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ABSTRACT

Red ginger (Zingiber officinale var.rubrumTheilade) is one of the materials used in the functional food and biopharmaceutical
industry; it has a low productivity and quality problem and is unable to meet market demand. The present study aimed
to evaluate the impact of K fertilization on growth, yield, antioxidant content, and K use and response efficiency in red
ginger cultivation. The study was conducted at Agro Techno Park (ATP) Jatikerto, Malang Regency, Indonesia. The field
experiment was carried out in two periods, December 2019-August 2020 and January 2021-September 2021. In the first
planting season, treatments included 4 K fertilizer rates (100, 200, 300, and 400 kg K ha'), while eight treatments were
applied in the second planting season (0, 60, 120, 180, 240, 300, 360, and 420 kg K ha'). Measured variables included
growth, yield, rhizome quality, and K use and response efficiency. Red ginger growth variables (height, leaf number, and
tiller number per clump), yield, plant biomass, K uptake, and soil exchangeable K were strongly affected by K application
rates, and the highest effect occurred at 300 kg K ha. In addition, the 300 kg K ha™! rate resulted in the best rhizome
morphology quality (thizome diameter) and antioxidant content (6% to 30% higher than other treatments). Increased K
fertilization decreased K use and response efficiency from 43% to 99% and decreased antioxidant content. Therefore, the
study suggests that applying K fertilization at approximately 200-300 kg ha' improves the yield and quality of red ginger.
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INTRODUCTION

The current COVID-19 pandemic requires efforts to increase the resistance of the human body (immunity); one possibility
is consuming natural herbal products that contain high antioxidant contents. Antioxidant properties of some chemical
compounds can prevent or reduce cell damage caused by free radicals and the effects of reactive oxygen species (ROS),
which are continuously formed by the body when using oxygen to process metabolic functions such as respiration and
some cell-mediated immune functions (Tohma et al., 2017). Antioxidant components are necessary to protect the human
body from oxidative cell damage, which is correlated with some diseases, preserve cell components in a reduced state,
and improve health by preventing degenerative diseases (Barbosa and Peteros, 2018).
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Antioxidants can be obtained from natural or synthetic materials; however, natural antioxidants are certainly safer
for humans because they do not have a toxic effect. Many plants have been studied as sources of natural antioxidants,
including ginger. Based on previous studies, approximately 40 antioxidant components have been identified in ginger
(Singh and Singh, 2019); this indicates antioxidant activity on lipid oxidation and oxidative stress (Ezez and Tefera,
2021). Antioxidant activity in ginger is produced by various polyphenolic compounds (Stoilova et al., 2007). Polyphenols
are secondary metabolites that have a distinctive structure, which consists of several hydroxyl groups (—OH) bonded with
benzene rings. These compounds are able to inhibit the initiation or disruption of lipid peroxidation propagation, thus
reducing the number of decomposition products (Tohma et al., 2017). The main phenolic compounds contained in ginger
rhizome are gingerols and shogaol. The antioxidant activity of gingerol is able to block the activity of enzymes involved
in ROS generation, such as xanthine oxidase.

Among the types of ginger, red ginger (Zingiber officinale var. rubrum Theilade) has a higher gingerol content than
others. Gingerol content in red ginger rhizome (5%) is higher than in small white ginger and large white ginger, which
contain 1% to 2% gingerol (Azizah et al., 2019). Red ginger also shows promising results as an immunomodulator,
antihypertensive, tonic, treatment of Alzheimer’s disease, anti-hyperuricemic, and cytotoxic agent. Red ginger oleoresin
compounds, which are considered as active compounds, have a tonic effect that is superior to white ginger (Suciyati and
Adnyana, 2017). Given its content and qualities (active compound content), red ginger is more widely used as a raw
material in products of the biopharmaceutical industry; the quality of red ginger must therefore be considered. However,
the quality standard of red ginger as a raw material in the biopharmaceutical industry has not been widely studied,
especially related to the cultivation process. Therefore, the quality of red ginger production needs to be improved to meet
the requirements of the biopharmaceutical industry.

