 mutation, located within the 
second transmembrane domain of the ethylene 
receptor, disrupts ethylene perception, resulting 
in firmer fruit and approximately 4–5 days of 
prolonged shelf life compared to wild-type lines 
(Saito et al., 2011). Despite its potential for 
postharvest improvement, mutant lines carrying 
Sletr1-2 often exhibit agronomic drawbacks, 
including smaller fruit size and higher acidity, 
which limit their commercial appeal (Mubarok et 
al., 2016). 

To overcome these limitations, the Sletr1-2 
allele can be introgressed into elite cultivars 
through the development of Near-Isogenic Lines 
(NILs). This approach employs repeated 
backcrossing between a donor parent carrying 
the target gene and a recipient parent with 
superior agronomic traits, resulting in NILs that 
retain the genetic background of the elite cultivar 
while incorporating the beneficial mutation (Di 
Giacomo et al., 2020). Hybrid F1 NILs carrying 
Sletr1-2 are thus expected to combine stress 

tolerance and shelf-life extension with desirable 
fruit quality attributes from the elite parental 
lines. 

Nonetheless, the successful application of 
this breeding strategy depends on the genetic 
compatibility between Sletr1-2 mutants and the 
commercial parental backgrounds. 
Incompatibilities can lead to undesirable 
physiological interactions, such as impaired heat 
tolerance or reduced fruit quality traits, namely 
size, flavour, and nutritional content. (Nguyen et 
al., 2019). These potential trade-offs underscore 
the necessity for a comprehensive evaluation of 
fruit quality parameters and secondary 
metabolite profiles in F1 NIL Sletr1-2 hybrids 
derived from diverse genetic backgrounds. 
Therefore, the present study aims to evaluate and 
compare the fruit characteristics of F1 NIL Sletr1-
2 hybrids derived from different parental lines.  

 
 

Materials and Methods 
 
Plant Materials and Cultivation. Near-isogenic 
lines (NILs) carrying the Sletr1-2 allele were 
crossed with three homozygous commercial 
tomato cultivars, ‘Costoluto’, ‘Oxheart’, and ‘Sart 
Roloise’, to produce F1 hybrid progenies. The 
field experiment was conducted from May to 
August 2024 at the Universitas Padjadjaran 
Experimental Station, Sumedang, Indonesia, 
using a randomized complete block design with 
eight biological replicates per treatment. 

Seeds were germinated in seedling trays 
containing a 1:1 (v/v) mixture of cocopeat and rice 
husk charcoal. At the 5–6 true leaf stage, seedlings 
were transplanted into field plots and fertilized 
with NPK 15:15:15 at a total rate of 600 kg ha⁻¹, 
applied in three split doses: 50% at transplanting, 
25% at three weeks after planting (WAP), and the 
remaining 25% at six WAP. All plants were 
maintained under uniform agronomic practices 
throughout the growing season. 

Pericarp Thickness. To evaluate internal 
fruit morphology, three fruits per plant at the 
breaker plus six days (Br+6) stage were cut 
transversely, and the number of locules was 
recorded and averaged. Pericarp thickness was 
measured at the equatorial region of each fruit 
using a digital caliper and expressed in 
millimeters (mm). The fruit-set percentage was 
calculated as the ratio of the total number of fruits 
to the total number of flowers per plant and 
served as an indicator of reproductive success. 
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Titratable Acidity (TA). Titratable acidity 
was determined following the procedure by 
Mauro et al. (2020). Five g of the homogenized 
tomato sample were diluted with 50 mL of 
distilled water, and the solution was titrated with 
0.1 N NaOH until the pH reached 8.1. TA (%) was 
calculated using the formula: 

 

𝑇𝐴 =  
𝑚𝐿 𝑁𝑎𝑂𝐻 𝑥 𝑁 (𝑁𝑎𝑂𝐻)0.0064 𝑥 100

𝑔 𝑠𝑎𝑚𝑝𝑒𝑙
 

Total Soluble Solids (TSS). TSS content 
was measured using a handheld refractometer 
(Euromex, Arnhem, Netherlands). A 5 g fruit 
sample was blended, centrifuged at 1,000 rpm, 
and 1000 μL of the supernatant was placed onto 
the refractometer lens. Measurements were 
performed in triplicate for each sample. 

Statistical Analysis. All quantitative data 
were subjected to one-way analysis of variance 
(ANOVA), and treatment means were compared 
using Duncan’s Multiple Range Test (DMRT) at a 
5% significance level. Statistical analyses were 
conducted using SPSS software version 25.0 (IBM 
Corp., Armonk, NY, USA). 
 
 

Results and Discussion 
 
Number of Fruits per Truss and Fruit Set. The F1 
NIL Sletr1-2 hybrids showed variation in fruit 
number per truss, with statistically significant 

differences among parental backgrounds. The 
average number ranged between 4.47 and 4.87 
fruits per truss (Figure 1). The hybrid derived from 
‘Oxheart’ produced the highest fruit number (4.87), 
although not significantly different from that of the 
‘Costoluto’ (4.75). The cross with ‘Sart Roloise’ 
resulted in the lowest fruit number (4.47). These 
differences may reflect variations in inflorescence 
architecture and flower fertility influenced by 
parental genetic contribution. The number of fruits 
per truss influenced the plant yield. Mubarok et al. 
(2023) reported that fruit weight was affected by the 
number of fruits on the plant. 

Fruit set is defined as the ratio of the number 
to the number of flowers. The reduction in fruit 
set had a consequential impact on plant yield 
(Mubarok et al., 2023). The statistical data 
analysis showed that the fruit ratio among the F1 
NIL Sletr1-2 was comparable. The values ranged 
from 74% (‘Sart Roloise’) to 75% (‘Costoluto’) 
(Figure 1). The consistent fruit set among all 
parental backgrounds suggests that the 
introgression of Sletr1-2 did not adversely affect 
pollination efficiency or fertilization success 
under field conditions, and that all hybrid lines 
had comparable reproductive performance. Our 
previous study reported that environmental 
factors, such as temperature, significantly affect 
fruit formation (Mubarok et al., 2023). Ezura et al. 
(2019) reported that heat stress increased pollen 
sterility, leading to pollen development failure 
and pollination failure.  

 
 

 
 

Figure 1. Number of fruits per truss and fruit set in various F1 NIL Sletr1-2 tomato plants from three 
parental backgrounds (‘Costoluto’, ‘Oxheart’, and ‘Sart Roloise’). The average values followed by the 
same letter are not significantly different based on Duncan's Multiple Range Test at the 5% level. 
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Locule Number and Pericarp Thickness. 
Locule number, which reflects the internal 
complexity and potential seed-bearing capacity 
of the fruit, varied significantly between hybrids 
(Figure 2). The F1 NIL Sletr1-2 from ‘Sart Roloise’ 
parent produced the most locules, averaging 4.98 
per fruit, indicating a more segmented internal 
fruit architecture. This was followed by the NIL 
Sletr1-2 x ‘Costoluto’ fruit at 4.58, and finally, the 
NIL Sletr1-2 x ‘Oxheart’ resulted in the lowest 
locule number at 4.28. Although all fruits fell 
within the typical multilocular category, the 
degree of locule formation differed in a way that 
highlights the influence of each parent line’s 
inherent fruit morphology on this trait. 

Pericarp thickness is a structural trait 
associated with fruit firmness. Among the hybrids, 
significant differences were observed (Figure 2). 
The F1 NIL Sletr1-2 from ‘Costoluto’ parental 
background displayed the thickest pericarp at 3.98 
mm, providing a potential advantage for 
mechanical strength and water retention. The F1 
NIL Sletr1-2 from ‘Sart Roloise’ parental 
background followed closely with a pericarp 
thickness of 3.73 mm, while the F1 NIL Sletr1-2 from 
‘Oxheart’ parental background had the thinnest 
pericarp, averaging only 3.11 mm. These results 
indicate that pericarp thickness is significantly 
influenced by the genetic contribution of the 
commercial parent and that selecting the parental 
line is crucial for determining this attribute. 

 

 
Figure 2. Locule number and pericarp thickness in various F1 NIL Sletr1-2 tomato plants from three 
parental backgrounds (‘Costoluto’, ‘Oxheart’, and ‘Sart Roloise’). The average values followed by the same 
letter are not significantly different based on Duncan's Multiple Range Test at the 5% level. 

 

 
 

Figure 3. TSS and TA in various F1 NIL Sletr1-2 tomato plants from three parental backgrounds 
(‘Costoluto’, ‘Oxheart’, and ‘Sart Roloise’). The average values followed by the same letter are not 
significantly different based on Duncan's Multiple Range Test at the 5% level. 
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Total Soluble Solids (TSS) and Titratable 
Acidity (TA). TSS values, indicative of sugar 
content and flavor, ranged from 4.80 to 5.12 °Brix 
across hybrids (Figure 3). The NIL Sletr1-2 x ‘Sart 
Roloise’ had the highest TSS (5.12 °Brix), which 
was significantly greater than the NIL Sletr1-2 x 
‘Oxheart’ hybrid (4.80 °Brix), but not different 
from the NIL Sletr1-2 x ‘Costoluto’ (5.02 °Brix). 
These results highlight that the parental 
background influences fruit sweetness and that 
the Sletr1-2 introgression does not suppress 
soluble sugar accumulation. 

Titratable acidity is an indicator of sourness. 
Statistical analysis showed a significant 
difference among the F1 NIL Sletr1-2 hybrid lines 
(Figure 3). The NIL Sletr1-2 x ‘Oxheart’ had the 
highest TA value at 2.56%, indicating a more 
acidic flavor profile. In comparison, the NIL 
Sletr1-2 x ‘Costoluto’ and x ‘Sart Roloise’ 
recorded significantly lower acidity levels at 
1.91% and 2.00%, respectively. These differences 
reflect how each parent's genetic contribution 
affects organic acid biosynthesis and 
accumulation, thereby influencing overall flavor 
perception. The fruit flavor is influenced by the 
combination of sweet and acidic. TSS and TA are 
mostly used to estimate sugar and organic acids, 
respectively (Mubarok et al., 2015). In our study, 
we reported that the TSS and TA of F1 NIL Sletr1-
2 hybrid lines are dependent on the parental 
background. The parental line that crosses with 
NIL Sletr1-2 will affect the fruit taste quality and 
fruit characteristics. This finding was similar to 
the previous study by Mubarok et al. (2015), the 
effect of Sletr1-2 mutation was dependent on the 
genetic background of the pure-line cultivar 
parent.  

Introducing the Sletr1-2 allele into 
commercial tomato lines offers a practical 
strategy to improve shelf life by reducing the 
plant's sensitivity to ethylene, the hormone 
responsible for triggering ripening. By slowing 
ethylene-mediated metabolic activity, this 
mutation extends the fruit’s postharvest life 
(Rahmat et al., 2021). However, the success of this 
approach depends not only on the mutation itself 
but also on its interaction with the genetic 
background of the recipient cultivar (Mubarok, et 
al., 2015). In this study, F1 NIL Sletr1-2 hybrids 
were developed using three different parental 
lines: Oxheart, Sart Roloise, and Costoluto. The 
results showed apparent differences in fruit 
quality, postharvest potential, and metabolite 

content depending on the chosen parental 
background (Saadah et al., 2023).  

 
 

Conclusion 
 
This study demonstrates that parental 
background strongly influences the expression of 
fruit characteristics in F1 NIL Sletr1-2. The 
‘Oxheart’ background tended to amplify less 
desirable attributes, including lower pericarp 
thickness, lower TSS, higher acidity (TA), and 
smaller fruit size, which collectively reduce 
firmness, sweetness perception, and postharvest 
durability. These features make ‘Oxheart’ a less 
suitable candidate for commercial improvement 
when combined with the Sletr1-2 allele. In 
contrast, ‘Costoluto’ and ‘Sart Roloise’ 
contributed to improved fruit size. Integrating 
ethylene-insensitive traits into elite tomato 
backgrounds requires strategic parental selection 
to balance storability, fruit size, flavour, and 
consumer-preferred qualities. These results 
demonstrate that integrating ethylene-insensitive 
traits such as Sletr1-2 into elite tomato 
backgrounds requires careful parental selection 
to balance extended storability with desirable 
consumer-oriented attributes, including 
sweetness, firmness, and optimal fruit size. 
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Introduction 
 
Strawberries (Fragaria × ananassa Duch.) are 
temperate crops that have adapted to high-
altitude tropical regions, such as those found in 
Indonesia. Their economic importance drives 
increasing Indonesian demand for sweet, large, 
and appealing fruit.  Most cultivars in Indonesia 
originated from seeds imported from the United 
States and later evolved into local varieties, 
whereas only a limited number of Japanese 
strawberries are grown there.  

The cultivar, climate, and cultivation 
methods strongly influence the fruit's TSS. Local 
strawberries typically have a sweetness level of 5-
8 oBrix (Hindersah et al., 2023; Romiyadi & Putri, 
2024), which is considered sour, whereas 
Japanese strawberries range from 10-14 oBrix 
(Ikegaya, 2024). In general, optimal temperatures 
for strawberry growth are 18-25 °C, and optimal 
relative humidity is 60-69%. A temperature 
difference of 10-12 °C between day and night 
enhances sugar accumulation (Wu et al., 2021). 
High temperatures and humidity impede flower 
development, hinder pollination and fruit set, and 
reduce yield and quality (Muneer et al., 2017). 

