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Abstract

Background Lonicera japonica is an important medicinal plant, and its drought resistance is
often related to the yield and the economic income of farmers. The drought resistance of plants is
closely related to the mechanism of chlorophyll synthesis and decomposition. At present, many
scientific reports have focused on the effects of drought stress on photosynthesis and chlorophyll
content of L. japonica, but have not studied the chlorophyll anabolism of L. japonica from the
perspective of molecular mechanism and metabolic level.

Results To analyze the response mechanism of chlorophyll synthesis in honeysuckle (Lonicera
Japonica) plants under drought stress and to screen for the key regulatory genes and precursor

metabolites associated with chlorophyll synthesis, a control group (CK) and three experimental
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groups, which were subjected to light stress (L), moderate stress (M), or severe stress (S), were
established in this study. The mechanism of chlorophyll synthesis in L. japonica leaves under
drought stress was comprehensively analyzed at the physiological, biochemical, transcriptional,
and metabolic levels. Physiological and biochemical studies revealed that with increasing
drought stress, the total chlorophyll content (C;) of L. japonica leaves tended to initially exhibit a
slight increase and then a sharp decrease, and the content of most chlorophyll synthesis-related
enzymes decreased. A total of 37,735 differential genes (DEGs) were identified by transcriptome
analysis, 16 of which were related to chlorophyll synthesis. Metabolomic analysis revealed a
total of 2,132 differentially abundant metabolites, 4 of which were precursors of differentially
accumulated substances in the chlorophyll synthesis pathway.

Conclusions The multidimensional analysis results show that the metabolite Mg-protoporphyrin
IX monomethyl ester and the closely related gene HEMA I may be key precursors of chlorophyll
synthesis and key regulators of chlorophyll synthesis in L. japonica during drought stress.
However, the mechanism of the influence of HEMAI and Mg-protoporphyrin IX monomethyl
ester on chlorophyll synthesis under drought stress has yet to be explored. This study is highly
important for furthering the understanding of drought resistance mechanisms in medicinal plants
and for molecular breeding to produce new varieties of honeysuckle with strong drought
tolerance.

Keywords: Lonicera japonica, Drought stress, Chlorophyll synthesis, Metabolome,

Transcriptome
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Introduction

Lonicera japonica, a member of the honeysuckle family, is known for the natural
antimicrobial effects of its dry buds and initial flowers and is produced mainly in Pingyi in
Shandong Province, Fengqiu in Henan Province, and Julu in Hebei Province, China. L. japonica
can clear heat and has detoxification properties; thus, it is commonly used as a bulk Chinese
herbal medicine [1]. For the past few years, with the spread of various epidemics, the gap
between the supply and demand of L. japonica has become more prominent. Thus, L. japonica
has become the leading species in the Chinese herbal medicine market and has high economic
value and very broad market prospects. However, due to the limitations of the arid climate in
northern China, the L. japonica yield is low, and farmers are reluctant to plant L. japonica,
seriously hindering the development of the L. japonica industry in China. Therefore, it is
important to study the drought resistance mechanism of L. japonica and cultivate L. japonica
varieties with strong drought tolerance.

Chlorophyll, including chlorophyll a and b, is an important pigment for plants that participates
in photosynthesis. Chlorophyll synthesis is very complex and involves 15 enzymatic reaction
stages in which the enzymes involved are encoded by more than 20 related genes [2-3] (Fig. 1).
The first stage of chlorophyll synthesis is from L-glutamyl-tRNA to protoporphyrin IX (proto
IX). First, L-glutamyl-tRNA is reduced to L-glutamic acid 1-semialdehyde by glutamyl-tRNA
reductase (Glu-tRNAs), and complete tRNA is released. Then, L-glutamic acid 1-semialdehyde

is catalyzed by glutamate 1-semialdehyde aminomutase (GSA) to form 6-aminolevulinic acid
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(ALA). The genes encoding the two enzymes involved are HEMA, HEML, and GSA. ALA is
catalyzed by 5-aminolevulinate dehydratase (ALAD) to form porphobilinogen (PBG), which
involves the gene HEMB. Porphobilinogen deaminase (PBGD), encoded by HEMC, can catalyze
the transformation of PBG to linear hydroxymethylbilane (Hmb). HEMD-encoded urogen III
synthase catalyzes the intramolecular rearrangement of linear Hmb to form the common
precursor of the tetrapyrrole compound uroporphyrinogen III (urogen III). Coproporphyrinogen
IIT (coprogen IIl) is synthesized after the decarboxylation of 4 acetic acid groups in the side
chain of Urogen III. The enzyme that plays a catalytic role in the reaction is uroporphyrinogen
III decarboxylase (UROD), whose coding gene is HEME. Coprogen III forms protoporphyrin IX
(proto IX) through a two-step oxidation reaction. The enzymes involved in the two-step
oxidation reaction are coproporphyrinogen III oxidative decarboxylase (CPOX) and
protoporphyrinogen oxidase (PPO), and the encoded genes are HEMF and HEMG, respectively.
The second stage is from proto-IX to chlorophyll. The chlorophyll molecule is mainly a
porphyrin ring containing Mg?*; thus, in this step, Mg**is first added to the porphyrin ring of
proto IX through the catalysis of Mg-chelatase (MgCH) to generate Mg-protoporphyrin IX
(Mg-proto IX). MgCH is expressed and regulated by CHLD, CHLH, and CHLI. Mg-proto IX is
methylated to MG-protoporphyrin IX methyl ester (Mg-PME) by the -catalysis of
MG-protoporphyrin IX methyltransferase (CHIM), the encoding gene of which is CHIM.
Mg-PME is catalyzed by the Mg-protoporphyrinogen IX monomethylester cyclase (Mg-ProtolX

Cyclase) to form divinyl protochlorophyllide, the regulatory gene of which is CRDI. Under the
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catalytic action of divinyl reductase (DVR), the C-8 position of divinyl protochlorophyllide is
converted to an ethyl group to form protochlorophyllide (pchlide). This reductase is a key
enzyme for the synthesis of normal monovinyl chlorophyll (MV-Chl) in plants, and its regulatory
gene is DVR. Pchlide needs protochlorophyllide oxidoreductase (POR) to reduce to
chlorophyllide (chlide) under light conditions. The three genes that regulate this reaction are
PORA, PORB, and PORC. Chlide b is formed by the chlide c-7 methyl group catalyzed by
chlorophyllide a oxygenase (CAO), whose coding gene is CAO (CHL). Chlide b is subsequently
catalyzed by the chlorophyll synthase (CHLG) gene, which is encoded by CHLG, to chlorophyll
b (Chl b). In addition, chlide a can also be directly catalyzed by CHLG to form chlorophyll a
(Chl a). Several researchers have identified genes involved in chlorophyll synthesis in
Arabidopsis [2], rice [4] , barley [5], tobacco [6], and maize [7]. The study of the expression of
these genes is highly important for exploring the molecular regulatory mechanism of chlorophyll

synthesis in plants.

