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Preface

Plant physiology encompasses how plants function, including photosynthesis, respiration, water
and nutrient uptake, and hormonal regulation. These physiological processes determine plant
growth, development, and adaptation in diverse ecosystems. However, changes in abiotic and biotic
environments shape a plant’s physiological state. Abiotic conditions such as temperature, light, water
availability, and soil nutrients influence metabolic pathways. However, stress responses induced by
abiotic factors, e.g., heavy metals, disturb stable physiological conditions and redirect the plant’s
metabolism. Biotic interactions, such as challenges from pathogens and pests or symbioses with
beneficial microbes, further re-program plant physiological processes.

This reprint covers physiological aspects of resistance, tolerance, and susceptible responses of
plants induced by various pathogens, i.e., viruses, bacteria, and fungi-causing diseases, as well as

abiotic unfavorable factors such as heavy metals, fluctuations in temperature, salinity, and drought.

Violetta Katarzyna Macioszek, Iwona Ciereszko, and Andrzej Kiejstut Kononowicz
Guest Editors
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Abstract: Plant viruses utilize a subset of host plasmodesmata-associated proteins to
establish infection in plants. In the present study, we aimed to understand the role of
two plant genes, one encoding a putative plasmodesma located protein (PDLP) and a
homolog of soybean gene regulated by cold 2 protein (SRC2) during Cucumber mosaic
virus (CMV) infection. Virus-induced gene silencing (VIGS) was used to silence PDLP and
SRC2 genes in Nicotiana benthamiana and in two related solanaceous plants, N. tabacum
and Capsicum chinense Jacq. (Bhut Jolokia). Up to 50% downregulation in the expression
of the PDLP gene using the TRV2-PDLP VIGS construct was observed in N. benthamiana
and N. tabacum while, using the same gene construct, 30% downregulation of the target
mRNA was observed in C. chinense. Similarly, using the TRV2-SRC2 VIGS construct, a 60%
downregulation of the SRC2 mRNA was observed in N. benthamiana, N. tabacum, and a 40%
downregulation in C. chinense as confirmed by qRT-PCR analysis. Downregulation of the
PDLP gene in N. benthamiana resulted in delayed symptom appearance up to 7-12 days post
inoculation with reduced CMV accumulation compared to the control plants expressing
TRV2-eGFP. In contrast, SRC2-silenced plants showed enhanced susceptibility to CMV
infection compared to the control plants. Our data suggest that the PDLP gene might
facilitate infection of CMYV, thus being a susceptibility factor, while the SRC2 gene could
play a role in resistance to CMV infection in N. benthamiana.

Keywords: tobacco rattle virus (TRV)-based gene silencing; plant-virus interaction; disease
resistance; resistance and susceptibility gene; solanaceous plants

1. Introduction

To establish an infection, most plant viruses utilize specialized membrane-linked
cytoplasmic channels known as plasmodesmata (PD) for intercellular trafficking of virus
particles in the host [1]. They encode at least one dedicated protein termed movement
protein (MP) that can interact with host proteins and modify the structure of PD [2,3].
Viral MPs can form tubules that assemble in PD and thereby manipulate the size exclusion
limit of PD for the transport of viral complexes to the adjacent cells [4]. Viruses encod-
ing such tubule-forming MPs belong to six major families: Badnaviridae, Bromoviridae,
Caulimoviridae, Ilaviridae, Secoviridae, and Tospoviridae [5,6]. To date, only a few of the
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host proteins localized to PD have been shown to interact with viral MPs. These include
proteins such as calreticulin [7], protein kinase PAPK1 [8], remorin [9], endoplasmic reticu-
lum (ER)-embedded proteins including reticulons [10,11], plasmodesmata-associated class
1 reversibly glycosylated polypeptide [12], ankyrin-repeat containing protein (ANK) [13],
synaptotagmin [14], and other plasmodesmata-located proteins (PDLPs) [5,15]. It is sug-
gested that ANK together with (3-glucanases could regulate the size exclusion limit of
plasmodesmata [13]. ER-embedded proteins have been shown as positive regulators for
viral movement and spread of cucumber mosaic virus (CMV) [10]. PDLPs have been
shown as positive regulators for viral movement and spread of grapevine fan leaf virus
(GFLV) and cauliflower mosaic virus (CaMV) [5]. Another viral protein of CaMV, named
P6, colocalized with host PDLP1 and CaMV MP in the PD [16]. The study also showed that
P6 physically interacts with a C2 calcium-dependent membrane-targeting protein, SRC2
(Soybean Response to Cold) from Arabidopsis, and this protein is capable of a close associ-
ation with the tubule formation in the PD. Although the expression of pepper CaSRC2-1
gene was shown to be upregulated during bacterial and viral infection in chilli (Capsicum
annum) [17], little is known about the exact role of SRC2 and PDLP genes during plant
viral infection, particularly for broad host range viruses like CMV. CMV infects more than
1000 plant species [18,19]. These include some of the most valuable horticultural crops such
as chilli, cucumber, okra, squash, and tomato [20]. CMV has a linear tripartite genome of
positive-sense single-stranded (ss) RNA (RNA1/RNA2/RNA3) and belongs to the family
Bromoviridae [21]. It is also known that the MP of CMV localizes to the PD like other
viruses belonging to Bromoviridae family [22]; however, the exact role of host proteins
during CMYV infection is not well defined as of yet.