Greenhouse cultivation offers a promising 
method for controlling microclimates and 
enabling year-round production. Because natural 
sunlight varies throughout the day, supplemental 
artificial lighting is essential. LED technology 
provides high light intensity, adjustable 
wavelengths, and low heat emission. LEDs emit 
specific wavelengths, including red and blue, that 
meet plants' photosynthetic needs and influence 
photosynthesis, morphogenesis, and flowering. 
In subtropical regions, cultivating strawberries in 
greenhouses under LED lighting increased leaf 
chlorophyll levels, vegetative growth, above-
ground dry matter, and fruit production 
compared with those without LED (Choi et al., 
2015; Nakayama, 2025; Hwang et al., 2025). The 
beneficial effects of red and blue LED on the yield 
and total soluble solids of American strawberries 
grown in conventional greenhouses in Indonesia 
have been documented (Adrian et al., 2024). 
However, similar research on Japanese 
strawberries is lacking.  

In greenhouses, strawberries are often 
grown in soilless substrates, simplifying 
management and reducing pest and disease 
incidence. Most growers in Indonesia still depend 
on chemical fertilizers for soilless-based 
cultivation. Biofertilizers provide an eco-friendly 

and cost-effective source of nutrients. They 
typically contain nitrogen-fixing bacteria (NFB) 
and phosphorus-solubilizing microbes (PSM). 
The NFBs convert atmospheric N2 into ammonia, 
NH3 (Pajares & Bohannan, 2016), which is further 
transformed into available ammonium and then 
nitrate (Longepierre et al., 2022). Meanwhile, 
PSMs release organic acid to convert inert 
inorganic phosphorus  to available one and hence 
increase its bioavailability (Yadav et al., 2015).  

Beneficial bacteria Azotobacter, Azospirillum, 
and Acinetobacter (endophytic N-fixer), and 
Pseudomonas, have been reported to promote 
plant growth, enhance plant health, and increase 
strawberry yield (Hosseini et al., 2022; Morais et 
al., 2019). The positive impact of Penicillium and 
Trichoderma on strawberry growth was reported 
(Fitriatin et al., 2025). Many of these microbes also 
synthesize phytohormones that are involved in 
strawberry plant development (de Andrade et al., 
2019; Rueda et al., 2016). Biofertilizer application 
in strawberries enhanced juice content, total 
soluble solids, and total sugar (Kumar et al., 2019). 
However, data on the response of Japanese 
strawberry cultivars to beneficial bacterial 
inoculation in tropical regions are limited.  

Integrating lighting and biofertilizers 
provides a synergistic solution to optimize yields 
and fruit sweetness in Japanese strawberry 
production in tropical regions. Nonetheless, the 
microbial composition and metabolite content of 
biofertilizers determine their effectiveness in 
boosting plant yield. This study aimed to 
characterize the plant-growth-related properties 
of the biofertilizer consortia and evaluate their 
effectiveness on the cv. Nanatsuboshi and KS-75 
strawberry yields and sweetness under controlled 
greenhouse conditions, with and without LED 
lighting. This research presents the first report on 
the application of biofertilizers for growing 
Japanese strawberries in an environmentally 
controlled greenhouse in Indonesia.  
 
 

Materials and Methods 
 
The laboratory analysis was carried out in June 
2024. A pot experiment was conducted in the 
environmentally-controlled greenhouse at the 
Faculty of Agriculture, Universitas Padjadjaran, 
from August to November 2024.  

Biofertilizer Characterization. The 
consortia biofertilizer consisted of heterotrophic-
aerobic Azotobacter chroococcum, A. vinelandii, 
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Acinetobacter sp., Azospirillum sp., Pseudomonas 
cepacia, and Penicillium sp. Microbes were scaled 
up separately in 30 L of molasses-based growth 
media within a 45 L bioreactor. The initial 
inoculum concentration in the media was 5%, and 
the culture was incubated for 3 days at room 
temperature with agitation at 130 rpm. All 
microbial cultures were mixed in a balanced ratio 
before bottling. PT Pupuk Kujang provided the 
biofertilizer in collaboration with the Faculty of 
Agriculture, Universitas Padjadjaran.  

Population counts and metabolite analyses 
in the biofertilizer were performed one month 
after bottling. The population of each microbial 
strain was quantified in specific media using the 
serial dilution and plate count method  (Ben-
David & Davidson, 2014). A total of 0.1 mL of the 
microbial suspension was taken from the diluted 
BF, poured onto the sterilized plates, and mixed 
with 20 mL of the media. The plates were 
incubated at 30 °C for 3 days for bacteria and 5 
days for Penicillium fungi. Each colony with a 
diameter of 1 mm or more was counted. The 
microbial counts were replicated three times.  

The opportunistic pathogen Escherichia coli 
and Salmonella spp. were enumerated using the 
Most Probable Number method (Weaver et al., 
1994). Indole-3-acetic acid (IAA) was measured 
by spectrophotometer after extraction with 
Salkowski's reagent (Patel et al., 2018), while 
gibberellins (GA3, GA4 and GA5) and cytokinins 
(zeatin and kinetin) were determined through 
HPLC with mobile phase of acetonitrile/water 
(50/50; v/v) and a flow 1.0 ml/min; the detection 
was performed by a UV detector set at 205 nm 
(Macías et al., 2014). Specific organic acids, 
including lactic, oxalic, citric, and acetic, were 
measured by high-performance liquid 
chromatography (Risanti et al., 2025).  

The strawberry cultivars used in this study 
were Nanatsuboshi and KS-75, which had been 
grown in beds for one year. The growth medium 
in the trays on the raised beds consisted of a 9:9:1 
volume ratio of coco peat, rice husk, and peat 
moss. Both strawberry cultivars were imported 
from Okinawa prefecture, Japan, and provided by 
the Japan Premium Vegetable Project in 
collaboration with the Faculty of Agriculture, 
Universitas Padjadjaran.   

Greenhouse Experiment. The greenhouse 
temperature was maintained at 20 °C at night and 
25-30 °C during the day, with a relative humidity  
 

of 60%. LEDs with a wavelength of 400-800 nm 
were installed 60 cm above the cultivation beds 
(Figure 1), and automatically turned on daily 
from 4:00-6:00 pm and 6:00-8:00 am, and when 
outside sunlight was less than 300 W/m².  
 

 
a 

 
b 

Figure 1. The strawberries cv Nanatsuboshi grown 
with natural light (a) and KS-75 cultivars grown in 
the raised bed under LED (b) 

 

Photosynthetic photon flux density (PPFD) 
was recorded every 5 minutes using quantum 
photosynthetically active radiation sensors. Data 
were stored in a Decagon EM50 data logger. 
During the experiment, the average PPFD under 
natural and LED light were 179.62 and 166.10 
mol/m2/s (Table 1), while the average daylight 
integral (DLI) values were 15.52 and 14.35 
mol/m²/day (Table 2).  

 

Table 1. The photosynthetic photon flux density 
during the experiment  

PPFD (mol/m2/s) Non-LED LED 

Sum 16345.60 15115.46 
Minimum 94.01 115.79 
Maximum 222.19 207.14 

Mean 179.62 166.10 
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Table 2. Daylight integral during the 
experiment 

DLI (mol/m2/day)  Non-LED LED 

Sum 1412.26 1305.98 
Minimum 10.00 8.12 
Maximum 17.90 19.20 

Mean 15.52 14.35 

 
Monthly PPFD and DLI under LED and non-LED 
areas were shown in Figure 2.  
 

 

 

Figure 2. The dynamic of photosynthetic photon 
flux density (a) and daylight integral (b) from 
September to November 2024 under LED and 
natural (non-LED) lighting 

 
Experimental Design and Implementation. 

The experiment was conducted using a 
randomized complete block design to test one 
independent factor with four treatments and five 
replications. The treatment factors included A) 
natural lighting without biofertilizer, B) LED 
lighting without biofertilizer, C) natural lighting 
with biofertilizer, and D) LED lighting with 
biofertilizer.  Each treatment was placed in 5 
trays, each containing seven plants.  

The strawberry cultivars used in this study 
were Nanatsuboshi and KS-75, which had been 
grown in beds for one year. The growth medium 
on the raised beds consisted of coco peat, rice 
husk, and peat moss (9:9:1; v:v:v). Both cultivars 
were imported from Okinawa prefecture, Japan, 

and provided by the Japan Premium Vegetable 
Project in collaboration with the Faculty of 
Agriculture, Universitas Padjadjaran.   

Plant nutrients were supplied through 
fertigation. The nutrient solution was prepared by 
mixing the A and B nutrient solutions with 3% 
citric acid in the specified composition. The A 
solution contained 1,200 ppm CaNO3, 350 ppm 
KNO3, and 40 ppm Fe; the B solution contained 
800 ppm MgSO4, 300 ppm KH2PO4, 50 ppm 
K2SO4, 10 ppm MnSO4, 10 ppm boric acid, 5 ppm 
CuSO4, 2 ppm (NH4)2MoO4, and 5 ppm ZnSO4. 
All nutrient solutions were placed in separate 
containers. The nutrient solution was applied at 
an average EC of 0.5-0.7 dS/m and a pH of 5.7. 
The daily fertigation was adjusted to deliver 50 
mL over 10 minutes per hour from 6 am to 4 pm.  

Biofertilizer at a 5% (v:v) concentration and 
20 mL volume was applied to the leaves every 
two weeks for two months. Plants without 
fertilizer were sprayed with the same volume of 
water. Before biofertilizer application, the plants 
were in the fruiting stage, and no fruits or flowers 
were removed. Natural pesticides were applied 
regularly, 2–3 times a week, to control aphids and 
mites. The caterpillars that sometimes attack the 
leaves were manually removed and squashed. 
The experiment maintained three crowns per 
plant and eight leaves per crown. All runners and 
side roots were removed. The mature fruits were 
harvested three times a week. 

Parameters and statistical analysis. The 
number of fruits, their total weight, and the total 
soluble solids (TSS) of both the fruit tip and the 
intact fruit were measured. The fruit tip is the low 
part of the fruit; one-third of the height of the fruit 
is cut to get the fruit tip. The fruits were weighed 
using a digital scale (1000 HPS2, Sojikyo, Japan), 
and TSS was measured with a refractometer 
(PAL-1, Atago, Ltd., Tokyo, Japan). All data were 
analysed using one-way analysis of variance 
(ANOVA) at p < 0.05. The means were compared 
using the Tukey Honestly Significant Difference 
(HSD) test at p < 0.05. Statistical analyses were 
performed using SPSS version 25.  

 
 

Results and Discussion 
 
Biofertilizer Properties. All microbes inoculated 
into molasse-based liquid biofertilizer were 
recovered using specific growth media (Table 3). 
The biofertilizer contained a low population of 
opportunistic pathogens, E. coli and Salmonella 
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spp., each at <3 MPN/mL. The phytohormones, 
including IAA, gibberellins, and cytokinins, were 
present in biofertilizer (Table 3).  Lactic, oxalic, 
and acetic acids were found in the biofertilizer, 
but citric acid was not detected.  

The number of microbial populations in a 
biofertilizer is the primary factor determining its 
quality and effectiveness. The populations of 
bacteria and fungi were more than 107 and 105 
CFU/mL, respectively, which complies with the 
Indonesian Ministry of Agriculture Regulation 
No. 261 of 2019 about biofertilizer. The liquid 
media support heterotrophic microbial growth, as 
molasses provides 29-40% sucrose, 4-14% glucose, 
0.5-4.5% protein, 0.3-1.5% amino acids, 
phosphorus, potassium, and other nutrients 
(Jamir et al., 2021).  Heterotrophic microbes in 
biofertilizer metabolize saccharides for energy 
and carbon, as well as proteins and amino acids 
for nitrogen sources.  

Rhizobacteria can produce IAA through 
both tryptophan-dependent and tryptophan-
independent pathways. Notable examples of 
rhizobacteria that produce IAA without external 
tryptophan include Azotobacter, Pseudomonas 

(Ahmad et al., 2005), and Acinetobacter (Lin et al., 
2018). In contrast, most Azospirillum species rely 
on exogenous Trp for IAA biosynthesis (Carreno-
Lopez et al., 2000). In this study, Azotobacter, 
Pseudomonas, and Acinetobacter mainly 
contributed to IAA production in the culture, as 
no external Trp was added.  

 The presence of GA and CK in 
biofertilizer reconfirmed that Azotobacter, 
Azospirillum, and Pseudomonas can synthesize 
both phytohormones, as discussed elsewhere. 
Molasses provides disaccharides and other 
nutrients for bacterial growth and the production 
of phytohormones, which are then released into 
the surrounding medium (Hindersah et al., 2020). 
In this study, the reactor headspace and 
continuous agitation maintain an aerobic 
environment during biofertilizer production. All 
microbes in the biofertilizer exhibit heterotrophic 
and aerobic metabolism rather than fermentation, 
resulting in a low organic acid content. 

Strawberries Yield. Biofertilizer, LED, and 
their combination significantly reduced the 
number of fruits per plant in Nanatsubohsi but 
increased it in KS-75 (Table 5).  

