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Abstract

2-Amino-3-methylhexanoic acid (AMHA), as a naturally occurring o-amino acid, exhibits
excellent bioactivity in inducing plant resistance to biotic and abiotic stresses, promoting
plant growth and alleviating pesticide damage. However, its low yield in nature has hin-
dered its industrialization. This study aims to address the current challenges in AMHA
production, including synthetic difficulties, low yield, and poor production safety. We in-
vestigated the production capacity of Serratia marcescens NAU002-4 using high-performance
liquid chromatography (HPLC), orthogonal experiments, and ion exchange chromatogra-
phy (IEC), supplemented by precursor feeding assays. Optimization of the fermentation
medium revealed that 10 g/L corn steep liquor as the nitrogen source and 10 g/L thre-
onine as the precursor resulted in maximal yield. Further optimization of fermentation
parameters—initial pH 7.2, inoculation volume 6%, stirring speed 180 rpm, and aeration
rate 350 L/h—Iled to an AMHA titer of 504 mg/L. In parallel, field trials were conducted to
evaluate the effects of pure, biosynthetic AMHA on tea plant growth and photosynthetic
performance, using plant physiological data and chlorophyll fluorescence rise kinetics. The
results demonstrated that biosynthetic AMHA significantly enhances tea plant growth and
photosynthetic efficiency, providing a scientific basis for its development and application
as a novel biostimulant.

Keywords: natural product; biostimulant; microbial fermentation; fermentation process;
growth promotion

1. Introduction

The global population is projected to reach 9-10 billion by 2050 [1]. As the world’s
population grows rapidly, so does the demand for food. In addition, frequent occurrence of
extreme weather, rise of global temperature, and reduction in available water resources
are also huge challenges in agricultural production, which directly or indirectly affect crop
yields [2—4]. Pesticides and fertilizers play an important role in boosting grain production
and reducing crop diseases and pests. Nearly half of the global population relies on
fertilizers to sustain crop growth and thus increase yields. However, the unreasonable
and unscientific use of chemical fertilizers will have a negative impact on the quality of
agricultural products and the health of the ecological environment. This not only endangers
national food security, but also seriously hinders the sustainable development of agriculture.
The overuse of traditional chemical synthetic fertilizers can lead to water pollution (such
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as water bloom and red tide) [5], soil fertility destruction, etc., and further damage the
ecosystem and biodiversity of the natural environment [6].

To reduce reliance on synthetic agrochemicals such as pesticides and fertilizers and
improve the sustainability of agricultural systems, numerous innovative technologies
have been introduced over the past few decades. Among them, natural plant bios-
timulants have emerged as a promising and environmentally friendly alternative [7].
Biostimulants primarily enhance crop quality and yield, as well as improve plant tol-
erance to various abiotic stresses, by regulating the physiological processes of plants
rather than by supplying substantial nutrients. This approach offers significant potential
for sustainable agriculture [8-10]. Its application not only alleviates the environmental
drawbacks of traditional chemical fertilizers but also increases plant resilience to various
stress conditions [11]. In February 2024, the American Association of Plant Food Man-
agement Officials (AAPFCO) officially defined “plant biostimulant” as substance that
enhance nutrient uptake, stress resistance, or crop quality by stimulating natural physio-
logical processes (https://cn.agropages.com/News/NewsDetail---36499.htm, accessed
on 8 December 2025). Currently, common biostimulants mainly include seaweed extracts,
microbial inoculants, humic substances, protein hydrolysates, and others. In these bios-
timulants, amino acids and peptides derived from protein hydrolysates are attracting
widespread attention in plant science. They are valued for their ability to improve soil
health, enhance stress tolerance [12], participate in plant metabolism, promote chlorophyll
synthesis, and boost photosynthesis [13,14], thereby supporting overall plant growth.

Currently, amino acids are primarily obtained through chemical synthesis, protein
hydrolysis, and microbial fermentation [15-18]. Chemical synthesis is relatively complex,
involves significant pollution, and requires expensive catalysts [15]. In addition, chemically
synthesized amino acids are mostly achiral, and additional optical resolution steps are
required to obtain only L-form amino acids from racemic mixtures [16]. Therefore, chemical
synthesis is unsuitable for the large-scale industrial production of amino acids. Protein hy-
drolysis suffers from poor raw material stability [16], generates numerous by-products [15],
and has a narrow application scope, being limited to only a few kinds of amino acids [16]. In
contrast, microbial fermentation, which has advanced significantly in recent years, converts
sugars in the substrate into amino acids. This method offers simplicity, mild operating
conditions [17,18], low cost [16-18], and is applicable to the large-scale production of most
L-amino acids [19]. Moreover, appropriate adjustments and optimizations of the upstream,
midstream, and downstream processes can significantly improve the yield of the target
product [20,21]. Microbial biotechnology plays a pivotal role in developing a new gen-
eration of agricultural inputs that align with the principles of sustainability and circular
economy. By utilizing renewable, simple, cheap biomass as raw materials and employing
genetically optimized or metabolic modeling, this technology enables the green synthe-
sis of amino acids [15]. These microbial-derived products offer several environmental
advantages over conventional agrochemicals, such as lower carbon footprints, reduced
soil and water pollution, and enhanced biodiversity in agroecosystems [11]. In summary,
microbial fermentation technology is a commonly used method for the biosynthesis of
amino acids. By optimizing the fermentation conditions and improving the strains, not
only can the production efficiency of the amino acid biostimulant be improved, but the
production cost can also be further reduced, thereby increasing market competitiveness of
amino acid biostimulants.

2-Amino-3-methylhexanoic acid (AMHA) is a natural x-amino acid found in Alternaria
Species, and its structure is similar to branched-chain amino acids [22,23]. Our previous
research has shown that AMHA possesses a high capacity to induce plant resistance at
very low doses, enabling plants to combat a range of biotic and abiotic stresses [24,25].
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Exogenous AMHA treatment not only reduced susceptibility to powdery mildew (Blumeria
graminis £. sp. tritici) in wheat, Pseudomonas syringae DC3000 in Arabidopsis and Tomato
spotted wilt virus in tobacco, but also induced resistance to low temperature in strawberries
and tomatoes [26], and to high temperatures in bentgrass, wheat and tomatoes [22,24].
However, the low yield of AMHA in reported fungi has hindered its industrialization
process [22]. Previous studies have shown that adding precursor amino acids to the culture
medium of some strains can promote AMHA production, with yields reaching up to
500 mg/L, but could not produce AMHA in the conventional medium without precursor
amino acids [27,28]. The reaction vessel used in these studies was a conical flask, which
has a small production scale, and the cost of the exogenous addition of norvaline was high,
making it unsuitable for large-scale production. Tea plant (Camellia sinensis (L.) O. Kuntze)
is one of the most important economic crops in China for its drinking and medicinal
values [29]. Our laboratory has found that AMHA can mitigate the heat damage of tea
plants planted in the field by enhancing photosynthetic performance, osmotic regulation,
and antioxidant enzyme activity, thereby boosting their thermotolerance [25].

To date, there are no systematic studies investigating the optimized microbial produc-
tion of AMHA. Although the resistance ability of tea plants to high temperature stress has
been explored in previous research [25], the activity of AMHA in promoting the growth of
tea plants has not been systematically explored.

The main novelty lies in the scalable production methodology. We reviewed the
discovery and production process of biological extract-based biostimulants and proposed
a practical step-by-step process [12]. This study aimed to screen and optimize microbial
fermentation conditions for efficient AMHA production, purify and structurally confirm
the produced compound, and evaluate its plant growth-promoting effects and impact on
photosynthetic performance in tea plants. In this study, the yield of AMHA was guaranteed
while the production cost was reduced, and a small-scale fermentation process of AMHA
was established, which laid a foundation for the development and application of AMHA
as a new biostimulant.

2. Materials and Methods
2.1. Material
Strains, Plants and Chemicals

Five strains of Serratia marcescens, NAU002-1, NAU002-2, NAU002-3, NAU002-4, and
NAUO002-5, were distinct isolates from the same soil and isolated by our laboratory. These
strains have vigorous metabolism, precise regulatory mechanisms, and are commonly used
in industrial production. The tea plants were the cultivar ‘Longjing 43’ (Camellia sinensis cv.
Longjing 43) and were grown in the tea garden of Jiangsu Bocha Agricultural Technology
Development Co., Ltd. (31.95° N, 118.84° E, Nanjing, China).

LB solid medium was used for NAU002 activation. NAU002 was cultured at 37 °C
in liquid culture medium containing 10 g/L urea, 7 g/L corn steep liquor powder, 1 g/L
KyHPOy, 0.5 g/L MgSO4-7H,0, and 20 g/L anhydrous glucose, pH 7.0.

AMHA was used in a field experiment and was produced through fermentation by
NAUO002-4. The solid AMHA was dissolved in sterile water to prepare a 1 mM solution
and then diluted to 100 nM. Isabion® was obtained from Syngenta Group Corporation
Limited (Shanghai, China). The application rate for tea plants was calculated according to
the product’s recommended dosage (Isabion stock solution diluted 600-fold).
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2.2. Determination of AMHA Content
2.2.1. Preparation of AMHA Standard Curve

The AMHA standard solution was prepared at 25, 50, 100, 200, and 400 mg/L, re-
spectively. The concentration of AMHA was detected by high-performance liquid chro-
matography (HPLC) (Primaide, HITACHI Co., Tokyo, Japan). An Agilent ZORBAX SB-Aq
Analytical Cjg column (250 mm x 4.6 mm x 5 pm) (Agilent Technologies, Palo Alto, CA,
USA) was used for the HPLC analysis. The analytical conditions were as follows: mobile
phase, 85% acetonitrile (containing 0.1% formic acid) and 15% water (containing 0.1%
formic acid); detection wavelength, 210 nm; injection volume, 5 uL. The standard curve of
AMHA was obtained by area normalization.