HEMAI, HEMA2, HEMA3 .. . HEMLI HEML2, GSAl, GSA2
L-glutamyltRNA L-glutamic acid 1-semialdehyde HEMLI, HEML2, G541, GS4
Glutamyl-tRNA reductase Glutamate 1-semialdehyde aminomutase

§-aminolevulinic acid

5-Anfinolevulinate dehydratase
HEMBI, HEMB2

HEMEI K HEME? . HEM . HEMC
Coproporphyrinogen Me———————— Uroporphyrinogen III R R Hydroxymethylbilane HEMC Porphobilinogen
Urovorphvrinogen I decarboxvlase Uroporphyrinogen III synthase Porphobilinogen deaminase

HEM HEMF?2 -
HEMF!, HEMF? Coproporphyrinogen III oxidative decarboxylase

Protoporphyrinogen IXM- Protnpmphwin%(ﬂu CHEE CHLU-‘C‘){};,L toporphyrin IX CHLM Mg-protoporphyrin IX monomethyl ester

Protoporphyrinogen oxidase Mg-chelatase Mg-protoporphyrin IX methyltransferase

CRDI
Mg-protoporphyrinogen IX| monomethylester cyclase

Chlorophiyll a e Chiorophyllide a. [ORLIPORS PORC Protochlorophyllide DrE Divinyl protochlorophyllide

Chlorophyll synthase Protochlorophyllide oxidoreductase Divinyl reductase

PORA, P . PORC
Protochlorophyllide oxidoreductase
DVR
Divinyl reductase Divinyl chlorophyllide a

Chiorophyllide b CHLG Chlorophyll b

Chlorophyll synthase

Fig. 1 Chlorophyll biosynthesis pathway in angiosperms. Red represents chlorophyll synthesis
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regulatory genes, blue represents chlorophyll synthesis-related enzymes, and black represents
intermediate products related to chlorophyll synthesis. The chlorophyll synthesis-related

enzymes in the figure are consistent with those in Table S1

Since plants are sessile and therefore limited to existing only in their original environment,
their growth and development are easily affected by abiotic factors, such as salinity stress,
drought stress and heavy metal pollution [8]. Drought, as one of the major abiotic stress factors,
affects the normal growth and development of plants and inhibits increases in crop yield [9]. In
the initial stage of drought, the water potential of plant leaves decreases, and the stomata close,
which reduces CO; intake and photosynthetic efficiency; however, the photosynthetic system is
not damaged [10]. However, with the intensification of drought stress, the photosynthetic system
and function of plant leaves are damaged, and the lamellar structure of leaves is especially
adversely affected, with chlorophyll synthesis being blocked and disrupted, resulting in reduced
chlorophyll content, changes in photosynthetic physical properties, and the yellowing and wilting
of plant leaves [11]. According to studies on the responses of wheat [12] and maize [9] to
drought stress, drought stress can reduce chlorophyll content, change fluorescence parameters,
and inhibit photosynthetic electron transfer, thus reducing the photosynthetic rate. Therefore, the
chlorophyll content directly affects leaf photosynthesis and is an important index for measuring
the drought resistance of plants. L. japonica plants exhibit drought tolerance, and exhibit a very

strong ability to adapt to soil and climate. To date, many scientific reports have focused on the
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effects of drought stress on photosynthesis and chlorophyll content in L. japonica [13-16];
however, these studies focused on superficial assessments of chlorophyll physiology and
biochemistry and did not include in-depth studies of L. japonica chlorophyll anabolism from the
perspective of molecular mechanisms and metabolic levels. With the development of
transcriptome sequencing and chromatography—mass spectrometry, it has become a trend to
analyze the internal mechanism of plant growth and development by using integrated omics.
Plant metabolic and physiological mechanisms can be systematically studied from macro- and
microperspectives by combining plant external trait observations and physiological and
biochemical analyses. Through transcriptomic and metabolomic analyses, Yang et al [17]
revealed the molecular regulatory mechanism of secondary metabolites during the development
of honeysuckle petals. Similarly, Xue et al [18] and Xia et al. [19] clarified the L. japonica
pigmentation mechanism at different developmental stages via transcriptomics and targeted
metabolomics. This paper describes the response mechanism of chlorophyll synthesis in L.
Jjaponica under drought stress at the physiological, biochemical, transcription, and metabolic
levels and identifies key regulatory genes and precursor metabolites that affect chlorophyll
synthesis. It is highly important to cultivate new varieties of L. japonica with strong drought

tolerance via molecular biology.

Material and methods

Test plants and drought-stressed environments
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The L. japonica (2-year-old) plants used in the experiment were obtained from Jiujianpeng
Ecological Agriculture Development Co., Ltd., Pingyi County, Shandong Province, and planted
in Liulin county, Luliang city, Shanxi Province. The average plant height was 52.6 cm, and the
average ground diameter was 2.3 cm. This variety was identified as ‘Beihua No. 1’ by Li
Weidong, a professor at the Beijing University of Chinese Medicine and chairperson of the China
Economic Forest Association Honeysuckle Professional Committee.

The drought stress test was carried out by first watering the soil and then stopping the watering
to artificially control the soil moisture [20]. On June 12, 2023, 100 biennial ‘Beihua No. 1’ plants
from the standardized planting base of the introduced Lonicera japonica plant in Luliang
Mountain were planted in pots (diameter: 40 cm) and loaded with nutrient soil (pH=7.3). One
plant in each pot was put into the greenhouse for normal maintenance and management. After the
adaptation period, 30 uniformly sized plants with robust growth were randomly selected for
maintenance in the greenhouse for the drought stress test. To prevent high-temperature stress in
the greenhouse, the greenhouse was cooled by spraying the roof with cold water and ventilation.
The average temperatures and relative humidity during the day and at night were 28/20°C and
60/65%, respectively. One day before the test, water was poured so that the substrate was in a
state of saturated water, and no additional water was applied until the end of the test. The first
day after watering was the baseline drought stress treatment (control group, CK), the third day
was the light stress group (L), the sixth day was the moderate stress group (M), and the 15th day

was the severe stress group (S). The relative water content (%) of the soil in the test pot was
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measured by a soil moisture detector (YUNTANG, Weifang, China) at 5:00 PM every day. The
relative water content of the soil in the CK treatment was 85%-90%, that in the L treatment was
70%-T75%, that in the M treatment was 40%-45%, and that in the severe stress (S) treatment was
20%-25% [14]. At each stress stage, the top L. japonica leaves were taken from 8:30 am to 9:30

am for morphological observation and then stored at -80°C for further experiments.

Leaf morphology observation and color index detection

The morphological characteristics of the L. japonica leaves were observed and recorded under
each drought stress environment, and the color indices of the leaves were determined via a
colorimeter (FRU, WF30, Shenzhen, China). Six randomly sampled leaves, as six biological
replicates, were laid flat on the test port of the colorimeter for color index determination. The
standard samples for color difference analysis were collected from the leaves of the control
group plants. The color characteristics of each test leaf from the drought stress group were
compared with those of the standard sample from the control group. The test color characteristics
were the red—green value (a), yellow—blue value (b), brightness value (L) and total color
difference value (4E). The measuring conditions of the colorimeter were as follows: light source
D65, light mode SCI, measuring aperture of 8 mm, and standard observation angle of 10°.
Detection of leaf physiological and biochemical indices

In the control group (CK) and each stress group (L, M, and L), a total of 30 leaves from the

upper part of each test plant were mixed, and the middle veins of the leaves were removed and
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cut with scissors into fragments approximately 5 mm in diameter. The leaves were then evenly
divided into 3 parts as 3 replicates.
Chlorophyll content detection

According to the instructions for the plant chlorophyll content kit (Keming Biology, Suzhou
Keming Biotechnology Co., Ltd., Suzhou, China), the chlorophyll of L. japonica leaves was
extracted with acetone. The specific method is as follows: 0.1 g of leaf fragments from each
replicate sample was transferred to a mortar. Then, 1 mL of distilled water and 50 mg of reagent
1 were added to the mortar, and the samples were fully ground into a homogenate in a dark
environment before transferring the samples to a 10 mL glass test tube. The chlorophyll extract
was prepared according to a ratio (1:4) of distilled water:acetone, and the mortar was rinsed with
the extract. All the rinsing liquid was put into a glass test tube, after which the mixture was filled
with the extract to 10 mL. The glass tube was placed on tin foil and soaked for 3 h in the dark.
When the leaf residue at the bottom of the glass tube was completely white, the chlorophyll was
considered fully extracted; if the residue was not completely white, the extraction continued. One
milliliter of the chlorophyll-containing extract was added to a 1 mL glass cuvette, after which the
extract was used for zero correction. The absorbance was measured by a spectrophotometer
(MRCY, UV1500-PC, Shanghai, China) at 663 nm and 645 nm, and the total chlorophyll content
(Cy), chlorophyll a content (Cy), and chlorophyll b content (C») were calculated according to the
following formulas:

C/ (mg/g) = (20.21xAgss+8.02x Ass3)xVXD/(mx1000)
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Cu (mg/g) = (12.7xA663-2.69%As45)xVxD/(mx1000)
Cy (mg/g) = (22.9%A6as5-4.68%Ag63)x VxD/(mx1000)
V: extraction liquid volume, 10 mL; D: dilution ratio, 10; m: sample mass, 0.1 g
Determination of related enzymes in the chlorophyll synthesis pathway

