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Changes of physiological
characteristics, element
accumulation and hormone
metabolism of tea leaves in
response to soil pH
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Jishuang Zou*, Jianghua Ye™ and Haibin Wang™

tCollege of Tea and Food, Wuyi University, Wuyishan, China, 2College of Life Sciences, Fujian
Agriculture and Forestry University, Fuzhou, China, *College of Life Science, Longyan University,
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Soil acidification is very likely to affect the growth of tea trees and reduce tea
yield. In this study, we analyzed the effects of soils with different pH on the
physiological characteristics of tea leaves and determined the multi-element
content and hormone metabolomes of tea leaves by ICP-MS and LC-MS/MS,
based on which we further analyzed their interaction. The results showed that
increasing soil pH (3.29~5.32) was beneficial to increase the available nutrient
content of the rhizosphere soil of tea tree, improve the antioxidant enzyme
activity and photosynthesis capacity of tea tree leaves, and promote the growth
of tea tree. Orthogonal partial least squares discriminant analysis (OPLS-DA) and
bubble characteristics analysis were used to screen key elements and hormones
for the effect of pH on tea leaves, which were further analyzed by redundancy
analysis (RDA) and interaction network. The results showed that an increase in
soil pH (3.29~5.32) favored the accumulation of seven key elements (C, K, Ca,
Mg, Mn, P, S) in tea tree leaves, which in turn promoted the synthesis of six key
hormones (salicylic acid, salicylic acid 2-O-B-glucoside, tryptamine, 2-oxindole-
3-acetic acid, indole-3-acetic acid, trans-zeatin-O-glucoside). It can be seen
that the increase in soil pH (3.29~5.32) enhanced the resistance of the tea tree
itself, improved the photosynthesis ability of the tea tree, and effectively
promoted the growth of the tea tree.
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1 Introduction

Tieguanyin (Camellia sinensis) tea tree is a perennial evergreen
plant native to Anxi County, Fujian Province, China (latitude 24°
50'-25°26'N, longitude 117°36'-118°17'E). Tea tree is an acidophilic
plant and is suitable for cultivation when soil pH is 4.0 - 5.5,
unsuitable when soil pH is less than 4.0, and optimal for tea tree
cultivation when soil pH is 5.0 - 5.5 (Mohammad et al., 2014; Mehra
and Baker, 2017). Lin et al. (2023) analyzed soil pH and its effect on
tea yield and quality in 145 tea plantations in Nanjing County,
Fujian Province, and found that 82.1% of tea plantations had soil
pH < 4.5 and soil pH was significantly and positively correlated with
tea yield and quality. Wang et al. (2018) and Wang et al. (2022)
found that 37.67% of tea plantation soils in Anxi County, Fujian
Province, China, had been acidified (pH < 4.5), and that tea yield
and quality tended to decrease after soil acidification. It is evident
that soil acidification can significantly reduce the yield and quality
of tea and limit the development of the tea industry.

In the early stage of this research team, from the perspective of
tea tree rhizosphere soil, we analyzed the effect of soil pH on the
growth of the tea tree and found that soil acidification would lead to
an increase in soil pathogenic bacteria and a decrease in probiotic
bacteria in the rhizosphere soil of the tea tree, a decrease in the
nutrient cycling capacity of the soil, and a decrease in the nutrient
uptake and utilization capacity of the tea tree, which would lead to a
decrease in the yield and quality of the tea leaves (Lin et al., 2022; Ye
etal., 2023b). Acidification is an abiotic stress on the plant itself, and
under stress conditions, plant uptake of soil elements was altered,
for different types of abiotic stress, there were significant differences
in the mechanisms of element uptake and utilization by plants
(Dhaliwal et al., 2022). For example, under drought stress, Rheum
tataricum increased the translocation and accumulation of Li, Se, Si,
and Mo, which in turn improved the Rheum tataricum own
antioxidant defense (Golubkina et al.,, 2022). Heavy metal stress
reduced the uptake of P, Mn, Ca, S, K and Mg, antioxidant enzyme
activities and photosynthetic capacity of Lemna minor (Alp et al.,
2023). Secondly, changes in the ability of plants to absorb and
accumulate soil nutrients could directly affect the synthesis of
phytohormones (Ampong et al., 2022).

Phytohormones are mainly simple small-molecule organic
compounds, they have complex physiological effects, and have
important regulatory roles in plant growth and development,
while adversity stress affects the synthesis and accumulation of
phytohormones, which in turn regulates plant growth (Waadt et al.,
2022). Liu et al. (2022) found that increased adversity stress led to
higher levels of abscisic acid and jasmonic acid in mulberry, reduced
plant resistance, and lowered yield and quality. Shikha et al. (2023)
found that under nutrient stress, plants modulated nutrient uptake
by regulating the synthesis of jasmonate hormones. Ahmad et al.
(2022) found that under salt stress, cotton mainly took increased
levels of gibberellin and salicylic acid to improve their resistance to
salt stress to secure their yield. It can be seen that significant changes
in plant hormones occurred under adversity stress, and there were
significant differences in the regulation of plant hormones by
different stress modalities (Mulkherjee et al., 2022).
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Acidification is an adversity stress. Numerous scholars have
conducted numerous studies on the effects of acidification on
rhizosphere soil microorganisms, tea tree growth and tea quality,
and concluded that acidification alters the community structure of
soil microorganisms, which, in turn, reduces tea yield and quality (Lin
etal., 2022; Jia et al,, 2023; Wang et al., 2023). The growth of tea tree is
closely related to its ability to absorb nutrients from the soil, which
affects the synthesis of hormones and thus the physiological
mechanisms of the tea tree. However, little research has been
reported on this aspect. In-depth study and revelation of the
changes of key hormones and key elements and their interactions
in tea tree leaves induced by acidification are of great significance for
exogenous regulation of tea tree growth. Accordingly, this study took
tea trees planted in soils with different pH values as the research
object to analyze the effects of soils with different pH values on the
resistance physiological indexes and photosynthetic physiological
indexes of tea tree leaves; at the same time, tea tree leaves were
collected for leaf multi-element determination and hormone
metabolome determination. On this basis, the key elements and
hormones significantly affected by soil pH were screened and
analyzed for their interactions, with a view to providing a
theoretical basis for the exogenous regulation of tea tree growth.

2 Materials and methods

2.1 Test tea plantation and sample
collection

Anxi County, Fujian Province, China, is the origin of Tieguanyin
tea tree. Based on our previous study (Wang et al., 2018; Wang et al,,
2022; Ye et al, 2023b), Tieguanyin tea plantations located in
Longjuan town (latitude 24° 97" N, longitude 117°93’" E), Anxi
County, Quanzhou City, Fujian Province, China was selected as
experimental site. The total area of the experimental tea plantation
was about 14.5 hm” and contained soils with pH 3.29 (P1, severely
acidified soil), 4.74 (P2, suitable soil for planting), and 5.32 (P3,
optimal soil for planting).The experimental site has an average
altitude of 600 m, an average annual rainfall of 1800 mm, an
average annual relative humidity of 80%, and an average annual
temperature of 18 °C. In June 2022, photosynthetic physiological
indexes of tea trees were measured, with five replicates for each
treatment. The specific sampling method was briefly described as
follows: three tea trees were randomly selected to determine
photosynthetic physiological indexes of functional leaves, and the
average value was taken as one replication, and five replications were
set for each treatment. Meanwhile, one bud and three leaves and
rhizosphere soil of Tieguanyin tea tree planted in soils with different
pH were collected, and tea tree leaves were immediately stored in
liquid nitrogen while rhizosphere soil was stored in an ice box, and
three independent replicates were set up for each sample. Specific
sampling method of tea tree leaves was briefly described as follows: 5
tea trees were randomly selected using “S” sampling, one bud and
three leaves of the tea tree were collected, and one replicate was set up
after sufficient mixing, and three replicates were set up for each
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treatment. The collected tea tree leaves were used to determine
physiological indexes of leaf resistance, multi-element content and
hormone metabolome. The sampling method of rhizosphere soil of
tea tree is “S” sampling method, ie., 5 tea trees were randomly
selected, litter was removed from the surface layer of soil, soil was dug
out layer by layer to a depth of about 40 cm, tea trees were dug out,
the adhered soil was shaken off the tea trees, and the soil that was still
adhered to the roots was collected, and it was mixed sufficiently, i.e., it
was a replication (Zhang et al., 2023a). Three replications were set up
for each treatment. The collected tea tree rhizosphere soil was used to
determine basic soil physicochemical indexes and elements.