2.2.2. Detection of AMHA Content in Test Samples

The fermentation broth from each treatment group was centrifuged at 9000 rpm for
6 min and the supernant filtered through a 0.22 um hydrophilic polyethersulfone microfiber
membrane (Tianjin Branch Billion Lung Experimental Equipment Co., Ltd., Tianjin, China).
The supernatant was injected into the chromatographic injection bottle and put into the
HPLC instrument, and the analytical conditions were set for detection. The fermentation
broth of all treatment groups in the experiment was analyzed and detected by HPLC
method. The detection results were calculated based on the standard curve, and the content
of AMHA in the fermentation broth of different treatment groups could be obtained.

2.3. Selection of Optimal Fermentation Strains

The five strains of NAUO002 were inoculated onto LB solid medium and cultured at
30 °C for 12 h for later use.

To screen the ability of five NAUOO2 strains to produce AMHA with the addition of
different precursor amino acids, 10 g/L threonine (Thr), 10 g/L methionine (Met), 10 g/L
norleucine (Nle), and a combination of 10 g/L norvaline (Nva) and 0.5 g/L leucine (Leu) at
a 20:1 ratio, were added to the basic liquid medium, respectively. Strains were cultured at
200 rpm and 30 °C for 3 days. HPLC was employed to detect the AMHA content of the
fermentation broth.

2.4. Selection of Matrix Components in Culture Medium for NAU002-4
2.4.1. Optimization of Corn Steep Liquor (CSL) Concentration for Strain
NAUO002-4 Cultivation

CSL was added to the basic medium of NAU002-4 at final concentrations of 0, 3, 7, 14,
or 21 g/L, respectively, to identify the optimal content of CSL for NAU002-4 cultivation.
After inoculation, strain NAU002-4 was cultured for 3 days at 30 °C. The biomass of
NAUO002-4 was determined every 24 h by measuring the optical density (OD) of cell
suspensions at 540 nm (A540) using a UV-1800 spectrophotometer (Shimadzu, Kyoto,
Japan). Then the addition of CSL was refined to 10, 11, and 12 g/L, through the analysis of
each growth kinetics curve. The methods of cultivation and OD measurement were the
same as above.

2.4.2. Optimization of the Type and Amount of Precursor Amino Acids in the Medium

Three precursor amino acids including Thr, Met, and Nle were added to the basic
liquid medium, at final concentrations of 2.5, 5, 10, or 20 g/L, respectively. At this point, the
concentration of CSL in the liquid medium was the optimal level after CSL optimization.
The OD value was measured using the methods described above. All experiments were
performed with three independent biological replicates.
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2.5. AMHA Liquid Fermentation Process Optimization

To obtain the optimal liquid fermentation conditions for NAU002-4 producing AMHA,
four technical parameters including initial pH, inoculation volume, stirring speed, and
aeration rate of the liquid fermentation process in a 5 L fermenter (BioFlo115, Eppendorf,
Hamburg, Germany) were further optimized. A four-factor, three-level orthogonal experi-
ment LI9(3*) was designed to investigate these parameters (Table 1) and screen out the best
fermentation conditions of AMHA.

Table 1. Design of L9(3*) orthogonal experiment factors.

Factors
Levels Initial oH Inoculation Stirring Speed  Aeration Rate
P Volume (%) (rpm) (L/h)
1 6.8 2 180 250
2 7.0 4 200 300
3 7.2 6 220 350

2.6. Isolation and Extraction of AMHA

The NAUO002-4 fermentation broth was separated by centrifugation at 8000 rpm for
10 min. Activated carbon (200-300 mesh) was added to the supernatant and heated in a
boiling water bath to adsorb the pigments. The treated supernatant was adjusted to pH 2
with 2 M HCI. The supernatant was concentrated in a rotary evaporator (EYELA, Tokyo,
Japan). The evaporation was stopped when 50-60% of the water had been evaporated. The
remaining liquid was then subjected to vacuum filtration to obtain a clear filtrate.

Ion exchange chromatography (IEC) was used to purify AMHA from the fermentation
broth. Appropriate amount of 732 cation exchange resin (Na* form) was soaked in deion-
ized water for 1-2 h, and then soaked in 3% hydrochloric acid solution for 34 h. After
that, the resin was rinsed several times with deionized water. The resin was mixed in an
appropriate amount of deionized water and poured into the chromatographic column. At
least 2 cm of deionized water was retained in the upper layer of the resin. Methods for
cation exchange resin activation and column packing were based on those described by
Ding, W [30] and Nesterenko, E.P [31]. The fermentation broth was eluted with 0.25%, 0.5%,
0.75%, and 1% ammonia water (w/w), respectively. AMHA was identified by filter paper
chromatography based on the ninhydrin color reaction principle. The reference standard
was a chemically synthesized AMHA that has been structurally confirmed and the purity
over 99%. The mobile phase was prepared by mixing n-butanol:acetic acid:water (4:1:2,
v/v/v) with a 0.5% ninhydrin n-butanol solution at a ratio of 3:4. Fractions containing
AMHA in centrifuge tubes were collected according to the color reaction.

The eluate containing AMHA was evaporated to dryness to obtain the solid. The
structure of the compound was analyzed using mass spectrometry (MS) and nuclear
magnetic resonance (NMR) spectroscopy, and its purity was determined by HPLC. MS
detection was performed according to the method described by Wang et al. [22].

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AM-400 spec-
trometer (Bruker, Zuerich, Switzerland). Me4Si was used for the internal standard. Cou-
pling constants (J) are given in Hz. NMR data were analyzed using MestReNova 11.0
software (Mestrelab Research SL, Santiago de Compostela, Spain). The NMR hydrogen
spectrum was characterized in the following manner: 'H NMR (400 MHz, Deuterium
Oxide) 6 3.86 (d, ] = 15 Hz, 1H, CHNH), 2.13-1.94 (m, 1H, CH3CH), 1.25-1.19 (m, 2H,
CH,CH,CH3), 1.12-1.10 (m, 2H, CH,CH,CHj3), 0.84 (d, ] = 10 Hz, 3H, CH3CH), 0.69 (t,
J =20 Hz, 3H, CH3CHj). The NMR carbon spectrum was characterized in the following
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manner: 3C NMR (126 MHz, Deuterium Oxide) § 172.16 (COOH), 57.67 (CHNH,), 41.30
(CH;CH), 33.55 (CH3;CH,CHy), 19.61 (CH;CH,CHy,), 14.20 (CH3CH), 13.32 (CH;CH,CHy).

2.7. Treatment of Tea Plant with Reagents

The experiment included three treatments: AMHA (isolated from the fermentation
broth of NAU002-4), a blank control (water) and Isabion (a positive control, obtained from
Syngenta Group Corporation). Each experimental field plot was 15 m? (30 m x 0.5 m) and
included a single row of tea plants, distributed as a randomized block design with three
replicates. Each plot contained approximately 100 tea plants. The amount of medicine
applied in each plot was calculated according to the amount of 100 mL medicine solution
watered per tea plant, and the water consumption was 10 L. A sprinkling kettle was used to
evenly water the medicinal solution to each tea plant, and the amount of medicinal solution
applied to each tea plant was approximately equal. The first spray was applied on 12 March
2023, and then at 14-day intervals for a total of 3 times. The first application was followed
by two additional applications at 14-day intervals, resulting in three applications in total.
On the 90th day after the final application, the following parameters were measured: stem
diameter, branch number, plant height, and root fresh weight. Plant phenotypes were
documented photographically. Additionally, the intact root systems of 2-3 tea plants per
treatment were carefully washed, scanned using a root scanner, and their fresh weight
was measured. On the 15th and 45th days after the first application, the first leaf below
the topmost bud (one bud and one leaf) was sampled from 20 seedlings per treatment per
time point. The chlorophyll fluorescence kinetics OJIP curves and chlorophyll fluorescence
parameters of the tea plant leaves were measured by Handy-PEA, a plant efficiency meter.

2.8. Determination of Fast Chlorophyll Fluorescence Rise Kinetics and JIP-Test Analysis

On days 15 and 45 after the first treatment with AMHA, Isabion or the control, twenty
representative samples of one bud and the first leaf (1B1L) from new shoots were collected
from field-grown tea plants in each plot. Before chlorophyll fluorescence measurement,
the collected leaves were dark-adopted for at least 30 min at approximately 28 °C. Chl a
fluorescence rise kinetics OJIP curves of the first fully expanded leaves of all samples were
induced by 1 s pulse of red light (650 nm, 3500 umol (photons) m2s71) using a Plant
Efficiency Analyzer (Handy-PEA fluorometer, Han-satech Instruments Ltd., King’s Lynn,
Norfolk, UK). The raw fluorescence data were collected by the Handy-PEA v1.30 software
and analyzed using Biolyzer 4HP v3.0 software according to the JIP-test [25,32].