Enzyme-linked immunosorbent assays (ELISAs) were used to determine the concentrations of
15 enzymes (Table S1) related to chlorophyll synthesis in L. japonica according to the kit
instructions (Ceaibo Biological, Shanghai Ceaibo Biological Technology Co., Ltd., Shanghai,
China). The specific experimental procedure was as follows: 1) Sample treatment: In a mortar,
0.1 g of leaf tissue was combined with PBS buffer (1 mL, pH=7.4) and fully ground into a
homogenate. Then, the homogenates were transferred to 2 mL centrifuge tubes for centrifugation
at 4°C for 20 min (3000 r/min), after which the supernatant was collected for enzyme activity
detection. 2) Sample addition: In a 96-well plate, 50 uL of standard solutions of different
concentrations (Table S1) were added to the standard wells of a 96-well plate; 40 uL of sample
diluent and 10 pL of sample were added to the sample wells. Three technical repetitions were
performed for each sample. 3) For the addition of standard enzyme reagents, 100 ul of standard
enzyme reagent was added to the standard and sample wells. 4) Incubation: After the 96-well
plate was sealed with sealing plate film, it was incubated in a constant temperature incubator at
37°C for 60 min. 5) Wash liquid preparation: The concentrated washing solution was diluted 20
times with distilled water for subsequent use. 6) The label plate was washed, the sealing plate

film was carefully removed, the liquid was discarded, the plate was shaken dry, each well was
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filled with washing liquid, the plate was left for 30 seconds, and the plate was discarded; this
process was repeated 5 times, and the plate was finally patted dry. 7) Chromogenic reaction: 50
ul of color developing agents A and B were added to each well, the mixture was gently shaken,
and the mixture was reacted at 37°C without light for 15 min. 8) Termination reaction: The
reaction was terminated by adding 50 pl of termination liquid to each well, at which point the
liquid in the well turned yellow. 9): Absorbance: The absorbance (OD) of each well was
measured at 450 nm with an enzyme and adjusted to zero with a blank well. The measurement
was completed within 15 minutes after adding the termination solution.10): Standard curve
generation: The standard product concentration was the abscissa, the OD value was the ordinate,
the standard curve was generated in Excel, and the standard curve equation was obtained. 11):
Calculation of the enzyme concentration in the samples: The OD value measured for the sample
was substituted into the standard curve equation to determine the corresponding enzyme
concentration.
RNAseq
RNA extraction, library construction, sequencing and data quality control

Total RNA was extracted from leaf tissue samples from the control group (CKT) and three
drought stress groups (light stress group: LT, moderate stress group: MT, and severe stress group:
ST) using TRIzol according to the kit instructions (Invitrogen, CA, USA). Three biological
replicates were analyzed for both the drought stress and control groups. According to the

methods of the NEBNext® Ultra™ RNA Library Prep Kit for [lumina® (NEB, Beijing, China),
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1 pg of qualified RNA was used to construct a cDNA library. The sequencing was subsequently
completed on a MGI-SEQ 2000 sequencing platform provided by Frasergen Bioinformatics Co.,
Ltd. (Wuhan, China). The raw image data files obtained by high-throughput sequencing were
converted into original sequencing sequences by base recognition analysis, namely, the raw reads.

Clean reads were obtained by filtering the raw reads using SOAPnuke software (v2.1.0) [21].

Clean read mapping to reference genomes and gene expression level analysis

To identify the genes with transcribed clean reads, the clean reads to the reference genome of
L. japonica (accession no. GWHAAZE(00000000) [22] were matched using HISAT2 software
[23]. Moreover, using RSEM [24], the Bowtie2 [25] comparison results were used for statistical
analysis, the number of reads relative to each transcript of each sample was obtained, and
fragments per kilobase per million bases (FPKM) [26] conversion was performed.
Differential gene expression analysis

DEGseq2 [27] was used to analyze the gene expression differences between samples. At the
same time, differentially expressed genes (DEGs) were screened according to the following
criteria: FDR< 0.05 and |logz-fold change|>1. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses were performed using GOseq [28] and
KOBAS [29], respectively.
RT—-qPCR of DEGs

To verify the authenticity of the RNA-seq data, 16 DEGs (with three biological replicates for
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each DEG) related to chlorophyll synthesis in L. japonica were selected for real-time quantitative
PCR (RT—qPCR) and primers were designed with Primer Premier 5.0 software (Table S2).
According to the instructions of the THUNDERBIRD SYBR qPCR Mix Kit (TOYOBO, Japan),
a LightCycler® 480, 11/96 high-throughput real-time quantitative fluorescent PCR instrument
(Roche, Rotkreuz, Switzerland) was used to perform real-time fluorescent quantitative PCR
amplification according to the following procedure: 94°C for 60 s of preincubation and 40 cycles
of 94°C for 5 s, 60°C for 15 s, and 72°C for 10 s [18]. The L. japonica actin gene was used as an
internal reference gene [30], and the relative expression levels of each gene were calculated via
the 2"22¢ method [31].
Metabolome analysis
Tissue treatment of Lonicera japonica leaves

Thirty leaves from the top of L. japonica plants were collected from the control group (CKM)
and three drought stress groups (mild stress: LM, moderate stress: MM, severe stress: SM). After
mixing, the plants were randomly divided into 6 groups as 6 biological replicates for metabolic
analysis. Fifty milligrams of leaf tissue from each sample was added to a 2 mL centrifuge tube,
and then 500 pL of cold methanol/water (70%, v/v) was added to the centrifuge tube. All of the
following operations were performed on ice. The leaf tissues in the centrifuge tube were
homogenized 4 times, for 30 s at 30 Hz each time, oscillated for 5 min, and rested on ice for 15
min. The mixture was centrifuged at 4°C and 12000 rpm for 10 min, after which 400 puL of the

supernatant was transferred to another centrifuge tube. Then, 500 puL of ethyl acetate/methanol
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(v/v, 1:3) was added to the precipitate in the first centrifuge tube, which was shaken for 5 min
and left on ice for 15 min. The samples were subsequently centrifuged at 4°C and 12000 rpm for
10 min, after which 400 pL of the supernatant was removed. After two centrifugations, the
supernatants were combined; after concentration, 100 uL. of 70% methanol/water was added to
the dry mixture, and ultrasonication was performed for 3 minutes. The mixture was subsequently
centrifuged at 4°C and 12000 rpm for 3 min, after which 60 pL of the supernatant was added to
the corresponding line tube for liquid chromatography—mass spectrometry (LC—MS) analysis.
Conditions for HPLC

Extracts of all the samples were analyzed via an LC-MS system. The chromatographic
conditions for the LC20 ultrahigh-performance liquid chromatograph (Shimadzu, Chengdu,
China) were as follows: a Waters T3 C18 chromatographic column (1.8 pm, 2.1x100 mm); flow
rate: 0.4 mL/min; column temperature: 40°C; injection volume: 2 uL; and mobile phases A and
B: water (0.1% formic acid) and acetonitrile (0.1% formic acid), respectively. The gradient
program used was as follows: 95:5 (v/v) at 0 min, 79:21 (v/v) at 3.0 min, 50:50 (v/v) at 5.0 min,
30:70 (v/v) at 9.0 min, 5:95 (v/v) at 10.0 min, and 95:5 (v/v) at 14.0 min.
Mass spectrum conditions

Mass spectrometry analysis of the samples was performed using a Triple TOF-6600 mass
spectrometer (AB Sciex, Boston, USA). The conditions for positive and negative ion mode mass
spectrometry were as follows: ion spray voltages, 5500 V (+) and -4500 (-); declustering

potentials, 60 V (+) and 60 V (-); ionization temperatures, 550°C (+, -); ion source, Gasl, 50 psi
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(+, -); ion source, Gas2, 60 psi (+, -); curtain gas, 35 psi (+, -); and collision energies, 30 V (+)
and 30 (-).
Data processing and statistical analysis

ProteoWizard software was used to convert the original data obtained by LC-MS analysis.
Then, the XCMS program was used to extract, compare, and retain peaks. The SVR method was
used to correct the peak area. The peaks with deletion rates >50% were filtered in each group of
samples. Afterward, metabolic identification information was obtained by searching the
laboratory’s self-built database and integrating the public database and metDNA. Finally,
statistical analysis was carried out with the R program. The statistical analysis included
univariate analysis and multivariate analysis. One-way analysis of variance (ANOVA) was used
to test the significance of the difference between the mean values at P<0.05 using SPSS software
(v.22.0). The Pearson coefficient was used to analyze the correlation between two variables (sig.