Red ginger production and quality are influenced by environmental factors, one of which is the availability of soil
nutrients, especially potassium (K). Potassium is the main macronutrient most absorbed by ginger (Dinesh et al.,
2012). This element is needed by plants for both primary and secondary metabolisms. In the primary metabolism, K is
mostly absorbed by plants because of its important role in the photosynthesis and rhizome formation processes. Many
physiological and biochemical processes in plants are determined by K, including enzyme activation, regulation of cell
osmotic potential, neutralization of soluble and insoluble molecular anions, and stabilization of cell pH (Marschner,
2012). Hepler et al. (2001) stated that K is very important for plant function and development by improving cell growth.
This element is essential for the performance of many enzymes, which affect various metabolic functions and have a great
effect on growth, photosynthetic transport, and respiratory metabolism (Xizhen et al., 2005). Activation of this enzyme
increases carbohydrate translocation and photosynthate translocation to the generative parts of the plant. Photosynthate
translocation in ginger plants is maximized for rhizome formation. Potassium affects photosynthesis through its function
in stomatal osmoregulation, especially in controlling stomata guard cell turgidity. In most plant species, K* plays a
crucial role in changing guard cell turgidity during the stomata movement. Increasing the K* concentration in guard cells
increases their osmotic pressure, which increases guard cell turgidity. Under turgid guard cell conditions, the stomata open
to ensure smooth CO, transport. The accumulation of K* in the cell cytoplasm is induced by sunlight; the stomata open in
the morning and close under low light or dark conditions (Hawkesford et al., 2012).

Many researchers have proven that primary metabolites decrease under conditions of K deficiency; however, data
are scarce as to the effect of K deficiency on secondary metabolites. Several studies have shown that plant secondary
metabolites are also affected by K. In Sulla carnosa, a hydroponically grown plant, K* deficiency increased total
polyphenol and flavonoid contents by 62.7% and 14.5%, respectively. In addition, total antioxidant activity increased by
33.5% compared with the control plant (Hafsi et al., 2016). This is associated with the role of K, which acts as a coenzyme
and activates different precursor enzymes of metabolic pathways; its deficiency has been related to increasing antioxidant
enzymes (AOEs) (Avila-Judrez et al., 2017). Different results were shown in another study that found decreased total
phenolic content in blackberries with decreasing K levels. The scopolin content in sunflower was reduced as K levels
decreased, and the oxylipin content in Arabidopsis thaliana also decreased in K-deficient plants. These results indicate
that K plays an important role in regulating the production of plant secondary metabolites (Ibrahim et al., 2012). Thus, K
fertilization management is very important in red ginger cultivation.

Potassium fertilization management is important to provide sufficient K for plants because the lack of K disrupts the
metabolic process of red ginger plants. This stops growth with small gains and results in shortened internodes, which
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then reduce the quality standard of the raw material. Prajapati and Modi (2012) added that the lack of sufficient K
uptake affected the stomata opening and closing process that causes a great vapor loss; the plant becomes susceptible to
drought and can also suffer stunted growth. Another study showed that the lack of K supply in bulbous or rhizome plants
caused impaired crown growth, weak tuber or rhizome development, increased nitrate content in rhizomes, and increased
susceptibility to pathogens (Grzebisz et al., 2020). The demand for red ginger continues to increase during the COVID-19
pandemic; therefore, the cultivation process must be improved, especially plant nutrition management to increase its
quality. Therefore, the study aimed to evaluate the impact of K fertilization on growth, yield, antioxidant content, and K
use and response efficiency in red ginger cultivation.