 
Table 3. Microbial composition of the liquid consortia biofertilizer   

Microbes Methods Growth Media Population Unit 
A. vinelandii TPC1 Vermani Agar 2.16 x 107  CFU/mL 
A. chroococcum TPC Ashby Agar 1.37 x 107  CFU/mL 
P. cepacia TPC Pikovskaya Agar 9.74 x 107  CFU/mL 
Acinetobacter TPC  Tryptic Soy Agar 1.55 x 109  CFU/mL 
Azospirillum sp. TPC Okon Agar 3.85 x 107  CFU/mL 
Pencillium sp. TPC Pikosvkaya Agar 1.21 x 105  CFU/mL 
Escherichia coli MPN2 EMBA4 < 3  MPN/mL 
Salmonella sp. MPN SSA5 < 3  MPN/mL 
Patogenicity HS Test3 Tobacco plants Negative - 

 1Total Plate Count, 2Most Probable Number, 3in-planta hypersensitive test, 4Eosin Methylene Blue Agar, 
5Salmonella Shigella Agar.  
 
Table 4. Phytohormones and organic acid composition of liquid consortia biofertilizer  

Metabolites Concentration (mg/L) 

IAA  34.01  
GA3 167.09 
GA4 38.07 
GA5 43.90 
Zeatin 198.23 
Kinetin 21.86 
Lactic acid 2.73 
Oxalic acid 4.97  
Citric acid nd1 

Acetic acid 32.51 
1Not detected 
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Table 5. Fruit number of ‘Nanatsuboshi’ and ‘KS-75’ strawberry in response to different supplemental LED 
lighting and biofertilizer treatments over three months of observation 

Treatments 

Fruit number per plant in each month 

Nanatsuboshi KS-75 

1st 2nd 3rd 1st 2nd 3rd 

Control (without BF1, natural light) 4.0 b 2.8 a 4.8 c 1.0 a 1.0 a 1.5 a 
BF, natural light  2.7 a 2.5 a 3.5 ab 1.6 ab 1.3 a 1.6 a 

Without BF, LED  2.3 a 2.0 a 3.0 a 1.5 a 2.2 b 2.7 b 
BF, LED 2.7 a 3.5 a 4.0 b 2.3 b 2.7 b 2.3 b 

Mean values (n=6) followed by different letters in the same column were significantly different according to the 
Tukey HSD test at p < 0.05. 1Biofertilizer  

 
Table 6. Fruit weight per plant of ‘Nanatsuboshi’ and ‘KS-75’ strawberry in response to different 
supplemental LED lighting and biofertilizer treatments over three months of observation 

Treatments 

Fruit weight (g/plant) in each month 

Nanatsuboshi KS-75 

1st 2nd 3rd 1st 2nd 3rd 

Control (without BF1, natural light) 39.5 a 26.6 ab 43.7 b 8.6 a 7.4 a 9.6 a 
BF, natural light  37.9 a 24.3 a 31.6 a 13.7 b 12.5 b 14.3 ab 
Without BF, LED  23.6 a 21.5 a 31.3 a 13.1 b 15.9 b 14.8 ab 
BF, LED 26.7 a 32.5 b 39.7 b 19.6 c 19.7 c 17.5 b 

Mean values (n=6) followed by different letters in the same column were significantly different according to the 
Tukey HSD test at p < 0.05. 1Biofertilizer 

 
Table 7. Total fruit number and fruit weight of ‘Nanatsuboshi’ and ‘KS-75’ strawberry in response to 
different supplemental LED lighting and biofertilizer treatments over three months of observation 

Treatments 
Fruit number  Fruit weight  (g/plant) 

Nanatsuboshi KS-75 Nanatsuboshi KS-75 

Control (without BF1, natural light) 11.67 c 3.50 a 109.93 b 25.55 a 
BF, natural light  8.67 a 4.67 a 93.74 ab 40.48 b 
Without BF, LED  7.67 a 6.33 b 76.43 a 43.85 b 
BF, LED 10.17 b 7.33 b 98.87 ab 56.79 c 

Mean values (n=6) followed by different letters in the same column were significantly different according to the 
Tukey HSD test at p < 0.05. 1Biofertilizer 

 
 
Regardless of statistical analysis, the 

number of fruits in Nanatsuboshi fluctuated over 
the three-month observation period. In the first 
and third months, all treatments reduced fruit 
number, whereas in the second month, 
biofertilizer with natural light and LED without 
biofertilizer did not affect fruit number. The fruit 
number of treated plants in the first and third 
months was 35.8% and 27% lower than the 
control, respectively. The pattern of fruit number 
increase in KS-75 was consistent across all months 
of observation, as evidenced by the positive 
effects of biofertilizer and LED treatments. The 
increase in fruit number under LED with 
biofertilizer was about 130%, 170%, and 53% from 
the first to the third month, respectively.  

 The Biofertilizer with natural light and 
LED without biofertilizer reduced fruit weight in 
Nanatsuboshi, but biofertilizer application in the 
LED area maintained the total fruit compared to 
the control (Table 6). In contrast, all treatments 
increased the fruit weight in KS-75. The KS-75 
grown with biofertilizer under LED lighting 
during the first, second, and third months had 
127%, 166%, and 82% more fruit weight, 
respectively, compared to the control. The 
reduced yield in the second month might be due 
to the lowest PPFD and DLI levels, which are 
94.02 mol/m²/s and 8.12 mol/m²/day, 
respectively. Changes in light that directly affect 
photosynthesis and carbohydrate allocation to the 
fruit.  
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The trend in fruit yield over three months 
(Table 7) was comparable to the monthly data; a 
decrease in the number of Nanatsuboshi fruits 
after treatments was observed. Meanwhile, the 
KS-75 yield was enhanced by the treatments.  

The monthly fruit numbers and weights 
varied widely because flowers and fruits were not 
thinned. In general, the Nanatsuboshi was 
dominated by medium-sized fruit (16-26 g), but 
the small-sized KS-75 (6-15 g) was the dominant 
size. The fruit size of Nanatsuboshi is genetically 
larger than that of KS-75.  

Anthesis and fruit set also varied among 
plants within each treatment, possibly due to 
differences in plant physiological status and 
uneven nutrient supply. Moreover, the 
experiment was conducted on reproductive 
plants without removing flowers or fruits 
beforehand. Because strawberry plants naturally 
vary in their flowering and fruiting stages, they 
cannot all be harvested at the same time. 

Beneficial microbes likely enhance yield by 
stimulating photosynthesis. The bacteria in the 
biofertilizer fix nitrogen and produce 
phytohormones (Hindersah et al., 2021). Spraying 
beneficial bacteria onto plant shoots growing in 
soil can improve N status and hence chlorophyll 
content, photosynthetic rate, and biomass 
(Efthimiadou et al., 2020). In the phyllosphere, 
nitrogen and phytohormones are absorbed by 
leaves through stomata or the epidermis of leaves. 

Biofertilizer is applied by foliar spraying, 
which may alter the phyllosphere microbial 
composition in Nanatsuboshi, thereby repressing 
indigenous beneficial microbes. The phyllosphere 
of Nanatsuboshi may lack essential nutrients 
needed for fruit development. Some of the 
sprayed biofertilizer inevitably reaches the 
growth media. Exogenous bacteria modify the 
community structure of the rhizosphere and 
growth media, resulting in a different 
composition of root exudates that provide 
nutrients. In the case of Nanatsuboshi, this change 
may not be suitable for both bacterial and plant 
growth. However, further research is required to 
identify the key factors underlying the yield 
reduction.  

A biofertilizer can decrease the yield of a 
specific strawberry cultivar due to 
incompatibility with the cultivar, climate, or an 
unbalanced nutrient profile in the substrate. 
Microbes often face numerous challenges when 
introduced into the shoots. Different strawberry 
varieties respond uniquely to biofertilizers 

because of their distinct genetics and physiology, 
and how these interact with the introduced 
microbes and their activities in providing 
nutrients. A commercial biofertilizer composed of 
nitrogen-fixing and phosphorus-solubilizing 
bacteria slightly decreased the yield of the Dely 
cultivar but reduced that of Joly (Tomic et al., 
2015).  

LED lighting significantly impacts yield, 
both fruit number and yield. Photoperiod, 
genotype (cultivar), and temperature interact to 
influence growth and, subsequently, yield, which 
determines whether growth is vegetative or 
generative (Bradford et al., 2010). The LED 
usually increases strawberry yield (Pérez-Romero 
et al., 2024; Nakayama & Nakazawa, 2023). The 
results of this study for KS-75  are consistent with 
the 3.1-fold and 2.5-fold increase in yield of the 
Nanatsuboshi and Benihoppe cultivars, 
respectively, under LEDs compared to a 
conventional subtropical greenhouse (Nakayama 
& Nakazawa, 2023). 

Lower yields might result from unsuitable 
light intensity, spectrum, or duration for the 
Nanatsuboshi cultivar, leading to plant stress or 
nutrient imbalance.  Under white LED, 
strawberry cv Jewel had more severe 
Colletotrichum gloeosporoides than plants grown 
under ambient light, and all strawberry cultivars 
showed higher injury rating (Smith et al., 2022). 
Bacteria in the phyllosphere face alternating 
environmental conditions, including direct effects 
of specific LED wavelengths; for example, white 
LED alters the capacity of Pseudomonas sp. DR 5-
09 for substrate utilization (Gharaie et al., 2017).  

Light influences plant-microbe interactions 
by modulating root exudation patterns, which in 
turn shape the rhizosphere microbiome. Light 
intensity affects root exudation in the rhizosphere 
(Martin et al., 2018), and consequently, microbial 
composition, thereby regulating the nutrient 
cycle. Increased yield may result from improved 
nutrient composition in the substrate. 
Furthermore, light affects phyllosphere microbes 
and leaf nutrients by altering gene dominance 
(Kong et al., 2024), thereby altering the 
availability of nutrients, such as sugars and 
proteins, on the leaf surface (Larsen et al., 2020).  

The strawberry cv. KS-75 responded 
positively to the LED light and its interaction with 
Biofertilizer. Nanatsuoshi fruit yield decreased 
significantly under LED light, possibly because 
changes in photoperiod and temperature reduced 
positive plant responses, including microbial 
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proliferation and activity in the rhizosphere and 
phyllosphere.  Physiological parameters, 
including leaf area, nutrient content, and leaf 
chlorophyll, should be monitored in the following 
experiment, as all traits directly relate to 
photosynthesis and carbohydrate allocation to 
flowers and fruits.  

The total soluble solids. Neither 
biofertilizer in natural light, LED without 
biofertilizer, nor LED and biofertilizer treatments 
affected TSS in intact fruit or fruit tips in either 
Nanatsuboshi or KS-75 (Tables 8 and 9). Over 
three months, TSS remained constant for both 
varieties. Without statistical analysis, the TSS of 
intact fruit was likely lower than that of the fruit 
tip, since sugar in strawberries usually 
accumulates in the fruit tip. The TSS of 
Nanatsuboshi was lower than that of KS-75, even 
though the yield of Nanatsuboshi was higher than 
that of KS-75 (Table 7).  In general, the TSS of 
intact fruit of both cultivars, mainly KS-75, was 
higher than that of the local strawberry (Romiyadi 
& Putri, 2024). However, the TSS of both cultivars 
agrees with that of local strawberries grown with 

humic acid and biofertilizer-coated fertilizer 
(Hindersah et al., 2023). 

The fruit tip of strawberries is usually 
sweeter than the rest of the fruit because maturity 
begins at the tip. The TSS of KS-75 is higher than 
that of Nanatsuboshi. The TSS increases in intact 
fruit were more pronounced in KS-75 following 
biofertilizer inoculation. Fruit sweetness is 
directly determined by leaf sugars, which are 
generated during photosynthesis and serve as the 
primary source of sugars accumulated in the fruit. 
This preliminary experiment did not reveal a 
direct effect of LED, biofertilizer, or their 
combination on photosynthesis.  

Sugar transport and accumulation directly 
require potassium, boron (B), and P. Biofertilizers 
did not affect sweetness, possibly because 
phosphate-solubilizing bacteria did not supply 
sufficient P for sugar transport. Furthermore, B 
might precipitate in the medium due to 
phosphate binding. The white LEDs used in this 
study may be less effective than blue LEDs, which 
increase sugar (sucrose and fructose) production 
(Hwang et al., 2025). 

 
 
Table 8. Total soluble solids of ‘Nanatsuboshi’ and ‘KS-75’ strawberry intact fruit in response to different 
supplemental LED lighting and biofertilizer treatments over three months of observation 

Treatment 

TSS of intact fruit (oBrix) in each month 

Nanatsuboshi KS-75 

1st 2nd 3rd 1st 2nd 3rd 

Control (without BF1, natural light) 8.7 a 8.5 a 8.5 a 8.7 a 9.3 a 9.2 a 
BF, natural light  8.5 a 8.9 a 8.9 a 9.2 a 9.8 a 9.9 a 
Without BF, LED  8.3 a 8.9 a 8.7 a 9.5 a 9.3 a 9.6 a 
BF, LED 8.4 a 8.7 a 9.1 a 9.5 a 9.6 a 9.6 a 

Mean values (n=6) ± standard deviation followed by different letters in the same column were significantly 
different according to Tukey HSD test at p < 0.05. 1Biofertilizer 

 
 

Table 9. Total soluble solids of ‘Nanatsuboshi’ and ‘KS-75’ strawberry tip fruit in response to different 
supplemental LED lighting and biofertilizer treatments over three months of observation 

Treatment 

TSS of Tip Fruit (oBrix) in each month 

Nanatsuboshi KS-75 

1st  2nd 3rd 1st  2nd  3rd 

Control (without BF1, natural light) 9.2 a 9.0 a 9.1 a 9.1 a 9.7 a 9.6 a 
BF, natural light  9.0 a 9.8 a 9.5 a 9.6 a 10.4 a 10.3 a 
Without BF, LED  9.5 a 9.4 a 9.3 a 10.0 a 9.6 a 10.1 a 
BF, LED 9.0 a 9.4 a 9.80 a 10.0 a 9.5 a 10.1 a 

Mean values (n=6) ± standard deviation followed by different letters in the same column were significantly 
different according to the Tukey HSD test at p < 0.05. 1Biofertilizer 
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The research limitations were that the 
flowers and fruit were not removed beforehand, 
resulting in inconsistent fruiting status among 
plants and non-simultaneous harvest times. 
Further experiments should also include 
physiological parameters such as chlorophyll 
content and the uptake of essential 
macronutrients and specific micronutrients that 
regulate photosynthesis. Despite the results of 
this experiment, strawberry cultivation in 
greenhouses in Indonesia using biofertilizers 
remains promising. However, the limitations of 
the experiment described above need to be 
addressed. 