2-tailed, P<0.05).

Results
Observations of leaf morphology and color and determination of physiological and
biochemical indices of L. japonica plants under drought stress
Leaf morphology and color characteristics
According to our tracking observations, with the worsening of drought, the L. japonica leaves

gradually turned yellow, and the leaves presented spots and curled morphology during the severe
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stress (S) stage (Fig. 2). Similarly, the leaf color indices also showed different trends with
increasing drought stress. With increasing drought stress, the change in the light value (L) was
not significant (P>0.05), but the total color difference value (4FE), the red/green value (a) and the
yellow/blue value (b) increased significantly (P< 0.01) (Fig. 3). In the moderate (M) and severe
stress groups (S), the leaf color of L. japonica was more red than green, and the leaf color was

more yellow than blue in the severe stress group (S).

Fig. 2 Leaf morphology of Lonicera japonica plants in different drought stress groups
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Fig. 3 Leaf color indices of Lonicera japonica plants in different drought stress groups

Changes in the chlorophyll content of leaves

The chlorophyll a (C,) content was 2.92 to 8.35 mg/g, the chlorophyll b (C») content was
2.11 to 3.67 mg/g, and the total chlorophyll (C;) content was 5.04 to 12.36 mg/g. The C, content
decreased gradually with increasing drought stress, but the C, and C; contents first increased and

then decreased (Fig. 4).
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Fig. 4 Chlorophyll content of Lonicera japonica leaves in different drought stress groups.

Determination of enzymes related to chlorophyll synthesis

Under different drought stress conditions, the changes in 15 enzymes in the chlorophyll
synthesis pathway also differed among the L. japonica plants (Fig. 5). The concentrations of
GSA, Mg-proto IX cyclase, DVR, MgCH, UROD, and CHIM first increased and then decreased.
Glu-tRNAs and CPOX showed a continuous increasing trend. The three enzymes, PBGD, CS
and CAO, showed a continuous decreasing trend. ALAD and POR first decreased, then increased
and subsequently decreased. The UROS and PPO levels decreased first and then increased.
Variance analysis revealed that the concentrations of PBGD, CAO, CS, DVR, Glu-tRNAs, and
Mg-proto IX cyclase were significantly different among the different drought stress groups

(P<0.05), while those of the other 8 enzymes were not significantly different (P>0.05).
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348  Fig. 5 Changes in the concentrations of enzymes related to chlorophyll synthesis in L. japonica
349  leaves under different drought stress conditions
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Transcriptome analysis under drought stress
RNA-seq and sample correlation

Transcriptomic sequencing at 4 stages (CKT, LT, MT, and ST) was conducted to determine the
gene expression profile of L. japonica under drought stress, resulting in 12 cDNA libraries. A
total of 373,915,968 clean reads with a length of 150 were obtained, ranging from 27,467,010 to
37,849,268 for each sample. The percentage of Q30 in all the samples was greater than 90.0%,
indicating high-quality sequencing data. A total of 356,133,148 clean reads were compared with
the reference genome of L. japonica to determine their gene names. A sample correlation
heatmap was constructed (Fig. 6), which revealed that under the different drought stress
conditions, the sample separation ability was better, the sample selection was reasonable, and the

experimental results were reliable.
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369

Fig. 6 Sample correlation heatmap. The data in the box are the correlation coefficients. The

closer the correlation coefficient was to 1, the greater the similarity of gene expression patterns

between samples.

Identification of DEGs
To study the transcriptomic differences in L. japonica under different drought stresses, a total

of 37,735 DEGs were identified in the six pairwise comparisons (i.e., CKT vs. LT, CKT vs. MT,
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370  CKT vs. ST, LT vs. MT, LT vs. ST, and ST vs. MT) (Supplementary Data 1). Among the six
371  comparisons, the greatest number of DEGs was 9,983 in CKT vs. ST, among which 5,361 DEGs
372  were upregulated and 4,622 DEGs were downregulated in ST. In contrast, the smallest number of
373  DEGs was observed in MT vs. ST (1,655), with 1,281 and 374 up- and downregulated genes,
374  respectively, in MT (Fig. 7). A Venn diagram of the DEGs (Fig. 8) revealed that 1,215 DEGs
375  were shared between the stress group and the control group (CKT vs. LT, CKT vs. MT, CKT vs.
376  ST) (Fig. 8a), and 364 DEGs were shared between the stress groups (LT vs. MT, LT vs. ST, and

377 ST vs. MT) (Fig. 8b).
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379  Fig. 7 Numbers of DEGs in the pairwise comparisons. CKT: control group, LT: light stress group,

380  MT: moderate stress group, ST: severe stress group
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Fig. 8 Venn diagram of DEGs revealed by pairwise comparisons between the drought stress

group and control group (a) and between the drought stress groups (b)

Enrichment analysis of DEGs

GO enrichment of DEGs in three pairwise comparisons (CKT vs. LT, CKT vs. MT, and CKT
vs. ST) was performed (Figs. S1-S3). All DEGs were significantly enriched in three categories:
molecular function (MF), biological process (BP) and cellular component (CC) (P<0.05). Among
the three functions, the biological process category was associated with the most DEGs (CKT vs.
LT: 834, CKT vs. MT: 856, CKT vs. ST: 863). The most enriched functional category was
cellular anatomical entity (CKT vs. LT: 1,265; CKT vs. MT: 4,222; CKT vs. ST: 5,559). The
enrichment bubble maps (Figs. S4-S6) of the KEGG pathways in three pairwise comparisons
(CKT vs. LT, CKT vs. MT, and CKT vs. ST) revealed that all the DEGs were significantly

enriched in 20 pathways (P<0.05), among which the most significant pathways were involved in
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the following pathways: photosynthesis-antenna protein, circadian rhythm-plant, photosynthesis,
and starch and sucrose metabolism. In addition, genes involved in the prophyrin and chlorophyll
metabolism pathways associated with chlorophyll synthesis were also significantly enriched
(P<0.05). To further study the signaling pathways involved in chlorophyll synthesis in L.
Jjaponica, the genes involved in the prophyrin and chlorophyll metabolism pathways were
analyzed in three pairwise comparisons (CKT vs. LT, CKT vs. MT, and CKT vs. ST) (Figs.
S7-S9). In the chlorophyll synthesis pathway, compared with those in the control group (CKT),
most of the DEGs related to chlorophyll synthesis were not differentially expressed in the light
stress group (LT), but most of these genes were downregulated in the moderate (MT) and severe
(ST) stress groups. The nodes of these genes in the pathway were identified as EC2.5.1.61,
EC4.1.1.37, EC1.3.3.3, EC1.3.3.4, and EC1.3.1.33. Moreover, several genes involved in
chlorophyll synthesis were upregulated in the mild stress group (LT), but there was no difference
in the expression of these genes between the moderate stress group (MT) and the severe stress
group (ST). The nodes of these genes in the pathway were EC1.14.13.81, EC1.3.1.75, and
EC3.1.1.14. In general, with the worsening of drought stress, the expression of genes related to

the chlorophyll synthesis pathway also tended to decrease.