MATERIALS AND METHODS

Site description

The study was conducted at Agro Techno Park (ATP) Jatikerto (8°07°36” S, 112°31746” E; 303 m a.s.1.), which is located
in the sub-district of Kromengan, Malang Regency-East Java, Indonesia, from December 2019 to August 2020 and from
January 2021 to September 2021. Annual rainfall ranged from 1598 to 3540 mm (data for 2006-2015), and relative
humidity averaged 77.5% (Wijayanti et al., 2019). Soil type at the study site is Alfisol with loamy clay texture. Soil
analysis before the field study showed that soil at the study site had 5.38 to 6.18 pH, 0.58 to 0.82 g 100 g soil organic C,
0.055 g 100 g'total N, and 0.41 to 0.48 cmol. kg soil exchangeable K. Plant quality analysis was performed in the Plant
Physiology Laboratory of the Agronomy Department and the Soil Chemistry Laboratory of the Soil Science Department,
Faculty of Agriculture, Brawijaya University, Malang City.

Research design and method

The study was conducted over two growing seasons, 2019-2020 and 2021 planting seasons. The study design was a non-
factorial randomized block design with four treatments (first season) and eight treatments (second season). The treatments
in the first season (December 2019-August 2020) included rates of 100 (K1), 200 (K2), 300 (K3), and 400 kg K ha' (K4).
Each treatment was repeated 3 times for a total of 12 research plots each measuring 4.5 m x 2.25 m. Meanwhile, the
treatments in the second season (January 2021-September 2021) consisted of a control without fertilization (K0O) and 60
(K1), 120 (K2), 180 (K3), 240 (K4), 300 (K5), 360 (K6), and 420 kg K ha' (K7). Each treatment was repeated 3 times for
a total of 24 study plots each measuring 4.5 m x 2.25 m.

The red ginger (Zingiber officinale var. rubrum Theilade) planting material was rhizome, which was harvested when
the plant was 10 mo old, healthy, and fresh. Prior to planting, ginger rhizome seeds were sown so that growth was
uniform. Seeds were sown in the shade, dry, not exposed to direct sunlight, and maintained with good air circulation. After
shoots germinated, rhizomes were cut that had approximately 2 to 3 internodes (2 to 3 buds) with a weight between 15
and 30 g.

Soil was tilled 2 wk before planting with a plow to loosen the soil to a 30-40 cm depth, followed by a treatment plot.
Red ginger rhizome seeds were planted to a 3-4 cm depth, and the shoots were facing upward. In each plot, ginger plants
had 35 x 50 cm spacing. The maintenance of red ginger plants included replanting, irrigation, weeding, hoarding, fertilizing,
and controlling plant pests and diseases. Replanting was done to replace plants that did not grow or whose growth was
abnormal; this was carried out between 1.0 and 1.5 mo after planting. Surface irrigation was performed every 3 d, unless it
rained. Manual weeding and hoeing was carried out once a week starting from the seedling stage to the fast growth stage or
for 120 d. Hoarding was done after the 4 to 5 tiller growth stage, so that the ginger rhizome was always covered with soil for
its optimal development. Inorganic fertilization consisted of N fertilizer at 184 kg N ha and 31 kg P ha! (~ 72 kg P,Os) as
basic fertilizer. Meanwhile, K fertilizer was applied as KCI according to each treatment, the phosphorus (P) fertilizer
was applied as SP-36 (total P,Os = 36%), and 200 kg SP-36 ha! was applied once at sowing/planting using a localized
placement method (especially drilling). In addition, nitrogen (N as urea and K as KCI) were applied three times at 30, 60,
and 90 d after planting (DAP), one third of the rate each time. The fertilizer that was applied in this study was a product
from the Petrokimia manufacturer, Gresik City, East Java, Indonesia. Pest and disease control was done if needed. The
study did not use chemical pesticides for pest and disease control during red ginger cultivation because the level of pests
and diseases was tolerable.
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Red ginger was harvested 6 mo after planting (for the first growing season) and 8 mo after planting (for the second growing
seasons). When the red ginger plant entered the senescence stage or had physiologically matured with the reddish color
characteristic of the rhizome, the rhizome appeared on the ground and most of the leaves and stems were dried and decayed.
Harvesting was done by carefully removing the ginger rhizome from the ground so as not to damage it and was cleaned.