2.2 Determination of basic
physicochemical indexes of soil

In this study, total nitrogen (TN), total phosphorus (TP), total
potassium (TK), available nitrogen (AN), available phosphorus (AP),
available potassium (AK) as basic physicochemical indexes were
determined, and specific methods were referred to the technical
manual “Soil agrochemical analysis methods” (Lu, 2000). Briefly,
the collected soil samples were naturally dried and then passed
through a 2 mm nylon mesh sieve. TN content was determined by
the Kjeldahl method, i.e., the collected soil was detected with
concentrated sulfuric acid, and when the decoction cooled down, it
was filtered and could be measured directly by Kjeldahl meter. TP
content was determined by alkaline dissolution molybdenum
antimony colorimetric method, collected soil was mixed with
NaOH and subjected to high temperature treatment, then distilled
water was used to dissolve the mixture, this mixture was filtered, and
the filtrate was added with molybdenum antimony colorimetry and
the absorbance was measured at 700 nm and then converted to TP
content. TK content was determined by flame photometer method,
the collected soil was mixed with NaOH and subjected to high
temperature treatment, then distilled water was used to dissolve the
mixture, this mixture was filtered and the filtrate was measured
directly by flame photometer to obtain TK content. AN content was
determined using the alkaline dissolution diffusion method, where
the collected soil was leached using 1 mol/L NaOH solution and the
extract was titrated using hydrochloric acid and then converted to
AN content. AP content was determined by the NaHCO; leaching-
molybdenum antimony colorimetric method. The collected soil was
leached with 0.5 mol/L NaHCOs;, leachate was filtered, and
molybdenum antimony colorimetric agent was added to leachate,
and absorbance was measured at 880 nm, and then converted to AP
content. AK content was determined by the ammonium acetate
leaching-flame photometric method, the collected soil was leached
with 1 mol/L neutral ammonium acetate, and leachate was filtered
and then determined directly by flame photometer.

2.3 Determination of photosynthetic
physiological indexes

The LI-6400XT Portable Photosynthesis System (Li-Cor,
Lincoln, NE, USA) was used to determine leaf photosynthetic
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rate, stomatal conductance, intercellular CO, concentration, and
transpiration rate (Zhang et al., 2023b). Photosynthetic indexes
were measured from 9:30 a.m. to 11:30 a.m. on a sunny day, with a
photon flux density of 1500 wmol/m?s, a spatial environment with
a CO, concentration of 370 ppm, leaf temperatures at 26 ~ 27°C,
and a vapor pressure deficit (VPD) of less than 1 kPa in the
container. The chlorophyll content of leaves was determined
using a chlorophyll analyzer (SPAD-502 PLUS, Tokyo, Japan).
Each treatment was performed in five independent replicates.

2.4 Determination of physiological indexes
of resistance

Physiological indicators of resistance in tea leaves were
determined by the method of “Principles and Techniques of Plant
Physiological Biochemical Experiments” (Wang, 2006), and
superoxide dismutase, peroxidase, catalase activity, soluble sugar
content, and malondialdehyde content were measured. Briefly, 0.5 g
of fresh tea tree leaves were taken and added to 5 mL of pre-cooled
50 mmol/L phosphate extraction buffer (pH 7.0, containing 1%
polyvinylpyrrolidone), ground on an ice bath, homogenized at 4 °C,
and centrifuged at 12,000 rpm/min for 10 min, and the supernatant
was extracted for the physiological indexes. Superoxide dismutase
activity was determined by nitroblue tetrazonium chloride
ammonium method with an absorbance of 560 nm. Peroxidase
activity was determined by guaiacol colorimetric assay at 470 nm.
Catalase activity was determined by potassium permanganate
titration and enzyme activity was calculated as the amount of
decomposed catalase per minute. Soluble sugar content was
determined by anthrone colorimetry at 630 nm. Malondialdehyde
content was determined by the thiobarbituric acid method at 450,
532, and 600 nm and then converted to its content.

2.5 Determination and quantitative analysis
of multi-element content of leaves

The collected fresh tea leaves were rinsed with deionized water to
remove the adhering dust and impurities, and then the tea leaves were
dried at 80°C to constant weight, ground, and passed through a 75
um nylon mesh for sample digestion and elemental determination.
Accurately weigh 0.5 g of sample powder in a high-pressure digestion
tank, 5 replicates for each sample, add 5 mL of HNO3, screw it tightly
and put it into the oven at 185°C for 4 h. After digestion, open the
tank to drive the acid for 1 h (Zhang et al.,, 2021). Wash the digestion
tank with deionized water and transfer it to a 50 mL volumetric flask,
and then determine the elemental content by inductively coupled
plasma mass spectrometry (ICP-MS). Measurements were repeated
three times for each sample and averaged.

The instrumental parameters of the inductively coupled plasma
mass spectrometer (Nexion 2000, PE, New York, USA) were 1350
W of RF power, carrier gas flow rate of 0.94 L/min, auxiliary gas
flow rate of 0.40 L/min, helium flow rate of 4.5 mL/min, the
temperature of the nebulization chamber of 2°C, sample lifting
rate of 0.3 r/s, sampling depth of 7 mm, dwell time 50 ms, the
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nebulizer was a PFA nebulizer, the sampling cone was a nickel cone,
the acquisition mode was peak hopping, and the number of scans
was 6 times (Bai et al., 2021).

The digestion of blank and standard solutions was carried out
according to the digestion method of the test samples, and a
standard curve was established. Sc, Ge, In, Rh, Re and Bi were
used as internal standards. The standard tea control sample
(GBW10016) was digested using the same procedure as the
sample to validate the analytical method, the analysis was
performed three times and each value was calculated as the
average of the three measurements, the validation results of the
standard sample were shown in Supplementary Table 1.

2.6 Determination of soil
elemental content

Based on previous studies, this study further determined C, Ca,
K, Mg, Mn, P, S and Al contents in the soil. The collected soil
samples were air-dried at room temperature, ground and passed
through a 75um nylon mesh. A soil sample of 0.5 g was taken and
digested according to the digestion method for tea tree leaves in
materials and methods (2.5 Determination and quantitative analysis
of multi-element content of leaves), and the digested solution was
used for ICP-MS determination. Three independent replicates were
set up for each sample. The conditions for ICP-MS were the same as
those for ICP-MS determination of tea tree leaf digested solution in
materials and methods (2.5 Determination and quantitative analysis
of multi-element content of leaves). Soil element content was
compared using the soil standard substance (GBW07403). The
standard substance and sample were subjected to the same
digestion procedure and determination method. Three
independent replicates were performed for each sample. The test
results of C, Ca, K, Mg, Mn, P, S and Al in the soil standard
substance were shown in Supplementary Table 2.

2.7 Determination and quantitative analysis
of leaf hormone metabolome

The tea tree leaf samples were individually ground to powder for
hormone metabolome assays with three replicates for each sample.
The specific assay method was as follows: weigh 50 mg of ground
sample, add 10 pL of internal standard mixing solution at a
concentration of 100 ng/mL, 1 mL of methanol/water/formic acid
(15:4:1, v/v/v) extractant, vortex mixing for 10 min, centrifuge for
5 min at 4°C and 12,000 r/min, and then take the supernatant to be
concentrated and fixed with 80% methanol aqueous solution to 100
UL, passed through 0.22 pm filter membrane, and used for LC-MS/
MS analysis (Flokova et al., 2014; Li et al., 2016).

Data acquisition instrumentation systems for chromatography
mass spectrometry consisted primarily of Ultra Performance Liquid
Chromatography (ExionLC'™ AD, AB Sciex, Concord, Canada) and
Tandem Mass Spectrometry (QTRAP® 6500+, AB Sciex, Concord,
Canada). Liquid phase conditions were (Xiao et al, 2018),
chromatographic column: Waters ACQUITY UPLC HSS T3 C18
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column (1.8 um, 100 mmx2.1 mm id.); mobile phase: phase A,
ultrapure water (containing 0.04% acetic acid); phase B, acetonitrile
(containing 0.04% acetic acid); gradient elution program: at 0 min A/
B. The gradient elution program: 95:5 (V/V) for A/B at 0 min, 95:5
(V/V) for A/B at 1.0 min, 5:95 (V/V) for A/B at 8.0 min, 5:95 (V/V)
for A/B at 9.0 min, 95:5 (V/V) for A/B at 9.1 min, 95:5 (V/V) for A/B
at 12.0 min; flow rate 0.35 mL/min; The flow rate was 0.35 mL/min;
the column temperature was 40°C; the injection volume was 2uL. The
mass spectrometry conditions were (Simura et al., 2018), Electrospray
Ionization (ESI) temperature 550°C, mass spectrometry voltage
5500 V in the positive ion mode, mass spectrometry voltage
-4500 V in the negative ion mode, and Curtain Gas (CUR) 35 psi.
in Q-Trap 6500+, each ion pair was scanned based on optimized
declustering potential (DP) and collision energy (CE).

Standard solutions of different concentrations of 0.01 ng/mL,
0.05 ng/mlL, 0.1 ng/mL, 0.5 ng/mL, 1 ng/mL, 5 ng/mL, 10 ng/mL, 50
ng/mL, 100 ng/mL, 200 ng/mL, 500 ng/mL were prepared (of which
L-tryptophan and salicylic acid 2-O-B-glucoside were 20 times of
the above concentrations, i.e., the range of standardized
concentration was 0.2-10000 ng/mL). The LC-MS/MS detection
method was the same as described above, and the corresponding
quantitative signal peak intensity data of each concentration
standard were obtained sequentially; the standard curves of
different hormones were plotted with the external standard to
internal standard concentration ratio (Concentration Ratio) as the
horizontal coordinate and the peak area ratio of the external
standard to the internal standard (Area Ratio) as the vertical
coordinate (Supplementary Table 3), and the integrated peak area
ratios of all detected samples were substituting into the linear
equations of the standard curves for the calculations, and finally,
the hormone content in the actual samples was obtained.