The following experimental data from the original measurements were used [32-34]:
Fo, the initial fluorescence at 20 us when all photosystem II (PSII) reaction centers (RCs)
are open (at t = 0); Fj, and Fj, the fluorescence intensity at 2 ms (J-step), and 30 ms (I-
step); Fym, the maximal fluorescence when all PSII RCs are closed, which is equal to Fp.
Absorption (ABS) energy flux per excited leaf cross-section (CSyy), trapped (TRg) energy
flux per CSyy, electron transport (ETy) energy flux per CSys and density of PSII Qa-reducing
reaction centers (RCs) per CSy; is defined as ABS/CSy;, TRy /CSw, ETo/CSy and RC/CSy,
respectively [25,33]. The maximum quantum yield of primary photochemistry (at t = 0),
TRy /ABS, is denoted as @p,. @g, expresses the quantum yield of electron transport (at t = 0),
which is given as @g, = ETg/ABS. Y, represents to the probability that a trapped exciton
moves an electron into the electron transport chain beyond Qp ™. Plags, a performance
index based on the absorption of light energy, is an indicator of the overall photosynthetic
activity of PSII, and expressed as: PIaps = Yrc/(1 — YrRC) * ©Po/(1 — @po) - Yo/ (1 — ¥Eo),
here yRrc refers to the fraction of reaction center Chl molecules (Chlgc) compared to the
total Chl content (Chlrc + Chlantenna)- ®Ro is used to assess the quantum yield of electron
acceptor reduction at the terminal side of PSI acceptor in plants. Performance index for
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energy conservation from photons absorbed by PSII to the reduction of PSI end acceptors
is defined as PITOT = PIABS . (SRO/(l - SRO) [24,32—34]

2.9. Data Processing and Statistical Analyses

Statistical analysis of the experimental data was performed using Handy-PEA v. 1.30
software, BiolyzerHP3 v. 5.3 software, and IBM SPSS Statistics 27 software. One-way
analysis of variance (ANOVA) and Duncan’s multiple comparison test were employed
to analyze the significance of differences among different treatment groups (p < 0.05).
GraphPad Prism 8 software, Microsoft Excel 2016 software, and the Figdraw website were
used for the creation of figures and tables.

3. Results
3.1. Strain NAU002-4 Produced AMHA by Fermentation

Previous studies have demonstrated that some bacteria can produce AMHA when
cultured in media supplemented with precursor amino acids [23,27,28]. To determine
whether NAUO002 could produce AMHA when supplemented with the precursor, its
fermentation broth and AMHA standard were analyzed by HPLC. The chromatogram for
the AMHA standard showed a distinct peak at a retention time of 1.01 min (Figure 1A).
Correspondingly, a peak was observed at 1.07 min in the fermentation broth extract, which
matched the retention time of the standard, confirming that the fermentation product
was AMHA.

Subsequently, a calibration curve of the peak area versus standard concentration was
plotted to quantify the AMHA content in different NAUOO2 strains (Figure 1B). To compare
the AMHA production capabilities of different NAUOQO2 strains, five wild-type NAU002
strains were cultured using the streak plate method. However, these strains exhibited
considerable variation in colony color under identical medium and conditions, suggesting
potentially different metabolic outputs (Figure 1C). HPLC analysis confirmed that all five
strains could produce AMHA upon the exogenous addition of precursor amino acids. The
AMHA production capacity of the strains from high to low was NAU002-4, NAU002-5,
NAU002-1, NAU002-2 and NAU002-3 (Figure 1D). Among the five precursors tested, the
AMHA yields for NAU002-4 were 420 mg/L, 422 mg/L, 448 mg/L, and 544 mg/L in media
supplemented with Nva and Leu, Thr, Met, and Nle, respectively. Based on these results,
NAUO002-4 was identified as the optimal strain for fermentation.

3.2. CSL and Threonine Were Identified as the Optimal Nitrogen Source and Precursor Amino Acid
in NAU002-4 Medium

In the fermentation industry, CSL serves as a high-quality, cost-effective, and widely
available nitrogen source, providing essential nutrients such as amino acids, proteins, vita-
mins, and minerals for microbial growth. CSL is rich in amino acids, small peptides, and
ammonium salts, which are forms of nitrogen sources preferentially utilized by microorgan-
isms without additional hydrolysis or transformation, saving energy. The amino nitrogen
in corn pulp provides the direct raw material for protein synthesis and cell proliferation
of bacteria [35-38]. To promote the growth of strain NAU002-4 while reducing medium
costs, the CSL concentration in the culture medium was optimized. Bacterial biomass of
NAUO002-4 was monitored by measuring the OD value (Figure 2A). CSL was necessary
for growth, as evidenced by an OD value close to zero in its absence. Over three days,
OD values increased in a concentration-dependent manner with rising CSL levels. The
OD value of the 7 g/L CSL treatment group increased by 100% compared to the 3 g/L
treatment group. However, the OD values of the 14 g/L and 21 g/L CSL treatment groups
only increased by 4% and 15% respectively compared to the 7 g/L treatment group. Given
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that the tested concentration range (0-21 g/L) was broad, we hypothesized that a finer
gradient might reveal clearer differences. Therefore, a narrower gradient of 7, 10, 11, 12 and
14 g/L CSL was examined (Figure 2B). The results showed that the OD value increased
significantly in the 10 g/L CSL group compared to the 7 g/L CSL group. However, there
was no significant difference between 10 and 14 g/L CSL treatments. Thus, 10 g/L was
determined to be the most appropriate CSL concentration for the culture medium.

(A) (B)
0oy 25,000 5, = 58 635x (R* = 0.9989)
20,000 [
© 50
Standard  § 15,000 |
1 T NS <
0 1 2 3 4 5 6 7
100 1.04 Time (min) 10,000 |
9
501 5,000 |
0 Sample 0 . ,
0 1 2 3 4 5 6 7 0 200 400
Time (min) Concentration of AMHA (mg/L)
©
NAU002-1 NAU002-2 NAU002-3 NAU002-4 NAU002-5
D)

6004 Bl Norvaline&l.cucine
I ‘Threonine
Methionine

4004 Bl Norleucine

200

The yield of AMHA (mg/L)

NAU002-1 NAU002-2 NAU002-3 NAU002-4  NAU002-5

Figure 1. Results of the screening for the optimal fermentation strain: (A) HPLC chromatogram of
AMHA standard (above) and AMHA sample (below); (B) Standard curve of AMHA: the abscissa
is the AMHA content (25, 50, 100, 200, and 400 mg/L), and measured by HPLC; (C) Agar plate
images of five strains of NAU002, from left to right is NAU002-1, NAU002-2, NAU002-3, NAU002-4,
and NAU002-5; (D) AMHA production by five strains of NAU002 after fermentation with different
precursor amino acids (Norvaline&Leucine, Threonine, Methionine, and Norleucine). The letters a, b,
¢, and d indicate significant differences (p < 0.05).
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Figure 2. Results of the screening for culture medium components: (A) Effects of different concentra-
tions of CSL in the medium on the growth of NAU002-4; (B) Effects of optimized CSL concentration
on the growth of NAU002-4; (C) Optimization results of precursor types and addition levels in the
culture medium; (D) Effects of different concentrations of Thr in the medium on the yield of AMHA.
Lowercase letters indicate significant differences (p < 0.05).

Since the addition of precursor amino acids in the medium is a key factor in the
AMHA production by NAU002-4 [27], AMHA content was measured on the third day of
fermentation (Figure 2C). Significant differences in AMHA yield were observed among
the four precursor treatments (Figure 2C). Specifically, AMHA yield increased with the
concentration of Thr, Met, and Nle. Nle resulted in the highest AMHA production, followed
by Met and Thr. When the precursor concentration was raised from 5 g/L to 10 g/L, the
AMHA yield increased by 376%, 192%, and 103% for Thr, Met, and Nle, respectively.
However, with a further increase from 10 g/L to 20 g/L, the AMHA yield only increased
by 19%, 22%, and 32%, respectively. So, when the amount of precursor amino acid added
was 10 g/L, the yield increase of AMHA was greater and it was the more appropriate
concentration. In addition, the yield of AMHA in the Nle treatment group was 27% higher
than that in the Thr treatment group, and the yield of AMHA in the Met treatment group
was 8% higher than that in the Thr treatment group when the precursor addition was
10 g/L. However, the prices of three amino acids are different that the market prices of
Nle and Met are substantially higher than Thr. Alougth the AMHA yield of 20 g/L Thr
treatment was higher than that of 10 g/L treatment, the increase was modest (Figure 2D).
Considering that the market prices of Nle and Met and the cost of the Thr addition, a
comprehensive cost-benefit analysis identified Thr at 10 g/L as the optimal precursor for
AMHA production.
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3.3. AMHA Liquid Fermentation Process Optimization

To investigate the scale-up of AMHA liquid fermentation by NAU002-4, an L9(3%) or-
thogonal experimental design was implemented. The design matrix and the corresponding
results for various measured indicators are presented in Table 2. As shown, variations in
the four tested parameters significantly influenced both the biomass of NAU002-4 and the
AMHA yield.

Table 2. Program and results of L9(34) orthogonal experiments.

No pH Inoculation Stirring Speed  Aeration Rate oD AMHA Content
: (A) Volume (%, B) (rpm, C) (L/h, D) 540 (mg/L)
1 1 1 1 1 24.08 430.63 + 2.50
2 1 2 3 2 38.08 459.67 £ 2.09
3 1 3 2 3 41.76 467.70 + 5.34
4 2 1 3 3 34.16 44440 + 5.37
5 2 2 2 1 32.88 443.75 + 4.22
6 2 3 1 2 44.08 480.77 £ 4.22
7 3 1 2 2 33.20 440.73 +1.86
8 3 2 1 3 46.40 497.94 + 3.04
9 3 3 3 1 41.12 461.07 + 3.41

The effects of initial pH, inoculation volume, stirring speed, and aeration rate on the
biomass of NAU002-4 and AMHA concentration on the third day are shown in Table 3.
Based on range analysis (R), the factors influencing biomass, in descending order of signifi-
cance, were: inoculation volume > aeration rate > initial pH > stirring speed. Similarly, for
AMHA yield, the order of significance was: inoculation volume > aeration rate > stirring
speed > initial pH. These results indicated that among the four factors, inoculation volume
and aeration rate were the most critical factors affecting both NAU002-4 biomass and
AMHA vyield. Accordingly, the optimal conditions for maximum biomass were determined
as follows: initial pH of 7.2 (A3), inoculation volume of 6% (B3), stirring speed of 180 rpm
(C1), and aeration rate of 350 L/h (D3) (Table 4 and Figure 3).