The measured variables for red ginger included growth, yield, nutrient uptake, and quality. Red ginger growth was
observed for plant height, leaf number, and tiller number. Yield consisted of rhizome weight per clump, rhizome length
and diameter, and rhizome weight per hectare (t ha'), whereas measured variables for ginger quality included antioxidant
content by DPPH (1,1-diphenyl-2-picryl-hydrazyl) assay and plant nutrient uptake (K). The N concentration was
determined by the Kjeldahl method, while K was extracted by wet ashing using a mixture of concentrated HNO; and
HCIO, and measured with a flame photometer.

The K use efficiency (KUE) in the fertilization treatment was calculated according to Luo et al. (2021) and White et al.
(2021) as:

KUE (g yield g' K) = K uptake (fertilized) — K uptake (unfertilized)/Applied K

The K response efficiency (KRE) was calculated according to Keuter et al. (2013) as:

KRE (g biomass g' K) = (Plant K uptake/N supply) x (Biomass yield/Plant N uptake)

Statistical analysis

The obtained data were tested for normality, analyzed using ANOVA (5%) if the data were normal. If data were abnormal,
data was transformed either using a logarithm or square root. Duncan’s multiple range test was applied at the 5% level
to assess significant differences between K fertilization rates. The relationships between K uptake, yield, antioxidant
content, KUE, and agronomic efficiency were analyzed by averaged replicate plots according to the Pearson correlation
coefficient. All statistical analyses were performed with the R statistical software (R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS AND DISCUSSION

Effect of K fertilizer rate on red ginger growth

The statistical analysis showed that red ginger growth (plant height, leaf number, and tiller number per clump) was
significantly different among K fertilizer applications. This mostly occurred in the second season as compared with the first
season (Figures 1 and 2). The study was unable to detect significant differences among K fertilizer rates on plant height,
leaf number, and tiller number per clump in most measurements during the first season; this was likely because the range
of added K in the first season was wider than in the second season. In the first season, differences in added K had an impact
on leaf number and tiller number per clump 4 mo after planting (Figure 1). Increases of K up to 400 kg K ha did not
significantly increase red ginger growth as compared with the lower rates (100, 200, and 300 kg K ha™'). The 300 kg K ha!
rate increased leaf number and tiller number per clump by up to 69% and 80%, respectively.

In the second season, different K fertilizer rates strongly affected red ginger growth in all the measurements (Figure 2).
Overall, the 300 and 360 kg K ha' (P4 and P5) rates resulted in better plant growth compared with the other rates (0, 60,
120, 180, 240, and 420 kg K ha') and supported higher plant height, leaf number, and tiller number per clump. The result
for the second season concurred with the first season in which the highest red ginger growth occurred at 300 kg K ha™'.
At the same K fertilizer rate (300 kg ha'), red ginger growth (plant height, leaf number, and tiller number per clump) was
20% to 140% higher in the second season compared with those in the first season; this was probably due to the differences
in planting time. Red ginger was planted in December for the first season and in January for the second season, while the
rainy season ended in April; therefore, plants in the second season received more sunlight than those in the first season
during the fast-growing stage (especially 3 to 5 mo after planting) and had an impact on the highest growth. Unfortunately,
our study was unable to measure light intensity during the first and second seasons.

