Different roles of Ca’* and chitohexose in peanut
(Arachis Hypogaea) photosynthetic responses to
PAMP- Immunity (#90414)

First submission

Guidance from your Editor

Please submit by 11 Oct 2023 for the benefit of the authors (and your token reward) .

Structure and Criteria

Please read the 'Structure and Criteria' page for general guidance.

Raw data check

Review the raw data.

Image check

Check that figures and images have not been inappropriately manipulated.

If this article is published your review will be made public. You can choose whether to sign your review. If
uploading a PDF please remove any identifiable information (if you want to remain anonymous).

Files 4 Figure file(s)
Download and review all files 2 Table file(s)
from the materials page.


https://peerj.com/submissions/90414/reviews/1451577/materials/

For assistance email peer.review@peerj.com

Structure and 2
Criteria

Structure your review
The review form is divided into 5 sections. Please consider these when composing your review:
1. BASIC REPORTING
2. EXPERIMENTAL DESIGN
3. VALIDITY OF THE FINDINGS
4. General comments
5. Confidential notes to the editor

You can also annotate this PDF and upload it as part of your review

When ready submit online.

Editorial Criteria
Use these criteria points to structure your review. The full detailed editorial criteria is on your guidance page.

BASIC REPORTING EXPERIMENTAL DESIGN
Clear, unambiguous, professional English Original primary research within Scope of
language used throughout. the journal.
Intro & background to show context. Research question well defined, relevant
Literature well referenced & relevant. & meaningful. It is stated how the

Structure conforms to Peer] standards, research fills an identified knowledge gap.

discipline norm, or improved for clarity. Rigorous investigation performed to a
high technical & ethical standard.

Figures are relevant, high quality, well
labelled & described. Methods described with sufficient detail &

Raw data supplied (see Peer] policy). information to replicate.

VALIDITY OF THE FINDINGS

Impact and novelty not assessed. Conclusions are well stated, linked to
Meaningful replication encouraged where original research question & limited to
rationale & benefit to literature is clearly supporting results.

stated.

All underlying data have been provided;
they are robust, statistically sound, &
controlled.


mailto:peer.review@peerj.com
https://peerj.com/submissions/90414/reviews/1451577/
https://peerj.com/submissions/90414/reviews/1451577/guidance/
https://peerj.com/about/author-instructions/#standard-sections
https://peerj.com/about/policies-and-procedures/#data-materials-sharing
https://peerj.com/about/aims-and-scope/
https://peerj.com/about/aims-and-scope/

Standout
reviewing tips

P

The best reviewers use these techniques
Tip

Support criticisms with
evidence from the text or from
other sources

Give specific suggestions on
how to improve the manuscript

Comment on language and
grammar issues

Organize by importance of the
issues, and number your points

Please provide constructive
criticism, and avoid personal
opinions

Comment on strengths (as well
as weaknesses) of the
manuscript

Example

Smith et al (] of Methodology, 2005, V3, pp 123) have
shown that the analysis you use in Lines 241-250 is not the
most appropriate for this situation. Please explain why you
used this method.

Your introduction needs more detail. | suggest that you
improve the description at lines 57- 86 to provide more
justification for your study (specifically, you should expand
upon the knowledge gap being filled).

The English language should be improved to ensure that an
international audience can clearly understand your text.
Some examples where the language could be improved
include lines 23, 77, 121, 128 - the current phrasing makes
comprehension difficult. | suggest you have a colleague
who is proficient in English and familiar with the subject
matter review your manuscript, or contact a professional
editing service.

1. Your most important issue

2. The next most important item
3.

4. The least important points

I thank you for providing the raw data, however your
supplemental files need more descriptive metadata
identifiers to be useful to future readers. Although your
results are compelling, the data analysis should be
improved in the following ways: AA, BB, CC

I commend the authors for their extensive data set,
compiled over many years of detailed fieldwork. In addition,
the manuscript is clearly written in professional,
unambiguous language. If there is a weakness, it is in the
statistical analysis (as | have noted above) which should be
improved upon before Acceptance.