Table 3. Range analysis of NAU002-4 biomass.

A B (%) C (rpm) D (L/h)
K1 103.92 91.44 114.56 98.08
K2 111.12 117.36 107.84 115.36
K3 120.72 126.96 113.36 122.32
ki1 34.64 30.48 38.19 32.69
k2 37.04 39.12 35.95 38.45
k3 40.24 42.32 37.79 40.77
R 5.60 11.84 2.24 8.08

Optimal level 3 3 1 3
Factors of priority B>D>A>C
Optimal technical solution A3B3C1Ds3
Table 4. Range analysis of AMHA yield.

A B (%) C (rpm) D (L/h)
K1 1358.00 1315.76 1409.34 1335.45
K2 1368.92 1401.36 1352.18 1381.17
K3 1399.74 1409.54 1365.14 1410.04
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Table 4. Cont.

A B (%) C (rpm) D (L/h)
k1 452.67 438.59 469.78 445.15
k2 456.31 467.12 450.73 460.39
k3 466.58 469.85 455.05 470.01
R 1391 31.26 19.05 24.86

Optimal level 3 3 1 3
Factors of priority B>D>C>A
Optimal technical solution A3B3C1Dj
50 1 - 480
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Figure 3. Correspondence between different factor levels with cell concentration as well as AMHA
yield on the third day of fermentation: Correspondence between factor A levels and biomass of
NAU002-4 (W); Correspondence between factor B levels and biomass of NAU002-4 (e); Correspon-
dence between factor C levels and biomass of NAU002-4 (A); Correspondence between factor D
levels and biomass of NAU(002-4 (#); Correspondence between factor A levels and AMHA yield (OJ);
Correspondence between factor B levels and AMHA yield (©); Correspondence between factor C
levels and AMHA yield (A); Correspondence between factor D levels and AMHA yield ().

Validation fermentation was carried out using the optimized fermentation conditions
in a 5 L fermenter, and the results are shown in Table 5, where the AMHA yield reached

504 mg/L.

Table 5. Results of verification test.

A B (%) C (rpm) D (L/h) ODsyg AMHA Content (mg/L)
7.2 6 180 350 47.76 504.00 + 1.31

3.4. Purification of AMHA from Fermentation Broth of NAU002-4

During the IEC separation process, ammonia water was used as the eluent to purify
AMHA from the fermentation broth (Figure 4A). Specifically, elution was performed with
stepwise increases in ammonia concentration from 0.25% to 1%. Initially, no components
were eluted at concentrations of 0.25% and 0.5%. When the ammonia concentration was
increased to 0.75%, several fractions were collected. The retardation factor (Rf) value of the
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eluent was 0.68, which closely matched that of the AMHA standard (Rf = 0.62), indicating
the presence of AMHA in all three centrifuge tubes eluted with 0.75% ammonia water.
Furthermore, a small amount of AMHA was detected in the first centrifuge tube of the 1%
ammonia eluent, whereas no AMHA was found in the subsequent second and third tubes,
which contained only Thr. Therefore, 0.75% ammonia water was determined to be effective
for eluting AMHA with minimal co-elution of other amino acids.

A)

Standard: Eluent: Eluent : Eluent : Eluent :
AMHA + Thr 0.25% NH;-H,O 0.5% NH;-H,0 0.75% NH;-H,O 1% NH,-H,0
B
(B) (C) TOF MS ES+
mAU, 100 7.06e4
400
504
300 146.1644 147 1185
0= : : .
145 146 147 /2 148
200+ 146.1172 .
1007 TOF MS ES+
8.48e4
100
2507
145.0050 1479310
0 148.0976
T I T () ’ ‘ ‘ ‘ [
1 2 3 4 5 6 7 145 146 147 ” Zl48
min
D) (E)
15 EEEEERCEER T H 0.005
: T r0.25
P8R s 10,004
I r0.20 '
_ 0.003
+0.15
0.00
} +0.10 2
| M L0.05 ‘ 0.001
| I
R W J,f M ,M (! 0 IWWWWMW “'1 0.000
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Figure 4. Purification and analysis of AMHA: (A) Filter paper chromatography analysis of the
eluate after ion exchange chromatography; (B) HPLC analysis of AMHA samples after filter paper
chromatography identification; (C) MS results of AMHA standard (above) and AMHA sample
(below); (D) TH NMR analysis of the purified AMHA sample (400 MHz, Deuterium Oxide); (E) 3¢
NMR analysis of the purified AMHA sample (125 MHz, Deuterium Oxide).

The extracted AMHA samples were analyzed by HPLC (Figure 4B). In the chro-
matogram, a sample peak was observed at a retention time of 0.912 min, closely matching
that of the AMHA standard. Notably, the chromatogram exhibited virtually no extraneous
peaks, which preliminarily confirmed both the identity and high purity of the eluted com-
pound. To further verify its identity, the sample was subjected to mass spectrometry (MS).
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As shown in Figure 4C, the AMHA standard exhibited a precise molecular ion mass of
m/z 146.1171 [M + H]* in positive ion mode, while the sample displayed a corresponding
peak at m/z 146.1172 [M + H]*. The nearly identical molecular masses provide further
confirmation that the purified compound is AMHA.

Detailed NMR analysis provided further structural confirmation. The 'H NMR
(Figure 4D) spectrum in D,O displayed characteristic signals corresponding to two me-
thine (CH) protons at &y 3.86 (1H, d, CHNH;) and 6y 2.13-1.94 (1H, m, CH3CH), four
methylene (CHy) protons at 6y 1.25-1.19 (2H, m, CH,CH,;CH3) and 6y 1.12-1.10 (2H, m,
CH,CH,CH3), six methyl (CHs) protons at &y 0.84 (3H, d, CH3CH) and oy 0.69 (t, 3H,
CH3CHy) (Figure 4D). Correspondingly, the '*C NMR (Figure 4E) spectrum of the com-
pound indicated seven absorption peaks, which were assigned to a carboxyl carbon at 5¢
172.16 (COOH), two CH carbon atoms at 6¢ 57.67 (CHNH,) and 6¢ 41.30 (CH3CH), two
CH; carbon atoms at d¢ 33.55 (CH3CH,CH>) and 6¢ 19.61 (CH3CH,CH,), and two CH3
carbon atoms at 8¢ 14.20 (CH3CH) and 6¢ 13.32 (CH3CH,CH,) (Figure 4E). The molecular
structure of the isolated compound was consistent with that of AMHA standard [22], con-
firming its identity as AMHA. Furthermore, purity analysis determined that the AMHA
sample purified from the fermentation broth had a purity of 97.1%.

3.5. AMHA Promotes the Growth of Tea Plants

Amino acids positively influence plant growth, development, and yield, as they are
fundamental to the biosynthesis of proteins, pigments, vitamins, co-enzymes, purine and
pyrimidine bases, and other non-protein nitrogenous compounds [39]. Previous studies
have indicated that foliar application of the amino acid-based liquid fertilizer Isabion can
enhance bud number, bud length, and total bud weight in tea plants, thereby effectively
increasing yield [40,41]. To further examine the growth-promoting activity of AMHA, field-
grown tea plants were irrigated with water (control), 100 nM AMHA, or commercial plant
activator Isabion (positive control). After 90 days, the growth status of the tea plants demon-
strated that AMHA significantly promoted growth compared to the control (Figure 5A,B).
Treated seedlings exhibited a notable increase in branch and leaf number, along with more
vigorous shoot and root development. Statistical analysis of morphological indices revealed
that, compared to the control, AMHA and Isabion treatments increased stem diameter by
27.1% and 10.9%, branch number by 39.1% and 54.4%, plant height by 27.7% and 29.2%,
and root fresh weight by 127.3% and 31.9%, respectively (Figure 5C-F). Collectively, these
results demonstrated that AMHA significantly promotes the growth of tea plants, with its
overall effect being slightly superior to that of the positive control Isabion.

3.6. Chlorophyll Fluorescence Rise Kinetics Reveals the Mechanism by AMHA Promotes
Photosynthetic II Activity

To explore the mechanism by which AMHA enhances the growth of tea plants, the fast
chlorophyll a fluorescence transient kinetic technique was employed to analyze the photo-
synthetic performance of leaves following AMHA treatment. The typical fast chlorophyll
fluorescence induction kinetic curve, known as the OJIP curve, comprises the O, ], I, and P
phases [32,33,42,43]. The OJIP curves of tea plant leaves at 15 and 45 days after the three
treatments are shown in Figure 6B,C. Overall, the fluorescence values in leaves treated
with AMHA and Isabion were markedly higher than those in the control. The fluorescence
intensity at point P reflects the electron transfer status of PSII [32]. Notably, the point P of
tea plant leaves treated with AMHA was significantly elevated, indicating that the pigment
content in the leaves treated with AMHA and Isabion was higher than that in the control.
After 15 days of treatment, the maximum fluorescence (Fys) at point P of tea plant leaves
treated with AMHA and Isabion increased by 79.2% and 68.0%, respectively, compared
to the control. At 45 days after treatment, the Fy; of tea plant leaves increased by 36.2%
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and 23.7%, respectively. This result indicates that AMHA can enhance the photochemical
activity of PSII and promote electron transfer in PSII. Furthermore, the effect of AMHA is
superior to that of Isabion.