Red ginger plant height during the first and second seasons for all K treatments ranged from 31.1 to 43.4 cm. This
was comparable to the previous study conducted by Wagiono et al. (2020), who reported that red ginger plant height 6
mo after planting with 100 to 200 kg KCI ha' ranged from 30.6 to 39.2 cm. However, tiller number in the present study
for the second season (6.3 to 8.9 tillers per clump) was higher than findings reported by Wagiono et al. (2020) with 100
to 200 kg KCl ha', which resulted in 3.2 to 4.4 tillers per clump 6 mo after planting. Differences in red ginger plant
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Figure 1. Growth of red ginger for all treatments during the first growing season.
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Figure 2. Growth of red ginger for all treatments during the second growing season.
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growth was influenced by nutrient availability (e.g., N, K). Lujiu et al. (2004) reported that nutrient uptake by a ginger
crop was approximately 400 kg N ha', 145 kg P,O; ha!, and 950 kg K,O ha’'. The highest ginger plant height in Anhui,
China, was reached by applying 300 kg K ha', which concurs with our results in the second season. Potassium plays an
important role in young growing tissues, especially for cellular elongation and could even affect cell division. Potassium
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also promotes photosynthesis and carbohydrate formation in spices and the activation of more than 60 enzyme systems in
plants (Sadanandan et al., 2002). Thus, sufficient soil K determined the growth performance of red ginger. During both the
first and second seasons, the present study detected that the optimal K fertilizer rates ranged from 300 to 360 kg K ha'.

Effect of K fertilization on yield and rhizome morphology

The application of various K fertilizer rates had an impact on the physical quality of red ginger, especially rhizome
morphology (rhizome diameter) and yield (rhizome weight per plant and yield per ha; Table 1). In the first season,
the 300 kg K ha' rate had a higher (P = 0.06 - < 0.01) rhizome diameter, rhizome weight per plant, and total yield per
ha compared with other K fertilizer rates. The 300 kg K ha! rate also had the highest yield (per plant and per hectare)
compared with other K fertilizer rates (Table 1). This result indicated that the optimal K fertilizer rate for red ginger was
300 kg K ha'. Nevertheless, the optimal K rate in our study was different from previous results by Pradeepkumar et al.
(2001), who reported that the optimal N and K fertilization rates were 144 and 109 kg ha'', respectively, which was close
to the combination of 150 kg N ha' and 100 kg K ha'.

The increases in K from 100 to 300 kg ha' enhanced yield by 127% to 153% (3.3 to 5.5 t ha') during the first and
second seasons; this indicated the important role of K in red ginger yield. Our results concur with the previous findings
by Ajithkumar and Jayachandran (2001), who stated that increasing K from 50 to 100 kg ha' enhanced fresh rhizome
yield. Prajapati and Modi (2012) indicated that K plays an important role in increasing crop yield and quality through
photosynthesis, enzyme activation, stomatal activity (water use), sugar, water, and nutrient transport, protein and starch
synthesis, and crop quality. However, as for the impact of K in ginger, Sadanandan et al. (2002) reported that ginger
removes more K than any other element through harvesting. Therefore, K fertilizer application is needed to maintain soil
K sustainability and ginger growth and yield.

At the 300 kg K ha fertilization rate, red ginger yield in the second season (5.9 + 0.5 t ha') was 35% lower compared
with the first season. This was probably due to the differences in age at harvest between the first and second seasons. In the
first season, harvesting was conducted 6 mo after planting, whereas harvesting in the second season occurred 8 mo after
planting. The differences in the age at harvest were expected to affect water content of ginger rhizome and consequently
influence its fresh weight.

Table 1. Red ginger yield and morphology during two growing seasons with different K fertilizer applications.

Yield and physical quality of rhizome

Treatment Rhizome length Rhizome diameter Rhizome weight Yield

kg K ha' cm g plant! tha'

Planting season 1 (December 2019-June 2020)

100 (P1) 148 +0.7 4.1+02a 63.7+4.7a 3.6+03a
200 (P2) 14414 40+0.1a 99.3+9.7a 5.7+0.6a
300 (P3) 184+14 54+08b 159.7 £23.2b 9.1+1.3b
400 (P4) 13809 4.7 +0.6ab 89.0 £9.0a 5.1%0.5a
Significance 0.14 0.06 <0.01** <0.01**
Planting season 2 (January 2021-September 2021)