RNA interference (RNAIi) or post-transcriptional gene silencing (PTGS) is a natural
surveillance system adopted by plants that can regulate levels of endogenous or foreign
transcripts by degrading them in a sequence-specific manner. The PTGS system becomes
activated in response to the formation of double-stranded RNA (dsRNA), which involves
sequence-specific recognition of target mRNA molecules based on sequence homology and
subsequent degradation of these molecules by host ribonucleases and other proteins in the
RNA induced silencing complex (RISC), thereby inhibiting their translation process [23].
The RNAi mechanism can be evoked using recombinant viral vectors that can efficiently
deliver silencing inducer molecules to plant cell and study target gene function. This reverse
genetic approach of studying plant genes using viral vectors is called virus-induced gene
silencing (VIGS). Some of the recombinant viral vectors are derived from the genome
of Potato virus X (PVX), Tobacco mosaic virus (TMV), and Tobacco rattle virus (TRV),
of which TRV- and PVX- have been widely utilized [24,25]. The TRV-VIGS has been used to
characterize genes in many plant species related to plant developmental processes, biotic
and abiotic stress tolerance, symbiosis, metabolite synthesis, and plant evolution [25-28].
TRV-VIGS was first reported in N. benthamiana for silencing an endogenous gene, namely
phytoene desaturase (PDS), and this vector system was further modified [29-31]. Since then,
several disease resistance and susceptibility genes were identified against viral infection in
plant species using the TRV-VIGS system [32-34].

In the present study, the role of two genes, one encoding putative plasmodesmata-
localized protein PDLP and a protein homolog of SRC2 from Nicotiana benthamiana and
N. tabacum were studied using the TRV-based VIGS system for their involvement in plant
defense against or susceptibility to CMV.
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2. Results
2.1. Homology Analysis of PDLP and SRC2 Genes in the Nicotiana and Capsicum Species

Using BLASTn and phylogenetic analysis with known PDLP genes from Arabidopsis
thaliana, we selected a homolog of PDLP gene (XM_016610375.1) from N. tabacum which
was identified in N. benthamiana (Niben1015cf03456g00018.1, 95.16% sequence identity
with 99% query cover), C. annum (XM_016721975.2, 80.26% sequence identity with query
cover 99%) and C. chinensis (MCIT02000006.1, 75.26% sequence identity with query cover
100%) (Figure 1A, Supplementary Figure S1). Similarly, a homolog of the SRC2 gene
(XM_016630487.1) from N. tabacum was selected which was identified in N. benthamiana
(DQ465395.1, 93.26% sequence identity with 99% query cover), C. annum (NM_001324570.1,
76.98% sequence identity with 100% query cover), and C. chinensis (AB442165.1, 76.68%
sequence identity with query cover 94%) (Figure 1B, Supplementary Figure S2) by using
BLASTn. The homologous sequences of PDLP and SRC2 were used to design primers for
PCR analyses (RT-PCR and RT-qPCR) and for construction of the VIGS clones.

(A) XM 0167219752 (B) DQ465294.1
60
C. annum
50 @ NICIT02000006.1 C. annum 53| @ AB442165.1
® N. tabacum ® . tabacum
; @ N. benthamiana
@® XM O016610375.1 ® N. benthamiana NM 001324570.1 "
. chinense
@ C. chinense ®
@ Niben101Scf03456g00018 @ A thaliana
@ A thaliana @® XM 016630487.1
® G. max

@ Niben101Scf00597g08034
@® DQ465395.1

@ At5g43980(PDLP1a)
@ AB000130.1
@ At1g04520(PDLP2)

@ NM 1007783
@ NP 565764.1(PDLP3)

® AF120093.1(EF1a) ® AF120093.1(EF1a)

— —
050 0.50

Figure 1. Phylogenetic analysis of (A) PDLP- and (B) SRC2-related genes from related plant species
using the neighbor-joining (NJ) method. Each branch point is a representation of 10,000 bootstrap
replicates. Bootstrap value higher than 50 is shown here. Nicotiana tabacum elongation factor 1-alpha
gene sequence was used as an outgroup.

2.2. Relative Expression of PDLP and SRC2 Genes During CMV Infection in N. benthamiana

To investigate the expression pattern of PDLP and SRC2 genes, N. benthamiana leaves
were inoculated with CMV, phenotyped, and sampled at 2, 8, and 15 days post inoculation
(dpi). Typical downward leaf curling and mosaic symptoms were observed at 8 dpi, but
the symptoms were more prominent at 14 dpi (Figure 2). Using semi-quantitative RT-PCR,
the CMV CP was detected only at 8 and 15 dpi in the inoculated leaves, but not in the 2 dpi
leaf samples (Figure 3).

No CMV-specific band was detected in the systemic leaves of the plants treated with
the phosphate buffer (mock) (Figure 3). The expression levels of the PDLP and SRC2 genes
were observed, and it was found that the PDLP gene expression was nearly the same
between the mock and CMV inoculated plants, suggesting that the gene was constitutively
expressed irrespective of the CMV infection. However, the expression of the SRC2 gene
was upregulated upon CMYV inoculation, as observed at 8 and 15 dpi compared to the
mock (Figure 3). Therefore, to understand the functional role of these two genes during
viral infection, we decided to silence the genes in N. benthamiana employing a TRV-based
VIGS strategy.
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Figure 2. Phenotypic observation of Nicotiana benthamiana plants. (A) Cucumber mosaic virus
(CMV)-infected plant and (B) mock (phosphate buffer)-treated plant at 14 days post treatment.
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Figure 3. Time course expression profiles of PDLP and SRC2 genes upon cucumber mosaic virus
(CMV) infection in Nicotiana benthamiana. A semi-quantitative RT-PCR analysis is shown. A fragment
of CMV coat protein gene (CP, 657 bp) and N. benthamiana PDLP (413 bp) and SRC2 (123 bp) were
amplified from cDNA obtained from systemic leaves at 2, 8, and 15 days post inoculation with CMV
or phosphate buffer (mock). PCR was performed for 30 cycles and three biological replicates were
pooled for each experimental group. The elongation factor 1 alpha (EF1a) gene fragment (116 bp) from
N. benthamiana was used as an internal control. White color arrows indicate amplified target gene
fragments. M indicates 100 bp ladder (New England BioLabs, NEB, Ipswich, MA, USA). The values
above the bands represent the ratio of band intensity of normalized PDLP and SRC2 genes in mock
and CMV-infected N. benthamiana plants.