(A)

Control

(B)

Stem diameter (mm)
~
|
Branch number

Control AMHA Isabion Control AMHA Isabion
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Root fresh weight (g)

Control AMHA Isabion Control AMHA Isabion

Figure 5. Effects of AMHA on the phenotype of tea plants: (A) Phenotypic photographs of the
shoot parts after 90 d of the water application (Control), AMHA application (AMHA), and isabion
application (Isabion); (B) Phenotypic photographs of the underground parts after 90 d of the water
application (Control), AMHA application (AMHA), and isabion application (Isabion); Effects of
AMHA on the physiological indices of tea plants: Stem diameter (C); Branch number (D); Plant
height (E); Root fresh weight (F). Lowercase letters indicate significant differences (p < 0.05).
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Figure 6. Effects of AMHA on the fast chlorophyll fluorescence transient kinetics in tea plant leaves:
(A) The illustration showing a tea sample with one bud and one leaf (1B1L) used for experimental
measurements; (B) Effect of different treatment groups on the OJIP curves of tea plant leaves treated
with water, AMHA and Isabion 15 days; (C) Effect of different treatment groups on the OJIP curves
of tea plant leaves treated with water, AMHA and Isabion 45 days; Fluorescence parameters of tea
plant leaves treated with AMHA for 15 and 45 days: (D) The chlorophyll concentration per excited
leaf cross-section (ABS/CSy); (E) The probability that a trapped exciton moves an electron into
the electron transport chain beyond QA — (ET¢/CSy); (F) The probability that a trapped exciton
moves an electron into the electron transport chain beyond QA™ (Yg,); (G) Performance index
(PIzps) representing overall photosynthetic efficiency. The values are derived from raw data of
the fluorescence rise kinetics shown in (B,C); (H) Quantum yield for reduction of the end electron
acceptors at the PSI acceptor side (RE) (¢Rro); (I) Performance index for energy conservation from
photons absorbed by PSII to the reduction of PSI end acceptors (Pli,1). Lowercase letters indicate
significant differences (p < 0.05).
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Among the JIP-test parameters, ABS/CSy represents the light energy absorbed per
unit leaf area and serves as an indicator of the number of antenna pigment molecules or
chlorophyll concentration. ETy/CSy denotes the electron transport flux per excited leaf
cross-section [32,44]. Compared to the control, ABS/CSy increased by 85.4% and 35.8%
(Figure 6D), while ET/CSy increased by 144.1% and 61.5% (Figure 6E), at 15 and 45 days
after AMHA treatment, respectively. ¥, represents the probability that an electron moves
further than Q4 (Figure 6F). Compared to the control, Y, increased by 21.2% and 19.0% at
15 and 45 days after AMHA treatment, respectively, indicating enhanced electron transfer
capacity in tea plant leaves. The ABS/CSy;, ET(/CSy, and Y, for tea plant leaves treated
with AMHA were significantly higher than those of the control, indicating that AMHA
treatment enhances light absorption and electron transfer capacity within PSII in tea plant
leaves. This results in increased heat dissipation energy, elevated energy flux through the
reaction centers, increased number of reaction centers, and improved efficiency of PSII
reaction centers in capturing light energy, ultimately promoting the activity of the electron
transfer chain.

PIsps, which combines three independent parameters assessed by the OJIP fluores-
cence induction curve: yrc, Ygo, and @p,, is commonly used to quantify the overall
performance of PSII [32]. As shown in Figure 6G, the PIapg of leaves treated with exoge-
nous AMHA was significantly higher than that of the control (Figure 6G), suggesting that
AMHA enhanced the photochemical efficiency of PSII and promoted the activity of the
electron transfer chain. In addition, ¢r,, a parameter used to evaluate the quantum yield
of PSI acceptor-side terminal electron acceptor reduction, represents electron transfer from
Qa-reducing reaction centers to the terminal PSI acceptor. The observed increase in @, of
tea plant leaves treated with AMHA indicated that AMHA enhanced the quantum yield
of PSI acceptor-side terminal electron acceptor reduction (Figure 6H). Furthermore, Pl
reflects the performance of the overall ability of electron transfer from the PSII electron
donor side to PSI electron acceptor reduction, involving multiple electron transfer processes
(Figure 6I). Compared to the control, Pl;, increased significantly by 79.4% and 64.1% in
tea plants treated with AMHA for 15 and 45 days, respectively. Collectively, the significant
increases in @R, and Pliy, reveal that AMHA promotes electron transfer to PSI in tea
seedling leaves, thereby enhancing the electron acceptance capacity of PSI.

This study demonstrated that at 15 and 45 days after treatment, key photosynthetic
parameters (ABS/CSy, ETg/CSym, Yo, PIaBs, ®ro, and Pliyia1) were significantly higher in
tea plant leaves treated with either AMHA or Isabion compared to the control (Figure 6D-I).
The values of these parameters were better than those of the Isabion treatment group. In
addition, combined with the measurement results of the biomass of tea plants, all the
indices of the AMHA treatment group were better than those of the control group and
Isabion. These results fully proved that the application of AMHA could effectively improve
the photosynthetic activity of PSII and enhance the electron transport ability of tea plants,
promoted the growth of tea plants, and its activity was better than that of Isabion.

4. Discussion

Current agricultural development faces several challenges, including the high cost,
high toxicity, and significant environmental risks associated with traditional chemically
synthesized pesticides. Bioactive substances derived from natural products are more
environmentally friendly and safer than their conventional counterparts [45-47]. They can
significantly reduce the emission of toxic and hazardous substances during both production
and waste disposal processes [48]. Many natural products exhibit high bioactivity and have
the potential to be developed as biostimulants; however, their extremely low abundance in
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natural organisms limits further exploitation. Therefore, the production of these compounds
via microbial fermentation represents a direct and effective solution to these challenges.

In our study, shake-flask fermentation experiments showed that adding CSL to the cul-
ture medium significantly promoted NAU002-4 growth compared to CSL-free media. This
observation is consistent with previous reports on the effectiveness of CSL. For example,
Wang et al. [49] used CSL as a carbon source for laccase production by Trametes versicolor,
achieving a 96.3% increase in yield compared to the control. Similarly, Liu et al. [50] re-
ported that CSL increased the bacterial biomass, stimulated substrate uptake and citric
acid (CA) synthesis rates, and ultimately raised the CA yield by 1.24-fold when it replaced
yeast extract. CSL is rich in essential nutrients such as vitamins, minerals, amino acids, and
growth stimulants, making it a valuable nutritional and functional supplement in fermen-
tation processes [51]. Therefore, this study focused on optimizing the CSL concentration in
the fermentation medium to promote bacterial growth while reducing costs.

During the screening of precursor type and concentrations for the fermentation
medium, the AMHA vyield reached to maximum when the concentration of Nle, Met
and Thr was 10 g/L. The AMHA yields under the four precursor amino acid concentrations
varied clearly, and there were also significant differences within each group. The research
results indicated that when the precursor addition amount was 10 g/L, the AMHA yield of
the all three precursor amino acid treatments increased the most compared to the previous
concentration treatment. When the precursor addition amount was increased to 20 g/L,
the AMHA yield still increased, but the increase was smaller compared to the previous
concentration treatment group. This suggests that the optimal addition amount of precursor
substances is 10 g/L. If a new type of biostimulant is to be put into commercial application,
the production cost is an important factor. The market prices of three amino acids differed
substantially. Met was twice as expensive as Thr, while Nle was 4.3 times the price of Thr.
Considering both the yield and cost, the addition of 10 g/L Thr was determined to provide
the highest cost-effectiveness for large-scale AMHA production.

Precursors play a crucial role in the biosynthesis of target products. The production of
AMHA via precursor amino acids is closely tied to their structure and metabolic pathways.
Preliminary studies indicate that AMHA is structurally similar to isoleucine (Ile), differing
only by one additional carbon atom in its main chain [23]. This similarity suggests a
potential biosynthetic pathway for AMHA analogous to that of Ile [23]. Since the synthesis
of Ile, a typical branched-chain amino acid, requires Thr as a precursor [52], Thr was selected
as one of the precursor amino acids in this study. Furthermore, compared to AMHA, Nle
contains only an extra methyl group at the B-position, indicating that Nle could also serve as
a precursor in the AMHA synthesis pathway. Met, under the action of adenosyltransferase,
can accept an adenosine group from ATP to form S-adenosylmethionine (SAM), which
participates in widespread methylation reactions [53]. Therefore, it is hypothesized that
Met may donate a methyl group to the B-position of the AMHA precursor backbone via
methylation to generate AMHA. Experimental results confirmed that the addition of these
precursor amino acids, after optimization of their concentrations, significantly increased the
yield of AMHA. The enhanced AMHA production observed upon supplementation with
Thr is consistent with the biosynthetic pathway elucidated by Sugiura et al. [23], in which
AMHA is derived from Nva via the isoleucine-valine biosynthetic enzymes. However,
direct evidence for this pathway in strain NAU002-4, such as enzyme activity assays, gene
knockouts, or isotope labeling remain to be confirmed in future work.

During the development of fermentation processes, optimizing fermentation condi-
tions by screening various factor combinations can significantly enhance microbial growth,
viability, and the overall yield of the target product [54]. Moreover, microbial metabolic
mechanisms are highly complex and sensitive to the culture environment, and subtle envi-
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ronment changes can significantly impact the metabolic process and outcomes [55-57]. In
this study, we investigated four key parameters, including initial pH, inoculation volume,
stirring speed, and aeration rate in the liquid industrial fermentation of NAU002-4. The aim
was to optimize the fermentation conditions for AMHA production and thereby identify
the optimal combination of technical parameters [58-60]. The results demonstrated that
the inoculation volume and aeration rate significantly affected both bacterial concentration
and AMHA yield, followed by stirring speed and initial pH. The substantial impact of
inoculation volume on NAUO002-4 fermentation is likely attributable to its role in estab-
lishing the initial microbial population. The larger inoculation volume provided a larger
microbial base and faster microbial growth. Aeration rate also had a significant impact on
the fermentation process.