Peer]

Different roles of Ca’* and chitohexose in peanut (Arachis
Hypogaea) photosynthetic responses to PAMP- Immunity

Quan Wang Equal first author, 1 , Ye Zhang Equal first author, 2 , Li Cui 1 , ]ing]ing Meng 1 , Sha Yang Corresp., 1 , Xinguo Li Corresp., 1 , ShllbO
Wan '’

1

Institute of Crop Germplasm Resources, Shandong Academy of Agricultural Sciences, Ji'nan, 250100, P. R., China
2

HuangShan University, College of life and environment sciences, Huangshan, 245702, P. R., China
3 Shandong Academy of Agricultural Sciences, Ji'nan, 250100, P. R, China

Corresponding Authors: Sha Yang, Xinguo Li
Email address: yangsha0904@126.com, xinguol@163.com

Background; Fherearerecognitionreceptorsonthe surface ot plantcells that shimulate
trdRe-respenses, The conserved components of pathogenic microorganisms that can be

recognized by such receptors are called pathology-related molecular patterns, e.g. flagellin
22 (FLG22) and chitohexose. This immune triggering pattern is relatively conservative and
is the result of long-term plant evolution. Leaf disease is a common disease of peanut in

late growth period. It has been widely accepted that Ca** signal transduction pathway
involved into almost all plant physiological processes. Meanwhile, the regulation of
photosynthesis by immune pathways of triggered by PAMPs in peanuts remains unclear.
Methods: In the present study, we try to assess the role of PAMPs in peanut

photosynthesis, especially, the interaction between PAMPs and Ca** signal transduction
pathway. Results:Both FLG22 and chitohexose significantly promoted the expression of

PR-4 and PR-10 genes, and Ca** enhanced the expression of these two genes. Ca** is
involved in the downregulation of the PSII reaction center activity induced by FLG22

immune response, but the role of chitohexose is not obvious. Additionally, Ca**
significantly reduced non-photochemical energy dissipation in FLG22 and chitohexose -
induced immune response. Conclusion: These results indicated that both FLG22 and

chitohexose can trigger peanut immune pathways through Ca** signal transduction, but
their regulation of PSIl reaction center activity is different.
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Abstract
Background:

responses; The conserved components of pathogenic microorganisms that can be recognized by
such receptors are called pathology-related molecular patterns, e.g. flagellin 22 (FLG22) and
chitohexose. This immune triggering pattern is relatively conservative and is the result of long-

caf diseaseis-a isea 3 inla vth-period. It has

term plant evolution. L
been widely accepted that Ca®' signal transduction pathway involved into almost all plant
physiological processes. Meanwhile, the regulation of photosynthesis by immune pathways of
triggered by PAMPs in peanuts remains unclear.

Methods: In the present study, we try-to assess the role of PAMPs in peanut photosynthesis,
especially, the interaction between PAMPs and Ca?* signal transduction pathway.

Results: Both FLG22 and chitohexose significantly promoted the expression of PR-4 and PR-10

genes, and Ca?" enhanced the expression of these two genes. Ca?" is involved in the

downregulation of the PSII reaction center activity induced by FLG22 immune response, but the
role of chitohexose is not obvious. Additionally, Ca®* significantly reduced non-photochemical
energy dissipation in FLG22 and chitohexose -induced immune response.

Conclusion: These results indicated that both FLG22 and chitohexose can trigger peanut
immune pathways through Ca?" signal transduction, but their regulation of PSII reaction center

activity is different.

Keywords: Peanut, PAMP, Photosynthesis, ROS, Ca?" signal transduction pathway

Peer] reviewing PDF | (2023:09:90414:0:1:NEW 13 Sep 2023)


Cross-Out

Inserted Text
Plant cells have recognition receptors that stimulate the immune system

Cross-Out

Inserted Text
Leaf diseases are common in peanut at late growth period.

mahesh
Cross-Out

mahesh
Cross-Out

Cross-Out

Inserted Text
assessed


PeerJ

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76
77
78
79
80
81
82
83
84

85

Introduction

Peanut (Arachis Hypogaea) is an important oil crop in China, even in the world. Besides being
used for oil and food, peanut can be used as raw materials for poultry and aquatic feed
processing since the by-products of peanut processing are rich in protein.

In natural environments, plants inevitably expose to all kinds of microorganisms, especially
disease-causing microbes, which will infect plants to achieve their own growth and reproduction.
When plants are infected, the aging and shedding of leaves will be accelerated. In order to
prevent the further spread of pathogenic microorganisms, the plants themselves will cause the
rapid programmed death of cells around the infection site. This phenomenon is called
hypersensitivity, which is a common mechanism of plant immune response. Plants recognize the
essential components of microbial conservation through pattern recognition receptors (PRR) to
quickly start the immune pathway (Lu et al., 2010). The pathogenic microbial conservation
components that can be recognized by this receptor are called pathogen-associated molecular
patterns (PAMP), and then release a variety of signaling molecules, such as calcium ions (Ca®"),
reactive oxygen species (ROS) and various plant hormones. This mechanism evolved from the
long-term confrontation between pathogenic microorganisms and plants, so the immunity
triggered by pathogen-related molecular patterns is the key to our study of plant immunity (Jie et
al., 2007).