 
 

Conclusion 
 
This study successfully characterized the 
microbial and biochemical properties of the liquid 
consortia biofertilizer, which met the Indonesian 
biofertilizer quality standards and contained high 
populations of N-fixing and P-solubilizing 
microbes, as well as plant-growth-related 
phytohormones such as IAA, gibberellins, and 
cytokinins. The evaluation of its effectiveness 
under controlled greenhouse conditions 
demonstrated that the two Japanese strawberry 
cultivars responded differently to the biofertilizer 
and LED treatments. Biofertilizer and LED 
lighting consistently enhanced fruit number, total 
fruit weight, and TSS in cv. KS-75, indicating 
strong compatibility with both inputs. In contrast, 
Nanatsuboshi exhibited a reduced number of 
fruits under biofertilizer and LED treatments, 
although its fruit-tip TSS remained unchanged. 
However, biofertilizer application in the LED area 
maintained the fruit weight compared to the 
control.  These findings highlight a significant 
interaction between cultivar, biofertilizer, and 
supplemental lighting, suggesting that KS-75 is 
better suited for integrated biofertilizer–LED 
cultivation systems in tropical greenhouses. 
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Introduction 
 
Andisols, are distributed only approximately 
0.8% of the earth’s surface, yet they possess great 
potential for agricultural production (Anda et al., 
2021; Hati et al., 2021). In Indonesia, for instance, 
many of most productive productive regions and 
densely populated area are located near active or 
dormant volcanoes. The unique physical, 
chemical, and mineralogical properties of these 
soils, such as their high porosity, dark color, and 
abundance of amorphous materials (including 
allophane, imogolite, and ferrihydrite), 
sesquioxides (oxides and hydroxides of 
aluminum and iron), and Al–humus complexes 
distinguish them from soils formed from other 
parent materials and largely account for their 
high productivity (Takahashi, 2020; Takahashi & 
Dahlgren, 2016). These soils are commonly 
situated in the agro-ecosystem zone and are 
commonly utilized for cultivating plantation crop 
and upland vegetable fields. However, the 
productivity of Andisols is often constrained by 
phosphorus deficiency despite their inherent 
fertility (Marpaung et al., 2023; Velásquez et al., 
2016). Therefore, appropriate soil management 
strategies are essential to optimize their 
productivity and prevent degradation. 

Phosphorus (P) in one of the macro nutrients 
required for plant growth, yet in Andisols the 
availability of P for plant is often low due to the 
strong sorption of P by non-crystalline aluminum 
(Al) and iron (Fe) that forms insoluble metal-
phosphorus compounds (Gypser et al., 2018; 
Marpaung et al., 2022; Wang et al., 2019). The 
amount of P retention is also affected by pH of the 
system. Phosphate retention is generally highest 
in acidic to near-neutral conditions, pH 5.5-7, due 
to strong absorption of P onto iron and aluminum 
oxide. Under alkaline conditions (i.e. pH > 7) and 
very acidic conditions (i.e. pH < 5) P retention 
may decrease due to formation of Ca-phosphate 
and reduced adsoption by Fe and Al oxides, 
respectively (Gustafsson et al., 2012; Penn & 
Camberato, 2019). 

The chemistry of Andisols reflects the 
influence of high amounts of variable charge. The 
term ‘variable charge’ refers to characteristic of 
organic and inorganic soil constituents that 
possess varied charge on the reactive surface 
depending on the pH, ionic concentration, and 
composition of the soil solution (Van Ranst et al., 
2017). In variable charge soils, P retention can be 
reduced by lowering the zero point of charge 

(ZPC). ZPC arises from the properties of 
amphoteric oxides, e.g., aluminum (hydr-)oxide, 
allophane, or other amorphous substances in clay 
fractions which are the main characters of 
variable charged clay. According to Uehara & 
Gillman (1981), a decrease in point of zero net 
point charge (PZNPC) may increase the surface 
negative charge and increase cation exchange 
capacity. This surface charge characteristic is 
important in soil management since the 
physicochemical process that control nutrient 
availability occur at the soil particle surface 
(Uehara & Gillman, 1981). In tropical soil, Fe and 
Al oxides are the sources of variable charge and 
important agents in controlling P retention and 
its availability in topsoil (Barrow, 2017). 

The incorporation of organic matter (OM) 
into the soil is one way to lower PZNPC (Van 
Ranst et al., 2017) and it also well known to soil 
fertility and productivity (Tong et al., 2020). OM 
has a low PZNPC, about pH 4, thereby playing a 
role in lowering PZNPC of the soils. The 
adsorption of organic anion secreted from plant 
roots or produced from the decomposition of 
plant residue can lower PZNPC of variable 
charge soils through increasing negative surface 
charge and masking positive charge. In addition, 
OM, particularly manure, can be the source of 
macro and micro-nutrients including phosphorus 
(Fang et al., 2021; Goldan et al., 2023). These 
studies also underlined that manure applications 
can reduce the use of phosphorus fertilizer. 
Recent research showed an appropriate fertilizer, 
combination NPK and organic fertilizer, can 
improve P uptake (Chen et al., 2023; Gao et al., 
2023). This positive outcome underscores the 
potency of organic fertilizer in addressing 
challenges related to the use of P fertilizer, 
considering the rising of fertilizer price and its 
limited availability faced by farmers. 

Andisols are characterized by high 
phosphorus fixation which often limits P 
availability. Although numerous studies have 
reported the beneficial effects of phosphate 
fertilizers and organic amendments on chemical 
soil properties and crop yield, results remain 
inconsistent in Andisols. Several cases showed 
that the application of phosphate fertilizer 
or/and organic matter did not lead to the 
expected improvement in P availability due to its 
interaction with amorphous Al and Fe 
compounds (Mabagala & Mng’ong’o, 2022; 
Velásquez et al., 2016). In addition, the low 
phosphorus zero point of charge (pH₀) 
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characteristic of Andisols plays a critical role in 
regulating nutrient dynamics, as soil pH relative 
to pH₀ strongly influences surface charge 
properties. Information on how different doses 
and types of organic matter influence P 
dynamics, either independently or in interaction 
with phosphate fertilizer remains limited. 
Understanding these effects is essential. 
Therefore, there is a need to evaluate both the 
individual and interactive effects of phosphate 
fertilizer and diverse organic matter types 
applied at different rates to identify nutrient 
management strategies that can effectively 
improve P availability and cabbage yield in 
Andisols. 
 
 

Material and Method 
 
Research areas.  The research was conducted in 
plastic house at the experimental garden, Faculty 
of Agriculture, Universitas Padjadjaran, West 
Java (6°55′ 0.728″ S, 107°46′ 18.4606″ E). The 
research area has annual temperature and 
precipitation were ±25 °C and ±1500-2000 mm per 
year, respectively. The soil used in this 
experiment was classified as Andisols originated 
from Pangalengan (Herdiansyah et al., 2024). We 
used the top layer (at 30 cm depth) of Andisols 
Pangalengan which was formerly planted by 
potato (Solanum tuberosum).  

Materials and Tools. The treatments 
applied organic fertilizer such as cow manure, 
chicken manure, sheep manure, and rice straw 
compost, and inorganic fertilizer such as SP-36 
(36% P2O5) as well as basic fertilizer such as urea, 
ZA, and KCl fertilizers. Cabbage (Brassica 
oleraceae var Grand 11) were used as plant 
indicator. Laboratorium equipments and 
chemical reagents used in this research were 
analytical balance, pH meter, pippete, 
mechanical shaker, centrifuge, volumetric flask, 
H2SO4, H2O2, ammonium molybdate, HClO4, 
Bray P, KH2PO4, and KCl or CaCl2. 

Experimental Design and Treatments. The 
experiment used a Factorial Randomized Block 
Design (RBD) consisting of two factors (P 
fertilizer and organic fertilizer) with different 
types and doses (nine treatments). The treatments 
were a0 = 0 kg ha-1 P2O5 = 0 g polybag -1 SP-36; a1 

90 kg ha-1 P2O5 = 1.6 g polybag -1 SP-36; a2 180 kg 
ha-1 P2O5 = 3.1 g polybag -1 SP-36; a3 270 kg ha-1 
P2O5 = 4.6 g polybag -1 SP-36; b0 = without organic 
matter; b1 =20 ton ha-1 cow manure; b2 = 20 ton ha-

1 chicken manure; b3 = 20 ton ha-1 sheep manure; 
b4 = 20 ton ha-1 rice straw compost, and five 
replicates for each treatment, thus total samples 
were 45 samples. 

Research Procedures. The Andisol from 
Pangalengan were prepared as planting medium 
for pot experiment after cleaning the soils from 
the grass, filtered with 2 mm sieve, then weighed 
approximately 10 kg of field moist for each 
polybag with size 40 x 50 cm. Each polybag was 
filled with the soil and organic fertilizer was 
added in accordance with the treatments, then 
the mixed soils were stirred homogeneously. 
Watering was done every day until it reached the 
field capacity then incubated. The length of 
incubation was two weeks. After the incubation 
period, P fertilizer was applied in accordance 
with the treatment, as well as basic fertilizer N 
(Urea + ZA) of 0.61 g and 1.52 g polybag-1, 
respectively. Urea and ZA were given first, 
followed by KCl fertilizer about 1.22 g polybag-1. 
Cabbage seedlings were transplanted 21 days 
after sowing, with one seedling planted per 
polybag. 

Laboratory Analysis. Selected chemical 
properties were conducted to analyze the effect of 
the dose of P fertilizer and the type of organic 
matter. Soil pH was measured in H2O with a glass 
electrode pH meter at 1:5 soil:solution ratio. Soil 
pH0 was conducted using pH-drift method in 
which we identified the point where changing the 
solution ionic strength does not produce a 
corresponding change in solution pH. P retention 
was determined by the method of Blakemore et 
al. (1981). Total P, available P, and P uptake were 
analyzed following the procedure by ISRIC (Van 
Reeuwijk, 2002). At harvest, the gross weight of 
cabbage was measured immediately after cutting, 
including the head and outer wrapper leaves. The 
wrapper leaves were then removed manually, 
and the fresh crop weight of the cabbage head 
was weighed. All weights were recorded in 
digital balance and expressed in frams per plant. 
Some observations that were not tested 
statistically were visual growth of plants, plastic 
house temperature, pest attack, and elemental 
deficiency symptoms. Chemical properties of 
organic materials (i.e. cow manure, chicken 
manure, sheep manure, and rice straw) were 
added in Supplementary 1. Fertilizer efficiency (g 
g-1) was calculated following the formula: 

 

P recovery efficiency =
(P uptake treatment−P uptake control)

applied P
 (Eq.1) 
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Data Analysis. Statistical data analysis was 
done using IBM SPSS statistics for Windows 
version. Analysis of variance (ANOVA) was used 
to determine the effects of P fertilizer and organic 
matter independently and their interaction on 
measured variables, i.e. P-retention, P-total, P-
available, P-uptake, pH, pH0, crop weight and 
gross weight. When ANOVA indicated 
significant effects, mean comparisons were 
performed using Duncan Multiple Range Test 
(DMRT) at 5% level, after checking assumptions 
of normality and homogeneity of variances 
(transformations applied where necessary). 
 
 

Results and Discussion 
 
Initial Soil Properties. The same soil type, 

namely Andisol originated from Pangalengan, as 
used in the study by Herdiansyah et al. (2024) 
was employed in this experiment. According to 
their morphological soil description, the soil was 
classified as Typic Hapludands with dominant 
silt loam and silty clay loam at the depth of 0-30 
cm, soil P available 11.2-13.3 ppm, CEC 14.84-
35.72 me. 100 g-1, K2O 0.14-0.22 mg.100 g-1, and 
organic carbon between 3.99-4.17%.  

The effect of P fertilizer on measured 
variables. The application of various doses of P 
fertilizer did not have significant effect on all 
measured variables (i.e. P-retention, P-total, P-
available, P-uptake, pH, pH0, crop weight, and 
gross weight) (Table 1 and 2). We observed that the 
P-total content increased with increasing the dose of 
P fertilizer although not significant. Increasing the 
P-total after being treated is expected due to the 
nature of P in the soil that always leads to the 
unabsorbed P form (immobile). On the other hand, 
the available P content tended to decrease with 
increasing doses of P fertilizer. It is suspected that 
some of the available P form were absorbed by 
plant and part of P was unavailable (i.e., total P or P 
retention). We observed there was a little gap 
between initial P available (section 3.1) and control 
P available. The difference may be attributed to soil 
re-equilibration processes during incubation and 
plant growth. 