Aeration rate also markedly influenced the fermentation process. As a facultative
aerobe, strain NAU002-4 required ample oxygen for growth. An increased aeration rate
supplied sufficient oxygen and enhanced the mixing and mass transfer rates within the
fermentation medium. Zhou et al. [61] found that at a low stirring speed, increasing the
aeration rate could promote vigorous microbial growth. Therefore, increasing the aeration
rate within a certain range likely stimulated the growth and reproduction of NAU002-4,
consequently promoting AMHA production and accumulation in the later fermentation
stages [62].

Several studies indicated that impellers in the fermenter generated shear forces during
stirring, and excessive shear forces can weaken bacterial growth [63]. Thus, maintaining
an appropriate stirring speed was crucial for ensuring the optimal growth of NAU002-4
to achieve higher AMHA yields. Regarding initial pH, its minimal impact on the results
could be because the pH gradient tested in this experiment was narrow, and the medium
contained phosphate salts that provided strong buffering capacity against pH changes.
Furthermore, bacteria typically possess a certain tolerance range for environmental pH, so
the initial pH had minimal influence on fermentation.

Regarding the downstream process, when using IEC to purify AMHA from the
fermentation broth, the flow rate of the material was required to be low due to the slow
diffusion of amino acid ions in the resin, which led to a long filtration time and reduced the
overall separation efficiency. Moreover, the complexity of manufacturing the ion exchange
resin, the high consumption of regeneration agent, and the overall high cost are constraints
in the current production. Therefore, future work could consider optimizing the purification
methods for AMHA, such as using extraction technology or membrane filtration technology;,
to shorten the production cycle and improve downstream separation efficiency.

In plants, over 90% of organic matter is produced through photosynthesis, which is the
foundation of plant growth. Enhanced photosynthetic efficiency is key to promoting crop
growth and improving yield and quality [64]. In our experiments, the fluorescence curves
of tea plant leaves at different time points after AMHA treatment showed a significant
increase in overall fluorescence values compared to the control. The pronounced rise in
the fluorescence value at point P indicates that the AMHA application promoted electron
transfer in the electron transport chain.

Analysis of the JIP-test parameters revealed that both ABS/CSy; and ET/CSy in
tea plant leaves treated with AMHA were significantly higher than in the control. This
suggested that AMHA optimizes the structure of the antenna complexes and the efficiency
of PSII reaction centers in capturing light energy, thereby increasing electron transport chain
activity. The elevated values of ¥, and Plsps suggest that AMHA increased the number
of active PSII reaction centers, thereby significantly improving the overall photosynthetic
efficiency of PSII. Furthermore, the significant increases in @g, and Pltotal indicate that
AMHA promoted electron transfer to PSI, thereby enhancing PSI photochemical efficiency.
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Taken together, these results demonstrate that AMHA improves the photochemical effi-
ciency of both PSII and PSI, reflected in enhanced electron transport capacity throughout
the photosynthetic chain. In addition, as reported in Ji et al. [26], we have conducted field
trials and toxicity studies on AMHA application. The results demonstrate that AMHA
exhibits low toxicity and poses minimal long-term environmental risk, supporting its safety
for agricultural use.

5. Conclusions

In this study, the AMHA high-yielding strain NAU002-4 was screened from five
wild-type strains of bacteria NAU0O2. Through single-factor experiments and orthogonal
experiments, the optimal conditions for NAU002-4 to ferment and synthesize AMHA were
confirmed to be: initial pH = 7.2, inoculation volume of 6%, stirring speed of 180 rpm,
aeration rate of 350 L/h, optimal nitrogen source of 10 g/L corn steep liquor, and optimal
precursor amino acid of 10 g/L threonine. Under these conditions, the AMHA concentra-
tion in the fermentation broth reached 504 mg/L. Moreover, we found that 0.75% ammonia
water could effectively separate AMHA from other impurities, achieving a purity of 97.1%.
Additionally, field trials revealed that treatment with AMHA could enhance photosyn-
thesis in tea plant leaves, thereby promoting the growth of tea plants and confirming the
growth-promoting activity of AMHA.

In conclusion, this study innovatively established a small-scale process for AMHA
production based on the NAU002-4. The key fermentation parameters were optimized,
and the plant growth-promoting activity of AMHA was demonstrated. This work provides
a theoretical basis and technical support for the future practical application and production
of AMHA.
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The following abbreviations are used in this manuscript:

AMHA 2-Amino-3-methylhexanoic acid

HPLC High-performance liquid chromatography
IEC Ion exchange chromatography

CSL Corn steep liquor

Thr Threonine

Met Methionine

Nle Norleucine

Nva Norvaline

Leu Leucine
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OD Optical Density

MS Mass Spectrometry

NMR Nuclear Magnetic Resonance
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References

1.  Santos, J.; Silva, M.N.D.; Santos, C.S. Mechanistic insights into bio-based fertilisers, biostimulants, and novel delivery systems in
plant physiology. J. Plant Physiol. 2026, 316, 154665. [CrossRef]

2. Calia, C; Garcia, S.G.; Ingrao, C.; Lagioia, G.; Ruta, C.; Secchi, N.; Mastro, G.D. Life cycle assessment of microbial plant
biostimulant production or application in sustainable agricultural systems. Sci. Total Environ. 2025, 981, 179610. [CrossRef]

3. Abdelkader, M.; Bhuker, A.; Malik, A.; Punia, H.; Koul, A.; Ahmed, M.; Elshamly, A.M.S,; Igbal, R.; Aghayeva, S.; Ullah, S.
Cultivating resilience from the ocean to the field: Leveraging seaweed biostimulants for sustainable and efficient farming systems.
Plant Stress 2026, 19, 101170. [CrossRef]

4. Shahrajabian, M.H.; Petropoulos, S.A.; Sun, W. Survey of the influences of microbial biostimulants on horticultural crops: Case
studies and successful paradigms. Horticulturae 2023, 9, 193. [CrossRef]

5. Ritchie, H.; Roser, M.; Rosado, P. “Fertilizers” Published Online at Our World in Data.org. 2022. Available online:
https:/ /ourworldindata.org/fertilizers (accessed on 1 December 2025).

6. Sharma, A,; Shukla, A.; Attri, K.; Kumar, M.; Kumar, P,; Suttee, A.; Singh, G.; Barnwal, R.P.; Singla, N. Global trends in pesticides:
A looming threat and viable alternatives. Ecotoxicol. Environ. Saf. 2020, 201, 110812. [CrossRef]

7. Ansabayeva, A.; Makhambetov, M.; Rebouh, N.Y.; Abdelkader, M.; Saudy, H.S.; Hassan, K.M.; Nasser, M.A.; Ali, M.A.A_; Ebrahim,
M. Plant growth-promoting microbes for resilient farming systems: Mitigating environmental stressors and boosting crops
productivity—A review. Horticulturae 2025, 11, 260. [CrossRef]

8.  du]Jardin, P. Plant biostimulants: Definition, concept, main categories and regulation. Sci. Hortic. 2015, 196, 3-14. [CrossRef]

9. Martinez-Lorente, S.E.; Marti-Guillén, ].M.; Pedrefio, M.A.; Almagro, L.; Sabater-Jara, A.B. Higher plant-derived biostimulants:
Mechanisms of action and their role in mitigating plant abiotic stress. Antioxidants 2024, 13, 318. [CrossRef]

10. Priyanka, P; Raman, K.; Yograj, N.; Vidyashankar, S. Microalgae as next generation plant growth additives: Functions, applications,
challenges and circular bioeconomy based solutions. Front. Plant Sci. 2023, 14, 1073546. [CrossRef]

11.  Savvides, A.; Ali, S.; Tester, M.; Fotopoulos, V. Chemical priming of plants against multiple abiotic stresses: Mission possible?
Trends Plant Sci. 2016, 21, 329-340. [CrossRef] [PubMed]

12. Li,J.; Lardon, R.; Mangelinckx, S.; Geelen, D. A practical guide to the discovery of biomolecules with biostimulant activity. J. Exp.
Bot. 2024, 75, 3797-3817. [CrossRef]

13. Makonya, G.M.; Bryla, D.R.; Hardigan, M.A.; Hoashi-Erhardt, W.; DeVetter, W.L. Biostimulants with glycine betaine or kelp
extract alleviate heat stress in red raspberry (Rubus idaeus). Sci. Rep. 2025, 15, 2251. [CrossRef] [PubMed]

14. Handoko, RN.S,; Lin, S. Integrating plant growth regulators and biostimulants to enhance resilient and sustainable raspberry
and blackberry production. Sci. Hortic. 2025, 350, 114296. [CrossRef]

15.  Breuer, M.; Ditrich, K.; Habicher, T.; Hauer, B.; KefSeler, M.; Strmer, R.; Zelinski, T. Industrial methods for the production of
optically active intermediates. Angew. Chem. Int. Ed. 2004, 43, 788-824. [CrossRef]

16. Ikeda, M. Amino acid production processes. Adv. Biochem. Eng. Biotechnol. 2003, 79, 1-35. [CrossRef]

17.  Sugimoto, M. Amino Acids, Production Processes. In Encyclopedia of Industrial Biotechnology: Bioprocess, Bioseparation, and Cell
Technology; Flickinger, M.C., Ed.; Wiley: Hoboken, NJ, USA, 2010; pp. 1-18. [CrossRef]

18. D’Este, M.; Alvarado-Morales, M.; Angelidaki, I. Amino acids production focusing on fermentation technologies—A review.
Biotechnol. Adv. 2018, 36, 14-25. [CrossRef]

19. Ivanov, K ; Stoimenova, A.; Obreshkova, D.; Luciano, S.L. Biotechnology in the production of pharmaceutical industry ingredients:
Amino acids. Biotechnol. Biotechnol. Equip. 2013, 27, 3620-3626. [CrossRef]

20. Xu, S; Zhang, L.; Zhou, S.; Deng, Y. Biosensor-based multigene pathway optimization for enhancing the production of glycolate.
Appl. Environ. Microbiol. 2021, 87, €0011321. [CrossRef]