Plants use light energy to synthesize CO, and H,O into organic matter in chloroplasts and

release oxygen, which is known as photosynthesis. Photosynthesis is divided into light reaction

and dark reaction. The light reaction is mainly involved in Photosystem I (PSI) and
Photosystem 1 (PSI) proteins to convert light energy into chemical energy, while the dark
reaction uses the energy and substances generated by the light reaction to convert CO, into
organic substances, which is the Calvin cycle. Plant photosynthesis is responsible for most of the
production of oxygen and the fixation of biomass on Earth (Hankamer et al., 1997). Therefore,
when plants are stressed, their cells will devote a lot of energy to resist stress. In this case, the
physiological and biochemical indexes of plants will inevitably decrease, including those of
photosynthesis.

Flagella is the motor organ of bacteria, which enables bacteria to respond to stimuli (Hajam et

al., 2017). Flagellin is derived from the conserved N-terminal or C-terminal of the flagella of
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various bacteria. Animal and plant cells are able to recognize flagellin and respond to bacterial
infections in advance. In 1999, Felix et al., purified flagellin from Pseudomonas syringae and
synthesized a highly conserved amino acid residue sequence at the N-terminal as a stimulus to
treat plant cells (Felix et al., 1999). They found that plant cells could rapidly produce reactive
oxygen species and other substances, and identified FLG22 as a key stimulus factor for some
plants to recognize bacteria and produce immune substances (Felix et al., 1999). Gomez-Gomez
et al., ‘arther identified the receptor FLS2 with a transmembrane domain involved in the
recognition of FLG22 by screening Arabidopsis mutants (Gomez and Boller 2000), while FLG22
recognizes its extracellular domain (Dunning et al., 2007). Besides FLG22, chitosan has been
widely used in agriculture to increase the ability of plants to resist stress. Although some studies
have found that chitosan can induce plant cells to produce a defense response, and even cause
programmed cell death, more studies believe that chitosan can stimulate a series of defense

responses and enhance plant resistance to stress (Katiyar et al., 2015; Jia et al., 2019; Khan et al.,
2003).

Environmental signals trigger rapid and transient increases in cytosolic Ca?". The alteration in
the level of Ca?" triggers a full range of signal transduction pathways involved in many
physiological and biochemical processes in response to abiotic and biotic stresses in plants

(Bowler and Fluhr, 2000; Schreiber et al., 1994). Our previous studies have shown that Ca>*

signaling pathway plays a regulatory role in photosynthesis, regulating the turnover of PSII

reactive center protein components and non-photochemical quenching of chlorophyll
fluorescence (NPQ) (Brunner, 2002). It is well known that there are many common signaling
molecules in the immune and photosynthetic pathways of plants, such as Ca?>" and ROS. In this
study, FLG22 and chitohexose, were used to study the induction of immune response in peanut
leaves as well as photosynthesis. The results showed that both FLG22 and chitohexose could
improve the immune function of peanut by inhibiting the photo-cooperation of peanut leaves to
improve the disease resistance of peanut plants. In short time, Ca** synergies FLG22 and
chitohexose to promote the inhibition of photosynthesis and enhance FLG22 and chitohexose as

enhancers of plant immune response.

Peer] reviewing PDF | (2023:09:90414:0:1:NEW 13 Sep 2023)


Sticky Note
year

Sticky Note
Add hypothesis or aim of the study


PeerJ

115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

145

Materials and Methods

Plant Materials, Growth Conditions and Treatments

Huayu 25, a peanut (4Arachis Hypogaea) cultivar variety, was used as material in this study,
which was cultured in small plastic pots containing quartz sand. The upper diameter of the pot is
9 cm, the lower diameter is 6.5 cm and the height is 8 cm. The seedlings incubated without Ca?*
were marked as NC, and those incubated with Hoagland nutrient solution were marked as CA.
The plants were grown at 25/20°C (day/night) under a 14 h photoperiod [300 pmol m s-! photon
flux density (PFD)] for 20 d in a greenhouse. Calcium nitrate tetrahydrate was completely
removed from Hoagland nutrient solution and balanced nitrogen with ammonium bicarbonate in
NC. After about 20 days of cultivation, peanut functional leaves were taken and placed in a petri
dish with deionized water for dark adaptation 4 h. The initial data of CA and NC groups were
measured, and then incubated with 1 uM FLG22 and 200 g ml! chitohexose for 1 h, 2 h and 4 h,

respectively.

Chloroplast fluorescence measurement

Determination of Chlorophyll fluorescence with a portable fluorometer (FMS2, Hansatech, UK)
according to the protocol described (Zargar et al., 2015). A Handy PEA was used to measure
photosynthetic parameters after dark adaptation. Photosynthetic parameters were calculated with
reference to Strasser (Zargar et al., 2015). After fully dark adaptation of isolated leaves in each
group, Plays), a performance index based on absorbed light energy, was measured in the whole
process by a continuous excitation fluorescence analyzer (Handy PEA), which was attached to
the leaf clip on the probe. NPQ was estimated as NPQ = Fm/Fm’-! according to (Yang et al.,
2015b), where Fm was measured after dark adaptation for more than 2 h at room temperature

prior to stress, Fm' is the maximum intensity of fluorescence in light-acclimated leaves.