2.3. VIGS of PDLP and SRC2 Genes in Tobacco and Bhut Jolokia Pepper
2.3.1. Designing of VIGS Constructs and Silencing of PDLP and SRC2 Genes in
N. benthamiana, N. tabacum, and C. chinense

A conserved region of PDLP (383 bp) and SRC2 (364 bp) genes from tobacco, N. ben-
thamiana, C. annum, and C. chinense was identified using multiple sequence alignment
by Clustal Omega (Figures S1 and S2). The conserved regions of PDLP and SRC2 gene
sequences were amplified using PCR with the respective primer pairs (Table 1) and cloned
into the pTRV2 plasmid vector. Colony PCR of the transformed E. coli cells revealed positive
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bacterial colonies harboring the cloned constructs, pTRV2-NtPDLP and pTRV2-NtSRC2.
Sanger sequencing of at least three positive clones from each gene fragment confirmed the
presence of NtPDLP and NtSRC2 gene fragments in pTRV2 in sense orientation. Alignment
of the sequenced PDLP and SRC2 gene fragments with N. tabacum PDLP (XM_016610375.1)
and SRC2 (XM_016630487.1) revealed 100% nucleotide identity.

Transient expression of PDLP and SRC2 gene fragments cloned in the pTRV2 expres-
sion vector was carried out through agroinfiltration in N. benthamiana, N. tabacum, and
C. chinense leaves (Supplementary Figure S3). The phytoene desaturase gene (PDS) from
N. benthamiana cloned in pTRV2, which results in photobleaching effect upon gene silencing,
was used as a positive control (Figure S4). The silencing experiment for PDLP and the SRC2
gene in N. benthamiana was repeated two times, while the silencing experiment for these
genes in N. tabacum and C. chinense plants was performed once. The silencing efficiency of
the target genes (PDLP and SRC2) was evaluated using RT-qPCR and compared between
the silenced and the control plants. In the PDLP-silenced group, the expression level of the
PDLP gene was 0.4- to 0.6-fold lesser than the GFP control with the highest downregulation
at 9 dpa (Figure 4). Similarly, the expression of the SRC2 gene in the SRC2-silenced group
was 0.3- to 0.5-fold lesser than the GFP control with highest downregulation observed
at 21 dpa (Figure 4).

1.5+

©® TRV2-eGFP
% 4 TRV2-PDLP
=4 -4~ TRV2-SRC2
2
3]
T 1.0
L
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Qo
@
®
o
a
X
o 0.54
o
=2
ko
o)
(4]
0.0 T T T T T T

2 4 6 9 14 21
Days post agroinoculation (dpa)

Figure 4. Time course expression analysis of NtPDLP and NtSRC2 genes in silenced Nicotiana ben-
thamiana plants. Relative quantification of NtPDLP and NtSRC2 gene expression in silenced and
control (TRV2-eGFP) plants at different time points. In addition, 50% and 60% percent downregula-
tions of PDLP and SRC2 genes were observed in N. benthamiana 14 days post agroinoculation. Purple
color indicates control-treated (eGFP) group, blue color indicates pTRV2-NtPDLP-treated and green
color indicates pTRV2-NtSRC2-treated plants. Asterisk (*) indicates significant differences between
the control and silenced plants, p-value < 0.05 (Student’s f-test); dpa = days post agroinoculation.

The silencing of PDLP and SRC2 genes in N. tabacum and C. chinense Bhut Jolokia
plants was analyzed at 14 dpa (Figure 5). Using the same VIGS constructs, a considerable
level of PDLP and SRC2 gene silencing was also observed in all species tested, despite
having sequence polymorphisms among these species. The expression of the PDLP gene in
N. tabacum and C. chinense was 0.5-fold and 0.7-fold lesser than the GFP control (a reduction
in gene expression by 50% and 30%, respectively) (Figure 5). Similarly, in both N. tabacum
and C. chinense Jacq., the expression of the SRC2 gene was downregulated to approximately
0.4-fold and 0.6-fold, respectively, in comparison to the GFP control (downregulation up to
60% and 40% in N. tabacum and C. chinense Jacq., respectively) (Figure 5).
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Figure 5. Expression analysis of PDLP and SRC2 genes in silenced Nicotiana tabacum and Capsicum
chinense plants at 14 days post agroinoculation (dpa). eGFP indicates the control-treated plants.
Fifty and thirty percent downregulation of PDLP gene was observed in N. tabacum and C. chinense
(Bhut Jolokia), respectively, whereas sixty and forty percent downregulation of SRC2 gene was
observed in N. tabacum and C. chinense, respectively. Student’s t-test was performed for mean
comparisons. Asterisk (*) indicates significant difference in gene expression level between PDLP-,
SRC2-silenced plants, and control (eGFP) plants (p < 0.05, Student’s t-test). ns: non-significant.

2.3.2. Disease Development in PDLP- and SRC2-Silenced N. benthamiana Plants Upon
CMV Infection

The PDLP- and SRC2-silenced N. benthamiana plants were visually observed upon
CMV infection and disease symptoms were recorded at different time points, i.e., 7, 12,
and 19 dpi (Figure 6 and Supplementary Figure S5). In the eGFP control plants, the typical
mosaic symptom of CMV was observed at 7 dpi and the symptoms gradually intensified
with severe downward leaf curling at 19 and 21 dpi. In contrast, the PDLP-silenced plants
displayed reduced viral symptoms in comparison to the eGFP control. In the SRC2-silenced
plants, leaf curling similar to or even greater than the eGFP control plants was observed at
19 and 21 dpij, indicating that silencing of SRC2 might have promoted CMYV infection in
N. benthamiana (Figure 6 and Supplementary Figure S5).