0 (PO) 123+09 31+04 405+1.8a 25+0.7a

60 (P1) 114+26 32+03 50.3 = 1.2ab 3.3 £ 0.6abc
120 (P2) 12113 295+0.3 60.8 +4.1bcd 2.6+0.5a
180 (P3) 134+0.6 31x0.1 73.1+3.4d 42+02b
240 (P4) 10604 29+03 58.0 £2.5bc 34 +0.0ab
300 (P5) 14102 38+04 102.8 £9.4e 59+0.5¢
360 (P6) 125+0.3 31x02 748 +4.4d 43+02b
420 (P7) 137+09 3104 72.1 £3.7cd 4.1+02b
Significance 0.396 0.73 <0.01%* <0.01**

*, **Significantly different at 5% and 1%, respectively. +: Standard error. Different letters mean significant
differences according to Duncan’s multiple range test (P < 0.05).

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(3) JULY-SEPTEMBER 2022 385



Impact of different K fertilization rates on antioxidant content, biomass, plant K uptake, and soil exchangeable K
in the second growing season of red ginger

Red ginger is a good source of antioxidants because of its gingerols. Kane et al. (1996) stated that antioxidant activity
(e.g., catalase) was associated with photo-respiratory detoxification of H,O, through mitochondrial electron transport
systems. Potassium also plays an important role in minimizing oxidative stress because it can maintain the level of
NADPH oxidase activity, and the photosynthetic electron transport system justifies antioxidant activation by supplying
KNO; (Cakmak, 2005). Similar to the previous study by Cakmak (2005), our results showed that differences in K
fertilization rates significantly (P = 0.04) affected antioxidant content in red ginger rhizome (Table 2). The application
from 180 to 300 kg K ha' had a higher antioxidant content in red ginger rhizome than the control (without K fertilization)
during the second season. However, increasing K fertilization rates to 360 and 420 kg K ha' showed 6% to 8% lower
antioxidant content in red ginger rhizome than from 180 to 300 kg K ha' (Table 2). This result indicated that excessive
soil K availability did not lead to a high antioxidant content, likely because crop K uptake was based on its capacity or
antioxidants were formed under sufficient soil nutrient availability.

The addition of K fertilizer also significantly affected plant biomass, plant K uptake, and soil exchangeable K of red
ginger at harvest (P =0.002 to 0.02; Table 2). The 300 kg K ha'! rate significantly increased biomass; it ranged from 49%
to 66% compared with the unfertilized control and at 60, 120, and 240 kg K ha' rates. Plant K uptake was higher (43% to
73%) at 300 kg K ha'! than in the control and at 60, 240, and 420 kg K ha'. However, the highest soil exchangeable K at
the end of the present study occurred at 360 kg K ha'. Kakar et al. (2020) reported that nutrient management technologies
using fertilization and mulch increased ginger biomass and soil K availability, but did not significantly affect plant K
uptake in ginger cultivation. Potassium uptake by red ginger ranged from 0.31 to 57 g K plant! (~ 7.0 to 30.3 kg K ha™')
with various K application rates. This result is lower than K uptake by large ginger, which ranged 80 to 153 kg K ha™' for
0 to 160 kg K ha'! application rates (Akhter et al., 2013). The ginger variety studied by Akhter et al. (2013) was different
from the variety used in our study, thus indicating the impact of variety on nutrient uptake. This was supported by Sanchez
et al. (2021), who reported that nutrient absorption efficiency was influenced by cultivars. The highest biomass and plant
K uptake at 300 kg K ha' could be due to increased K supply in the soil rooting system. Increasing K fertilizer rates to
420 kg K ha' tended to decrease biomass and plant K uptake; this is consistent with Mitscherlich’s law of diminishing
returns that proposes decreased marginal productivity due to increased levels of the limiting factor (Mengel and Kirkby,
2001; Ferreira et al., 2017).