Determination of ROS

Hydrogen peroxide (H,0O;) concentration was measured according to the method of (Yang et al.,
2015a) with modifications. The leaf samples (0.5 g) were homogenized with 3 ml phosphate
buffer (50 mM, pH 6.8). The homogenate was centrifuged at 6 000 x g for 25 min. Extracted
solution (3 ml) was mixed with 1 ml of 0.1% titanium sulfate in 20% (v/v) H,SO,4 and the

mixture was then centrifuged at 6 000 x g for 15 min. The intensity of the yellow supernatant

Peer] reviewing PDF | (2023:09:90414:0:1:NEW 13 Sep 2023)



PeerJ

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

173

174

175

176

was measured at 410 nm. H,O, level was calculated using an extinction coefficient of 0.28
umol! cm™! according to the standard curve plotted with known H,O, concentration.

The assay for superoxide anion (O,) was performed as described by (Yang et al., 2015a).
Fresh leaves without midrib were thoroughly ground in an ice bath in a grinding medium
containing 0.05 M phosphate buffer (pH 7.8). The homogenate was centrifuged at 5 000 x g for
10 min at 4°C. The supernatant with phosphate buffer (pH 7.8) and 10 mM hydroxylammonium
chloride was incubated at 25°C for 20 min, then 17 mM p-aminobenzene sulfonic acid and 7 mM
a-naphthylamine were added, and the mixture was incubated at 25°C for 20 min. Finally, ethyl
ether was added into the mixture that was centrifuged at 1 500 x g for 5 min. The water phase
was used to determine the absorbance at 530 nm. The O," generation was calculated per g fresh

mass of leaves.

The total RNA extraction and Real Time PCR

Total RNA was extracted from the peanut leaves with the RNA simple kits (TITANGEN
BIOTECH, China) according to the manufacture’s protocol. cDNAs were reverse transcribed
using the PrimeScript™ first-strand cDNA synthesis kit (K1622 Thermo scientific). The PCR
was amplified following the instruction of SYBR Premix Ex Taqg™ (TaKaRa, Inc., Dalian, China)
with the qRT-PCR amplification instrument (ABI 7500, USA). The TUAS5 gene was used as
control to calculate the relative expression level.

The sequences of PR-4, PR-10, PsbO and PsbP genes were obtained from NCBI, and the
accession numbers were XM 025747762.2, EU661964.1, XM 025833053, XM 025809804,
respectively. Primer sequences were as follows: TUAS-F (5'-3"):
CTGATGTCGCTGTGCTCTTGG; TUAS —R (5-3"): CTGTTGAGGTTGGTGTAGGTAGG;
PR-4 F (5'-3": ACTGCTTTCTGTGGGCCTGTTG; PR-4 R (5'-3"):
GCCCTCCATTGCTGCACTGATC; PR-10 F (5'-3"): TTGAGGGAAACGGTGGTCCT; PR-10
R (5'-3"): GAGCCACTCCTCCAACAACG.

Statistical Analysis

Statistical significance between groups was evaluated with one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range test in SPSS Statistics 20.0 (SPSS Inc., Chicago,

IL, USA). The mean + standard error was calculated from three biological replicates per
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treatment group for each assay. Differences were considered statistically significantly at p < 0.05.

Results
FLG22 and chitohexose induced PR gene expression

PAMPs or pathogenic microorganisms can trigger immune response in plants. Not only ROS-
mediated signaling but also mitogen-activated protein kinase (MAPK) is activated upon FLG22
to regulate the change in the expression of pathogenic related gene (PR) (Tornero et al., 1997).
In the present study, PR-4 and PR-10 were selected to assess the effects of FLG22 and
chitohexose. PR-4 is associated with chitinase and has antifungal activity, PR-10 gene family
encodes small proteins with cytoplasmic localization, which play roles in RNA enzymes and
post-translational modifications and respond to both non-biological and biological factors (Kaku
et al., 2006). Chitohexose belongs to chitohexose fragments, and chitohexose oligosaccharide is
a highly effective plant defense stimulator. Both FLG22 and chitohexose significantly promoted
the expression of PR-4 (Fig. la, 1c) and PR-10 genes (Fig. 1b, 1c), and the increase in their
expression level was more evident at the presence of Ca?" (Fig. 1) suggesting that peanut can
respond to plant immune regulation positively, and Ca?" signal transduction pathway is involved

into the immune response caused by FLG22 and chitohexose.