Analysis of DEGs in the chlorophyll synthesis pathway and RT-qPCR validation
A total of 16 chlorophyll synthesis-related genes from 11 categories were obtained from three

pairwise comparisons (CKT vs. LT, CKT vs. MT, CKT vs. ST) (Table 1). Among them, three
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427

genes (Lj9A341T44, Ljul24A41T48, and Lj7A342T52) were commonly differentially expressed
genes among the three comparisons. There were 5 upregulated chlorophyll synthesis-related
genes, 1 downregulated chlorophyll synthesis-related gene, and 10 differentially expressed
chlorophyll synthesis-related genes in the light stress group (LT) compared with those in the
control group (CKT). In the moderate stress group (MT), there were 5 upregulated, 8
downregulated, and 3 differentially expressed chlorophyll synthesis-related genes. In the severe
stress (ST) group, there were 4 upregulated, 6 downregulated, and 6 differentially expressed
chlorophyll synthesis-related genes heatmaps (Fig. 9), and column plots (Fig. 10) of the relative
expression levels showed that most of the genes related to chlorophyll synthesis were
downregulated due to the exacerbation of drought stress, especially after experiencing moderate
stress (MT). The variation trend of the RT—qPCR products was consistent with that of the RNA

sequencing results, which verified the accuracy of the RNA-seq data (Fig. 11).

Lj9A341T44
Lju124C41T11 |l 2
Lj4A628G54
Lj6C521T1 1
Lj1C848G9
Lj7A342T52
Li1A905T43 1
Lj3A950T42
Lj4A82G23 -2
Lju124A41T748
Lj1A1078T64
Li6P670T41
Lji1A1196T40
LiBA167T47
LiBA158T81
Lj1C730T15

CKT1 CKT2 CKT3 LT1 LT2 LT3 MT1 MT2 MT3 ST1 ST2 ST3
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428  Fig. 9 Heatmap of the relative expression levels of chlorophyll synthesis-related genes. In the
429  heatmaps, a darker color indicates greater DEG expression, and a redder color indicates lower

430  DEG expression.
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432 Fig. 10 FPKM values of the chlorophyll synthesis-related DEGs in three pairwise comparisons

433  (CKT vs. LT, CKT vs. MT, and CKT vs. ST)
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Fig. 11 RT—qPCR validation of chlorophyll synthesis-related DEGs in three pairwise
comparisons: CKT vs. LT (a), CKT vs. MT (b), and CKT vs. ST (c). The yellow bar represents
the RT—qPCR verification results of the DEGs, and the blue bar represents the DEGseq data
resulting from the transcription of DEGs related to chlorophyll synthesis obtained from
RNA-Seq. The horizontal coordinate represents the number of genes obtained from RNA-Seq.
The error line of the RT—qPCR indicates the standard deviation of the average of three biological

replicates. The DEGs (log2-fold change = 0) are not shown in the figure.

Table 1. Differentially expressed genes related to chlorophyll synthesis in L. japonica.

CKT vs. LT CKT vs. MT CKT vs. ST

Gene o
GenelD log log> log> Description
name
fold_change* fold_change* fold_change®
Lj9A341T44 1.70 1.53 3.83 glutamyl-tRNA reductase
HEMAI . .
Lj4A82G23 229 1.57 0.00 activity
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444
445
446

447

448

449

450

451

452

453

glutamyl-tRNA reductase

HEMA? Lj6C521T1 0.00 -2.33 0.00 .
activity
) hydroxymethylbilane synthase
HEMC Lj1A905T43 0.00 -1.51 -1.46 .
activity
) chlorophyll biosynthetic
Ljul24A41T48 2.65 2.81 1.993
CHLH process
Ljul24C41T11 0.00 6.10 5.11 magnesium chelatase activity
. magnesium-chelatase subunit
CHLI Lj1A1196T40 0.00 -1.12 -1.74
Chll
CHLG Lj3A950T42 0.00 0.00 -1.68 chlorophyll synthase
CHL Lj8A167T47 0.00 -1.01 -2.09 small molecule binding
magnesium-protoporphyrin
CRDI  LjlA1078T64 1.43 0.00 0.00 2 PORIPSTY
IX monomethyl ester
3,8-divinyl
DVR Lj6P670T41 1.13 0.00 0.00 protochlorophyllide an 8-vinyl
reductase activity
Lj8A158T81 0.00 -1.01 0.00 protochlorophyllide reductase
) protochlorophyllide
Lj1C730T15 0.00 -1.29 0.00 .
PORI oxidoreductase a
) protochlorophyllide reductase
Lj1C848G9 0.00 -1.93 -1.61 -
activity
UGB Lj7A342T52 -1.36 -1.64 -2.14 chlorophyllide a oxygenase
Lj4A628G54 0.00 1.91 1.65 chlorophyllide a oxygenase

% A positive logz-fold change indicates upregulated expression of DEGs; a negative log>-fold
change indicates downregulated expression of DEGs; and a logz-fold change of 0 indicates no
differential expression of genes.

Metabolomic analysis in response to drought stress
Metabolite identification and data acquisition

Among the different drought stress groups (CKM, LM, MM, and SM), 4077 metabolites
comprising 23 categories (Fig. 12) were identified in 24 samples using an LC-MS positive ion
model (Supplementary data 2), 2,647 of which are secondary metabolites. Among the 23

categories, the maximum number of amino acids and their metabolites was 816, accounting for
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20.01% of the total metabolites, followed by benzene and its derivatives at 603, accounting for
20.01% of the total metabolites. The minimum number of phenolic acid metabolites was 4,
accounting for 0.1% of the total metabolites. A heatmap of metabolite accumulation (Fig. S10)
showed that the metabolite accumulation pattern in the light stress (LM) group was similar to
that in the control (CKM) group, but there was a difference in the metabolite accumulation
pattern in the moderate stress (MM) group, and the difference observed in the severe stress (SM)

group was more significant.

Class
Alcohol and amines ( 5.52% ) Heterocyclic compounds ( 13.29% )
Aldehyde,Ketones,Esters ( 9.47% ) Hormones and hormone related compounds ( 1.96% )
Alkaloids ( 1.25% ) Lignans and Coumarins ( 0.64% )
Amino acid and Its metabolites ( 20.01% ) Nucleotide and Its metabolites ( 1.23% )
Benzene and substituted derivatives ( 14.79% ) Organic acid and Its derivatives ( 7.09% )
Bile acids ( 0.29% ) Others (7.04% )
Carbohydrates and Its metabolites ( 1.01% ) Phenolic acids ( 0.1% )
CoEnzyme and vitamins ( 0.27% ) SL(0.22%)

B FA(3.68%) Steroids (0.98% )
Flavonoids ( 1.55% ) Terpenoids ( 2.65% )
GL(1.05% ) Tryptamines,Cholines,Pigments ( 0.34% )

GP (5.57%)

Fig. 12 Metabolite classification. A total of 4077 metabolites were identified and grouped into 23

classes

Differentially accumulated metabolite (DAM) identification and KEGG pathway analysis
Prior to the identification of differentially accumulated metabolites (DAMs), an orthogonal

partial least square discriminant analysis (OPLS-OD) was first performed to determine

intergroup and intragroup differences in the samples. The OPLS—OD model diagram (Fig. 13)

showed that in the three pairwise comparisons (CKM vs. LM, CKM vs. MM, and CKM vs. SM),
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470  the samples in the different drought stress groups exhibited significant separation in terms of the
471  predicted principal components (horizontal coordinates). In the CKM vs. LM, CKM vs. MM,
472  and CKM vs. SM comparisons, the variance explained by the predicted principal components
473  was 21.9%, 39.5%, and 48.5%, respectively, indicating significant differences between groups

474  for all samples.
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476  Fig. 13 OPLS-OD patterns of samples in three pairwise comparisons (CKM vs. LM, CKM vs.

477 MM, and CKM vs. SM)
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Based on the criteria of VIP>1 and P<0.05, 3,190 differentially accumulated metabolites
(DAMs) were screened from three pairwise comparisons (CKM vs. LM: 633, CKM vs. MM:
1176, CKM vs. SM: 1381, LM vs. MM: 1,223, LM vs. SM: 1,397, MM vs. SM: 656)
(Supplementary data 3). A Venn diagram was constructed (Fig. 14), which shows that there were
295 different metabolites between the drought stress group and the control (Fig. 14a) and 285

different metabolites between the stress groups (Fig. 14b).

CKM vs M LMy AM

Fig. 14 Venn diagram of DAMs revealed by pairwise comparisons between the drought stress

group and control group (a) and between the drought stress groups (b).