The increase doses of P fertilizer did not 
have significant effect on P-uptake, though the 
amount tended to increase. The lack of significant 

influence of additional P fertilizer on the content 
of these P forms stands in contrast to results 
reported in earlier studies (Liu et al., 2024; 
Velásquez et al., 2016). The reason may be due to 
amount of initial P levels or strong P fixation 
through sorption by amorphous Fe or Al oxides 
so added P can be rapidly fixed into stable forms, 
preventing increases in available P, total P, or P 
uptake, which is common in Andisols (Gonzalez-
Rodriguez & Fernandez-Marcos, 2018; Redel et 
al., 2016). We observed that the P-retention was 
between 55-64% (Table 1), which is lower than the 
typical Andisols (> 85%). It may be attributed to 
a combination of methodological differences and 
intrinsic soil properties such as soil-solution ratio, 
short-range-order mineral content, organic 
matter-Al complexation, and legacy phosphorus 
saturation. Nevertheless, P retention values 
exceeding 60% remained within the high 
category, confirming the strong P-fixing nature of 
the Andisols studied. In addition, the limited 
response of P fertilizer on P form can be due to 
inadequate amount of P fertilizer (the highest 
treatment dose was 270 kg ha-1 P2O5) and narrow 
range of doses application. As an illustration, 
farmers in Pangalengan, based on their 
experience, applied P fertilizer with dose up to 
360 kg ha-1 for cabbage plants.  

The results indicated that P fertilization had 
no significant effect on soil pH which contrasts 
with findings reported in previous studies 
(Qaswar et al., 2020; von Tucher et al., 2018). It is 
possibly due to high buffering soil capacity, e.g. 
volcanic ash soils in Andisols or fertilizer 
application rate that was too low to influence pH. 
Regarding to pH0, the addition of P fertilizer to 
variable charged soils can increase negative 
surface charge which tends to decrease pH0. 
However, since Andisols have strong buffering of 
surface charge, addition of P fertilizer may not 
change the pH0. Furthermore, the absence of a 
significant effect of P fertilization on crop weight 
likely reflects adequate initial soil P availability, 
strong P fixation reducing plant uptake, and the 
possibility that other environmental or 
nutritional factors limited crop growth more than 
P supply. Previous studies found that additional 
P fertilizer with lime could strongly increase the 
crop weight (Dejene et al., 2023; Qaswar et al., 
2020). 
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Table 1. Effect of phosphorus (P) fertilizer and organic material on average of P-retention, P-total, P-
available, and P-Uptake  

     P-Retention P-Total P-Available P-Uptake 

 % mg 100g-1 ppm mg pot-1 

P Fertilizer 

a0 (0 kg ha-1 P2O5) 61.3 a 197.94 a 7.45 a 1387 a 
a1 (90 kg ha-1 P2O5) 63.0 a 197.53 a 8.84 a 1505 a 
a2 (180 kg ha-1 P2O5) 62.1 a 211.53 a 5.84 a 1433 a 
a3 (270 kg ha-1 P2O5) 61.7 a 202.02 a 6.81 a 1821 a 

Organic Matter 

b0 (without organic matter) 62.9 a 206.14 a 7.06 a    1135 c 
b1 (20 ton ha-1 cow manure) 62.4 a 195.30 a 6.02 a 1457 bc 
b2 (20 ton ha-1 chicken manure) 64.8 a 208.31 a 6.36 a 1824 ab 
b3 (20 ton ha-1 sheep manure) 55.8 a 201.48 a 7.32 a    2063 a 
b4 (20 ton ha-1 rice straw compost) 64.3 a 200.06 a 9.42 a    1204 c 

Note: Means followed by the same letter are not significantly different according to Duncan’s multiple range test 
at the 5% significance level.  

 
 
Table 2. Effect of phosphorus (P) fertilizer and organic material on average of pH, pH0, crop weight, and 
gross weight  

 pH pH0 Crop weight Gross Weight 

   g g 

P Fertilizer 

a0 (0 kg ha-1 P2O5) 5.07 a 4.22 a 79.04 a 203.85 a 
a1 (90 kg ha-1 P2O5) 5.07 a 4.26 a 87.33 a 206.71 a 
a2 (180 kg ha-1 P2O5) 5.07 a 4.29 a 86.29 a 201.16 a 
a3 (270 kg ha-1 P2O5) 5.08 a 4.25 a 91.45 a 202.31 a 

Organic matter 

b0 (without organic matter) 5.15 a 4.18 b   55.62 c 246.77 c 
b1 (20 ton ha-1 cow manure) 5.15 a 4.30 a   77.14 b 287.86 b 
b2 (20 ton ha-1 chicken manure) 5.16 a   4.27 ab 117.09 a 398.29 a 
b3 (20 ton ha-1 sheep manure) 5.11 a 4.30 a 112.86 a 386.18 a 
b4 (20 ton ha-1 rice straw compost) 5.17 a   4.23 ab     67.42 bc 281.94 b 

Note: Means followed by the same letter are not significantly different according to Duncan’s multiple range test 
at the 5% significance level.  

 
 

The Effect of Organic Matter on Measured 
Variables. The results showed that the type of 
organic matter was seen to significatly affect P-
uptake (p < 0.05), but not on P-retention, P-total, 
and P-available. The highest P-uptake was 
observed after applying sheep manure (p < 0.05), 
yet the carbon content on the sheep manure was 
37.3%, lower than cow and rice straw compost 
(i.e. 65.2 and 47.7%, respectively) (Supplementary 
1). Although sheep manure did not exhibit higher 
carbon content, P availability, or a lower C:P ratio 
compared with other organic amendments, its 
application resulted in the highest P uptake. This 
response suggests that P uptake in Andisols is 
governed not only by bulk soil P availability but 
also by rhizosphere processes and manure–soil 
interactions. In general, organic matter can 

improve P-uptake efficiency by enhancing root 
growth, microbial activity, and P mobilization 
around the root zone (Poblete-Grant et al., 2025), 
even if the total measurable P in the bulk soil does 
not change. The increase of P-uptake can be due 
to the release of low molecular weight organic 
acids, e.g. citrate, oxalate, malate that bind 
strongly to Fe or Al oxides in Andisols releasing 
P from P-fixation. This result was in line with 
previous studies (Devaraja et al., 2021; Rahim et 
al., 2023). On the other hand, the lack of 
significant effect on P-available, P-total, or P-
retention after organic matter application might 
be because plants immediately absorb P (i.e. real-
time rhizosphere P), but not in bulk soil. Sheep 
and chicken manures was reported to increase 
phosphorus uptake because they contain more 
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phosphorus and release more rapid compared to 
cow manure (Mahmood et al., 2017). While 
beneficial for long-term soil organic matter, cow 
manure releases nutrients more slowly and is less 
effective for immediate crop P needs. 

In general, the addition of organic fertilizer 
increased pH0 (Table 2) than control b0, 
particularly cow and sheep manure (p < 0.05). 
This result was unexpected since organic matter 
generally tend to decrease pH0 (Van Ranst et al., 
2017). The rise of pH0 after organic matter 
application is possibly due to the addition of basic 
cations (Ca2+, Mg2+, K+) that increases soil 
positive charges and reduces the effective 
negative charge density of soil colloids. These 
processes shift the soil’s point of zero charge to a 
higher pH. In variable-charge soils dominated by 
allophanic materials and Fe or Al oxides, this 
process can override the negative charge 
contribution from decomposed organic matter, 
thus an overall increase in pH0. Additionally, 
manure application induces the protonation of 
organic anions from the dissociation of weakly 
acidic functional groups on organic matter to 
form neutral molecules and this process can 
increase soil pH buffering capacity as some of 
exchangeable base cations release to soil solution, 
avoiding the soil from acidification (Shi et al., 
2019). Furthermore, the crop weight was found to 
be significantly different after chicken and sheep 
manure applications than other treatments and 
control. This finding was in line with previous 
study which reported a moderate to high crop 
yield after chicken and sheep manure 
applications than cow manure (Mahmood et al., 
2017; Mokgolo et al., 2019; Mukhtiar et al., 2018). 
Chicken and sheep manure significantly increase 
crop yield because they generally contain higher 
concentration of essential nutrients and 
decompose more rapidly. The application also 
improves soil chemical condition, i.e. P-uptake, 
as it was consistent with the increase of P-uptake 
in this research (Mahmood et al., 2017). In 
contrast, cow manure generally decomposes 
more slowly due to high fiber content and 
provides limited nutrient release, that possibly 
causes less crop yield than chicken manure. 

The research also showed that manure 
fertilizers outperformed rice straw compost, as the 
rice straw compost application had less P content 
and crop yield (Table 1 and 2). Similar finding was 
reported by Dhaliwal et al. (2023). Manure fertilizer 
are generally more effective than straw compost, 

especially in the short term, possibly due to faster 
nutrient mineralization (Zhao et al., 2024). 

The Interaction Effect Between P Fertilizer 
and Organic Matter on Measured Variables. The 
interaction of P fertilizer and organic matter 
showed no significant effect with all the 
measured variables, i.e. P-retention, P-uptake, P-
available, P-uptake, pH, pH0, crop yield, and 
gross weight. These results was in contrast to 
most studies that documented the improve soil 
pH, the availability of  phosphorus, and the 
increase of crop yield after application of organic 
matter and P fertilizer (Jamal et al., 2023; Jin et al., 
2023). The lack of significant effect after applying 
P fertilizer and organic matter indicating that 
both inputs may influence soil properties through 
independent mechanisms without producing 
synergistic or antagonistic effects. Nevertheless, 
each factor exhibited a significant individual 
effect (i.e. organic matter application increases P-
uptake, crop yield, gross weight) which reflects 
their distinct pathways in modifying phosphorus 
dynamic in Andisols. This finding is consistent 
with Abbasi et al. (2015) who observed that the 
combined application of poultry manure, 
insoluble-rock phosphate, and phosphate-
solubilizing bacteria resulted in growth, yield, 
and P uptake comparable to those obtained with 
individual treatments. 

Fertilizer Phosphorus Efficiency. Chicken 
and sheep manures were shown to have the 
highest efficiency than other organic materials 
such as cow manure and rice straw compost 
(Fig.1). These types of manure contain P in a form 
that is more readily to plant, and this P is rapidly 
released (Mahmood et al., 2017). The chicken and 
sheep manures generally increase microbial 
biomass, stimulate phosphatase enzymes, and 
promote biological P cycling leading to higher P-
uptake by the crop. We also found that the 
highest efficiency was with the dose of 90 kg ha-1 
P in all different types of manure, and the 
efficiency decreased with higher doses. This 
result likely reflects the legacy effects of long-
term phosphorus inputs. Repeated fertilization 
over time can lead to the accumulation of 
phosphorus in moderately labile and stable 
pools, thereby reducing crop responsiveness to 
additional P. Consequently, lower P applications 
may have better match to current crop demand, 
while higher rates predominantly contribute to 
non-productive P pools, leading to reduced 
fertilizer efficiency. 
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Figure 1. Phosphorus fertilizer efficiency (g g-1) under different organic amendment and 

phosphorus application rates 
 
 
 

Conclusions and Recommendation 
 
Application of P fertilizer and organic matter on 
Andisols did not produce any significant 
interaction on P retention, total P, available P, P 
uptake, soil pH, and cabbage yield. However, 
each input, i.e. organic matter application, 
showed independent effect. Among the organic 
amendments tested, manure fertilizer 
significantly improved P uptake, increased soil 
pH0, and enhanced cabbage yield. The highest 
efficiency of P fertilizer was at the dose of 90 kg 
ha-1, underlining moderate P aplication rates over 
high inputs to maximize fertlizer efficiency. 
Overall, manure fertilizer performed better than 
rice straw compost in improving soil fertility and 
crop performance on Andisols. This highlights 
the critical importance of adopting effective 
nutrient management strategies in Andisols to 
optimize phosphorus availability and sustain 
high crop productivity. 
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Effect of nano edible coating, storage temperature, and packaging  
on water content, weight loss, and color on oyster mushrooms  
(Pleurotus ostreatus) 
 
Abstract.  Oyster mushrooms are one of the most commonly consumed mushrooms due to their high 
nutritional content, including protein, fiber, vitamins, and minerals, as well as their antioxidant 
properties. However, these mushrooms are easily damaged by microbes and poor post-harvest 
handling, which affects their quality. The combination of nano-edible coating, packaging, and storage 
temperature offers a solution to these issues. This study aims to evaluate the effects of nano-edible 
coating, packaging, and storage temperature on water content, weight loss, and the color (L*, a*, and 
b*) of oyster mushrooms. The study was conducted at the Horticulture Laboratory, Faculty of 
Agriculture, Universitas Padjadjaran. The experimental design used was a Completely Randomized 
Block Design (CRBD) with 19 combinations of nano-edible coating (sodium alginate and aloe vera), 
packaging (biodegradable, wrap, and vacuum plastic), and storage temperature (±25 °C, 10 °C, and 5 
°C). Each treatment was replicated twice, resulting in 38 experimental units, each consisting of three 
mushrooms weighing 100 g, with fresh white color, no physical damage, and uniform shape and weight. 
This resulted a total of 114 mushroom samples. The results showed that the combination of nano edible 
coating treatment, packaging, and storage temperature significantly affected the water content, weight 
loss, and color parameters (L*, a*, b*) of mushrooms at 3, 6, and 9 DAT. The combination of nano sodium 
alginate and nano aloe vera, when vacuum-packaged at 5 ℃, produced the best results for water content, 
weight loss, and colour. These results indicated the potential of the treatment to maintain the quality of 
oyster mushrooms during storage. 
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Introduction 
 
Oyster mushrooms (Pleurotus ostreatus) are a 
popular type of mushroom. Besides their 
delicious taste, oyster mushrooms serve as 
functional foods, significantly enhancing the 
nutritional value of foods (Effiong et al., 2024). 
Oyster mushrooms have a high carbohydrate 
content and are considered a functional food, 
containing various oligosaccharides, 
ergothioneine, and mono- and disaccharides that 
function as prebiotics and are very beneficial for 
maintaining a healthy gut microbiome (Li et al., 
2015; Mishra et al., 2022). 