2.3.3. Relative Quantification of CMV Titer in PDLP- and SRC2-Silenced
N. benthamiana Plants

Systemic (uninoculated) leaves were collected at different time points upon CMV
infection, and the viral titer was evaluated using RT-qPCR analyses. Significant reduction
in the CMV titer was observed at 7 and 12 dpi but not at 19 dpi in the PDLP-silenced plants
in comparison to the control plants (i.e., eGFP) by RT-qPCR analysis (Figure 7). Similarly,
it was found that the level of CMV was significantly higher in the SRC2-silenced plants
when compared to the eGFP control plants at 12 and 19 dpi by using RT-qPCR (Figure 7).
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TRV-eGFP_

CMV|

Figure 6. Phenotypic observations of VIGS-silenced Nicotiana benthamiana plants at different time-
points after cucumber mosaic virus (CMV) inoculation. Plants were first agroinfiltrated with VIGS
constructs, followed by sap inoculation with CMV two days later to ensure the initiation of gene
silencing. In the control (eGFP) plants, initial symptoms of CMV infection were observed at 7 days
post infection (dpi). Subsequently, symptoms such as downward leaf curling and mosaic symptoms
appeared more prominently at 12 and 19 dpi. The PDLP-silenced N. benthamiana plants showed
reduced viral symptoms in comparison to the control and SRC2-silenced plants. Red arrows indicate
typical disease symptoms. dpa = days post agroinoculation.
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Figure 7. Relative abundance (RT-qPCR) of cucumber mosaic virus (CMV) titer in PDLP- and
SRC2-silenced Nicotiana benthamiana plants at 7, 12, and 19 days post inoculation (dpi) with CMV.
Plants agroinoculated with GV3101 strain carrying pTRV2-eGFP plasmids were used as control.
The elongation factor 1 alpha (EF1a) gene fragment from N. benthamiana was used for internal control
and normalization purposes. Student’s {-test was performed for mean comparisons. Asterisk (*)
indicates significant difference in relative viral titer between PDLP-, SRC2-silenced plants, and control
(eGFP) plants (p < 0.05, Student’s t-test). ns: non-significant.
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2.3.4. Callose Deposition in the PDLP- and SRC2-Silenced N. benthamiana Plants Upon
CMYV Infection

To strengthen the RT-PCR and RT-qPCR results, a callose deposition assay was con-
ducted. Callose deposits initiated at 7 dpi and progressively increased, with higher callose
deposits observed at 19 dpi in the eGFP control plants after CMV infection. In contrast,
lesser callose deposits were observed in the PDLP-silenced plants at 7, 12, and 19 dpi. In the
SRC2-silenced plants, callose deposition exhibited a near-equivalent level to that of the
control group at 7, 12, and 19 dpi (Supplementary Figure S6).

2.3.5. Accumulation of Reactive Oxygen Species (ROS) in the PDLP- and SRC2-Silenced
N. benthamiana Plants Upon CMYV Infection

The level of hydrogen peroxide (H,O;), a ROS molecule, was assessed in the PDLP-
and SRC2-silenced plants following CMV infection. Remarkably, elevated levels of H,O,
were detected in systemic leaves of the control and SRC2-silenced groups at 7, 12, and 19 dpi
(Supplementary Figure S7). In contrast, the concentrations of HyO, in PDLP-silenced plants
were notably lower in comparison to the control and SRC2-silenced groups upon CMV
infection at 7, 12, and 19 dpi (Supplementary Figure S7).

3. Discussion

It is known that plasmodesmata-associated proteins and plasmodesmata (PD) are
crucial for cell-to-cell movement of plant viruses [35]. PDLPs and SRC2 are plasmodesmata-
associated genes [5,16,35]. Some viruses recruit movement proteins that localize to the PD
and interact with the PDLP protein to form a movement tubule facilitating, as a result,
the transport of viral particles allowing systemic spread of the virus in the plant. The move-
ment protein of CMV also localizes in the plasmodesmata [22]; however, the role of PDLPs
in viral disease development is not well studied. The SRC2 protein is also a PD-associated
membrane protein that colocalizes with Arabidopsis AtPDLP and interacts with the move-
ment protein of cauliflower mosaic virus (CaMV) in planta [16]. The expression of pepper
CaSRC2-1 gene was upregulated during bacterial and viral infection in Capsicum annum [17].
Little is known about the expression of the SRC2 gene of Nicotiana spp. during infection
with CMV. Thus, these two genes, PDLP and SRC2, are promising candidates for promoting
disease susceptibility or resistance to CMV in tobacco; therefore, they were functionally
characterized in our study.

The expression of these two tobacco genes was transiently silenced utilizing a TRV-
based VIGS strategy. The expression of PDLP upon CMV infection in N. benthamiana plants
was consistent between mock and CMV inoculated samples, suggesting that the expression
of PDLP is not significantly affected by CMV infection. On the other hand, the expression
of SRC2 was slightly upregulated at 8 dpi upon CMYV infection, corresponding with the
initiation of CMV expression at the same time point (Figure 3). Similar observations were
made in pepper (C. annum) and soybean (Glycine max) [17,36]. Takahashi and Shimosaka
(1997) found that SRC2 expression in soybean was upregulated in response to cold stress
and mechanical wounding [36]. Additionally, Kim et al. (2008) observed an induction of
SRC2 gene expression in pepper during bacterial and viral infection [17].