2.8 Statistical analysis

Excel 2017 software was used to categorize raw data and
calculate mean and variance. Rstudio 3.3 software was used to
create box plots, principal component plots, heat plots, volcano
plots, bubble characteristic plots and OPLS-DA model analysis,
redundancy analysis, and interaction network analysis.

3 Results and discussion

3.1 Effect of soil pH on physicochemical
indexes of rhizosphere soils of tea trees

In this study, we analyzed the effect of soil pH on the
physicochemical indexes of tea tree rhizosphere soil and found
that (Table 1), the differences of tea tree rhizosphere soils with
different pH were not significant in TN, TP, and TK content,
whereas there was a significant difference in AN, AP, and AK
content. It was shown that with the increase of soil pH (3.29 to
5.32), AN, AP and AK content in the rhizosphere soil of tea tree
increased from 35.23 to 91.38 mg/kg, from 3.13 to 15.12 mg/kg and
from 49.25 to 127.95 mg/kg, respectively. It has been reported that
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TABLE 1 Basic physicochemical indexes of rhizosphere soil of tea tree.

10.3389/fpls.2023.1266026

P1 P2 P3
Total nitrogen (TN, g/kg) 246 £0.12a 253 £0.09a 249 +0.14 a
Total phosphorus (TP, g/kg) 124+0.13a 1.15+0.08 a 1.13 £ 0.09 a
Total potassium (TK, g/kg) 6.84+0.39a 742 +043a 738 £0.65a
Available nitrogen (AN, mg/kg) 3523 +1.87 ¢ 8495+ 1.74 b 91.38 £ 2.86 a
Available phosphorus (AP, mg/kg) 3.13+022¢ 10.41 +0.46 b 1512 £ 0.77 a
Available potassium (AK, mg/kg) 49.25+2.13 ¢ 11324 £2.94 b 12795 £2.75 a

P1: Soil pH 3.29; P2: Soil pH 4.74; P3: Soil pH 5.32; Means + standard error (SE) from three replications for each sample is shown; Different lowercase letters indicate that the difference between

different samples reaches the p < 0.05 level.

there is a significant correlation between soil pH and nutrient
availability in the rhizosphere soil of tea trees, and that an
appropriate increase in soil pH is conducive to promoting
nutrient transformation in the rhizosphere soil of tea trees,
increasing the content of available nutrients and thus enhancing
root activity of tea trees, and promoting tea tree growth (Jia et al,
2023; Ye et al,, 2023c¢). It can be seen that increasing soil pH can
effectively promote soil nutrient transformation and increase the
available nutrient content of rhizosphere soil of tea trees.

3.2 Effect of soil pH on physiological
indexes of tea tree leaves

In this study, we analyzed the effect of soil pH on physiological
indexes of tea trees and found that photosynthetic physiological
indexes including photosynthetic rate, stomatal conductance,

intercellular CO, concentration, transpiration rate, and
chlorophyll content of tea leaves showed an increasing trend with
increasing soil pH (Figure 1A). Among the physiological indexes of
resistance in tea leaves, superoxide dismutase, catalase, peroxidase
activity and soluble sugar content showed a significant increasing
trend with the increase of soil pH, while malondialdehyde content
showed a significant decreasing trend (Figure 1B). Tea tree is an
acidophilic plant, when the soil pH is too low, it is very easy to affect
the growth of tea trees, reduce the physiological resistance of tea
trees, and then reduce tea yield and quality (Chen et al., 2021; Ye
et al,, 2022). It has been reported that when soil pH < 4.5, the root
growth of the tea tree is inhibited, and the number and area of
nascent roots decrease significantly, which in turn contribute to a
significant decrease in the biomass of the tea tree (Sun et al., 2020).
Damage to the root system of the tea tree directly affects the uptake
and utilization of nutrients by the tea tree, which in turn reduces the
yield and quality of tea (Ding et al., 2022; Wang et al., 2022). While
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FIGURE 1

Effect of soil pH on physiological indexes of tea tree leaves. P1: Soil pH 3.29; P2: Soil pH 4.74; P3: Soil pH 5.32; (A) Effect of soil pH on
photosynthetic physiological indexes of tea leaves; (B) Effect of soil pH on resistance physiological indexes of tea leaves.
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increasing soil pH is conducive to promoting the growth of tea tree
roots, enhancing the root activity and nutrient absorption capacity
of tea trees, and improving tea production. It was also found in this
study that soil pH significantly affects the physiological
characteristics of tea trees, and an appropriate increase in soil pH
is beneficial to improve the resistance and photosynthetic capacity
of tea trees. It can be seen that the increase in soil pH (3.29-5.32) is
conducive to promoting the growth of the root system of the tea tree
and improving the nutrient absorption capacity of the tea tree,
which in turn improves the photosynthetic capacity and
physiological resistance of the tea tree.

3.3 Effect of soil pH on multi-element
content of tea tree leaves

Nutritional elements required for normal growth and
development of plants are divided into essential elements and
beneficial elements; and essential elements includie massive
elements and trace elements, and beneficial elements refer to
certain elements required for normal growth and development of
plants (Kirkby, 2023). The overall growth and development of
plants requires the participation of different elements, which can
effectively improve the photosynthesis and respiratory metabolism
of plants, increase plant tolerance to various abiotic and biotic
stresses, and promote plant growth (Kaur et al., 2023). In this study,
it was found that a total of 61 elements were detected in tea tree
leaves of soils with different pH, and the total amount of elements in
tea tree leaves showed a significant (p < 0.05) increasing trend with
the increase of soil pH (P1-P3), as shown that at soil pH values of

10.3389/fpls.2023.1266026

3.29 (P1), 4.74 (P2), and 5.32 (P3), the elemental content of tea tree
leaves was 87.81 mg/g, 129.23 mg/g, and 142.06 mg/g (Figure 2A).
The results of principal component analysis showed
(Supplementary Figure 1) that the two principal components
effectively distinguished soils with different pH, with a total
contribution of 72.3%. It can be seen that soils with different pH
can significantly affect the elemental content in tea tree leaves.
Accordingly, this study further analyzed the elemental content of
tea tree leaves from soils with different pH using volcano diagrams,
and the results showed (Figures 2B, C) that the content of 22
elements showed a significant increasing trend, while the content of
14 elements showed a significant decreasing trend, with the increase
of soil pH. This study further constructed the OPLS-DA model for
soils with different pH values based on the elemental contents in tea
tree leaves. The results of the goodness-of-fit analysis of the OPLS-
DA model showed (Figure 2D) that after 200 random simulations,
the goodness-of-fit R*Y value was 0.999 and the predictability Q
value was 0.991, which were at highly significant levels (p < 0.005).
It can be seen that the OPLS-DA model constructed in this study
has a good fit and high confidence, which can effectively distinguish
different samples and can be used for further analysis. The score
plot analysis differences between groups of the OPLS-DA model
showed (Supplementary Figure 2) that the OPLS-DA model could
effectively distinguish samples in different regions, and the
difference between groups of different samples reached 72.1%. It
can be seen that there are significant differences in the elemental
content of tea leaves from soils with different pH. The results of S-
Plot analysis of OPLS-DA model for soils with different pH showed
(Figure 2E) that a total of 24 key differential elements were screened
and obtained for soils with different pH. The results of content
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Effect of soil pH on multi-element content of tea tree leaves and screening of key elements. P1: Soil pH 3.29; P2: Soil pH 4.74; P3: Soil pH 5.32;

(A) Effect of soil pH on the total elemental content of tea tree leaves; (B) Volcano plot analysis of the elemental content of tea tree leaves between
P2 and P1; (C) Volcano plot analysis of the elemental content of tea tree leaves between P3 and P2; (D) OPLS-DA model test for screening of key
elements in tea samples from soils with different pH; (E) S-Plot analysis of element contents of tea samples from soils with different pH based on the
OPLS-DA model; (F) Analysis of the content of key elements in the leaves of tea trees from soils with different pH.
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analysis of key elements showed (Figure 2F) that the content of 18
elements showed an increasing trend with the increase of soil pH,
while the remaining 6 elements showed a decreasing trend. Further
bubble characteristic map of 24 key elements in tea tree leaves
obtained a total of 8 significantly different characteristic elements
(Figure 3A), of which the contents of 7 elements (C, Ca, K, Mg, Mn,
P, and S) showed a significant upward trend with the increase of soil
pH, and the content of 1 element (Al) showed a significant
downward trend (Figure 3B).