Effects of FLG22 and chitohexose on the activity of photosystem reaction center

PI(,bs) Was an important parameter which could comprehensively reflect the density, absorption

and electron transfer of PSII optical reaction center. When treated with FLG22, Pl of CA

group decreased and then remained unchanged, while that of NC group increased slightly and
then kept unchanged, compared with that of untreated samples, the P, of CA group was lower
while that of NC group was higher (Table 1). P, of NC group did not change when treated
with chitohexose, and Pl of CA group decreased at first and almost returned to the initial
level after 4 hours of treatment (Table 1). It seems that the immune response triggered by FLG22
and chitohexose can reduce the number of reaction centers and the performance index of leaf
light absorption. And the decrease of the number of reaction centers would cause the decrease of

the maximum light conversion efficiency and photosynthetic performance index, and then reduce
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the photosynthesis of plants, while the effects of chitohexose were not obvious. Since Ca?" has a
positive response to FLG22 but chitohexose triggered immune response and can mobilize
resources for the immune pathway more quickly, the density of response centers with Ca?*

involvement is significantly lower than that without Ca?', and the Ca?" signal transduction

pathway reduces the reducing power of PSII reaction centers, thus improving the protective role

of plants.

FLG22 and chitohexose induced CP12 and PsbS gene expression
PsbS encodes one of PSII protein component which is related to NPQ. Under FLG22 treatment,
the expression of PshS gene showed an up-regulated trend in NC group, however, it showed a
down-regulated trend in CA group, even it had a short increase at first 1h treatment, and the
expression level of CA group was significantly lower than that in NC group (Fig. 2a). When
treated with chitohexose, the expression trend of PsbS showed down-regulated trends in both CA
group and NC group with no obvious difference between CA group and NC group (Fig. 2c¢).
CP12 participated in Calvin cycle which was localized in chloroplastid. The expressions of
CP12 were detected when treated with FLG22 and chitohexose, respectively. The expression of
CP12 showed a down-regulated trend in CA group, even it slowly up-regulated at the end of the
treatment which was not reach the initial level. The expression showed an up-regulated trend in
NC group, and its expression level is obviously higher than that in CA group (Fig. 2b). When
treated with chitohexose, the expression of CP/2 showed a down-regulated trend in both NC
group and CA group, even it had a short up-regulation in first 2 h in CA group. During the whole
treatment, its expression level showed higher in CA group than that in NC group (Fig. 2d). These
results suggested that FLG22 induced the expression of CPI2, while Ca?" prevented this
progress and become less effective. After treated with chitohexose, the expression of CP12 was

restrained, although Ca®* can only slow this process.

Influence of immune response triggered by FLLG22 and chitohexose on energy dissipation

During the process of plant immunity, the immune response was more efficient when the plants
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activated the inhibited photosynthesis through MAPK cascade signal. The captured light energy
was mainly consumed through three pathways including photochemical electron transfer,
chlorophyll fluorescence emission and heat dissipation during photosynthesis. Among them,
photochemical electron transport was related to the synthesis of photosynthate, and chlorophyll
fluorescence emission was only a small part of light energy consumption, and the excess energy
would cause damage to PSII through the photooxidation induced by the accumulation of ROS.
Therefore, heat dissipation was an important way to consume excess light energy and prevent
photodamage. To excess excitation energy as heat dissipation in a harmless way was called NPQ.
Violaxanthin de-epoxidase (VDE) encodes Violaxanthin de-epoxidase, which interacted with
PsbS to participate the composition of NPQ. The expression of VDE was continued down-
regulated till 2 h after treated with FLG22, and slightly up-regulated at 4 h in both NC and CA
groups, and the expression of VDE showed similar in CA group and NC group, while at 4 h, the
VDE expression was significantly lower in CA group comparing to NC group (Fig. 3a).
Meanwhile, the VDE expressed up-regulated at 1 h and 2 h but down-regulated at 4 h after
treaded with chitohexose in CA group while only up-regulated at 1 h and down-regulated at both
2 h and 4 h in NC group (Fig. 3c). These results suggested that chitohexose could induced up-
regulation of VDE comparing with FLG22, and Ca?* promoted the regulation of the expression
of VDE.

NPQ can reflect excess energy dissipation in plants and is related to PsbS protein and the
xanthophyll cycle. As shown in Fig. 3, when treated with FLG22, the NPQ of both CA group
and NC group significantly decreased, while the NPQ of NC group was higher than that in CA
group. And, when treated with chitohexose, NPQ of both CA and NC groups showed a
downward trend, and NPQ in CA group was significantly lower than that in NC group (Fig. 3b,
3d). These results suggested that both FLG22 and chitohexose induced immune responses can
reduce energy dissipation in peanut leaves, and Ca?" is involved in reducing non-photochemical

energy dissipation in the immune response process stimulated by both of them.