Through TRV-based VIGS, an average of about 80% downregulation can be achieved in
the endogenous transcript levels of the targeted gene compared to vector control plants [25].
The initiation of silencing generally starts within 2-3 weeks after agroinfiltration [25].
The efficiency of silencing may vary due to various factors such as the VIGS-vector infection,
multiplication, and systemic spread, the level of viral-vector titer in the host, the homology
between the target gene fragment in the viral-vector and the endogenous target gene mRNA,
and the environmental conditions during plant growth [25]. The present study revealed
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significant downregulation in both PDLP and SRC2 at 4, 9, and 21 dpa (Figure 4). RT-qPCR
analysis revealed a significant downregulation of the PDLP gene by 50% in N. tabacum,
N. benthamiana, and 30% in C. chinense (Figures 4 and 5), along with the downregulation
of the SRC2 gene by 60% in N. tabacum, N. benthamiana, and 40% in C. chinense (Figures 3
and 4). Similar observations were reported in the knockdown lines of PDLP-1, PDLP-2,
and PDLP-3 triple mutants in Arabidopsis thaliana which was resistant to powdery mildew
infection [37]. Kim et al. (2008) proposed that SRC2 from pepper (C. annuum) plays
an essential role in inducing resistance to bacterial and viral pathogens by eliciting the
hypersensitive response (HR) to restrict pathogen growth [17]. Liu et al. (2016) provided
evidence that SRC2 recognizes INF1, an elicitor protein of Phytophthora capsici, and elicits
HR in pepper [38]. They showed that silencing of the SRC2 gene increased susceptibility of
pepper plants to P. capsici infection. In addition, the silencing experiment did not reveal
any developmental changes such as alteration in plant height in the PDLP- and SRC2-
silenced plants when compared to the control plants (TRV2-eGFP). It is noteworthy that
this is the first report of a TRV-based silencing of plant endogenous genes in C. chinense
Bhut Jolokia. No developmental alterations were observed in N. benthamiana and C. chinense
in any VIGS experiment, except for N. tabacum where development changes such as growth
inhibition and minor leaf crumbling were observed at 14 dpa (Supplementary Figure S4).
Photobleaching, indicative of PDS gene silencing, started at 9 dpa and became even more
prominent at 14 and 21 dpa (Supplementary Figure 54), suggesting that silencing effect
commenced approximately 1-2 weeks post agroinfiltration. This experiment allowed us to
determine the silencing effect of plant endogenous genes with the TRV-based VIGS strategy,
which was demonstrated within 14 dpa.

The current investigation unveiled that silencing of the PDLP in N. benthamiana re-
sulted in a notable reduction in the accumulation of the CMYV titer in the systemic leaves.
The PDLP gene family comprises a set of multiple genes, specifically PDLP1 to PDLP8
in Arabidopsis, with predicted molecular weights ranging from 30 to 35 kDa [39]. The
downregulation of the PDLP gene resulted in delayed symptoms of CMV infection up
to 12 dpi but not until 19 dpi, suggesting that targeting multiple PDLP genes, if present,
of N. benthamiana could potentially lead to further delay in viral symptom development.
Another possibility is that CMV might exploit other plasmodesmata proteins to facilitate
transport at later stages of systemic infection. Therefore, it is important to understand the
role of other PDLPs in N. benthamiana. It can be speculated that the reduced H,O; accumu-
lation observed in the PDLP-silenced plants (Figure S7) is likely a result of decreased CMV
accumulation compared to the TRV2-eGFP-treated plants. It is known that in a CMV-plant
compatible interaction, there is an increase in HyO, accumulation [40] that agrees with
our observations. The reduced leaf mottling and mosaic symptoms in the PDLP-silenced
plants correlate nicely with the reduced CMYV titer and ROS accumulation (Figure 7 and
Figure S7). Plants produce callose deposits in the cell periphery as a defense mechanism in
response to pathogen invasion. Previous studies have demonstrated that overexpression
of PDLP1 and PDLP5 enhances callose deposition at PD [37,41], which is consistent with
the low callose deposition in our PDLP-silenced plants. Lim et al. (2016) demonstrated
that the overexpression of PDLP5 resulted in a reduction in the trafficking of azelaic acid
(AzA) and glycerol-3-phosphate (G3P) through PD [42]. This impairment of PD trafficking
was associated with a significant decline in Systemic Acquired Resistance (SAR) in plants.
Similarly, Carella et al. (2015) observed that overexpressing of either PDLP1 or PDLP5
in Arabidopsis plants led to the loss of systemic movement of the crucial SAR protein,
DEFECTIVE IN INDUCED RESISTANCEI1 (DIR1), resulting in a compromised SAR [43].
The overexpression of PDLPs in A. thaliana correlates with an enhanced systemic spread
of pathogens suggesting their role in promoting pathogen spread. We could hypothesize
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that PDLP silencing would augment SAR for the benefit of the plant and having negative
effect for CMV. In addition, PDLPs are known to be involved in viral movement [5,6,15,16].
For example, for tubule-guided viral movement through plasmodesmata, the viral move-
ment proteins (MPs) of GFLV and CaMV in Arabidopsis [5] and cowpea mosaic virus in
N. benthamiana [15] interact with the host PDLPs. The interaction of viral MPs with host
PDLPs results in the formation of movement tubules that allow cell-to-cell movement of
plant viruses across adjacent cells [5]. CMV-MP also localizes in the plasmodesmata as it
is a member of the ‘30K MP superfamily” group [22]. This finding is consistent with the
results obtained from our PDLP-silenced N. benthamiana plants, where a reduction in PDLP
expression led to decreased CMV accumulation. While the exact function of PDLPs in virus
movement is still under investigation, future research can be prioritized to understand the
structural interactions between tubule-forming MPs (e.g., CMV) and PDLPs. Overall, these
findings suggest that PDLP silencing of N. benthamiana led to decreased CMV accumulation
in systemic tissue, suggesting that PDLPs are possibly involved in facilitating the systemic
spread of CMV and as a result increase the viral titer, so they should be considered as sus-
ceptibility factors. Generating knockout/knockdown lines of PDLP genes in Bhut Jolokia
and N. benthamiana using the CRISPR/Cas9 system could aid in developing virus-resistant
plants against CMV.