Oyster mushrooms are high in protein, fiber, 
vitamins, minerals, and antioxidants. Oyster 
mushrooms are low in fat and calories, making 
them very suitable for a healthy eating pattern 
(Sassine et al., 2022). Oyster mushrooms are 
native to China and are now distributed 
worldwide, except in the Northwest Pacific 
region due to Arctic conditions. Oyster 
mushrooms cultivation methods developed 
rapidly in Germany during World War I and 
were later successfully implemented on a large 
scale (Piska et al., 2017). Despite their nutritional 
value and health benefits, oyster mushrooms also 
face significant challenges in production and 
distribution: their short shelf life due to their 
high-water content makes them susceptible to 
microbial spoilage and oxidation (Sassine et al., 
2022). 

Nano-edible coating technology has been 
developed as an innovative solution. Nano-
edible coating is a thin layer based on natural 
ingredients applied to the surface of food using 
nano particles. This technology not only extends 
shelf life but also maintains the nutritional 
quality, flavor, and texture of oyster mushrooms 
(Sassine et al., 2022). 

The main ingredients used in edible coating 
technology are sodium alginate and aloe vera. 
Sodium alginate has the potential to maintain the 
quality and extend the shelf life of horticultural 
products by inhibiting water loss and gas 
exchange (Zhu et al., 2019). Meanwhile, the gel 
(mucilage) obtained from aloe vera leaves is a 
polysaccharide-based coating material with anti-
browning, antioxidant, and antifungal properties 
due to its anthraquinone and saponin content 
(Raghav et al., 2016). This mucilage has low 
barrier properties against moisture loss in some 
fruits (Mohammadi et al., 2021). Storing 
mushrooms at low temperatures is also an effort 

to maintain mushroom quality and reduce 
physiological damage. For example, mushrooms 
stored at 3°C will maintain their appearance in 
good condition for up to 7 days. This is because 
low temperatures can slow the respiration rate 
and microbial activity in oyster mushrooms 
(Rahman et al., 2020). 

One way to solve postharvest handling 
issues is through packaging. Proper packaging 
can protect fresh oyster mushrooms from 
environmental influences (sunlight and 
humidity). Many types of packaging are used to 
store fresh produce, such as mushrooms. 
Currently, most food products are packaged 
using plastic materials (Mohammadi et al., 2022). 

Vacuum-packaged mushrooms in plastic 
have the advantage of extending their shelf life. 
Vacuum plastic packaging allows for the air 
circulation necessary for respiration, thus 
preventing the buildup of water vapor. Vacuum 
packaging can also inhibit the activity of 
microorganisms, which is the primary cause of 
softening (hardening) of oyster mushrooms 
(Aftukha & Purbasari, 2021). In addition to 
vacuum plastic packaging, biodegradable plastic 
packaging offers another alternative for short-
term storage and helps reduce the environmental 
risks associated with conventional, non-
degradable plastics (Shaikh et al., 2021). 

The combination of nano-edible coating and 
packaging, along with storage temperature, is 
essential for maintaining postharvest oyster 
mushroom quality. Several studies, such as those 
showing that a nano-edible coating of sodium 
alginate is effective at forming a barrier against 
water loss (Chen et al. 2021) and those showing 
that aloe vera gel has strong antimicrobial 
properties (Nishant et al., 2023), have separately 
extended the shelf life of mushrooms. However, 
studies systematically combining both types of 
nano-edible coating (nano-sodium alginate and 
nano-aloe vera) with various packaging types 
(vacuum, wrap, and biodegradable) and storage 
temperatures (5 °C, 10 °C, and 25 °C) remain very 
limited. Postharvest handling of oyster 
mushrooms, along with proper temperature 
control, is crucial to maintaining their quality. 
Therefore, this study aims to evaluate the effects 
of combinations of nano-edible coating types, 
packaging, and storage temperature on the 
quality of oyster mushrooms. Identify the most 
effective treatments for the quality and shelf life 
of oyster mushrooms. It is hoped that this 
research will contribute to scientific 
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understanding of the synergistic mechanisms 
underlying the most effective combination 
treatments for maintaining the quality and 
extending the shelf life of post-harvest oyster 
mushrooms. 

 
 

Materials and Methods 
 
This research was conducted at the Horticulture 
Laboratory, Faculty of Agriculture, Universitas 
Padjadjaran, from August 2024 to May 2025. The 
materials used in this research included oyster 
mushrooms, nano sodium alginate, nano aloe 
vera, biodegradable plastic, wrap plastic, vacuum 
plastic, Folin-Ciocalteu reagent, 7.5% sodium 
bicarbonate solution, gallic acid, methanol, 10% 
aluminium chloride, 2 M sodium acetate solution, 
distilled water, and quercetin. The tools used 
include an oven (Memmert, UM 300, Germany); 
analytical balance (Mettler Toledo, Switzerland); 
reflectance spectrophotometer (Konica Minolta, 
CM-600D, Japan); digital scales; thermo recorder; 
UV-Vis spectrophotometer (Shimadzu, Uv-1601, 
Japan); centrifuge; sonicator; pipette; measuring 
cup; 50 mL test tube; vacuum and sealer; knife; 
cutting board; grinder; water bath; and 10 mL 
glass bottle, cooler, refrigerator, and freezer. 

The experiment design used a Completely 
Randomized Block Design (CRBD) with a 
combination of nano edible coating treatments 
consisting of nano sodium alginate (NSA) and 
nano aloe vera (NAV); packaging (biodegradable 
plastic, wrap plastic, and vacuum plastic), and 
storage temperatures (±25 °C, 10 °C, and 5 °C). A 
total of 18 treatment combinations and one 
control without treatment (without coating and 
packaging, stored at room temperature) were 
each replicated twice, resulting 38 experimental 
units. Each unit consisting of 3 mushrooms (100 
g) was observed at 0, 3, 6, and 9 days after 
treatment (DAT). The combination treatments are 
as follows: 
P0: Control (without coating treatment, 
packaging, storage 25 °C) 
P1: NSA + 25 °C + vacuum  
P2: NSA + 25 °C + wrap 
P3: NSA + 25 °C + biodegradable 
P4: NSA + 10 °C + vacuum 
P5: NSA + 10 °C + wrap 
P6: NSA + 10 °C + biodegradable 
P7: NSA + 5 °C + vacuum 
P8: NSA + 5 °C + wrap 
P9: NSA + 5 °C + biodegradable 

P10: NAV + 25 °C + vacuum 
P11: NAV + 25 °C + wrap 
P12: NAV + 25 °C + biodegradable 
P13: NAV + 10 °C + vacuum 
P14: NAV + 10 °C + wrap 
P15: NAV + 10 °C + biodegradable 
P16: NAV + 5 °C + vacuum 
P17: NAV + 5 °C + wrap 
P18: NAV + 5 °C + biodegradable 
 

The data were analyzed using the F-test to 
assess the treatment effect, followed by the Scott-
Knott test to compare treatments at the 5% level. 
The analysis was performed using Microsoft 
Excel software equipped with the Smart Stat XL 
add-in. 

The observation parameters included water 
content, weight loss, and color. The 
measurements were conducted on days 0, 3, 6, 
and 9 DAT. Water content determination is in 
accordance with SNI 01-2891-1992. Samples (4 g) 
were weighed to obtain the initial weight, dried 
in an oven at 105 °C for 3 hours, cooled in a 
desiccator, and reweighed until the weight was 
constant. Water content (%) was calculated using 
the equation: 
                                        

Water content (%) = 
 (Wwet − Wdry ) 

 Wdry  × 100              

      
Wwet = wet weight, W dry = dry weight 
 
Weight loss was observed by weighing 
mushrooms using an analytical balance to 
determine weight loss during storage. Mushroom 
weight loss was calculated using the equation: 
 

𝑊  = 
 (𝑚𝑖 − 𝑚𝑡) 

 𝑚𝑖   × 100              

 
W = weight loss, mi = initial weight (g), mt = final 
weight (g) 
 

Color was measured on the top and bottom 
of oyster mushrooms (3 body 
mushroom/sample) using a spectrophotometer 
reflectance (Konica Minolta, CM-600D, Japan) to 
obtain the values of L*, a*, and b* (Cavusoglu et 
al., 2021). 
The oyster mushrooms, white, clean, and 
unpolluted, are damaged and then stored in a 
container with each weighing 100 g which has 
been coated 1% edible nano coating, made of 
Aloe vera and sodium alginate (300 nm), 
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provided by the Functional Nano University 
Centre of Excellence (FiNder U-CoE), Universitas 
Padjadjaran. The coating method is carried out by 
pouring nano sodium alginate and nano aloe vera 
powder evenly over the sieve onto the 
mushrooms that have been stored in the 
container, then brushing the powder over the 
surface of the mushroom fruit body evenly, let it 
sit for 5 - 10 minutes, then packing some of the 
mushrooms using plastic wrapping with a 
styrofoam base tightly, some mold packed 
inserted into biodegradable plastic, tied securely 
meeting and some mold again packed put in 
plastic vacuum. The oyster mushrooms have 
been packed in cans and stored at room 
temperature (±25 °C), 5 °C, and 10 °C. Meanwhile, 
the oyster mushrooms treatment control, without 
coating and packaging, was stored at ±25 °C on a 
bamboo-based tray lined with HVS paper. 
 
 

Results and Discussion 
 
Water content. Water content is a critical 
indicator of oyster mushroom quality. Based on 
Table 1, observations of water content in oyster 
mushrooms on days 0, 3, 6, and 9 DAT showed 
that water content decreased over time. 
Observations on day 0 DAT showed not 
significant differences between treatments based 
on anova (data not shown). The highest variation 
in water content was found in treatment P7 (NSA 
+ 5 °C + wrap) at 99.98%, while the lowest was 

found in treatment P12 (NSA + 25 °C + 
biodegradable) at 80.85 %. This indicated that 
oyster mushrooms naturally have a fairly high-
water content. Observation on day 3 DAT 
showed different results across all treatments. 
Based on the Scott-Knot test at the 5% level, the 
treatments were grouped into two groups based 
on significant differences in water content. 
Treatment at room temperature (25 °C) is marked 
with the notation ‘a’ (first group), namely P0, P1, 
P2, P3, P10, P11, P12, which have a lower water 
content value of 80.64 - 84.47% with faster water 
loss marked by the white color of the oyster 
mushrooms becoming less fresh and slightly 
brownish. Treatment at low temperatures of 5 °C 
and 10 °C is marked with the notation b (second 
group) with a water content of 86.30 - 93.72% with 
closed packaging (P4, P5, P6, P7, P8, P9, P13, P14, 
P15, P16, P17, P18) with the physical 
characteristics of the white color of the oyster 
mushrooms can still maintain their freshness. On 
day 6 DAT, the room-temperature treatment (25 
°C) generally showed lower water content (73.44 
- 81.70%) than the low-temperature treatments (5 
°C and 10 °C), with still high-water content (81.22 
- 93.72%). Low storage temperatures (5 °C and 10 
°C) can reduce water loss from respiration and 
transpiration. Observations on day 9 DAT 
showed rotting, dry, and damaged mushrooms, 
especially in the treatments stored at 25 °C 
(room), which were not observed in treatments 
P1, P2, P3, P10, P11, and P12. An increase in 
respiration rate causes this. 