On this basis, this study further determined the contents of eight
characteristic elements of tea tree rhizosphere soils at different pH
values. The results showed (Supplementary Table 4) that the contents
of C, Ca, K, Mg, Mn, P, S, and Al were not significantly different
among rhizosphere soils with different pH, which varied in the ranges
of 135.845~143.257 mg/kg, 2456.275~ 2561.476 mg/kg,
7410.268~7568.327 mg/kg, 89.267~94.365 mg/kg, 24.185~26.184
mg/kg, 128.539~131.287 mg/kg, 286.469~300.432 mg/kg,
358.036~368.186 mg/kg. It can be seen that the differences in the
content of the characteristic elements in the leaves of the tea tree are
not related to the content of the element in the soil, leading to changes
in the content of the key to changes in soil pH caused by changes in
the ability of the tea tree to absorb and accumulate the element.

Carbon is an important element for plant growth. It has been
reported that an increase in carbon content is conducive to increasing
the uptake of elements such as K, Ca, Mg, Mn, P, etc., which is
conducive to increasing the photosynthesis capacity and antioxidant
capacity of plants (Hu et al,, 2022). In this study, it was found that C,
Ca, K, Mg, Mn, P, and S in tea tree leaves showed a significant
increase with increasing soil pH. It can be seen that increasing soil pH
is conducive to increasing C content in tea tree leaves, enhancing
plant C metabolism, and promoting the absorption of Ca, K, Mg, Mn,
P, and S. K, Ca, Mg, Mn, P and § are all required for plant growth, of
which K is an activator of many enzymes in the plant and improves
the plant’s ability to photosynthesize and cope with external

10.3389/fpls.2023.1266026

environmental stresses (Ahammed et al., 2022). Ca is beneficial for
improving plant resistance, enhancing the photosynthetic capacity of
plants, and promoting plant growth (Huang et al., 2022). Mg and Mn
are involved in various physiological and biochemical processes such
as photosynthesis, respiratory metabolism, nucleic acid metabolism,
etc,, and are closely related to crop growth, development and yield
(Islam et al., 2022; Kleczkowski and Igamberdiev, 2023). P and S are
essential components in the metabolism of nucleic acids and proteins,
and are involved in plant respiration and chlorophyll formation,
which are important for plant growth (Chtouki et al., 2022; Narayan
et al., 2022). It can be seen that with increasing soil pH, the tea tree’s
ability to absorb Ca increases, improving the tea tree’s own resistance.
The increase in K content is conducive to the activation of a variety of
enzyme activities in the tea tree, which in turn promotes the
metabolism of the tea tree. The increase of P and S content
promotes the synthesis of nucleic acids, proteins, and chlorophyll
in the leaves of the tea tree, which in turn promotes the growth and
development of the tea tree. However, the increase in Mg and Mn
content promotes the photosynthetic capacity of tea trees.

In addition, this study also revealed that Al content showed a
significant decreasing trend in tea tree leaves with soil pH increases.
Al is not essential for plant growth, and accumulation of Al can
damage plant DNA, inhibit root growth, affect plant nutrient
uptake, and reduce plant respiration and photosynthesis, thus
preventing normal plant growth (Hajiboland et al., 2022).
Increasing soil pH reduces the concentration of AI** in the soil
and decreases the uptake and enrichment of Al by plants, while a

decrease in the concentration of AI**

also contributes to alleviating
soil P fixation and an increasing the uptake of P by plants (Penn and
Camberato, 2019). It can be seen that the increase of soil pH is
beneficial to increase the accumulation of C, K, Ca, Mg, Mn, P and S
in the leaves of tea trees, and reduce the content of Al, which in turn
improves the resistance and photosynthesis ability of tea trees and

promotes the growth of tea trees.
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Screening of characteristic elements in tea tree leaves from soils with different pH. P1: Soil pH 3.29; P2: Soil pH 4.74; P3: Soil pH 5.32; (A) Screening of
characteristic elements of tea tree leaves from soils with different pH based on bubble characteristic plot; (B) Content analysis of characteristic elements.
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3.4 Effect of soil pH on the hormone
metabolome of tea tree leaves

Phytohormones are key signaling compounds that regulate
plant growth, development, and environmental stress responses
(Wahab et al,, 2022). In response to different types of abiotic
stresses, plants need synthesize different types of hormones for
self-regulation to adapt to their environment and thus safeguard
their growth (Waadt et al., 2022). Acidification is also an abiotic
stress on the tea tree itself, leading to reduced tea yield and quality
(Ye et al, 2023a). In this study, we found that a total of 59 hormones
were detected in tea tree leaves from soils with different pH values,
and the hormone content showed a significant increase with the
increase of soil pH, which was manifested by the total hormone
content of 5.99 mg/g, 11.49 mg/g, and 15.41 mg/g when soil pH
values were 3.29, 4.74, and 5.32, respectively (Figure 4A). Secondly,
the results of the principal component analysis of the hormone
content of tea tree leaves from soils with different pH showed
(Supplementary Figure 3) that the two principal components could
effectively differentiate the different samples, with 76.5%
contribution from principal component 1 and 16.4% from
principal component 2, giving a total contribution of 91.9%.
Further analysis revealed that the 59 hormones detected could be
categorized into eight groups, of which the content of auxin,
cytokinin, gibberellin, and salicylic acid in tea tree leaves showed
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p<00s

10000

1 Abscisic acid

10.3389/fpls.2023.1266026

an increasing trend with the increase of soil pH, while the content of
abscisic acid, ethylene, jasmonic acid, and strigolactone showed a
decreasing trend (Figure 4B). PCA analysis showed (Figure 4C) that
the content of auxin, cytokinin, gibberellin, and salicylic acid was
significantly correlated with P1, whereas the content of abscisic
acid, ethylene, jasmonic acid, and strigolactone was significantly
correlated with P3. Further volcano plot analysis (Figure 4D)
showed significant changes in the content of 47 hormones, with
19 hormones showing a decreasing trend and 28 hormones showing
an increasing trend with the increase of soil pH. Further categorical
and PCA analysis of the 47 hormones showed (Supplementary
Figure 4) that they could be classified into eight categories and still
showed that the contents of auxin, cytokinin, gibberellin, and
salicylic acid were significantly correlated with P1, whereas the
contents of abscisic acid, ethylene, jasmonic acid, and strigolactone
were significantly correlated with P3.

3.5 Screening of characteristic
hormones in tea tree leaves from
soils with different pH

The OPLS-DA model can be effectively used to screen for key
indexes of major changes between samples. In this study, based on
the hormone content in tea tree leaves, we further constructed the
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Hormone content analysis of tea tree leaves from soils with different pH. P1: Soil pH 3.29; P2: Soil pH 4.74; P3: Soil pH 5.32; (A) Effect of soil pH on
the total hormone content of tea tree leaves; (B) Classification and content analysis of hormones in tea tree leaves; (C) PCA analysis of different
categories of hormones in tea tree leaves; (D) Volcano and hot plot analysis of different hormone contents of tea tree leaves at different pH.
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OPLS-DA model for soils with different pH, analyzed the model fit,
differences between groups and screened for key hormones. The
results of the OPLS-DA model fit analysis showed (Figure 5A) that
after 200 random simulations, the goodness-of-fit R*Y value was 1,
and the predictability Q? value was 0.999, both of which reached
highly significant levels (p < 0.005). It can be seen that the OPLS-
DA model constructed in this study has a good fit and high
confidence, which can effectively distinguish different samples and
can be used for further analysis. The results of the score plot analysis
of differences between groups of the OPLS-DA model showed
(Figure 5B) that the OPLS-DA model could effectively distinguish
samples, and the difference between groups of different samples
reached 89.7%. It can be seen that there was a significant difference
in the hormone content in the leaves of tea tree from soils with
different pH. The results of the S-Plot analysis of the OPLS-DA
model of the hormone content of tea tree leaves from soils with
different pH values showed (Figure 5C) that a total of 30 key
differential hormones were screened and obtained, of which, the
contents of 21 hormones showed an increasing trend with the
increase of soil pH, while the contents of the remaining 9 hormones
showed a decreasing trend. Further bubble characteristic map of the
30 key hormones obtained a total of 10 significantly varying

10.3389/fpls.2023.1266026

characteristic hormones (Figure 5D), of which 6 hormones
(Tryptamine, 2-oxindole-3-acetic acid, indole-3-acetic acid,
salicylic acid, salicylic acid 2-O-B-glucoside, and trans-zeatin-O-
glucoside) showed a significant increasing trend with the increase of
soil pH, while 4 hormones (5-Deoxystrigol, (+)strigol, abscisic acid,
and l-aminocyclopropanecarboxylic acid) showed a significant
decreasing trend (Figure 5E).