In contrast, silencing of SRC2 resulted in increased susceptibility to CMV infec-
tion (Figure 7), indicating that SRC2 might be involved in the resistance to CMV in N. ben-
thamiana. Kim et al. 2008 [17] reported that during both bacterial and viral infections in
C. annum, the pepper encoding CaSRC2-1 (a single C2 domain-containing protein) gene
was upregulated. Limited information exists regarding the expression patterns of the SRC2
gene in Nicotiana spp. during the infection with CMV (our data indicate a slight SRC2
upregulation upon CMYV infection [Figure 3]). A recent study found that the silencing of
GmSRC?2 in soya resulted in a significant enhancement of disease symptoms and an increase
in the biomass of Phytophthora sojae [44]. A structural characteristic identified in AtSRC2.2
is its C2 domain, which serves as a lipid-binding domain found in numerous eukaryotic
proteins [16]. The C2 domain, first identified in Ca2+—dependent isoforms of protein kinase
C, is integral to cellular signalling in plants and animals [17]. Plant proteins harboring C2
domains have been associated with facilitating the intercellular spread (cell-to-cell move-
ment) of plant viruses [45]. An interesting characteristic of AtSRC2.2 is that its C2 domain
shares 36% similarity with AtSYT4, a member of the synaptotagmin family, possessing two
C2 domains (CpA and C,B) [16]. Not much is known about the involvement of AtSYT4 in
virus movement, but there is another synaptotagmin, AtSYTA, which is involved in the
movement of several viruses, such as cabbage leaf curl virus, tobacco mosaic virus, and
squash leaf curl virus by interacting with their respective MPs [45]. It is noteworthy that
AtSYTA is also associated with regulating freezing tolerance [46], a trait shared among
SRC2 proteins. Several studies have suggested that the entry of Ca®* is a key factor in
initiating pattern-triggered immunity (PTI) in plant cells [44]. In the SRC2-silenced plants,
a higher HyO, accumulation was observed (Supplementary Figure S7) that could be the
consequence of higher CMV load (Figure 7) in the compatible interaction with N. benthami-
ana agreeing with [40]. Therefore, further investigation is needed to understand the role of
SRC2 in plant defense response. The notion that enhancing resistance to CMV in plants
could be achieved by overexpressing the SRC2 gene is now a hypothesis to test.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Nicotiana benthamiana, N. tabacum, and Capsicum chinense Jacq. (Bhut Jolokia) plants
were grown in a greenhouse operating at 20 £ 3 °C and 70% humidity with a 16 h/8 h
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day/night cycle. Three- to four-week-old plants were selected for performing the VIGS
experiment, and they were divided into four groups—TRV1 + TRV2-NtPDLP, TRV1 + TRV2-
NtSRC2, TRV1 + TRV2-eGFP (negative control), and TRV1 + TRV2-NbPDS (positive control
for silencing).

4.2. Development of TRV-Based Recombinant Constructs for VIGS

The TRV-based VIGS system, developed by Liu et al., 2002 [31], was used to gener-
ate the recombinant VIGS constructs for silencing of putative PDLP and SRC2 genes in
Solanaceous plants including Nicotiana benthamiana, N. tabacum, and C. chinense. TRV is a
bipartite ss (+) RNA virus comprising two genomes, RNA1 and RNA2. Both TRV-RNA1
and TRV-RNA2 genomes were previously cloned in the binary plasmid vectors pBIN19
and pCambia0390, respectively [31]. The pTRV-RNA2 plasmid vector was digested by
the BamHI-HF restriction enzyme (New England Biolabs, Ipswich, MA, USA) to obtain a
linearized plasmid DNA. The digested product was subjected to gel electrophoresis for
confirmation along with the quantification of the digested pTRV2 and was stored at —20 °C
for further use.

For the integration of the PDLP and SRC2 gene fragments, the In-Fusion® HD seamless
cloning system (Takara Bio Inc., Shiga, Japan) was employed. The nucleotide sequences
corresponding to the putative PDLP (XM_016610375.1) and SRC2 (XM_016630487.1) genes
of N. tabacum were employed as queries in the VIGS tool provided by the Sol Genomics
Network (SGN) to identify the optimal fragment for gene silencing purposes. Primers
were designed for the amplification of the fragments of PDLP and SRC2 gene using the
primer3 tool (http:/ /primer3.ut.ee/) (accessed on 15 February 2022). The designed primer
had a 15-base extension at the 5’ end homologous to the linearized pTRV2 vector (Table 1).
The amplification of PDLP and SRC2 gene fragments was performed by RT-PCR utilizing
RNA from N. tabacum leaves as a template. The PCR-amplified product underwent confir-
mation and quantification through 1.5% agarose gel electrophoresis and was subsequently
cloned into the linearized pTRV2 vector as per the manufacturer’s instructions (In-Fusion®
HD cloning kit, Clontech, Mountain View, CA, USA). The recombinant plasmid constructs
(pTRV2-NtPDLP and pTRV2-NtSRC2) were transformed into E. coli Stellar Competent Cells
(Takara Bio Inc., Shiga, Japan), followed by a heat shock at 42 °C for 30 s. The bacterial
cultures were spread over Luria-Bertani (LB) plates containing kanamycin (50 pug/mL) and
were subjected to overnight incubation at 37 °C for colony development. Colony PCR was
carried out to confirm the presence of recombinant plasmids in the transformed bacterial
colonies, using specific primers (TRV2-1530F and TRV2-1809R) that bind on the TRV2
plasmid vector (Table 1). Two positive transformants for each of the recombinant plasmids
were selected for plasmid isolation using NucleoSpin® Plasmid Kit (Machery-Nagel, Diiren,
Germany) and stored for further use. The confirmation of the successful integration of the
NtPDLP and NtSRC2 gene fragment into the pTRV2 vector was validated through Sanger
sequencing (Azenta Life Sciences UK, Essex, UK).
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To serve as a negative control in the VIGS assay, we introduced a 361 nt segment
from the enhanced GFP (eGFP) gene (a gene that does not exist in plants) into the pTRV2
plasmid vector. The insert fragment was derived through PCR amplification using In-
Fusion primers designed for this purpose, with a pBIN61-eGFP plasmid vector employed
as the template. All subsequent steps for constructing the engineered pTRV2_eGFP plasmid
were executed by the aforementioned procedures. The positive control in the VIGS assay
involved the targeted silencing of a fragment of N. benthamiana phytoene desaturase gene
(PDS) exhibiting a photobleaching phenotype. This control was employed to validate the
efficiency of the gene silencing system.