Potassium use efficiency and its relationship with K response efficiency and antioxidant content

Red ginger roots can gain sufficient K for optimal growth from soil solutions containing micromolar K concentrations.
Our results indicated low KUE and KRE with 8.72 to 40.88 g yield g' K and 2.38 to 13.59 g DM g K, respectively
(Figure 3). This concurs with Dobermann et al. (1996), who stated that KUE is usually very low in agricultural systems,
usually less than 20%, and the same trend appeared for KRE. The 180 and 300 kg K ha' rates had the highest KUE and
KRE compared with other K rates (e.g., 60, 120, 240, 360, and 420 kg K ha), indicating that the optimal K fertilization

Table 2. Red ginger antioxidant content, biomass, plant K uptake, and soil exchangeable K for different K fertilization
rates in the second growing season.

Treatment Antioxidant content Biomass K uptake Soil exchangeable K
kg K ha'! % — gplant! ———— mmol, 100 g
0 (PO) 86.96 +0.9a 152+1.1a 0.36 +0.04a 1.51+0.10a
60 (P1) 89.51 +0.8ab 16.7+0.3a 0.38 £0.03ab 1.66 +£0.12ab
120 (P2) 89.94 + 2.6ab 160+ 14a 0.45 +0.03abed 1.74 +0.11ab
180 (P3) 9199 +2.1b 20.8 £0.9ab 0.50 + 0.03bcd 2.38 +0.18abc
240 (P4) 90.75 £ 1.3b 150+ 13a 0.33+£0.02a 2.02 +£0.19abc
300 (P5) 90.56 +0.3b 249 +2.8b 0.57 +0.10d 248 +£0.23bc
360 (P6) 85.11+22a 19.7 £ 0.5ab 0.53 +0.03cd 276 £0.21c
420 (P7) 84.79 £0.6a 18.3 + 1.5ab 0.40 = 0.04abc 2.54 +0.31bc

Significance 0.04 0.002 0.02 0.003

*, **Significantly different at 5% and 1%, respectively. +: Standard error. Different letters mean significant
differences according to Duncan’s multiple range test (P < 0.05).
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Figure 3. Impact of K fertilization rate on K use efficiency (a) and K response efficiency (b), relationship between K
use efficiency and K response efficiency (c) and relationship between K use efficiency and antioxidant content (d) in red
ginger.
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rate was approximately 200 kg K ha' (Figure 2). Our results also showed that KUE and KRE of red ginger decreased
when added K exceeded the K requirement, which was shown by the lower KUE and KRE when applying 360 and
420 kg K ha'. However, the decrease in KUE, and perhaps KRE, was also influenced by environmental factors such as
soil compaction, poor soil structure and texture, soil crusting, water holding capacity, water logging, and extreme drying
(Baligar et al., 2001). Another study conducted by Sanchez et al. (2021) reported that differences in cultivar were also
affected by nutrient use efficiency in the intercropping systems of perennial ryegrass and white clover.

The ability to uptake K from the soil and use K physiologically for vegetative and reproductive growth differs among
plants. Our study detected that increases in KUE increased KRE and antioxidant content (Figure 3). The high
antioxidant content was found in the optimal K use, which was reflected by K fertilizer application at approximately
180 and 300 kg K ha'. This result indicated that antioxidant content in red ginger can increase by optimizing the K
fertilization rate. Therefore, providing and maintaining K at optimal rates is necessary to increase production and improve
quality (Sadanandan et al., 2002).

CONCLUSIONS

Differences in red ginger growth (height, leaf number, and tiller number per clump) was strongly affected by K application
rates with optimal rates of 300 and 360 kg K ha'. In addition, the application of 300 kg K ha' also resulted in the
highest yield and quality of red ginger and in both morphology (rhizome diameter) and chemical content (e.g., K uptake
and antioxidant content). Both K use efficiency and K response efficiency decreased with increasing K fertilizer rates.
Therefore, optimizing soil management (e.g., K fertilization) is needed to maintain the sustainability of ginger production
and quality in agricultural land.
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