Salicylic acid is a kind of phytohormone, which is mainly stored
in the form of salicylic acid 2-O-B-glucoside in the plant, and
increasing its content is conducive to the promotion of plant
growth, and the improvement of the plant’s defense and disease
resistance ability (Berim and Gang, 2022; Liu et al., 2023b). It can be
seen that an increase in soil pH favors an increase in the synthesis of
salicylic acid in the tea tree, which in turn induces an increase in the
resistance of the tea tree, while the synthesized excess salicylic acid
is stored in the leaves of the tea tree in the form of salicylic acid 2-O-
B-glucoside. Tryptamine is a precursor for the synthesis of indole-3-
acetic acid, which is oxidized to 2-oxindole-3-acetic acid, both of
which can regulate plant growth and photosynthesis, and at the
appropriate concentration can promote plant growth and improve
the ability of plant photosynthesis (Belonoznikova et al., 2022;
Tivendale and Millar, 2022). Trans-Zeatin-O-glucoside belongs to
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Characteristic hormone screening for significant changes in tea tree leaves in soils with different pH. P1: Soil pH 3.29; P2: Soil pH 4.74; P3: Soil pH
5.32; (A) OPLS-DA model test for screening of key hormones of tea tree leaves in soils with different pH; (B) Score plots of differences between
groups of the OPLS-DA model for hormone content of tea tree leaves in soils with different pH; (C) S-Plot analysis of the OPLS-DA model for
hormone content of tea tree leaves in soils with different pH; (D) Screening of characteristic hormones of tea tree leaves in soils with different pH
based on bubble characteristic plot; (E) Content analysis of characteristic hormones.
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the phytokinin, which is beneficial to increase the proliferation of
plant cells, and at the same time can increase the photosynthesis
ability of plants (Abdouli et al., 2022). It can be seen that with the
increase of soil pH, the content of tryptamine in tea tree leaves
increased, providing a large amount of precursor substances for the
synthesis of indole-3-acetic acid, and the oxidation of indole-3-
acetic acid increased the content of 2-oxindole-3-acetic acid, which
in turn promoted the growth of leaves and buds of the tea tree, and
improved the yield of tea leaves. At the same time, increased content
of trans-Zeatin-O-glucoside promoted the proliferation of tea tree
cells and the growth of tea trees.

Secondly, it was also found in this study that the content of
abscisic acid, 1-Aminocyclopropanecarboxylic acid, 5-deoxystrigol
and (+)strigol in the leaves of tea tree was significantly reduced with
increase in soil pH. Abscisic acid is commonly used to evaluate
plant resistance to adversity stress, with higher levels indicating
lower plant resistance to adversity (Muhammad Aslam et al., 2022).
1-Aminocyclopropanecarboxylic acid is a precursor to ethylene
synthesis in plants, and its content increased significantly under
adverse stresses (Gong et al., 2022). It can be seen that with the
increase of soil pH, the content of abscisic acid and 1-
Aminocyclopropanecarboxylic acid in the leaves of tea trees
decreased, and the senescence of tea trees slowed down, which
was conducive to improving the tea trees’ own resistance and
guaranteeing the normal growth of tea trees. While, the main
function of 5-deoxystrigol and (&)strigol is to stimulate the
growth of parasitic plants in the periphery of the plant, and
lowering their content is favorable to promote plant growth and
increase plant yield (Hao et al., 2023; Zan et al., 2023a). Increasing
soil pH reduced the content of 5-deoxystrigol and (+)strigol in tea
tree leaves, which in turn affected the growth of the parasitic plants,
reduced the competition for resources between the parasitic plants
and the tea tree, and favored the promotion of tea tree growth.

3.6 Interaction analysis

During growth, plants require a number of essential components
from the external environment, including many elements, which are
involved in the induction, synthesis and accumulation of
phytohormones (Li et al., 2022). For example, Si activates
phytohormone signaling mechanisms, Zn and Cu promote plant
growth hormone production, and Cr promotes plant jasmonate
synthesis (Awasthi et al., 2022; Lopez-Bucio et al., 2022; Khan et al.,
2023). Accordingly, on the basis of the previous study, this study
further analyzed the interactions among tea tree leaves physiological
indexes, characteristic elements, hormones and physicochemical
indexes in soils with different pH. Redundancy analysis showed that
six hormones in tea tree leaves, including salicylic acid, salicylic acid
2-O-B-glucoside, tryptamine, 2-oxindole-3-acetic acid, indole-3-
acetic acid, trans-zeatin-O-glucoside, were significantly correlated
with soil physicochemical indexes such as available nitrogen,
available phosphorus, available potassium (Figure 6A), with
photosynthetic physiological indexes such as photosynthetic rate,
stomatal conductance, intercellular CO, concentration,

Frontiers in Plant Science

10

10.3389/fpls.2023.1266026

transpiration rate, chlorophyll content (Figure 6B), with resistance
indexes such as superoxide dismutase, catalase, peroxidase, soluble
sugar (Figure 6C), and with the content of Ca, Mg, C, S, K, Mn, and P
(Figure 6D). Secondly, four hormones, 5-deoxystrigol, (+)strigol,
abscisic acid, 1-aminocyclopropanecarboxylic acid, from tea tree
leaves, were significantly correlated with malondialdehyde, total
phosphorus and Al content.

Environmental changes have been reported to affect the uptake
of mineral elements by plants and to alter the synthesis of different
classes of hormones in plants, which in turn affects plant growth
(Ulger et al., 2004). Keskin et al. (2022) found that indole-3-acetic
acid, salicylic acid, cytokinin, and zeatin contents in plants were
significantly and positively correlated with the contents of P, Mn,
Ca, S, K, and Mg, as well as the activities of catalase, peroxidase, and
superoxide dismutase, and significantly and negatively correlated
with abscisic acid content. Liu et al. (2023a) found that under
drought stress, plants inoculated with arbuscular mycorrhizal fungi
effectively increased their uptake of P, K, Ca, Mg, and Mn, which in
turn increased the content of brassinolide and indole-3-acetic acid
in the plants, and promoted plant growth. Alp et al. (2023) found
that at high concentrations of heavy metal stress, plant uptake of P,
Mn, Ca, S, K, and Mg was reduced, and levels of hormones such as
indole-3-acetic acid, cytokinin, and salicylic acid in plants were
decreased, antioxidant enzyme activities in plants were reduced,
photosynthesis capacity was decreased, and plant growth was
impeded. This study found (Figure 6E, Supplementary Figure 5)
that six hormones in tea tree leaves, including salicylic acid, salicylic
acid 2-O-B-glucoside, tryptamine, 2-oxindole-3-acetic acid, indole-
3-acetic acid, trans-zeatin-O-glucoside, were significantly correlated
with soil available nutrient content such as available nitrogen,
available phosphorus, available potassium, with photosynthetic
physiological indexes such as photosynthetic rate, stomatal
conductance, intercellular CO, concentration, transpiration rate,
chlorophyll content, with resistance indexes such as superoxide
dismutase, catalase, peroxidase, soluble sugar, and with the content
of Ca, Mg, C, S, K, Mn, and P; while four hormones, 5-deoxystrigol,
(+)strigol, abscisic acid, 1-aminocyclopropanecarboxylic acid, from
tea tree leaves were significantly correlated with malondialdehyde, a
physiological index of resistance, and significantly correlated with
Al content. It can be seen that the increase of soil pH was conducive
to improving the rhizosphere soil available nutrient content of the
tea tree, promoting the growth of the tea tree root system, and then
improving the tea tree’s absorption and accumulation of Ca, Mg, C,
S, K, Mn, P in the soil, and enhancing the synthesis and
accumulation of hormones in the tea tree leaves such as salicylic
acid, salicylic acid 2-O--glucoside, tryptamine, 2-oxindole-3-acetic
acid, indole-3-acetic acid, trans-zeatin-O-glucoside, which in turn
improved the tea tree’s own resistance and photosynthesis ability
and promoted the growth of the tea tree.

4 Conclusion

In this study, we analyzed the effects of soils with different pH on
soil physicochemical indexes, physiological indexes, multi-element
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FIGURE 6

Interactions between tea tree leaves characteristic hormones, characteristic elements, physiological indexes and soil physicochemical index. P1: Soil pH
3.29; P2: Soil pH 4.74; P3: Soil pH 5.32; (A) Redundancy analysis of characteristic hormones and soil physicochemical indexes; (B) Redundancy analysis of
characteristic hormones and photosynthetic physiological indexes; (C) Redundancy analysis of characteristic hormones and resistance physiological
indexes; (D) Redundancy analysis of characteristic hormones and characteristic elements; (E) Interactions between different indexes. —Red lines
represent significant positive correlations; —Green lines represent significant negative correlations; —Gray lines represent not significant correlations.