Analysis of DAMs related to chlorophyll synthesis

A total of four DAMs of chlorophyll synthesis precursors, namely, coproporphyrin III,
Mg-protoporphyrin IX 13-monomethyl ester, protochlorophyllide and chlorophyllide b, were

obtained from three comparison groups (CKT vs. LT, CKT vs. MT, and CKT vs. ST) (Table 2).
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492  Among the four metabolites, coproporphyrin III and Mg-protoporphyrin IX 13-monomethyl
493  ester were downregulated with increasing drought stress; however, the accumulation of the

494  protochlorophyllide and chlorophyllide b metabolites was upregulated.
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495  Table 2. Differentially accumulated metabolites involved in the chlorophyll synthesis pathway in Lonicera japonica.

CKT vs. LT CKT vs. MT CKT vs. ST ] ]
. Corresponding catalytic
Compound Index log> log> log> Corresponding regulatory gene(s) ©)
enzyme(s
fold_change®* fold_change® fold_change® J
Coproporphyrinogen )
I MWO0147774  0.00 4.17 3.86 HEMEI, HEME?2 Uroporphyrinogen decarboxylase
Mg-Proto hyrin IX Mg-prot hyri IX
SOOI TR Mwo153315 0,00 237 520 S PIOTOPOTPIYIR
13-monomethyl ester methyltransferase
Protochlorophyllide MWO0156149 0.00 0.00 2.45 Divinyl reductase
. CAO, CHLG Chlorophyllide a  oxygenase,
Chlorophyllide b MWO0147427 0.00 0.00 1.32

Chlorophyll synthase

496 * A positive logz-fold change indicates upregulated accumulation of DAMs; a negative logs-fold change indicates downregulated
497  accumulation of DAMs; and a log2-fold change value of 0 indicates no differential accumulation of metabolites.
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Multidimensional integration analysis
Combined transcriptome and metabolome analyses

Among the KEGG pathways of the three pairwise comparisons (CK vs. L, CK vs. M, CK vs.
S), a total of 72 pathways were enriched with genes and metabolites at the same time, among
which 46 pathways were mapped to CK vs. L, 67 pathways were mapped to CK vs. M, and 65
pathways were mapped to CK vs. S (Supplementary Data 4). Among these 72 pathways, the
pathway related to chlorophyll synthesis in L. japonica leaves was porphyrin metabolism
(ko00860). In the CK vs. L comparison, 13 genes and 3 metabolites were mapped to the
porphyrin metabolism pathway. In the CK vs. M comparison, 25 genes and 7 metabolites were
mapped to the porphyrin metabolism pathway. In the CK vs. S comparison, 21 genes and 6

metabolites were mapped to the porphyrin metabolism pathway (Table 3).

Table 3. DEGs and DAMs mapped to the porphyrin metabolism pathway in the three pairwise
comparisons (CK vs. L, CK vs. M, CK vs. S).

Pairwise Metabolite Metabolite Gene
. Gene ID
comparison ID number number
Lj6C645T4, Lj7A651T30,
LjoP464T76,
Ljul24A41T48, Lj7A342T52,
MW0126592 . .
Lj6P670T41, Lj9A341T44,
CKvs.L MWO0144995 3 . 13
Lj7A567T29,
MWO0149544 .
Lj1A304T23,

Lj8C243G1, Lj1A1078T64
Lj4A82G23, L;j6P644T21

MWO0113201 Lj1C848G9, Lj7A342T52,
MWO0147774 Lj4A628G54, Lj5C314T1,
CKvs. M 7 ] . 25
MWO0144995 Lj6A155G23, Lj9A341T44,
MEDP1045 Lj4A82G23, Lj1A1196T40,
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Pairwise Metabolite Metabolite Gene
. Gene ID
comparison ID number number
MWO0155689 Ljul24C41T11, L;j8C243Gl,
MWO0153315 Lj8A158T81, Ljul24A41T48,
MWO0155687 Lj1A905T43, novel.1847,
Lju41C50G12, Lj1C213G3,
Lj6C645T4, Lj2A1005T32,
Lj1C730T15, Lj6P644T21,
novel. 11831, Lj2A202G52,
Lj6A29G59, Lj7A651T30,
Lj6C521T1
Lj2A202G52, novel.21369,
Ljul24A41T48, Lj1C848G9,
Lj7A651T30, Lj1C213G3,
MWO0124353, . .
Lj8A57T61, Lju41C50G12,
MWO0113201, .
Lj6A29G59, novel.1847,
MWO0147774, . .
CKvs.M 6 Ljul24C41T11, Lj7A342T52, 21
MWO0156149, . .
Lj2A1005T32, Lj9A341T44,
MWO0155689, . .
Lj8C243Gl, Lj3A950T42,
MWO0153315 .
novel.11831, Lj4A628G54,
Lj1A304T23, Lj1A1196T40,
Lj1A905T43

The correlation network showed the correlation between DAMs and their corresponding
regulatory DEGs (Fig. 15). The three metabolites associated with the porphyrin metabolism
pathway in CK vs. M and CK vs. S were MWO0147774, MWO0155689, and MWO0153315; among
these three metabolites, MWO0147774 and MWO0153315 exhibited large differences in
accumulation (VIP>1 and P<0.05) (Table 2), indicating that drought stress may have a greater
impact on these two metabolites. Seven chlorophyll synthesis-related genes were significantly
associated with MWO0147774 and MWO0153315 (P<0.05), and both of these genes were

associated with CK vs. M and CK vs. S. The seven genes were Lj4A628G54, Lju41C50G12,
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Lj2A1005T32, Lj1C213G3, Lj7A651T30, Lj9A341T44, and Lj2A202G52 (Fig. 14b and c).
Among these 7 genes, only Lj9A341T44 (HEMAI) and Lj4A628G54 (CAO) were significantly
differentially expressed (Table 1), indicating that drought stress may have a greater impact on the
expression of these two genes. In addition, the Lj4A628G54 gene (CAQO) was positively
correlated with the corresponding metabolite MW0147774 (coproporphyrinogen III) (P<0.05).
However, the 1Lj9A341T44 gene (HEMAI) was negatively correlated with the corresponding
metabolite MWO0153315 (Mg-protoporphyrin IX monomethyl ester) (P<0.05) (Fig. 15b and Fig.
15¢). RT-qPCR also confirmed the authenticity of the expression of L[j9A341T44 and

Lj9A341T44 (Fig. 11).
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Fig. 15 Correlation network between DEGs and DAMs in the CK vs. L (a), CK vs. M (b), and
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CK vs. S (c) comparisons. The Pearson correlation coefficient of DEGs and DAMs in each
pathway was greater than 0.8, and the p value was less than 0.05. Metabolites are marked by
green squares, genes by red circles, solid lines for positive correlations, and dashed lines for

negative phases

Correlation analysis of enzymes related to chlorophyll synthesis and corresponding
regulatory genes

The chlorophyll synthesis pathway has been reported in angiosperms (Fig. 15) [2]. To study
the interactions between genes and corresponding enzymes involved in chlorophyll synthesis in
L. japonica, Pearson correlation analysis was performed between the relative expression levels
(FPKM) of DEGs related to chlorophyll synthesis (Supplementary Data 5) and the corresponding
chlorophyll synthesis-related enzyme concentrations (Supplementary Data 6). As shown in Table
4, 11 of the 16 chlorophyll synthesis-related genes had a significant positive correlation with the
concentration of the corresponding chlorophyll synthesis-related enzymes (P< 0.05), indicating
that most of the genes related to chlorophyll synthesis have positive regulatory effects on

chlorophyll synthesis-related enzymes during chlorophyll synthesis in L. japonica leaves.

Table 4. Pearson correlation analysis between the relative expression (FPKM) of DEGs and
corresponding concentrations in the chlorophyll synthesis pathway.