 
 

 
 
Figure 1. Mushroom coating process; (a) mushrooms weighed 100 g; (b) sprinkle coating powder over the 
mushrooms using a sieve; (c) coating process with a brush; (d) coated mushrooms are left to rest for 10 
minutes, ready to be packaged and stored 
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Table 1. Effect of various combinations of nano coating, packaging, and storage temperature on the water 
content of the oyster mushrooms  

Treatment Water content (%) 

0 DAT 3 DAT 6 DAT 9 DAT 

P0 = Control (without treatment coating, 
        packaging, storage 25 °C) 

91.67 a 83.77 a 81.70 a 49.60 b 

P1: NSA + 25 °C + vacuum  86.49 a 83.35 a 80.03 a 0.00 a 
P2: NSA + 25 °C + wrap 84.87 a 82.82 a 80.80 a 0.00 a 
P3: NSA + 25 °C + biodegradable 83.48 a 81.63 a 73.44 a 0.00 a 
P4: NSA + 10 °C + vacuum 93.88 a 92.45 b 92.20 b 91.70 e 
P5: NSA + 10 °C + wrap 94.40 a 92.27 b 91.50 b 90.40 e 
P6: NSA + 10 °C + biodegradable 89.99 a 86.30 b 84.64 b 80.99 d 
P7: NSA + 5 °C + vacuum 99.73 a 93.70 b 92.45 b 91.98 e 
P8: NSA + 5 °C + wrap 99.98 a 92.76 b 91.75 b 91.09 e 
P9: NSA + 5 °C + biodegradable 92.16 a 88.52 b 81.22 a 70.75 c 
P10: NAV + 25 °C + vacuum 89.44 a 82.35 a 80.36 a 0.00  a 
P11: NAV + 25 °C + wrap 84.51 a 84.47 a 81.21 a 0.00  a 
P12: NAV + 25 °C + biodegradable 80.85 a 80.64 a 78.20 a 0.00  a 
P13: NAV + 10 °C + vacuum 91.47 a 90.21 b  90.15 b 84.42 a 
P14: NAV + 10 °C + wrap 93.72 a 93.70 b 91.79 b 83.81 a 
P15: NAV + 10 °C + biodegradable 91.45 a  89.60 b 84.91 a 83.71 a  
P16: NAV + 5 °C + vacuum 92.43 a 92.30 b 91.15 b 90.51 e 
P17: NAV + 5 °C + wrap 92.90 b  90.36 b 90.06 b 89.28 e 
P18: NAV + 5 °C + biodegradable 90.37 a 86.89 b 84.64 a 80.33 d 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
the Scott-Knot test at 5%, DAT: Day After Treatment, NSA: Nano Sodium Alginate, NAV: Nano Aloe Vera. A value 
of 0.00 indicates that the samples had completely deteriorated and were unavailable for further analysis at 9 DAT 

 

 
Figure 2. Visual comparison of the freshness of oyster mushrooms at 9 DAT at a temperature of 5 ℃ 
with nano sodium alginate and different packaging treatments: a. Vacuum plastic; b. Wrapping plastic, 
and c. Biodegradable plastic 

 
 

Treatment control (P0) oyster mushrooms 
without packing will experience the process of 
respiration and transpiration, which is caused by 
the existence of interaction in a way constant to 
gas composition in the environment storage, so 
that metabolic activity happens normally, which 
shows degradation color going very fast 
browning (Yuniarto et al., 2024). Storage at 25 °C, 
open to air, results in severe damage with inferior 
texture and color. Under normal conditions, the 
water content of oyster mushrooms ranges from 
85–95%. However, the surface structure of oyster 
mushrooms was less effective at protecting the 
fruit body, making it susceptible to water loss 

through transpiration (Gong et al., 2025). This 
study showed that storage temperature played a 
more significant role in maintaining moisture 
content than packaging type. While packaging 
type had a slight effect on storage results, it 
wasn't as significant as temperature. For example, 
biodegradable plastic packaging has higher 
water vapor and oxygen permeability than 
vacuum packaging and plastic wrap (Kumari et 
al., 2023). 

Visually, mushrooms packaged in 
biodegradable plastic appeared less fresh at the 
end of the observation period, with a rough and 
dry texture compared to those packaged in 
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vacuum packaging or plastic wrap. Low water 
content during storage is one of the main factors 
contributing to the decline in mushroom quality 
(Silva et al., 2025). The decrease in water content 
is often caused by cell damage and redistribution 
of internal water within the mushroom tissue 
(Zhang et al., 2018). 

Vacuum and wrap packaging were more 
stable at maintaining oyster mushrooms water 
content on days 3, 6, and 9 DAT. This is because low 
oxygen in packaging can suppress oyster 
mushrooms respiration and prevent the production 
of water vapor, thereby increasing water content 
(Kusumiyati et al., 2025). Storage determines the 
stable water content if it is carried out using an 
edible layer, which can reduce breathing and the 
final products in the form of water vapor. The 
respiration rate can also be reduced by modifying 
natural atmospheric conditions as needed 
(Kandasamy, 2022). Vacuum packaging can 
prevent oxygen and water from entering. 
Evaporate, thus slowing down the respiration 
process (Othman et al., 2021). 

Weight Loss. Based on Table 2, on the 
observation day 0 DAT, most treatments showed 
weight loss that was not significantly different 
(marked with the letter a), except for treatment P7 
(NSA + 5 °C + vacuum) which showed the highest 

weight loss (115.50 g), and P8 (NSA + 5 °C + 
biodegradable plastic) which showed lower weight 
loss (86.20 g). The value weight loss ranges from 
86.20 to 103.30 g. However, from day 3, 6, and 9 
DAT, there were significant differences among 
treatments, and the weight loss value of oyster 
mushrooms decreased over the 9 days of storage.  

However, during storage, there was a 
decrease in different weights; real tend decreased 
in all treatments on observation days 3, 6, and 9 
DAT. The most drastic weight shrinkage 
occurred in the treatment control (P0), namely 
oyster mushrooms without coating, without 
packaging, and stored at room temperature (25 
°C). This showed that the transpiration and 
respiration processes are not under control 
during storage of oyster mushrooms without 
coating treatment and packaging at 25 °C. The is 
best, temporary treatments are, P4, P8, P13, P14, 
P16, and P17, with weight loss <20 g; influence 
temperature and packaging also affect storage. At 
low temperatures, it slows the respiration rate in 
fungi and oyster mushrooms with high water 
content. In contrast, vacuum packaging with 
plastic was known to reduce contact with oxygen, 
which can slow the oxidation and growth of 
microorganisms, compared to packaging with 
plastic wrap or biodegradable plastic. 

 
Table 2. Effect of various combinations of nano coating, packaging, and storage temperature on the      
weight loss of the oyster mushrooms  

Treatment Weight loss (g) 

0 DAT 3 DAT 6 DAT 9 DAT 

P0 = Control (without treatment coating, 
        packaging, storage 25 °C) 

103.30 a 33.80 a 24.55 a 9.20 a 

P1: NSA + 25 °C + vacuum  99.55 a 62.35 b 59.27 b 0.00 a 
P2: NSA + 25 °C + wrap 99.90 a 87.00 c 56.00 b 0.00 a 
P3: NSA + 25 °C + biodegradable 98.65 a 66.00 b 40.70 a 0.00 a 
P4: NSA + 10 °C + vacuum 100.10 a 96.51 c 95.88 c 88.40 e 
P5: NSA + 10 °C + wrap 99.90 a 97.70 c 91.91 c 87.65 e 
P6: NSA + 10 °C + biodegradable 99.90 a 87.05 c 65.65 b 40.35 b 
P7: NSA + 5 °C + vacuum 115.50 a 105.65 c 99.15 c 93.50 e 
P8: NSA + 5 °C + wrap 94.55 a 94.25 c 93.45 c 89.75 e 
P9: NSA + 5 °C + biodegradable 86.20 a 72.75 b 52.50 b 49.55 c 
P10: NAV + 25 °C + vacuum 98.85 a 93.60 c 55.00 b 0.00 a 
P11: NAV + 25 °C + wrap 99.65 a 87.70 c 61.65 b 0.00 a 
P12: NAV + 25 °C + biodegradable 99.20 a 68.35 b 44.05 a 0.00 a 
P13: NAV + 10 °C + vacuum 100.30 a 97.53 c 89.77 c 96.30 e 
P14: NAV + 10 °C + wrap 99.80 a 92.36 c 90.20 c 90.36 e 
P15: NAV + 10 °C + biodegradable 99.50 a 87.29 c 86.24 c 53.90 c 
P16: NAV + 5 °C + vacuum 108.35 a 102.90 e 100.45 c 96.00 e 
P17: NAV + 5 °C + wrap 112.25 a 101.70 c 93.90 c 75.00 d 
P18: NAV + 5 °C + biodegradable 96.05 a 69.85 b 64.30 b 64.25 d 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
the Scott-Knot test at 5%, DAT: Day After Treatment, NSA: Nano Sodium Alginate, NAV: Nano Aloe Vera 
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The application of a nano-edible coating 
containing sodium alginate and aloe vera showed 
significant effectiveness in reducing weight loss. 
Treatment with sodium alginate (P1-P9) and aloe 
vera (P10-P18) maintained weight loss better than 
the control. Like nano-edible coatings, aloe vera 
is a natural ingredient that contains a 
gel/hydrocolloid (Ababiel et al., 2023). Aloe vera 
gel, composed of polysaccharides and mucilage, 
acts as a deterrent to food spoilage by blocking 
the entry of O2 and moisture. Furthermore, aloe 
vera gel contains various antibiotic and 
antifungal components, such as quinones and 
phenolic compounds (flavonoids), which play a 
role in delaying or inhibiting the growth of 
microorganisms that cause foodborne illness in 
humans or food spoilage (Ali & Abdul-Aziz, 
2021).  

Sodium alginate is known to help maintain 
oyster mushrooms during storage. This is caused by 
sodium alginate forming a potent gel that reacts 
with calcium ions. Hence, the sodium alginate film 
provides several benefits in preserving food, 
namely increasing the barrier to water, preventing 
microbial contamination, maintaining taste, and 
reducing weight (Jiang, 2013). Significant weight 
loss correlates with oyster mushroom mortality. 
The greater the weight loss, the greater the decline 
in oyster mushroom quality. This is indicated by 
damage to the fungus's cell membrane and cell wall, 
which results in the release and activation of the 
polyphenol oxidase (PPO) enzyme. The activated 
PPO enzyme catalyzes the oxidation of phenolic 
compounds to quinones, which then polymerize to 
form the brown pigment melanin, causing 
browning. 

This suggests that weight loss is an 
important indicator in evaluating the quality 
decline of oyster mushroom products during 
storage (Liu et al., 2020). This shows that weight 
loss is an important indicator in evaluating the 
quality decline of oyster mushroom products 
during storage. The weight loss in oyster 
mushrooms is due to physiological changes, 
including water loss. Due to their high moisture 
content and respiratory activity, mushrooms 
rapidly lose moisture after harvest, leading to 
continuous weight loss, shrinkage, and turgor 
loss, accelerating their quality degradation 
(Castellanos-Reyes et al., 2021). Another factor 
causing weight loss is external factors related to 
storage, i.e., storage temperature, relative 

humidity, and mechanical damage (Zhang et al., 
2018). Unpackaged oyster mushrooms stored at 
high temperatures have a shelf life of only one 
day and may experience weight losses of up to 
50%. This occurs because the oyster mushroom 
caps expand, leading to browning and a loss of 
turgor (Azevedo et al., 2017). 

Brightness (L*). The surface color of oyster 
mushrooms was evaluated based on the L* value 
(brightness).  Oyster mushrooms underwent 
significant changes over 9 DAT of storage. The L* 
value represents brightness, an important 
indicator of the visual quality of fresh 
horticultural products, including oyster 
mushrooms. Visually, the surface of oyster 
mushrooms appears white. 

Based on Table 3. There was a drastic 
decrease in the L* value in the control treatment 
(P0) from 76.55 (0 DAT) to 52.80 (9 DAT). The 
occurrence of browning in oyster mushrooms 
indicates a decrease in brightness due to the 
enzymes polyphenol oxidase (PPO) and 
tyrosinase, which oxidase phenolic compounds 
into melanin. According to Jiang (2013), the high 
waters content of oyster (85-95%) and their high 
respiratory activity after harvesting make them 
very susceptible to enzymatic browning. 
Respiratory activity is caused by a thin and 
porous layer on the surface epidermis of the 
mushroom (Sharma et al., 2024). This causes 
pigment degradation, altering the mushroom's 
surface color. 

Treatment at 10°C showed the best results 
in maintaining brightness, such as P4 (NSA + 
10°C + vacuum), which maintained the L* value 
up to 74.68 until the 9 DAT, while P6 (NSA + 10°C 
+ biodegradable) reached 82.4. In addition, the 
low temperatures of 10 °C and 5 °C showed 
consistent brightness. The treatment of P9 (NSA 
+ 5°C + biodegradable) produced an L* value of 
82.41, an increase from the initial value of 62.96. 
Low temperatures can inhibit enzymatic activity, 
inhibit microorganism growth, and slow pigment 
degradation. This is in line with the research of 
Mohammadi et al. (2021), who reported that the 
combination of nano-coating and low-
temperature storage, such as 4 °C, can maintain 
the L* value of button mushrooms (Agaricus 
bisporus). Nano-coating with cold storage (4 – 10 
°C) has been shown to effectively slow pigment 
degradation and maintain mushroom visual 
quality for up to 12 days (Choi et al., 2016). 
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Table 3. Effect of various combinations of nano coating, packaging, and storage temperature on color L* 
value of the oyster mushrooms  
 

Treatment L* 

0 DAT 3 DAT 6 DAT 9 DAT 

P0 = Control (without treatment coating, 
        packaging, storage 25 °C) 

76.55 a 75.51 b 60.67 b 52.80 b 

P1: NSA + 25 °C + vacuum  72.63 a 64.49 a 63.05 b 0.00 a 
P2: NSA + 25 °C + wrap 81.68 a 59.84 a 55.15 a 0.00 a 
P3: NSA + 25 °C + biodegradable 73.53 a 72.68 b 77.13 c 0.00 a 
P4: NSA + 10 °C + vacuum 59.26 a 69.92 b 70.82 c 74.68 d 
P5: NSA + 10 °C + wrap 71.12 a 66.91 a 64.30 b 71.21 c 
P6: NSA + 10 °C + biodegradable 63.92 a 75.66 b 77.88 c 82.41 e 
P7: NSA + 5 °C + vacuum 70.59 a 69.98 b 70.27 c 74.68 d 
P8: NSA + 5 °C + wrap 67.48 a 71.36 b 70.55 c 71.21 c 
P9: NSA + 5 °C + biodegradable 62.96 a 79.99 b 77.69 c 82.41 e 
P10: NAV + 25 °C + vacuum 74.58 a 61.38 a 62.30 b 0.00 a 
P11: NAV + 25 °C + wrap 74.77 a 56.24 a 52.05 a 0.00 a 
P12: NAV + 25 °C + biodegradable 80.07 a 75.72 b 73.44 c 0.00 a 
P13: NAV + 10 °C + vacuum 67.53 a 71.96 b 66.67 b 66.88 c 
P14: NAV + 10 °C + wrap 68.17 a 71.65 b 68.88 c 68.41 c 
P15: NAV + 10 °C + biodegradable 67.04 a 73.23 b 74.02 c 82.75 e 
P16: NAV + 5 °C + vacuum 69.07a 71.37 b 65.03 b 66.88 c 
P17: NAV + 5 °C + wrap 61.95 a 62.99 a 67.25 b 68.41 c 
P18: NAV + 5 °C + biodegradable 60.80 a 84.54 b 79.65 c 82.75 e 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
the Scott-Knot test at 5%, DAT: Day After Treatment, NSA: Nano Sodium Alginate, NAV: Nano Aloe Vera 