4.3. Transformation and Mobilization of VIGS Constructs into Agrobacterium Tumefaciens
(GV3101 Strain)

The recombinant plasmids (pTRV2-NtPDLP and pTRV2-NtSRC2) were transformed
into Agrobacterium tumefaciens competent cells (GV3101 strain) using the freeze-thaw
method with minor modifications [48]. The plasmids were added to the surface of frozen
GV3101 competent cells and promptly placed in a heat block at 37 °C for 5 min. Following
the heat treatment, the transformed GV3101 competent cells were mixed with LB and
subjected to shaking at 28 °C for 4 h. The transformed bacterial cells were spread onto an
LB agar plate containing 50 pg/mL kanamycin and 25 pg/mL rifampicin and incubated at
28 °C for 2—4 days for colony development. Positive colonies were further confirmed by
colony PCR as mentioned earlier for E. coli. Similarly, the pTRV1 binary plasmid vector
carrying the TRV-RNA1 genome was introduced into GV3101 competent cells.

4.4. Agrobacterium-Mediated Transient Expression and Virus Induced Gene Silencing

VIGS constructs were delivered to three- to four-week-old N. benthamiana, N. tabacum,
and C. chinense plants via agroinfiltration. Primary and secondary cultures of the rele-
vant Agrobacteria were cultured in LB supplemented with kanamycin (50 pg/mL) and
rifampicin (25 ug/mL) at 28 °C in a shaker incubator overnight at 220 rpm. The secondary
cultures were centrifuged at 3000 g for 10 min. The supernatant was discarded, and the
resulting cell pellet was resuspended in a resuspension buffer (10 mM 2-(N-Morpholino)
ethanesulfonic acid hydrate (MES-hydrate), pH 5.6 adjusted with KOH, 10 mM MgCl,,
and 200 uM acetosyringone). The final bacterial ODggg was adjusted to 0.5. The agroinfiltra-
tion mixtures were obtained by mixing the bacteria harboring TRV1 and TRV2-PDLP/TRV2-
SRC2/TRV2-eGFP constructs in a 1:1 (v/v) ratio. The TRV2-eGFP was used as the negative
control, whereas the TRV2-PDS was used as a positive control for silencing. The final
mixtures were kept in the dark at room temperature for 3 h before agroinoculation. For the
VIGS study, the plants were categorized into four distinct groups (three biological replicates
per group), TRV1 + TRV2-NtPDLP, TRV1 + TRV2-NtSRC2, TRV1 + TRV2-eGFP (negative
control), and TRV1 + TRV2-NbPDS (positive control for silencing). Two matured leaves per
plant were agroinoculated using a needleless syringe on the abaxial side of the leaf. Subse-
quently, the plants were maintained in a growth chamber, during which tissue sampling
was performed at different time points (2, 4, 6, 9, 14, and 21 days post agro-inoculation),
and were subjected to RNA analysis, CMV inoculation, and disease symptom observation.

4.5. Mechanical Inoculation of CMV in Agroinfiltrated N. benthamiana Plants

Sap inoculation of CMV in plants was performed using carborundum powder (Sup-
plementary Figure S3). The inoculating sap was prepared by collecting sap material from
previously CMV-infected plants and gently rubbed on the adaxial side of the leaf using
carborundum powder. For CMV inoculation in the silenced plants, leaves were initially
agroinfiltrated with the VIGS constructs, and two days later, sap inoculation with CMV
was performed to allow sufficient time for silencing to be initiated. Systemic leaf samples
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were collected at different time points (7, 12, and 19 days post inoculation (dpi) with
CMV) and RNA was isolated to assess the viral titer in the silenced plants via quantitative
RT-PCR (RT-qPCR).

4.6. PCR and RT-qPCR Analysis

PCR was performed to detect the viral titer of CMV using gene-specific primers
(Table 1). The total reaction volume (20 pL) consisted of 2 uL of the 10X PCR Buffer
(ThermoFisher Scientific, Waltham, MA, USA), 0.5 uL. of 10 mM dNTPs, 0.5 uL of 10 uM
of forward and reverse primers each (Table 1), and 0.1 uL of AmpliTaq DNA polymerase
(250 U/uL) (ThermoFisher Scientific, Waltham, MA, USA). PCR was carried out with
initial denaturation temperature at 95 °C for 5 min followed by 30 cycles consisting of
denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 30 s,
and then final extension for 7 min at 72 °C.