Changes in the content of ROS induced by FLG22 and chitohexose

ROS plays an important role in various physiological processes such as immune response,
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development, cell elongation and hormone signaling in plants (Wan et al., 2008). When exposure
to Ca?', plant immune regulation is often accompanied by the rise of ROS, which act as signal
molecules in the immune pathway and enhance the ability of cells to resist pathogenic
microorganisms (Bautista-Barios and Herndndez-Lopez, 2004). The rise of H,O, and O?- is one
of the characteristics of early defense response after PAMPs recognition by plants (Li et al.,
2016). There was no obvious difference of the H,O, content between the NC group and the CA
group under both FLG22 and chitohexose treatment (Fig. 4a, 4c) with the increase of the early
stage of treatment. The contents of O, in the cytoplasm of peanut leaves began to increase
during the first 1 h under both FLG22 and chitohexose treatment, while the NC group was
slightly higher than the CA group within following 3 h (Fig. 4b, 4d), which may be related to the
Ca?" signaling pathway improving the ROS scavenging capacity of plants (Katiyar et al., 2015).
These results indicated that the rise of ROS in peanut leaves is an important process of plant
immune regulation. The rise of ROS in peanut leaves is an important process of plant immune
regulation, but the role of Ca?* regulation only has slight effects on the accumulation of O?~ (Fig.

4b, 4d).

Discussion

il in-China- In the late growth period, peanut
leaves often suffer from disease infection, which seriously affects the yield and quality of peanut.
When leaves are threatened by disease, the plant will devote a lot of energy to resist the disease
threat. In this process, photosynthesis and other physiological and biochemical indicators will
inevitably be reduced. The main purpose of this study was to study the effects of FLG22 and
chitohexose on the immune response process and the regulation of photosynthesis in peanut.
Since Ca?" is an essential element in plant growth and plays a regulatory role in plant
photosynthesis (Yang et al., 2015b, Yang et al., 2013), this study further analyzed the synergistic
effect of Ca?" with plant immune modulator FLG22 and chitohexose in photosynthesis regulation.

Being the motor organ that enables bacteria to respond to stimuli (Hajam et al., 2017),

flagellin is derived from the conserved N-terminal or C-terminal of the flagella of various
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bacteria and belongs to the protein PAMPs. Because of these characteristics, animal and plant
cells can recognize flagellin. Additionally, chitohexose is a natural, biodegradable polymer
material, which is widely used in beauty, food, biology, medicine, agriculture and other fields
(Bautista-Banos and Herndndez-Lopez, 2004). Chitohexose, a fragment of chitosan belonging to
sugar PAMPs, has the same biological effects, although it is a high polymer (Li et al., 2016).

As a marker gene that responds to immune-related plant hormones such as salicylic acid,
jasmonic acid and ethylene, and also an important component of plant defense system, PR-4 and
PR-10, which belong to PR gene family, can be induced by biological or abiotic stress (Liu et al.,
2014; Du et al., 2017), both—of their expression «..creased when treated with FLG22 and
Chitohexose (Fig. 1), and the high expression level of PR-4 and PR-10 companied by the high
content of ROS in peanut leaves (Fig. 4) suggested that FLG22 and Chitohexose could trigger an
immune response to improve the plant's ability to environmental stress. ROS play an important
role in promoting tissue repair and resistance to pathogenic microorganisms in plants (4sada,
2006). Plants often respond to stress by forming ROS (Vera-Jimenez and Nielsen, 2013) to
improve the resistance. As a second messenger, Ca?" participates in the regulation of most cell
physiological metabolism. A large number of experimental studies have shown that Ca®" signal is
also involved in the signal transduction process of plant-pathogen interaction (Ma et al., 2009).
The existence of Ca’?" inhibits the accumulation of O,~ in plant immune processes during
response to FLG22 and chitohexose (Fig. 4b, 4d). In addition, it seems that Ca?' signal
transduction pathway can not only stabilize the immune response, but also improve the disease
resistance of plants since Ca?' synergistically inducing the expression of PR-4 and PR-10 genes
in peanut leaves, and promoting the regulation of FLG22 and chitohexose on the expression of
pathogen-related genes in peanut leaves (Fig. 1).