content, hormone metabolome of tea tree leaves and their
interactions. The results showed (Figure 7) that with the increase of
soil pH, the available nutrient content of the rhizosphere soil of the
tea tree rose, which was conducive to promoting root growth of the
tea tree. At the same time, it promoted the uptake and accumulation
of C, K, Ca, Mg, Mn, P and S in the tea tree, and reduced the
enrichment of Al It enhanced the synthesis and accumulation of
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hormones in the leaves of tea trees such as salicylic acid, salicylic
acid 2-O-B-glucoside, tryptamine, 2-oxindole-3-acetic acid,
indole-3-acetic acid, trans-zeatin-O-glucoside, and reduced the
content of 5-deoxystrigol, (+)strigol, abscisic acid, 1-
aminocyclopropanecarboxylic acid, which in turn enhanced the
resistance of the tea tree to the environment, increased the
antioxidant enzyme activity and photosynthesis capacity of the tea
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Mechanisms of the effect of soil pH on elemental uptake, hormone synthesis and physiological characteristics of tea tree leaves. IAA, Indole-3-acetic
acid; OxIAA, 2-oxindole-3-acetic acid; SA, Salicylic acid; SAG, Salicylic acid 2-O-B-glucoside; TRA, Tryptamine; tZOG, trans-Zeatin-O-glucoside;
ACC, 1-Aminocyclopropanecarboxylic acid; 5DS: 5-Deoxystrigol; ABA, Abscisic acid; ST, (+)Strigol.

tree, and promoted the growth of the tea tree. This study analyzed the
effects of soil pH on tea tree growth from the perspectives of
physiological properties, elemental uptake and hormone
metabolomes, which is of great significance for soil remediation of
acidified tea plantations and exogenous regulation of tea tree growth.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

XJ: Conceptualization, Formal Analysis, Funding acquisition,
Methodology, Visualization, Writing — original draft, Writing — review
& editing. QZ: Conceptualization, Formal Analysis, Funding acquisition,
Methodology, Visualization, Writing - original draft, Writing — review &
editing. YW: Formal Analysis, Writing — review & editing. YZ: Formal
Analysis, Writing — review & editing. ML: Formal Analysis, Writing -
review & editing. PC: Investigation, Methodology, Writing — original
draft. MC: Investigation, Methodology, Writing — original draft. SL:

Frontiers in Plant Science

12

Investigation, Methodology, Writing — original draft. JZ: Investigation,
Methodology, Writing — original draft. JY: Conceptualization, Formal
Analysis, Methodology, Project administration, Resources, Supervision,
Visualization, Writing — original draft, Writing — review & editing. HW:
Conceptualization, Formal Analysis, Methodology, Project
administration, Resources, Supervision, Visualization, Writing -
original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by National 948 project (2014-Z36), Natural Science
Foundation of Fujian Province (2021J011137, 2020J01369,
2020J01408), Fujian Outstanding Research Talent Cultivation
Project, National Program for Innovation and Entrepreneurship
Training of Students (202111312023X, 202211312002), Social
Science Research Project of Fujian Provincial Education
Department (JAT22115), Nanping City Science and Technology
Plan Project (NP2021KTS06, N2021Z012, 2019J02), Wuyi
University Science and Technology Innovation Development
Fund (HX2018-47-01), Faculty and students co-creation team of
Wuyi University (2021-SSTD-01, 2021-SSTD-05).

frontiersin.org


https://doi.org/10.3389/fpls.2023.1266026
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jia et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Abdouli, D., Plackova, L., Dolezal, K., Bettaieb, T., and Werbrouck, S. P. (2022).
Topolin cytokinins enhanced shoot proliferation, reduced hyperhydricity and altered
cytokinin metabolism in Pistacia vera L. seedling explants. Plant Sci. 322, 111360.
doi: 10.1016/j.plantsci.2022.111360

Ahammed, G.J., Chen, Y., Liu, C,, and Yang, Y. (2022). Light regulation of potassium
in plants. Plant Physiol. Bioch. 170, 316-324. doi: 10.1016/j.plaphy.2021.12.019

Ahmad, I, Zhu, G., Zhou, G., Song, X., Hussein Ibrahim, M. E., Ibrahim Salih, E. G.,
et al. (2022). Pivotal role of phytohormones and their responsive genes in plant growth
and their signaling and transduction pathway under salt stress in cotton. Int. J. Mol. Sci.
23 (13), 7339. doi: 10.3390/ijms23137339

Alp, F. N, Arikan, B., Ozfidan-Konakci, C., Gulenturk, C., Yildiztugay, E., Turan, M.,
et al. (2023). Hormetic activation of nano-sized rare earth element terbium on growth,
PSII photochemistry, antioxidant status and phytohormone regulation in Lemna
minor. Plant Physiol. Bioch. 194, 361-373. doi: 10.1016/j.plaphy.2022.11.031

Ampong, K, Thilakaranthna, M. S., and Gorim, L. Y. (2022). Understanding the role
of humic acids on crop performance and soil health. Front. Agron. 4. doi: 10.3389/
fagro.2022.848621

Awasthi, S., Chauhan, R., and Srivastava, S. (2022). “The importance of beneficial
and essential trace and ultratrace elements in plant nutrition, growth, and stress
tolerance,” in Plant Nutrition and Food Security in the Era of Climate Change (America:
Academic Press), 27-46. doi: 10.1016/B978-0-12-822916-3.00001-9

Bai, R., Zhang, J., Cao, Y., Wang, Z., Yan, Q. Li, X,, et al. (2021). Multi-element
analysis of three Codonopsis Radix varieties in China and its correlation analysis with
environmental factors. J. Food Compos. Anal. 104, 104127. doi: 10.1016/
j.jfca.2021.104127

Bélonoznikova, K., Hyskova, V., Chmelik, J., Kavan, D., Cetovska, N., and Ryslava,
H. (2022). Pythium oligandrum in plant protection and growth promotion: Secretion of
hydrolytic enzymes, elicitors and tryptamine as auxin precursor. Microbiol. Res. 258,
126976. doi: 10.1016/j.micres.2022.126976

Berim, A., and Gang, D. R. (2022). Accumulation of salicylic acid and related
metabolites in Selaginella moellendorffii. Plants. 11 (3), 461. doi: 10.3390/
plants11030461

Chen, X. T.,, Wang, Y. H,, Lin, L. W,, Zhang, Q. X,, Ding, L., Guo, W. C,, et al. (2021).
Effects of soil acidity on tea yield and contents of leave quality components. J. Trop.
Crops. 42, 260-266. doi: 10.3969/j.issn.1000-2561.2021.01.035

Chtouki, M., Laaziz, F., Naciri, R,, Garre, S., Nguyen, F., and Oukarroum, A. (2022).
Interactive effect of soil moisture content and phosphorus fertilizer form on chickpea
growth, photosynthesis, and nutrient uptake. Sci. Rep. 12 (1), 6671. doi: 10.1038/
541598-022-10703-0

Dhaliwal, S. S., Sharma, V., and Shukla, A. K. (2022). Impact of micronutrients in
mitigation of abiotic stresses in soils and plants—A progressive step toward crop
security and nutritional quality. Adv. Agron. 173, 1-78. doi: 10.1016/
bs.agron.2022.02.001

Ding, L., Hong, L., Wang, Y. H, Wang, Y. C, Lin, S. X,, Li, M. Z, et al. (2022). Allelopathic
effects of soil pH on nitrogen uptake, its utilization efficiency and soil enzymes in tea bush
soil. Allelopathy J. 56 (2), 181-192. doi: 10.26651/allelo.j/2022-56-2-1397

Flokova, K., Tarkowska, D., Miersch, O., Strnad, M., Wasternack, C., and Novak, O.
(2014). UHPLC-MS/MS based target profiling of stress-induced phytohormones.
Phytochemistry. 105, 147-157. doi: 10.1016/j.phytochem.2014.05.015

Golubkina, N., Kharchenko, V., Bogachuk, M., Koshevarov, A., Sheshnitsan, S.,
Kosheleva, O., et al. (2022). Biochemical characteristics and elemental composition

peculiarities of Rheum tataricum L. @ in semi-desert conditions and of European
garden rhubarb. Int. J. Plant Biol. 13 (3), 368-380. doi: 10.3390/ijpb13030031

Gong, X, Li, L, Qin, L., Huang, Y., Ye, Y., Wang, M,, et al. (2022). Targeted
metabolomics reveals impact of N application on accumulation of amino acids,

Frontiers in Plant Science

13

10.3389/fpls.2023.1266026

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1266026/

full#supplementary-material

flavonoids and phytohormones in tea shoots under soil nutrition deficiency stress.
Forests. 13 (10), 1629. doi: 10.3390/f13101629

Hajiboland, R., Panda, C. K., Lastochkina, O., Gavassi, M. A., Habermann, G., and
Pereira, J. F. (2022). Aluminum toxicity in plants: present and future. . Plant Growth
Regul. 42, 3967-3999. doi: 10.1007/s00344-022-10866-0

Hao, J., Yang, Y., Futrell, S., Kelly, E. A., Lorts, C. M., Nebie, B., et al. (2023). CRISPR/
Cas9-mediated mutagenesis of carotenoid cleavage dioxygenase (CCD) genes in
sorghum alters strigolactone biosynthesis and plant biotic Interactions. Phytobiomes
J. doi: 10.1094/PBIOMES-08-22-0053-R

Hu, J,, Jia, W., Yu, X, Yan, C,, White, J. C,, Liu, J,, et al. (2022). Carbon dots improve
the nutritional quality of coriander (Coriandrum sativum L.) by promoting
photosynthesis and nutrient uptake. Environ. Sci-Nano. 9 (5), 1651-1661.
doi: 10.1039/D1EN01079D