Pearson correlation
Gene ID Gene name  Enzyme o
coefficient
Lj9A341T44 0.986** <0.01
i HEMAI Glu-tRNAs
Lj4A82G23 -0.375 >0.05
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Pearson correlation

Gene ID Gene name  Enzyme o P
coefficient

Lj6C521T1 HEMA? -1.590 >0.05
Lj1A905T43 HEMC PBGD 0.864** <0.01
Ljul24A41T48 0.580* <0.05
Ljul24C41T11 CHLH MgCH -0.420 >0.05
Lj1A1196T40 CHLI 0.618* <0.05
Lj3A950T42 CHLG CS 0.924** <0.01
Lj1A1078T64 CRDI Mg-ProtoIX Cyclase  0.706** <0.01
Lj6P670T41 DVR DVR 0.731%* <0.01
Lj8A158T81 0.873%#%* <0.01
Lj1C730T15 PORI POR 0.796%** <0.01
Lj1C848G9 0.634* <0.05
Lj7A342T52 CAO CAO 0.746%* <0.01
Lj4A628G54 -0.485 >0.05
Lj8A167T47 CHL CAO 0.236 >0.05

One asterisk in the upper right corner of the Pearson correlation coefficient indicates a significant
correlation, two asterisks indicate a highly significant correlation, and no asterisks indicate no
correlation.

Correlation analysis of enzymes and precursor metabolites related to chlorophyll synthesis

Correlation analysis between the accumulation levels of four different metabolites in the
chlorophyll synthesis pathway (Supplementary Data 7) and their corresponding chlorophyll
synthesis-related enzyme concentrations (Supplementary Data 6) revealed that URUD and
CHIM were positively correlated with the MWO0147774 and MWOI153315 metabolites,
respectively (P<0.01). There was no significant correlation between CAO or DVR and the

corresponding metabolites MW0147427 and MW0156149 (P<0.05) (Table 5).

Table 5. Pearson correlation analysis between the enzyme concentration and accumulation level
of precursor metabolites related to chlorophyll synthesis.
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Pearson correlation

Enzyme Metabolite o

coefficient
URUD MWO0147774 0.996** <0.01
CHIM MWO0153315 0.975%* <0.01
CAO MWO0147427 -6.300 >0.05
DVR MW0156149 -8.920 >0.05

Two asterisks in the upper right corner of the Pearson correlation coefficient indicate a highly
significant correlation, and no asterisks indicate no correlation.

Correlation analysis between precursor metabolites related to chlorophyll synthesis and
chlorophyll content

The results of the correlation analysis showed (Table 6) that there was a significant positive
correlation between the accumulation level of the metabolite MWO0153315 and the chlorophyll
content (P<0.05); however, three metabolites (MWO0147774, MW0147427, and MW0156149)

had no significant correlation with the chlorophyll content (P>0.05).

Table 6. Pearson correlation analysis between the accumulation levels of precursor metabolites
related to chlorophyll synthesis and chlorophyll content.

) Pearson correlation
Enzyme Metabolite o
coefficient
MWO0147774 -0.859 >0.05
Chlorophyll MWO0153315 0.961* <0.05
content MW0147427 -0.871 >0.05
MWO0156149 -0.911 >0.05

Two asterisks in the upper right corner of the Pearson correlation coefficient indicate a highly
significant correlation, and no asterisks indicate no correlation.

Discussion

It is highly important to explore the response mechanism of plants to environmental stress for
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the formulation of crop variety improvement strategies. To this end, the effects of drought stress
(light, moderate, and severe) on the physiological, biochemical, molecular and metabolic
mechanisms of L. japonica were examined. Drought stress can hinder chlorophyll synthesis,
accelerate chlorophyll degradation, and ultimately lead to a decrease in plant photosynthetic
efficiency, affecting plant growth and development. At present, there are many studies on the
effects of drought stress on plant chlorophyll degradation, but few researchers have focused on
the effects of drought on chlorophyll synthesis. In particular, the molecular and metabolic effects
of drought stress on chlorophyll synthesis in L. japonica have not been reported thus far.
Therefore, this study was focused on analyzing the changes in genes and metabolites related to
chlorophyll synthesis in L. japonica under drought stress, aiming to identify the key genes and
precursor metabolites related to chlorophyll synthesis under drought stress and provide a

scientific reference for the breeding of drought-tolerant varieties of L. japonica.

Effects of drought stress on the leaf morphology, color and physiological and biochemical
indices of chlorophyll synthesis in L. japonica

Over the course of long-term evolution, plants have developed a complete set of adaptive
mechanisms to resist stress, comprising many aspects such as morphology, structure, physiology,
and biochemistry. As the most sensitive organ on the ground for perceiving the external
environment, the leaf morphology and structure show good adaptive coordination with the

environment. For example, changes in leaf surface area and stomatal status play important roles
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in regulating gas exchange and water diffusion between plants and the environment [32-33].
Long-term drought stress can lead to changes in the external morphology and internal structure
of plant leaves. Under drought stress, plants usually reduce transpiration by reducing the leaf
area index and single leaf area [33], which manifests as a preferential reduction in leaf width [34].
Long-term drought stress can also lead to changes in leaf thickness, palisade tissue, sponge tissue,
and other internal anatomical structures. A study on the drought resistance of Medicago ruthenia,
three species of apple and different varieties of peanut, showed that leaf structure parameters,
such as leaf thickness, sponge composition and palisade tissue, changed with increasing drought
intensity. The difference in variation is related to the strength of drought resistance in plants [35].
The experimental results reveal that with the intensification of drought, the leaves of L. japonica
showed different degrees of curling and wilting, and the leaf surface area and transpiration thus
decreased, which is an external manifestation of L. japonica resistance to drought stress. In
addition, with the intensification of drought stress, the lamellar structure of plant leaves becomes
damaged, chlorophyll synthesis is blocked, and chlorophyll decomposition occurs, resulting in a
reduction in chlorophyll content and a change in photosynthetic physical properties [36]. The
most intuitive manifestation of chlorophyll reduction in L. japonica was the gradual yellowing of
leaves as drought intensified (Fig. 1). Moreover, the characteristic color difference values
showed (Fig. 2) that in the moderate (M) and severe (S) stress groups, the leaf color of L.
Japonica rice plants was more red and less green and more yellow and less blue, respectively.

This may be mainly due to the color change caused by the gradual increase in anthocyanins and
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carotenoids during chlorophyll drought stress [37], and anthocyanin content [38] after
chlorophyll synthesis is blocked or degraded. In addition, in the present study, the total
chlorophyll content (C;) of L. japonica decreased with increasing drought stress, but it increased
temporarily in the moderate stress group (L), indicating that L. japonica has strong drought
resistance. Similarly, the total chlorophyll content of wheat [12] and mung beans [36] also
decreased after drought stress, indicating that the chlorophyll content can be used as a drought
stress indicator in plants. The effects of drought stress on chlorophyll content are mainly
achieved through the synthesis and decomposition of chlorophyll by various biochemical
enzymes. Here, the changes in 15 enzymes related to chlorophyll synthesis under drought stress
were investigated. Among the 15 enzymes, only the concentrations of six enzymes (PBGD, CAO,
CS, DVR, Glu-tRNAs, and Mg-proto IX cyclase) were significantly different among the
different drought stress groups (P<0.05). Overall, the concentrations of PBGD, CAO, CS, DVR,
and Mg-proto IX cyclase generally decreased with increasing drought stress, especially when
severe drought (S) conditions were reached (Fig. 4), indicating that severe drought stress could
inhibit the production of these enzymes involved in chlorophyll synthesis and thus hinder the

synthesis of chlorophyll.