 
 

In contrast, high temperatures such as 25 °C 
in the NSA and NAV 25 °C treatments (P1-P3 and 
P10-P12) resulted in values of 0.00 because 
storage at high temperatures accelerates 
respiration and microbial activity, rendering the 
tissue unable to maintain viability and storing 
mushrooms at 20–25°C results in a decline in 
quality, including stem elongation, cap opening, 
texture softening, and color changes (Zhang et al., 
2021). Oyster mushroom storage affects the 
effectiveness of edible coatings; high 
temperatures can cause pigment damage, 
accelerating the formation of brown pigments 
through non-enzymatic browning processes, 
including the Maillard reaction. In contrast, low 
temperatures, such as 4 °C, can delay undesirable 
changes in microbial counts (Kic, 2018). In the 
three comparisons of L* values at 5 °C, 10 °C, and 
25 °C, it was reported that the combination of 
NSA + 5 °C or 10 °C + biodegradable packaging 
(P6, P9) is a fairly optimal method for 
maintaining the brightness of oyster mushrooms 
during storage. This is supported by the storage 
temperature and the packaging type. The 
packaging used by P6 and P9 is biodegradable 
plastic, which provides optimal gas exchange, 

preventing the accumulation of CO₂ and 
ethylene. A high L* value (>80) indicates that the 
product remains visually attractive and 
marketable. 

a* value. The a* value measures the level of 
redness-greenness. An increase in the a* value in 
oyster mushrooms indicates a decay process 
caused by enzymatic and non-enzymatic 
browning. This process, catalyzed by enzymes, 
results in brown pigmentation of the substrate 
(Cavusoglu et al., 2021). In Table 4, oyster 
mushrooms during storage showed that 
significant variations between treatments. At the 
beginning of storage (0 DAT), all treatments 
showed relatively low a* values, ranging from -
4.48 to 0.83, with the control (P0) at 0.30. On day 
3 DAT, a reddish color change was observed, 
indicated by an increase in the a* value in most 
treatments, including the control (P0), which 
showed a drastic increase to 2.95. Treatment P2 
(NSA + 25 °C + wrap) showed the greatest 
increase, reaching 4.96, while treatments with 
vacuum plastic and biodegradable plastic at 
various temperatures tended to maintain lower 
a* values (0.42-0.84). 
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Table 4. Effect of various combinations of nano coating, packaging, and storage temperature on color a* 
value of the oyster mushrooms  
 

Treatment a* 

0 DAT 3 DAT 6 DAT 9 DAT 

P0 = Control (without treatment coating, 
        packaging, storage 25 °C) 

0.30 a 2.95 c 6.24 b 10.37 d 

P1: NSA + 25 °C + vacuum  0.02 a 0.65 a 2.76 a 0.00 a 
P2: NSA + 25 °C + wrap -4.48 a 4.96 e 6.39 b 0.00 a 
P3: NSA + 25 °C + biodegradable 0.01 a 0.72 a 0.60 a 0.00 a 
P4: NSA + 10 °C + vacuum 0.22 a 0.48 a -2.39 a 0.30 a 
P5: NSA + 10 °C + wrap 0.20 a 2.06 b 2.04 a 1.65 b 
P6: NSA + 10 °C + biodegradable 0.32 a 0.79 a 1.06 a 0.27 a 
P7: NSA + 5 °C + vacuum 0.17 a 0.60 a 0.42 a 0.30 a 
P8: NSA + 5 °C + wrap 0.12 a 1.18 a 2.29 a 1.65 b 
P9: NSA + 5 °C + biodegradable 0.44 a 0.42 a 1.27 a 0.27 a 
P10: NAV + 25 °C + vacuum -0.04 a 0.13 a 3.28 a 0.00 a 
P11: NAV + 25 °C + wrap 0.13 a 3.86 d 6.93 b 0.00 a 
P12: NAV + 25 °C + biodegradable -0.15 a 0.45 a 1.33 a 0.00 a 
P13: NAV + 10 °C + vacuum 0.08 a 0.84 a 0.77 a 0.18 a 
P14: NAV + 10 °C + wrap 0.57 a 1.63 b 2.24 a 2.37 c 
P15: NAV + 10 °C + biodegradable 0.07 a 0.66 a 1.45 a 1.27 b 
P16: NAV + 5 °C + vacuum 0.23 a 0.56 a 0.46 a 0.18 a 
P17: NAV + 5 °C + wrap 0.53 a 2.04 b 2.05 a 2.37 c 
P18: NAV + 5 °C + biodegradable 0.83 a 0.12 a 0.92 a 1.27 b 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
the Scott-Knot test at 5%, DAT: Day After Treatment, NSA: Nano Sodium Alginate, NAV: Nano Aloe Vera  
 
Table 5.  Effect of various combinations of nano coating, packaging, and storage temperature on color b* 
of the oyster mushrooms  

Treatment b* 

0 DAT 3 DAT 6 DAT 9 DAT 

P0 = Control (without treatment coating, 
        packaging, storage 25 °C) 

14.96 a 27.40 c 29.17 c 0.00 a 

P1: NSA + 25 °C + vacuum  12.04 a 18.63 a 25.92 c 4.00 b 
P2: NSA + 25 °C + wrap 13.94 a 26.47 c 26.66 c 4.00 b 
P3: NSA + 25 °C + biodegradable 14.06 a 14.68 a 17.57 a 4.00 b 
P4: NSA + 10 °C + vacuum 13.00 a 16.61 a 17.35 a 0.00 a 
P5: NSA + 10 °C + wrap 14.92 a 18.91 a 22.37 b 0.00 a 
P6: NSA + 10 °C + biodegradable 13.83 a 16.99 a 18.89 a 0.00 a 
P7: NSA + 5 °C + vacuum 15.05 a 18.35 a 17.85 a 0.00 a 
P8: NSA + 5 °C + wrap 15.48 a 19.18 a 22.29 b 0.00 a 
P9: NSA + 5 °C + biodegradable 25.19 b 16.46 a 19.83 a 0.00 a 
P10: NAV + 25 °C + vacuum 12.57 a 18.82 a 26.11 c 4.00 b 
P11: NAV + 25 °C + wrap 14.33 a 23.00 b 25.40 c 4.00 b 
P12: NAV + 25 °C + biodegradable 13.48 a 14.94 a 19.31 a 4.00 b 
P13: NAV + 10 °C + vacuum 13.84 a 18.38 a 17.67 a 0.00 a 
P14: NAV + 10 °C + wrap 15.04 a 21.85 b 23.86 b 0.00 a 
P15: NAV + 10 °C + biodegradable 13.82 a 16.96 a 18.64 a 0.00 a 
P16: NAV + 5 °C + vacuum 15.99 a 18.23 a 18.45 a 0.00 a 
P17: NAV + 5 °C + wrap 16.73 a 21.23 b 21.77 b 0.00 a 
P18: NAV + 5 °C + biodegradable 17.18 a 15.27 a 17.49 a 0.00 a 

Note: Means followed by the same lowercase alphabet in the same column are not significantly different based on 
the Scott-Knot test at 5%, DAT: Day After Treatment, NSA: Nano Sodium Alginate, NAV: Nano Aloe Vera 
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A significant browning color change 
occurred on day 6 DAT, with the control (P0) 
reaching an a* value of 6.24. Treatment P1 (NSA 
+ 25 °C + vacuum) showed a value of 2.76, while 
P3 (NSA + 25 °C + biodegradable) was only 0.60. 
Treatment with low temperature (5 °C) showed a 
lower a* value than high temperature. There was 
a color change indicating severe damage to oyster 
mushrooms on the day 9 DAT. The control (P0) 
experienced an increase in the a* value, reaching 
10.37, indicating severe color deterioration. Most 
treatments with nano coating showed a value of 
0.00, indicating that the mushrooms had 
undergone severe color changes or damage. 
Treatments P5 (NSA + 10 °C + wrap), P8 (NSA + 
5 °C + wrap), P14 (NAV + 10 °C + wrap), P15 
(NAV + 10 °C + biodegradable), P17 (NAV + 5 °C 
+ wrap), and P18 (NAV + 5 °C + biodegradable) 
still showed positive a* value ranging from 1.27 - 
2.37, indicating relatively better color quality. 

A combination of nano-coating with low-
temperature storage, such as 5 – 10 °C, and 
packaging under vacuum is highly 
recommended compared to packaging otherwise. 
The lower of oxygen created in the packaging 
vacuum. Unlike biodegradable packaging, high 
gas permeability allows oxygen to enter more 
readily, thereby accelerating decomposition. 
Uncontrolled packaging that allows oxygen to 
enter can accelerate oxidation, which causes 
browning/greening. The strategy to overcome 
this is to limit gas exchange, thereby reducing 
oxygen availability (Cavusoglu et al., 2021). 
Vacuum packaging, by minimizing oxygen 
exposure, is effective in inhibiting browning 
(Martha & Daniel, 2025). 

The type of packaging, the combination of 
edible coatings, and storage temperature 
determine the color retention of oyster 
mushrooms. For example, a combination of nano 
aloe vera and nano sodium alginate at low 
temperatures is an effective option for 
maintaining color during storage of oyster 
mushrooms. This acts as an antimicrobial, an 
oxygen absorber for moisture, and a gas barrier 
(Rai et al. 2019). 

Value b*. The b* value represents the colour 
coordinates of yellow (+) to blue (-) in the CIE L a 
b* color system. Browning is an indicator of 
quality decline, as evidenced by the b* value of 
oyster mushrooms, which increases significantly 
during storage. The results of measuring the b* 
value (yellowness) in white oyster mushrooms 
during storage with various nano coating 

treatments, packaging, and storage temperatures 
are presented in Table 5. 

The b* value indicates the intensity of the 
yellow color in the sample, with higher values 
indicating a deeper yellow color. Values 
approaching zero indicate a loss of yellow color 
toward a neutral grayish color. On the initial 
observation day (0 DAP), b* values ranged from 
12.04 to 25.19. The control treatment (P0) showed 
that b* value of 14.96, while the highest value was 
found in treatment P9 (NSA + 5 °C + 
biodegradable) with a value of 25.19. Treatment 
P9 had a high b* value, indicating a more intense 
yellow color at the beginning of storage. In the 
initial stage, b* values generally varied between 
treatments with nano sodium alginate (NSA) and 
various temperature and packaging 
combinations. 

On 3 DAT, a significant increase in b* values 
occurred in several treatments, particularly in the 
control (P0), which reached 27.40, as well as in P1 
(18.63) and P2 (26.47). This increase in b* values 
indicated an intensification of the yellow color in 
oyster mushrooms. However, it should be noted 
that the browning of oyster mushrooms is not 
only determined by an increase in b* but also by 
a combination of a decrease in the L* value 
(brightness) and an increase in the a* value 
(redness). Interpretation of color changes 
requires consideration of all three color 
parameters (L, a*, b*). Treatments with low-
temperature storage (5 °C and 10 °C) tend to 
show higher b* values than storage at 25 °C, 
indicating greater inhibition of the degradation 
process and better color. 

On day 6 (DAT), the control reached the 
highest b* value of 29.17, indicating very 
significant color degradation. Treatment P3 (NSA 
+ 25 °C + biodegradable) showed the lowest 
value, namely 17.57, indicating coating capability 
with biodegradable packaging in maintaining 
color. Treatment at low temperatures (5 °C and 10 
°C) shows higher b* values than 25 °C. On day 9 
(DAT), some big samples show a b* value of 0.00 
or very low (0.00), indicating the sample has 
experienced total damage or is not worth 
analyzing further. 

Edible coatings cover the entire exterior of 
the mushroom, acting as a barrier to oxygen, thus 
preventing gas exchange and moisture loss while 
maintaining quality (Dawadi et al., 2022). The use 
of nano-edible coatings, both nano sodium 
alginate (NSA) and nano aloe vera (NAV), has 
shown effectiveness in hindering improvements 
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in b* value during storage. Smaller particle sizes 
effectively connect bulk materials and atomic or 
molecular structures. Smaller particles are known 
to have the potential to be effective catalysts for 
plant metabolism, providing better penetration 
into cells and enhancing protective activity on 
plant surfaces (Rosyada et al., 2019). 
 
 

Conclusion 

 
Based on the results of the research that has been 
done, some conclusions can be taken as follows: 
1.  The combination of nano-edible coating 

treatment, storage temperature, and 
packaging type had a significant effect on 
water content, weight loss, and color 
parameters (L*, a*, and b* values) of oyster 
mushrooms on the 3, 6, and 9 DAT. 

2. The combination of nano sodium alginate and 
nano aloe vera with vacuum packaging at 5 ℃ 
gave the best effect on water content, weight 
loss and colour value. These results indicated 
the potential of the treatment to maintain the 
quality of oyster mushrooms during storage. 
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