Huang, Y., Chen, ], Sun, Y., Wang, H., Zhan, J., Huang, Y., et al. (2022). Mechanisms
of calcium sulfate in alleviating cadmium toxicity and accumulation in pak choi
seedlings. Sci. Total Environ. 805, 150115. doi: 10.1016/j.scitotenv.2021.150115

Islam, W., Taugeer, A., Waheed, A., and Zeng, F. (2022). MicroRNA mediated plant
responses to nutrient stress. Int. J. Mol. Sci. 23 (5), 2562. doi: 10.3390/ijms23052562

Jia, X., Wang, Y., Zhang, Q., Lin, S., Zhang, Y., Du, M., et al. (2023). Reasonable deep
application of sheep manure fertilizer to alleviate soil acidification to improve tea yield
and quality. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1179960

Kaur, H., Kaur, H., Kaur, H., and Srivastava, S. (2023). The beneficial roles of trace
and ultratrace elements in plants. Plant Growth Regul. 100, 219-236. doi: 10.1007/
§10725-022-00837-6

Keskin, N., Kaya, O., Ates, F., Turan, M., and Gutiérrez-Gamboa, G. (2022). Drying
grapes after the application of different dipping solutions: effects on hormones,
minerals, vitamins, and antioxidant enzymes in Gok Uziim (Vitis vinifera L.) raisins.
Plants. 11 (4), 529. doi: 10.3390/plants11040529

Khan, I, Awan, S. A., Rizwan, M., Brestic, M., and Xie, W. (2023). Silicon: an essential
element for plant nutrition and phytohormones signaling mechanism under stressful
conditions. Plant Growth Regul. 100, 301-319. doi: 10.1007/s10725-022-00872-3

Kirkby, E. A. (2023). “Introduction, definition, and classification of nutrients,” in
Marschner's Mineral Nutrition of Plants. (America: Academic Press), 3-9. doi: 10.1016/
B978-0-12-819773-8.00016-2

Kleczkowski, L. A., and Igamberdiev, A. U. (2023). Magnesium and cell energetics:
At the junction of metabolism of adenylate and non-adenylate nucleotides. J. Plant
Physiol. 280, 153901. doi: 10.1016/}.jplph.2022.153901

Li, J., Zhao, T., Chen, L., Chen, H., Luo, D., Chen, C,, et al. (2022). Artemisia argyi
allelopathy: A generalist compromises hormone balance, element absorption, and
photosynthesis of receptor plants. BMC Plant Biol. 22 (1), 1-17. doi: 10.1186/s12870-
022-03757-9

Li, Y., Zhou, C,, Yan, X, Zhang, J., and Xu, J. (2016). Simultaneous analysis of ten
phytohormones in Sargassum horneri by high-performance liquid chromatography
with electrospray ionization tandem mass spectrometry. J. Sep. Sci. 39 (10), 1804-1813.
doi: 10.1002/jssc.201501239

Lin, S, Liu, Z,, Wang, Y., Li, J., Wang, G., Ye, ], et al. (2022). Soil metagenomic
analysis on changes of functional genes and microorganisms involved in nitrogen-cycle
processes of acidified tea soils. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.998178

Lin, S. X, Liu, Z. ], Wang, Y. C, Li, J. Y, Wang, G. G,, Zhang, W,, et al. (2023). Soil
acidification associated with changes in inorganic forms of N reduces the yield of tea (Camellia
sinensis). Arch. Agron. Soil Sci. 69, 1660-1673. doi: 10.1080/03650340.2022.2104452

Liu, L., Cao, X,, Zhai, Z., Ma, S., Tian, Y., and Cheng, J. (2022). Direct evidence of
drought stress memory in mulberry from a physiological perspective: Antioxidative,
osmotic and phytohormonal regulations. Plant Physiol. Bioch. 186, 76-87. doi: 10.1016/
j.plaphy.2022.07.001

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1266026/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1266026/full#supplementary-material
https://doi.org/10.1016/j.plantsci.2022.111360
https://doi.org/10.1016/j.plaphy.2021.12.019
https://doi.org/10.3390/ijms23137339
https://doi.org/10.1016/j.plaphy.2022.11.031
https://doi.org/10.3389/fagro.2022.848621
https://doi.org/10.3389/fagro.2022.848621
https://doi.org/10.1016/B978-0-12-822916-3.00001-9
https://doi.org/10.1016/j.jfca.2021.104127
https://doi.org/10.1016/j.jfca.2021.104127
https://doi.org/10.1016/j.micres.2022.126976
https://doi.org/10.3390/plants11030461
https://doi.org/10.3390/plants11030461
https://doi.org/10.3969/j.issn.1000-2561.2021.01.035
https://doi.org/10.1038/s41598-022-10703-0
https://doi.org/10.1038/s41598-022-10703-0
https://doi.org/10.1016/bs.agron.2022.02.001
https://doi.org/10.1016/bs.agron.2022.02.001
https://doi.org/10.26651/allelo.j/2022-56-2-1397
https://doi.org/10.1016/j.phytochem.2014.05.015
https://doi.org/10.3390/ijpb13030031
https://doi.org/10.3390/f13101629
https://doi.org/10.1007/s00344-022-10866-0
https://doi.org/10.1094/PBIOMES-08-22-0053-R
https://doi.org/10.1039/D1EN01079D
https://doi.org/10.1016/j.scitotenv.2021.150115
https://doi.org/10.3390/ijms23052562
https://doi.org/10.3389/fpls.2023.1179960
https://doi.org/10.1007/s10725-022-00837-6
https://doi.org/10.1007/s10725-022-00837-6
https://doi.org/10.3390/plants11040529
https://doi.org/10.1007/s10725-022-00872-3
https://doi.org/10.1016/B978-0-12-819773-8.00016-2
https://doi.org/10.1016/B978-0-12-819773-8.00016-2
https://doi.org/10.1016/j.jplph.2022.153901
https://doi.org/10.1186/s12870-022-03757-9
https://doi.org/10.1186/s12870-022-03757-9
https://doi.org/10.1002/jssc.201501239
https://doi.org/10.3389/fpls.2022.998178
https://doi.org/10.1080/03650340.2022.2104452
https://doi.org/10.1016/j.plaphy.2022.07.001
https://doi.org/10.1016/j.plaphy.2022.07.001
https://doi.org/10.3389/fpls.2023.1266026
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jia et al.

Liu, C. Y., Hao, Y., Wu, X. L., Dai, F. J., Abd-Allah, E. F, Wu, Q. S,, et al. (2023a).
Arbuscular mycorrhizal fungi improve drought tolerance of tea plants via modulating root
architecture and hormones. Plant Growth Regul., 1-10. doi: 10.1007/s10725-023-00972-8

Liu, N., Wang, Y., Li, K, Li, C,, Liu, B, Zhao, L,, et al. (2023). Transcriptional analysis
of tea plants (camellia sinensis) in response to salicylic acid treatment. J. Agr. Food
Chem. 71 (5), 2377-2389. doi: 10.1021/acs.jafc.2c07046

Lopez-Bucio, J. S., Ravelo-Ortega, G., and Lopez-Bucio, J. (2022). Chromium in plant
growth and development: Toxicity, tolerance and hormesis. Environ. pollut. 312,
120084. doi: 10.1016/j.envpol.2022.120084

Lu, R. S. (2000). Soil agrochemical analysis methods (Beijing: China Agricultural
Science and Technology Press).

Mehra, A., and Baker, C. L. (2017). Leaching and bioavailability of aluminium,
copper and manganese from tea (Camellia sinensis). Food Chem. 100, 1456-1463.
doi: 10.1016/j.foodchem.2005.11.038

Mohammad, N., Samar, M., and Alireza, 1. (2014). Levels of Cu, Zn, Pb and Cd in the
leaves of the tea plant (Camellia sinensis) and in the soil of Gilan and Mazandaran
farms of Iran. Food Meas. 8, 277-282. doi: 10.1007/s11694-014-9186-3

Muhammad Aslam, M., Waseem, M., Jakada, B. H., Okal, E. ., Lei, Z., Saqib, H. S. A.,
et al. (2022). Mechanisms of abscisic acid-mediated drought stress responses in plants.
Int. J. Mol. Sci. 23 (3), 1084. doi: 10.3390/ijms23031084

Mukherjee, A., Gaurav, A. K, Singh, S., Yadav, S., Bhowmick, S., Abeysinghe, S., et al.
(2022). The bioactive potential of phytohormones: A review. Biotechnol. Rep. 35,
€00748. doi: 10.1016/j.btre.2022.e00748

Narayan, O. P., Kumar, P., Yadav, B., Dua, M., and Johri, A. K. (2022). Sulfur
nutrition and its role in plant growth and development. Plant Signal. Behav., €2030082.
doi: 10.1080/15592324.2022.2030082