21. Zhou, J.; Li, S. Conversion of viridicatic acid to crustosic acid by cytochrome P450 enzyme-catalysed hydroxylation and
spontaneous cyclisation. Appl. Microbiol. Biotechnol. 2021, 105, 9181-9189. [CrossRef]

22. Wang, H.; Li, J.; Yang, Q.; Wang, L.; Wang, J.; Zhang, Y.; Guo, Y.; Li, R;; Zhang, R.; Chen, S.; et al. Natural 2-amino-3-
methylhexanoic acid as plant elicitor inducing resistance against temperature stress and pathogen attack. Int. . Mol. Sci 2022,
10, 5715. [CrossRef] [PubMed]

23.  Sugiura, M.; Kisumi, M.; Chibata, I. Biosynthetic pathway of -methylnorleucine, an anti-metabolite produced by Serratia

marcescens. |. Antibiot. 1981, 34, 1283-1289. [CrossRef]

https://doi.org/10.3390/agronomy16070745


https://doi.org/10.1016/j.jplph.2025.154665
https://doi.org/10.1016/j.scitotenv.2025.179610
https://doi.org/10.1016/j.stress.2025.101170
https://doi.org/10.3390/horticulturae9020193
https://ourworldindata.org/fertilizers
https://doi.org/10.1016/j.ecoenv.2020.110812
https://doi.org/10.3390/horticulturae11030260
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.3390/antiox13030318
https://doi.org/10.3389/fpls.2023.1073546
https://doi.org/10.1016/j.tplants.2015.11.003
https://www.ncbi.nlm.nih.gov/pubmed/26704665
https://doi.org/10.1093/jxb/erae156
https://doi.org/10.1038/s41598-024-83955-7
https://www.ncbi.nlm.nih.gov/pubmed/39824907
https://doi.org/10.1016/j.scienta.2025.114296
https://doi.org/10.1002/anie.200300599
https://doi.org/10.1007/3-540-45989-8_1
https://doi.org/10.1002/9780470054581.eib025
https://doi.org/10.1016/j.biotechadv.2017.09.001
https://doi.org/10.5504/BBEQ.2012.0134
https://doi.org/10.1128/AEM.00113-21
https://doi.org/10.1007/s00253-021-11674-4
https://doi.org/10.3390/ijms23105715
https://www.ncbi.nlm.nih.gov/pubmed/35628524
https://doi.org/10.7164/antibiotics.34.1283
https://doi.org/10.3390/agronomy16070745

Agronomy 2026, 16, 745 21 of 22

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Li, J.; Liu, H,; Guo, Y.; Chang, Y.; Zhang, ].; Wang, H.; Liu, Q.; Ji, Y.; Zhang, Z.; Chen, S.; et al. Fast chlorophyll fluorescence rise
kinetics as a high-throughput diagnostic tool for evaluating the capacity of 2-amino-3-methylhexanoic acid at inducing plant
resistance against high temperature. Environ. Exp. Bot. 2025, 229, 106040. [CrossRef]

Yang, Q.; Guo, Y.; Li, ].; Wang, L.; Wang, H.; Liu, G.; Fang, W.; Qiang, S.; Strasser, R.J.; Chen, S. Natural plant inducer 2-amino-3-
methylhexanoic acid protects physiological activity against high-temperature damage to tea (Camellia sinensis). Sci. Hortic. 2023,
312, 111836. [CrossRef]

Ji, Y,; Shen, Q.; Guo, Y.; Chen, Q.; Li, K.; Wang, H.; Wang, L.; Chen, X.; Fang, W.; Chen, S. Foliar application of 2-amino-
3-methylhexanoic acid enhances low temperature tolerance in five key horticultural crops. Sci. Hortic. 2026, 357, 114669.
[CrossRef]

Suigura, M.; Kisumi, M.; Chibat, I. B-methylnorleucine, an antimetabolite produced by Serratia marcescens. ]. Antibiot. 1981, 34,
1278-1282. [CrossRef] [PubMed]

Kisumim, M.; Sugiura, M.; Kato, J.; Chibata, I. L-Norvaline and L-homoisoleucine formation by Serratia marcescens. J. Biochem.
1976, 79, 1021-1028. [CrossRef]

Saeed, M.; Naveed, M.; Arif, M.; Kakar, M.U.; Manzoor, R.; El-Hack, M.E.A.; Alagawany, M.; Tiwari, R.; Khandia, R.; Munjal, A ;
et al. Green tea (Camellia sinensis) and L-theanine: Medicinal values and beneficial applications in humans—A comprehensive
review. Biomed. Pharmacother. 2017, 95, 1260-1275. [CrossRef]

Ding, W.; Guo, Y.; Zhang, H.; Wang, L.; Zhang, J.; Chen, X. Efficient purification of the antimicrobial peptide e-poly-L-lysine from
microbial culture medium with continuous ion-exchange chromatography. Sep. Purif. Technol. 2024, 339, 126608. [CrossRef]
Nesterenko, E.P,; Nesterenko, PN.; Paull, B. Zwitterionic ion-exchangers in ion chromatography: A review of recent developments.
Anal. Chim. Acta 2009, 652, 3-21. [CrossRef]

Strasser, R.J.; Tsimilli-Michael, M.; Srivastava, A. Analysis of the Chlorophyll a Fluorescence Transient. In Advances in Photosynthe-
sis and Respiration; Papageorgiou, G.C., Govindjee, Eds.; Springer: Dordrecht, The Netherlands, 2004; Volume 19, pp. 321-362.
Strasser, R.J.; Srivastava, A.; Govindjee, G. Polyphasic chlorophyll a fluorescence transient in plant and cyanobacteria. Photochem.
Photobiol. 1995, 61, 32-42. [CrossRef]

Chen, S;; Yang, J.; Zhang, M.; Strasser, R.J.; Qiang, S. Classification and characteristics of heat tolerance in Ageratina adenophora
populations using fast chlorophyll a fluorescence rise O-J-I-P. Environ. Exp. Bot. 2016, 122, 126-140. [CrossRef]

Rivas, B.; Moldes, A.B.; Dominguez, ].M.; Paraj6, ].C. Development of culture media containing spent yeast cells of Debaryomyces
hansenii and corn steep liquor for lactic acid production with Lactobacillus rhamnosus. Int. ]. Food Microbiol. 2004, 97, 93-98.
[CrossRef]

Huang, J.; Zhu, S.; Li, C.; Zhang, C.; Ji, Y. Cost-effective optimization of gellan gum production by Sphingomonas paucimobilis
using corn steep liquor. Prep. Biochem. Biotechnol. 2020, 50, 191-197. [CrossRef]

Cao, X; Chen, Z; Liang, L.; Guo, L.; Jiang, Z.; Tang, F; Yun, Y.; Wang, Y. Co-valorization of paper mill sludge and corn steep
liquor for enhanced n-butanol production with Clostridium tyrobutyricum Delta cat1::adhE2. Bioresour. Technol. 2020, 296, 122347 .
[CrossRef]

Wu, W,; Pang, B.; Yang, R; Liu, G.; Ai, C; Jiang, C.; Shi, J. Improvement of the probiotic potential and yield of Lactobacillus
rhamnosus cells using corn steep liquor. LWT-Food Sci. Technol. 2020, 131, 109862. [CrossRef]

Hammad, S.A.R.; Ali, O.A.M. Physiological and biochemical studies on drought tolerance of wheat plants by application of
amino acids and yeast extract. Ann. Agric. Sci. 2014, 59, 133-145. [CrossRef]

Yang, L.; Zhu, X.; Yu, Z.; Hu, B.; Liu, P.; Zhang, F; Chen, M.; Wang, J.; Huang, Y.; Yuan, H.; et al. Agronomic characteristics,
objective quantitative, metabolome and transcriptome analysis reveal the influence of fertilization treatments on fresh leaf
characteristics and finished tea quality. Food Chem. 2025, 482, 144183. [CrossRef] [PubMed]

Zaman, F.; Zhang, E.; Ihtisham, M.; Ilyas, M.; Khattak, W.A.; Guo, F.; Wang, P.; Wang, M.; Wang, Y.; Ni, D. Metabolic profiling,
pigment component responses to foliar application of Fe, Zn, Cu, and Mn for tea plants (Camellia sinensis). Sci. Hortic. 2023,
319, 112149. [CrossRef]

Strasser, R.J.; Govindjee. The Fg and the O-J-I-P fluorescence rise in higher plants and algae. In Regulation of Chloroplast Biogenesis;
Argyroudi-Akoyunoglou, J.H., Ed.; Plenum Press: New York, NY, USA, 1992; Volume 225, pp. 423-426.

Strasser, R.J.; Srivastava, A.; Tsimilli-Michael, M. The fluorescence transient as a tool to characterize and screen photosynthetic
samples. In Probing Photosynthesis: Mechanism, Regulation and Adaptation; Mohanty, P, Yunus, P, Eds.; Taylor and Francis: London,
UK, 2000; Volume 25, pp. 443—480.