When the plant defense signal reaches the cytoplasm, it is further transmitted to each organelle.
There are calcium-related channels in the chloroplast membrane that transmit signals to

chloroplast bodies. The performance index Pl based on the absorption of light energy showed

that Ca®* was involved in the activity of PSI reaction center in the process of down-regulating
the immune response induced by FLG22, while NC group relatively moderated the effect of
immune regulation on PSII activity (Table 1). Gao et al., treated tobacco leaves infected with
pathogenic microorganisms with Ca?* channel inhibitor LaCl; and obtained similar results (Gao

et al, 2012). In FLG22-induced immune pathway, Ca?" can actively respond to the immune
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pathway with causing lower Pl It seems that Ca?" and chitohexose has different role on

PS I reaction center activity since chitohexose has not significant effects on Pl (Table 1).

CP12 is a chloroplast and photosynthesis-related protein that participates in the Calvin cycle
of photosynthesis by interacting with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
Phosphoribulokinase (PRK) (Rocha and Vothknecht, 2013). Although the different responses of
CP12 after treated with FLG22 and chitohexose, chitohexose inhibited the expression of CP12
gene compared with FLG22, and then inhibited the Calvin cycle in plants, thus reducing plant
photosynthesis. At the same time, Ca’>" participation can still inhibit CP/2 gene expression,
although it slows down the effects (Fig. 2).

The expression level of PsbS and VDE were identified in this study which participate in the

stabilization of PS II . When treated with FLG22 and chitohexose, the relative expression of PsbS
and VDE suggested that compared with FLG22, the immune pathway induced by chitohexose
induced PsbS gene down-regulation and VDE gene up-regulation, while in the case of
chitohexose treatment, Ca’* plays a more significant role in regulating the expression of VDE
gene. Since PsbS gene expression can improve photosynthetic capacity, and VDE gene
expression can protect photosynthetic organs from damage excess light energy, then explain,
chitohexose can reduce the photosynthesis of plants, but it can make the photosynthetic organs
from the destruction of excess light energy, improve the plant of photosynthetic organ protection
(Sylak-Glassman et al., 2014).

Heat dissipation is an important pathway to protect plant photosynthetic reaction centers. NPQ
can be used to reflect the ability of plants to dissipate excess light energy. The larger NPQ is
under strong light, the stronger the plant's photoprotection ability is. It has been clear that NPQ is
closely related to calcium ions (Yang et al., 2013). FLG22 and chitohexose could reduce the heat
dissipation, while Ca?* further inhibited the heat dissipation treated with FLG22 and chitohexose
(Fig. 3b, 3d). Besides NPQ, the reaction center inactivation also helps plant to dissipate excess
energy when treated with Ca?", because of the decreased expression of CP12 (Fig. 2b, 2d). The
Ca?"- free treatment may dissipate heat mainly by inactivation of the reaction center. The
decrease of heat dissipation may be attributed to the fact that plants can increase the energy
utilization rate of plants by reducing energy dissipation, which is used to rapidly cause the
eruption of reactive oxygen species (Fig. 4), thereby accelerating the triggering of immune

regulation (Géhre et al., 2012).
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FLG22 and chitohexose can enhance the immune response of plants by reducing
photosynthesis, thus improving the disease resistance of plants. inhibited photosynthesis by
inducing down-regulation of PsbS and CP12 genes (Fig. 2), promoting up-regulation of VDE
genes, and decreasing heat dissipation and non-photochemical energy dissipation of peanut
leaves (Fig. 3). Therefore, it seems that FLG22 and chitohexose can enhance the immune
response with different pathway to increase the resistance of peanuts, and FLG22 is focused on
downregulating activation of photosynthetic reaction centers, while chitohexose mainly

regulating the accumulation of ROS, especially O,

Conclusions

Hypersensitivity reaction is a common mechanism of plant immune response. On the surface of
plant cells, there are recognition receptors that stimulate the immune response. The conserved
components of pathogens that can be recognized by receptors, such as flagellin fig22 and
chitosan. At present, there are many studies on the regulation of photosynthesis under adverse
stress, but there are relatively few studies on the regulation of photosynthesis by immune
regulation, while that regulation of peanut photosynthesis by immune pathway triggered by

PAMPs has not been reported.

measured-—The results indicated that flg22 and chitosaccharides triggered peanut immune

pathways through Ca?" signaling. flg22 triggered the immune pathway mediated by Ca’?" can

decrease the activity of photosynthetic reaction center. However, the lack of Ca®" can alleviate

the damage caused by the immune pathway to PS I, but the activity of PS I will be affected.

Compared with flg22, the immune pathway triggered by chitosaccharides has less influence on

photosynthetic electron transport, and both flg22 and chitosaccharides cause reduced energy
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dissipation, while the down-regulation of NPQ requires Ca?" participation.
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Figure legends

Fig. 1 Effects of FLG22 and chitohexose treatments on expression level of pathogen related
genes in peanut leaves. (a) Expression of PR-4 gene in peanut leaves treated with 1uM FLG22;
(b) Expression of PR-10 gene in peanut leaves treated with 1uM FLG22; (¢) Expression of PR-4
gene in peanut leaves treated with 200pug/ml chitohexose; (d) Expression of PR-10 gene in

peanut leaves treated with 200ug/ml chitohexose. Means + SD.