Response of L. japonica leaf chlorophyll synthesis-related genes to drought stress
To study the effects of drought stress on the expression of genes involved in chlorophyll

synthesis in L. japonica, the gene expression profiles of L. japonica leaves under different
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degrees of drought (L, M, S) were analyzed. A total of 37,735 DEGs were screened. With the
control group (CK) as a reference, the number of DEGs increased with increasing severity of
drought (Fig. 6), indicating that drought stress had a greater impact on the gene expression
profile of L. japonica. Among these DEGs, 16 genes in the chlorophyll synthesis pathway
comprise 11 categories. With the increase in drought stress, the expression of most of these 16
genes decreased (Figs. 8 and 9), indicating that drought stress inhibited the expression of most
chlorophyll synthesis-related genes and decreased the content of most enzymes in the
chlorophyll synthesis pathway, ultimately hindering the synthesis of chlorophyll. Under drought
stress, the expression of genes encoding the three enzymes (ALAD, PBGD and POR) in Triticum
aestivum seedlings was downregulated. As a result, the activity of the encoded enzyme decreased,
and the contents of the intermediate products ALA, Mg-proto IV, and chlide decreased, thus
reducing the content of chlorophyll [39]. Similarly, Ma et al [40] reported that drought stress also
inhibited the expression of PpGLTX, PpHMBS, PpUROD and other genes related to chlorophyll
synthesis in P. pratensis. Pathway analysis of chlorophyll synthesis showed (the red dotted line
in Figs. 7-9) that most of the genes involved in chlorophyll synthesis were not differentially
expressed in the moderate stress group (L), but most of these genes were downregulated in the
moderate (M) and severe (S) stress groups, indicating that only when the relative water content
of the soil was below 40% and drought lasted for a certain period did the expression of genes
related to chlorophyll synthesis in L. japonica significantly change. Among the 16 genes related

to chlorophyll synthesis (Table 1), HEMA is encoded by Glu-tRNAs [2]. In the present study,

44



662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

HEMA I, with a serial number of Lj9A341T44, was upregulated in association with the severity
of drought, and HEMA1 was significantly positively correlated with the concentration of
Glu-tRNA enzymes (Table 4), which may be an overexpression reaction of L. japonica after
activation by a transcription factor that binds to it. Therefore, the drought resistance of L.
Jjaponica may be enhanced through the overexpression of HEMA. Under stress conditions,
stress-related transcription factors can bind to cis-acting elements, thereby regulating the
expression and signal transduction of related functional genes. The overexpression of these
transcription factors in transgenic plants can activate the simultaneous expression of many stress
resistance genes. For example, overexpression of the ERF transcription factor 7SRFI in rice can
enhance drought resistance [41]. HEMC is the gene encoding PBGD. PBGD can catalyze the
conversion of orphobilinogen to hydroxymethylbilane [42]. In this study, the expression level
of HEMC (serial number: Lj1A905T43) generally decreased, revealing the inhibitory effect of
drought stress on HEMC expression. Chlorophyll is mainly composed of porphyrin rings
containing magnesium atoms and chlorophylls. Under the catalysis of MgCH, proto IX added
Mg?* to the porphyrin ring to obtain Mg-proto IX. MgCH contains three subunits, namely, the H
subunit, I subunit and D subunit. The genes encoding MgCH in these three subunits are CHLD,
CHLH and CHLI [43-44]. In this study, the relative expression levels of the CHLH gene (serial
number: Ljul24A41T48 and Ljul24C41T11) and the CHLI gene (serial number: Lj1A1196T40)
decreased as drought progressed to severe stress (S), indicating that drought stress inhibited the

expression of the MgCH coding gene. CHLG, CHL and CAO are the three key genes involved in

45



682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

the conversion of chlorophyllides into chlorophyll a and chlorophyll b. CHLG-encoded
chlorophyll synthase can catalyze the conversion of chlorophyllide a and chlorophyllide b to
chlorophyll a and chlorophyll b [45]. CAO, encoded by CAO or CHL, can achieve cyclic
conversion between chlorophyll a and chlorophyll b [46]. In this study, CHLG (serial number:
Lj3A950T42), CHL (serial number: Lj8A167T47), and CAO (serial number: Lj7A342T52) were
downregulated with increasing drought stress, indicating that drought stress inhibited the
expression of genes encoding enzymes related to chlorophyll a and chlorophyll b synthesis. CRD,
DVR, and POR are three key genes related to chlorophyll synthesis, from Mg-PME to hlide a.
CRD encodes the Mg-ProtolX cyclase, DVR encodes DVR, and POR encodes PPO. In this study,
the expression of CRD (serial number: Lj1A1078T64), DVR (serial number: Lj6P670T41), and
POR (serial number: L[j8A158T81, Lj1C730T15 and Lj1C848G9) genes decreased with
increasing drought stress. The results showed that drought stress also affected the expression of
the Mg-ProtolX cyclase, DVR, and PPO genes, which are involved in the synthesis of these three
chlorophyllide-related enzymes. In this study, the relative expression levels of three genes, CRD
(serial number: Lj1A1078T64), DVR (serial number: Lj6P670T41), and POR (Lj8A158T8l1,
Lj1C730T15 and Lj1C848GY), decreased with increasing drought stress. Taken together, these
results revealed that drought stress also had inhibitory effects on genes encoding chlorophyllide

synthesis enzymes.

Response of L. japonica leaf chlorophyll synthesis-related metabolites to drought stress
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Metabolites related to plant synthesis under stress are generally induced by signal transduction
systems, and different stress conditions lead to different levels of metabolite accumulation [47].
To study the effects of drought stress on metabolites related to the chlorophyll synthesis pathway,
4077 metabolites were identified by metabolome analysis in L. japonica. According to the
heatmap of metabolite accumulation (Fig. 10), with the control group (CK) as a reference, the
metabolite pattern in the light stress group (L) was similar, but the metabolite pattern differed
from that in the moderate stress group (M) and the difference was more significant in the severe
stress group (S), indicating that the metabolic level in L. japonica strongly changed with
increasing drought stress. A total of 2,132 DAMs were screened from the three drought stress
groups (L, M, and S). Among these DAMs, a total of four precursor DAMs in the chlorophyll
synthesis pathway were identified. Among the four DAMs, the metabolites coprogen III and
Mg-PME were both downregulated with increasing drought stress. However, pchlide and chlide
b were both upregulated (Table 3). The decreased accumulation of coprogen III and Mg-PME
may be related to their catalytic enzymes. The positive correlation between the accumulation
levels of the two metabolites and their respective catalytic enzyme contents (UROD and CHIM)
was highly significant (P<0.01, Table 5). The decreases in the accumulation of
coproporphyrinogen III and Mg-PME may also be attributed to the negative feedback adjustment
of the two downstream metabolites (pchlide and chlide b) caused by the increase in their

accumulation with the aggravation of drought stress.
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Key genes and precursor metabolites of chlorophyll synthesis under drought stress in L.
japonica

To identify the key genes and precursor metabolites associated with chlorophyll synthesis in L.
Japonica in response to drought stress, the correlations between DEGs and DAMs involved in
chlorophyll synthesis in L. japonica under drought stress were analyzed. The correlation network
(Fig. 14) showed that two kinds of precursor metabolites related to chlorophyll synthesis,
MWO0147774 (coprogen III) and MWO0153315 (Mg-PME), were mapped together in CK vs. M
and CK vs. S and exhibited large differences in accumulation. The DEGs related to chlorophyll
synthesis were Lj4A628G54 (CAO) and Lj9A341T44 (HEMAI), which were strongly associated
with the two precursor metabolites. Of the two precursor metabolites, only MWO0153315 had a
significant positive relationship with chlorophyll content (Table 6). Therefore, the metabolite
Mg-PME and its strongly related gene HEMAI may be key precursor metabolites and key
regulatory genes involved in chlorophyll synthesis in L. japonica in response to drought stress.
However, how drought stress impedes chlorophyll synthesis by affecting HEMAI and Mg-PME

requires further investigation.

Conclusions
In this study, the effects of drought stress on chlorophyll synthesis in L. japonica were
analyzed from the perspectives of physiology, biochemistry, the transcriptome, and the

metabolome. With increasing drought stress, the leaves of L. japonica gradually turned yellow
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and wilted, and the total chlorophyll content decreased gradually. Through the detection of gene
expression and enzyme concentrations, it was concluded that under drought stress, the expression
levels of most genes in the chlorophyll synthesis pathway decreased, and the content of
chlorophyll synthesis-related enzymes decreased, which may correlate with a decrease in
chlorophyll content. In addition, combined transcriptomic and metabolomic analysis suggested
that the metabolite Mg-PME and its strongly related gene HEMAI may be key precursor
metabolites for chlorophyll synthesis and key chlorophyll synthesis regulatory genes in L.
Jjaponica in response to drought stress. However, how drought stress impedes chlorophyll

synthesis by affecting HEMA 1 and Mg-PME requires further exploration.
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