Penn, C. J., and Camberato, J. J. (2019). A critical review on soil chemical processes
that control how soil pH affects phosphorus availability to plants. Agriculture. 9 (6),
120. doi: 10.3390/agriculture9060120

Shikha, D., Jakhar, P., and Satbhai, S. B. (2023). Role of jasmonate signaling in the
regulation of plant responses to nutrient deficiency. J. Exp. Bot. 74 (4), 1221-1243.
doi: 10.1093/jxb/erac387

éimura, ]., Antoniadi, 1., §ir0ké, J., Tarkowska, D. E., Strnad, M., Ljung, K., et al.
(2018). Plant hormonomics: multiple phytohormone profiling by targeted
metabolomics. Plant Physiol. 177 (2), 476-489. doi: 10.1104/pp.18.00293

Sun, L. L, Zhang, M. S,, Liu, X. M., Mao, Q. Z, Shi, C., Kochian, L. V., et al. (2020).
Aluminium is essential for root growth and development of tea plants (Camellia
sinensis). J. Integr. Plant Biol. 62 (7), 984-997. doi: 10.1111/jipb.12942

Tivendale, N. D., and Millar, A. H. (2022). How is auxin linked with cellular energy
pathways to promote growth? New Phytol. 233 (6), 2397-2404. doi: 10.1111/nph.17946

Ulger, S., Sonmez, S., Karkacier, M., Ertoy, N., Akdesir, O., and Aksu, M. (2004).
Determination of endogenous hormones, sugars and mineral nutrition levels during
the induction, initiation and differentiation stage and their effects on flower formation
in olive. Plant Growth Regul. 42, 89-95. doi: 10.1023/B:GROW.0000014897.22172.7d

Waadt, R, Seller, C. A., Hsu, P. K, Takahashi, Y., Munemasa, S., and Schroeder, J. I.
(2022). Plant hormone regulation of abiotic stress responses. Nat. Rev. Mol. Cell Bio. 23
(10), 680-694. doi: 10.1038/s41580-022-00479-6

Frontiers in Plant Science

14

10.3389/fpls.2023.1266026

Wabhab, A., Abdi, G., Saleem, M. H., Ali, B, Ullah, S., Shah, W, et al. (2022). Plants’
physio-biochemical and phyto-hormonal responses to alleviate the adverse effects of
drought stress: A comprehensive review. Plants. 11 (13), 1620. doi: 10.3390/
plants11131620

Wang, X. K. (2006). Principles and Techniques of Plant Physiological Biochemical
Experiments. 2nd Edn (Beijing, China: Higher Education Press).

Wang, H. B, Chen, X. T,, Ding, L., Ye, J. H,, Jia, X. L., Kong, X. H,, et al. (2018). Effect
of soil acidification on yield and quality of tea tree in tea plantations from Anxi county,
Fujian Province. J. Appl. Environ. Biol. 24, 1398-1403. doi: 10.19675/j.cnki.1006-
687x.2017.12008

Wang, Y. H., Hong, L., Wang, Y. C,, Yang, Y. W,, Lin, L. W,, Ye, J. H,, et al. (2022).
Effects of soil nitrogen and pH in tea plantation soil on yield and quality of tea leaves.
Allelopathy J. 55, 51-60. doi: 10.26651/allelo.j/2022-55-1-1370

Wang, Y., Zhang, Q., Li, J., Lin, S,, Jia, X., Zhang, Q., et al. (2023). Study on the effect
of pH on rhizosphere soil fertility and the aroma quality of tea trees and their
interactions. Agriculture. 13 (9), 1739. doi: 10.3390/agriculture13091739

Xiao, H. M., Cai, W. ], Ye, T. T., Ding, J., and Feng, Y. Q. (2018). Spatio-temporal
profiling of abscisic acid, indoleacetic acid and jasmonic acid in single rice seed
during seed germination. Anal. Chim. Acta 1031, 119-127. doi: 10.1016/
j.aca.2018.05.055

Ye, J., Wang, Y., Kang, J., Chen, Y., Hong, L., Li, M., et al. (2023a). Effects of long-
term use of organic fertilizer with different dosages on soil improvement, nitrogen
transformation, tea yield and quality in acidified tea plantations. Plants. 12 (1), 122.
doi: 10.3390/plants12010122

Ye, J., Wang, Y., Lin, S., Wang, Y., Chen, P., Hong, L., et al. (2023b). Metabolomics
analysis of the effect of acidification on rhizosphere soil microecosystem of tea tree.
Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1137465

Ye, J., Wang, Y., Wang, Y., Hong, L., Jia, X., Kang, J., et al. (2022).
Improvement of soil acidification in tea plantations by long-term use of
organic fertilizers and its effect on tea yield and quality. Front. Plant Sci. 13.
doi: 10.3389/fpls.2022.1055900

Ye, J., Wang, Y., Wang, Y., Hong, L., Kang, ], Jia, Y., et al. (2023c). Improvement of
soil acidification and ammonium nitrogen content in tea plantation by long-term use of
organic fertilizer. Plant Biol. 25, 994-1008. doi: 10.1111/plb.13554

Zan, F., Wy, Z., Wang, W, Hu, X,, Feng, L., Liu, X,, et al. (2023a). Strigolactones in
sugarcane growth and development. Agronomy. 13 (4), 1086. doi: 10.3390/
agronomy13041086

Zhang, J., Yang, R, Li, Y., and Ni, X. (2021). The role of soil mineral multi-elements
in improving the geographical origin discrimination of tea (Camellia sinensis). Biol.
Trace Elem. Res. 199, 4330-4341. doi: 10.1007/s12011-020-02527-8

Zhang, Y., Zhang, Q., Wang, Y., Lin, S., Chen, M., Cheng, P., et al. (2023b). Study on
the effect of magnesium on leaf metabolites, growth and quality of tea tree. Front. Plant
Sci. 14. doi: 10.3389/fpls.2023.1192151

Zhang, Q., Zhang, Y., Wang, Y., Lin, S., Chen, M., Cheng, P, et al. (2023a). Effects
of pruning on tea tree growth, tea quality, and rhizosphere soil microbial
community. Microbiol. Spectr. 11 (5), e01601-e01623. doi: 10.1128/
spectrum.01601-23

frontiersin.org


https://doi.org/10.1007/s10725-023-00972-8
https://doi.org/10.1021/acs.jafc.2c07046
https://doi.org/10.1016/j.envpol.2022.120084
https://doi.org/10.1016/j.foodchem.2005.11.038
https://doi.org/10.1007/s11694-014-9186-3
https://doi.org/10.3390/ijms23031084
https://doi.org/10.1016/j.btre.2022.e00748
https://doi.org/10.1080/15592324.2022.2030082
https://doi.org/10.3390/agriculture9060120
https://doi.org/10.1093/jxb/erac387
https://doi.org/10.1104/pp.18.00293
https://doi.org/10.1111/jipb.12942
https://doi.org/10.1111/nph.17946
https://doi.org/10.1023/B:GROW.0000014897.22172.7d
https://doi.org/10.1038/s41580-022-00479-6
https://doi.org/10.3390/plants11131620
https://doi.org/10.3390/plants11131620
https://doi.org/10.19675/j.cnki.1006-687x.2017.12008
https://doi.org/10.19675/j.cnki.1006-687x.2017.12008
https://doi.org/10.26651/allelo.j/2022-55-1-1370
https://doi.org/10.3390/agriculture13091739
https://doi.org/10.1016/j.aca.2018.05.055
https://doi.org/10.1016/j.aca.2018.05.055
https://doi.org/10.3390/plants12010122
https://doi.org/10.3389/fpls.2023.1137465
https://doi.org/10.3389/fpls.2022.1055900
https://doi.org/10.1111/plb.13554
https://doi.org/10.3390/agronomy13041086
https://doi.org/10.3390/agronomy13041086
https://doi.org/10.1007/s12011-020-02527-8
https://doi.org/10.3389/fpls.2023.1192151
https://doi.org/10.1128/spectrum.01601-23
https://doi.org/10.1128/spectrum.01601-23
https://doi.org/10.3389/fpls.2023.1266026
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Changes of physiological characteristics, element accumulation and hormone metabolism of tea leaves in response to soil pH
	1 Introduction
	2 Materials and methods
	2.1 Test tea plantation and sample collection
	2.2 Determination of basic physicochemical indexes of soil
	2.3 Determination of photosynthetic physiological indexes
	2.4 Determination of physiological indexes of resistance
	2.5 Determination and quantitative analysis of multi-element content of leaves
	2.6 Determination of soil elemental content
	2.7 Determination and quantitative analysis of leaf hormone metabolome
	2.8 Statistical analysis

	3 Results and discussion
	3.1 Effect of soil pH on physicochemical indexes of rhizosphere soils of tea trees
	3.2 Effect of soil pH on physiological indexes of tea tree leaves
	3.3 Effect of soil pH on multi-element content of tea tree leaves
	3.4 Effect of soil pH on the hormone metabolome of tea tree leaves
	3.5 Screening of characteristic hormones in tea tree leaves from soils with different pH
	3.6 Interaction analysis

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