Fig. 2 Effects of FLG22 and chitohexose treatments on expression level of photosynthesis-
related genes CPI2 and PsbhS in peanut leaves. (a) Expression of PsbS gene in peanut leaves
treated with 1uM FLG22; (b) Expression of CP/2 gene in peanut leaves treated with 1uM
FLG22; (c) Expression of PsbS gene in peanut leaves treated with 200pg/ml chitohexose; (d)
Expression of CP12 gene in peanut leaves treated with 200pug/ml chitohexose. Means + SD.

Fig. 3 Effects of FLG22 and chitohexose treatments on expression level VDE gene and NPQ in
peanut leaves. (a) Expression of VDE gene in peanut leaves treated with 1uM FLG22; (b) NPQ
in peanut leaves treated with 1uM FLG22; (c) Expression of VDE gene in peanut leaves treated
with 200pg/ml chitohexose; (d) NPQ in peanut leaves treated with 200pg/ml chitohexose. Means
+ SD.

Fig. 4 Effects of FLG22 and chitohexose treatments on content of H,O, and O, in peanut leaves.
(a) Changes of content of H,O, in peanut leaves treated with 1uM FLG22; (b) Changes of
content of O, in peanut leaves treated with 1uM FLG22; (¢) Changes of content of H,O, in
peanut leaves treated with 200pug/ml chitohexose; (d) Changes of content of O, in peanut leaves

treated with 200pg/ml chitohexose. Means = SD.
Table. 1 Effects of FLG22 and chitohexose treatments on the activity of photosystem reaction

center indicated by Pl
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Table 1l(on next page)

Effects of FLG22 and chitohexose treatments on the activity of photosystem reaction
center indicated by P,
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1  Table 1. Effects of FLG22 and chitohexose treatments on the activity of photosystem reaction center indicated by Pl s

FLG 22 (1uM) Chitohexose (200pg/ml)
Time (h) NC CA NC CA
(Means + SD) (Means = SD) (Means + SD) (Means = SD)
1 8.7832 +£0.2625 9.1767 £ 0.372 9.5630 = 1.02834 10.0273 £1.0144
2 9.2564 +0.02548 7.8374 +£0.3453 9.6554 £ 1.16634 9.6740 + 1.53454
3 9.0753 £0.3731 7.9554 +0.3327 9.8453 £ 0.82384 9.0673 +0.74309
4 8.8453 +0.5834 7.9443 +0.1899 9.8026 + 0.5864 9.8632 +1.18847
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Figure 1

Effects of FLG22 and chitohexose treatments on expression level of pathogen related
genes in peanut leaves.

(a) Expression of PR-4 gene in peanut leaves treated with 1uM FLG22; (b) Expression of
PR-10 gene in peanut leaves treated with 1uM FLG22; (c) Expression of PR-4 gene in peanut
leaves treated with 200ug/ml chitohexose; (d) Expression of PR-10 gene in peanut leaves

treated with 200ug/ml chitohexose. Means = SD.
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Figure 2

Effects of FLG22 and chitohexose treatments on expression level of photosynthesis-
related genes CP12 and PsbS in peanut leaves.

(a) Expression of PR-4 gene in peanut leaves treated with 1uM FLG22; (b) Expression of
PR-10 gene in peanut leaves treated with 1uM FLG22; (c) Expression of PR-4 gene in peanut
leaves treated with 200ug/ml chitohexose; (d) Expression of PR-10 gene in peanut leaves

treated with 200ug/ml chitohexose. Means = SD.
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Figure 3

Effects of FLG22 and chitohexose treatments on expression level VDE gene and NPQ in

peanut leaves.

(a) Expression of VDE gene in peanut leaves treated with 1uM FLG22; (b) NPQ in peanut

leaves treated with 1uM FLG22; (c) Expression of VDE gene in peanut leaves treated with

200ug/ml chitohexose; (d) NPQ in peanut leaves treated with 200ug/ml chitohexose. Means

+ SD.
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Figure 4

Effects of FLG22 and chitohexose treatments on content of H,0, and O, in peanut

leaves.

(a) Changes of content of H,0, in peanut leaves treated with 1uM FLG22; (b) Changes of

content of O,” in peanut leaves treated with 1uM FLG22; (c) Changes of content of H,0, in

peanut leaves treated with 200ug/ml chitohexose; (d) Changes of content of O,” in peanut

leaves treated with 200ug/ml chitohexose. Means = SD.
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