Srivastava, A.; Guisse, B.; Greppin, H.; Strasser, R.J. Regulation of antenna structure and electron transport in photosystem II of
Pisum sativum under elevated temperature probed by the fast polyphasic chlorophyll a fluorescence transient: OKJIP. Biochim.
Biophys. Acta 1997, 1320, 95-106. [CrossRef]

Wang, F.; Hu, T.; Han, Y.; Zhao, Z.; Ren, S.; Pan, Y.; Wang, D.; Liu, X. Biological control of gentian spot blight by the combination
of endophytic fungi fermentation broth and traditional Chinese medicine extractions. Physiol. Mol. Plant Pathol. 2023, 128, 102149.
[CrossRef]

https://doi.org/10.3390/agronomy16070745


https://doi.org/10.1016/j.envexpbot.2024.106040
https://doi.org/10.1016/j.scienta.2023.111836
https://doi.org/10.1016/j.scienta.2026.114669
https://doi.org/10.7164/antibiotics.34.1278
https://www.ncbi.nlm.nih.gov/pubmed/7031030
https://doi.org/10.1093/oxfordjournals.jbchem.a131142
https://doi.org/10.1016/j.biopha.2017.09.024
https://doi.org/10.1016/j.seppur.2024.126608
https://doi.org/10.1016/j.aca.2009.06.010
https://doi.org/10.1111/j.1751-1097.1995.tb09240.x
https://doi.org/10.1016/j.envexpbot.2015.09.011
https://doi.org/10.1016/j.ijfoodmicro.2004.05.006
https://doi.org/10.1080/10826068.2019.1692215
https://doi.org/10.1016/j.biortech.2019.122347
https://doi.org/10.1016/j.lwt.2020.109862
https://doi.org/10.1016/j.aoas.2014.06.018
https://doi.org/10.1016/j.foodchem.2025.144183
https://www.ncbi.nlm.nih.gov/pubmed/40203691
https://doi.org/10.1016/j.scienta.2023.112149
https://doi.org/10.1016/S0005-2728(97)00017-0
https://doi.org/10.1016/j.pmpp.2023.102149
https://doi.org/10.3390/agronomy16070745

Agronomy 2026, 16, 745 22 of 22

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bogasa, A.C.; Cruza, EPN.; Lacavaa, P.T.; Sousaa, C.P. Endophytic fungi: An overview on biotechnological and agronomic
potential. Braz. |. Biol. 2022, 84, 258557. [CrossRef]

Cao, H; Chen, Z; Li, X,; Song, G.; Wu, Y,; Jin, ].; Cui, E; Yuan, J.; Qi, H.; Chen, J.; et al. Optimization of fermentation conditions
for Bacillus velezensis TCS001 and evaluation of its growth promotion and disease prevention effects on strawberries. Biol. Control
2024, 198, 105632. [CrossRef]

Chen, Y.; Zhang, X.; Gong, X.; Tao, T.; Wang, Z.; Zhang, J.; Zhu, Y. Recovery and utilization of waste filtrate from industrial
biological fermentation: Development and metabolite profile of the Bacillus cereus liquid bio-fertilizer. J. Environ. Manag. 2023,
346, 118945. [CrossRef]

Wang, F; Hu, J.; Guo, C.; Liu, C. Enhanced laccase production by Trametes versicolor using corn steep liquor as both nitrogen
source and inducer. Bioresour. Technol. 2014, 166, 602-605. [CrossRef]

Liu, X.; Wang, X.; Xu, ].; Xia, J.; Lv, J.; Zhang, T.; Wu, Z.; Deng, Y.; He, ]. Citric acid production by Yarrowia lipolytica SW]-1b using
corn steep liquor as a source of organic nitrogen and vitamins. Ind. Crops Prod. 2015, 78, 154-160. [CrossRef]

Saxena, J.; Tanner, R.S. Optimization of a corn steep medium for production of ethanol from synthesis gas fermentation by
Clostridium ragsdalei. World ]. Microb. Biot. 2012, 28, 1553-1561. [CrossRef]

Reitz, C.; Fan, Q.; Neubauer, P. Synthesis of non-canonical branched-chain amino acids in Escherichia coli and approaches to avoid
their incorporation into recombinant proteins. Curr. Opin. Biotechnol. 2018, 53, 248-253. [CrossRef]

Cantoni, G.L. S-Adenosylmethionine: A new intermediate formed enzymatically from methionine and ATP. ]. Biol. Chem. 1953,
204, 403-416. [CrossRef] [PubMed]

Parekh, S.; Vinci, V.A.; Strobel, R.J. Improvement of microbial strains and fermentation processes. Appl. Microbiol. Biotechnol. 2000,
54,287-301. [CrossRef]

Chen, X;; Huang, C.; Yang, X.; Xiong, L.; Chen, X.; Ma, L. Evaluating the effect of medium composition and fermentation
condition on the microbial oil production by Trichosporon cutaneum on corncob acid hydrolysate. Bioresour. Technol. 2013, 143,
18-24. [CrossRef] [PubMed]

Mondal, S.; Neogi, S.; Chakraborty, S. Optimization of reactor parameters for amplifying synergy in enzymatic co-hydrolysis and
microbial co-fermentation of lignocellulosic agro-residues. Renew. Energy 2024, 225, 120281. [CrossRef]

Wang, H.; Shan, M.; Gao, Q.; Wang, ].; Zhang, R.; Wang, Y.; Yao, M.; Xiao, W. Efficient nepetalactone production in Saccharomyces
cerevisiae via metabolic engineering and bioprocess optimization. Bioresour. Technol. 2025, 428, 132440. [CrossRef]

Siwach, R.; Sharma, S.; Khan, A.A.; Kumar, A.; Agrawal, S. Optimization of xylanase production by Bacillus sp. MCC2212 under
solid-state fermentation using response surface methodology. Biocatal. Agric. Biotechnol. 2024, 57, 103085. [CrossRef]

Wang, X.; Gao, J.; Gao, Y.; Zhang, L.; Xu, C.; Li, Q.; Li, L.; Xue, J. Analysis of surfactant production by Bacillus cereus GX7 and
optimization of fermentation conditions. Colloids Surf. B Biointerfaces 2024, 233, 113629. [CrossRef] [PubMed]

Wang, X.; Wang, Y.; Nan, B.; Cao, Y.; Piao, C.; Li, X.; Wang, Y. Optimization of fermentation for gamma-aminobutyric acid
(GABA) production by Lactiplantibacillus plantarum Lp3 and the development of fermented soymilk. LWT-Food Sci. Technol. 2024,
195,115841. [CrossRef]

Zhou, Y,; Han, L.; He, H.; Sang, B.; Yu, D.; Feng, J.; Zhang, X. Effects of agitation, aeration and temperature on production of a
novel glycoprotein GP-1 by Streptomyces kanasenisi ZX01 and scale-up based on volumetric oxygen transfer coefficient. Molecules
2018, 23, 125. [CrossRef]

Ge, Y,; Yu, X,; Zhao, X;; Liu, C,; Li, T.; Mu, S.; Zhang, L.; Chen, Z.; Zhang, Z.; Yao, S.; et al. Fermentation characteristics and
postacidification of yogurt by Streptococcus thermophilus CICC 6038 and Lactobacillus delbrueckii ssp. bulgaricus CICC 6047 at
optimal inoculum ratio. J. Dairy Sci. 2023, 107, 123-140. [CrossRef]

Yan, G.; Du, G.; Li, Y,; Chen, J.; Zhong, ]. Enhancement of microbial transglutaminase production by Streptoverticillium mobaraense:
Application of a two-stage agitation speed control strategy. Process Biochem. 2005, 40, 963-968. [CrossRef]

Lenteren, C.J.; Bolckmans, K.; Kohl, J.; Ravensberg, W.].; Urbaneja, A. Biological control using invertebrates and microorganisms:
Plenty of new opportunities. BioControl 2018, 63, 39-59. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/agronomy16070745


https://doi.org/10.1590/1519-6984.258557
https://doi.org/10.1016/j.biocontrol.2024.105632
https://doi.org/10.1016/j.jenvman.2023.118945
https://doi.org/10.1016/j.biortech.2014.05.068
https://doi.org/10.1016/j.indcrop.2015.10.029
https://doi.org/10.1007/s11274-011-0959-0
https://doi.org/10.1016/j.copbio.2018.05.003
https://doi.org/10.1016/S0021-9258(18)66148-4
https://www.ncbi.nlm.nih.gov/pubmed/13084611
https://doi.org/10.1007/s002530000403
https://doi.org/10.1016/j.biortech.2013.05.102
https://www.ncbi.nlm.nih.gov/pubmed/23774292
https://doi.org/10.1016/j.renene.2024.120281
https://doi.org/10.1016/j.biortech.2025.132440
https://doi.org/10.1016/j.bcab.2024.103085
https://doi.org/10.1016/j.colsurfb.2023.113629
https://www.ncbi.nlm.nih.gov/pubmed/37951187
https://doi.org/10.1016/j.lwt.2024.115841
https://doi.org/10.3390/molecules23010125
https://doi.org/10.3168/jds.2023-23817
https://doi.org/10.1016/j.procbio.2004.04.002
https://doi.org/10.1007/s10526-017-9801-4
https://doi.org/10.3390/agronomy16070745

	Introduction 
	Materials and Methods 
	Material 
	Determination of AMHA Content 
	Preparation of AMHA Standard Curve 
	Detection of AMHA Content in Test Samples 

	Selection of Optimal Fermentation Strains 
	Selection of Matrix Components in Culture Medium for NAU002-4 
	Optimization of Corn Steep Liquor (CSL) Concentration for Strain NAU002-4 Cultivation 
	Optimization of the Type and Amount of Precursor Amino Acids in the Medium 

	AMHA Liquid Fermentation Process Optimization 
	Isolation and Extraction of AMHA 
	Treatment of Tea Plant with Reagents 
	Determination of Fast Chlorophyll Fluorescence Rise Kinetics and JIP-Test Analysis 
	Data Processing and Statistical Analyses 

	Results 
	Strain NAU002-4 Produced AMHA by Fermentation 
	CSL and Threonine Were Identified as the Optimal Nitrogen Source and Precursor Amino Acid in NAU002-4 Medium 
	AMHA Liquid Fermentation Process Optimization 
	Purification of AMHA from Fermentation Broth of NAU002-4 
	AMHA Promotes the Growth of Tea Plants 
	Chlorophyll Fluorescence Rise Kinetics Reveals the Mechanism by AMHA Promotes Photosynthetic II Activity 

	Discussion 
	Conclusions 
	References