For the validation of gene silencing, RT-qPCR was performed by extracting RNA from
the systemic leaves of the silenced plants at different time points with the Plant/Fungi Total
RNA Purification kit (NORGEN Biotek Corporation, Thorold, ON, Canada) according to the
manufacturer’s instructions. Three biological replicates were pooled for each experimental
group. The investigation of pTRV2-NtPDLP and pTRV2-NtSRC2 silencing was performed
by sampling tissues at 2, 4, 6,9, 14, and 21 dpa. Tissue sampling for the detection of CMV CP
(proxy for CMV titer) was performed at 7, 12, and 19 days post inoculation (dpi) with CMV.
The RNA samples were quantified, and their purity was determined spectrophotometrically
with NanoDrop™ 2000 Spectrophotometer (ThermoFisher Scientific, USA). cDNA was
synthesized using 200 ng total RNA in a 20 uL reaction volume, using the SuperScript
VILO cDNA synthesis kit (Invitrogen, Waltham, MA, USA) as per the manufacturer’s
instructions. RNaseOUT™ Recombinant Ribonuclease Inhibitor safeguards against the
degradation of target RNA due to ribonuclease contamination. The 5X VILO™ Reaction
mix consists of random primers, MgCl, and dNTPs in a buffer formulation optimized for
RT-qPCR. The RT reaction was performed in a thermocycler (BioRad, Hercules, CA, USA)
at 25 °C for 10 min, followed by incubation at 42 °C for 60 min, and terminated at 85 °C for
5 min. The RT products were used as a template for amplifying the PDLP and SRC2 genes
using the designed gene-specific primers (Table 1). PCR amplification for the detection
of NtPDLP, NtSRC2, and Elongation factor 1 alpha (EFla) was performed in a FastGene
ULTRA Cycler (NIPPON Genetics EUROPE, Diiren, Germany) using the FirePol DNA
Polymerase (Solis BioDyne, Tartu, Estonia) and specific primers (Table 1). The total reaction
volume consisted of 10X Buffer B (Solis BioDyne, Estonia), 10 mM dNTPs, 10 uM of
forward and reverse (Table 1) primers each, 25 mM MgCl, and 0.2 uL (5 U/uL) Tag DNA
polymerase (Solis BioDyne, Estonia). PCR for the PDLP and EFla genes was carried out
with initial denaturation temperature at 95 °C for 5 min followed by 35 cycles consisting
of denaturation at 95 °C for 20 s, annealing at 58 °C for 20 s, and extension at 72 °C for
1 min, and then final extension continued for 7 min at 72 °C. PCR for the SRC2 gene was
carried out with initial denaturation temperature at 95 °C for 5 min followed by 35 cycles
consisting of denaturation at 95 °C for 20 s, annealing at 58 °C for 15 s and extension at
72 °C for 1 min, and then final extension continued for 7 min at 72 °C. Primer specificity
was verified by melting curve analysis. To obtain a semi-quantitative estimation of the
time course expression profiles of PDLP and SRC2 gene CMYV infection, Image] software
(v1.54m) (https://imagej.nih.gov/ij/) was employed to measure the band intensity of the
gel image. In addition, band intensities were calculated for the housekeeping gene of mock
and CMV-infected plants and used as control. The values for the target genes for mock and
CMV-infected plants were normalized with the housekeeping gene (EF1a).
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qPCR was performed in a CFX96™ Touch Real-Time PCR Detection System (Bio-Rad,
USA) to quantify the expression levels of the target genes (pTRV2-PDLP and pTRV2-
SRC2) compared to the control group (plants inoculated with pTRV2-eGFP) and to check
the viral titer (CMV) in the silenced and control plants using SYBR Green qPCR mix
(ThermoFisher Scientific, USA). Expression of the target genes was normalized with the
housekeeping gene EF1a that was found more stable to F-box based on BestKeeper house-
keeping gene analysis [49], agreeing with [47]. The fold change was calculated using the
delta CT (2-2ACt method [50].

Statistical analyses were performed using Microsoft Office Excel (Microsoft Excel,
Redmond, Washington, DC, USA). Student’s t-test was used for significance analysis
between two treatments. The standard error is shown as the standard deviation between
the biological replicates.

4.7. Histochemical Analysis
4.7.1. Staining for Callose Deposition in Leaf Tissues

Aniline blue staining facilitates the detection and quantification of cell wall depositions
of callose. Callose deposition assay using Aniline blue staining was performed following
the procedure described in [51]. A total of three biological replicates were taken for the
callose deposition test. Two infected leaf samples were harvested and transferred to 50 mL
polypropylene tubes containing a destaining solution (1:3 acetic acid/ethanol). The tubes
were incubated overnight with mild agitation. The destained leaves were washed with
150 mM K, HPOy (washing solution) for 30 min. The plant materials were incubated in an
aniline blue staining solution (1.3 g of K;HPO, with 5 mg aniline blue in 50 mL H,O) for at
least 2 h in the polypropylene tubes wrapped in aluminium foil for light protection. The
samples were embedded in 50% glycerol on a glass slide and the callose deposition was
visualized using a fluorescent microscope equipped with a UV lamp. Glycerol ensures a
prolonged observation time and reduces bubble formation. The callose deposits appear
stained bright blue in color (Supplementary Figure S6).

4.7.2. Staining for H,O, Detection in Leaf Tissues

The 3,3- diaminobenzidine (DAB) assay was performed following the procedure
outlined in [52]. The DAB stain is mainly used to visualize the production of H,O; in leaves
and roots. For the detection of H,O,, 0.1 g of DAB was dissolved in 100 mL of ddH,O
(pH adjusted to 3.8 using HCI). The DAB solution was freshly prepared before starting
the experiment. The DAB assay was conducted using three biological replicates for each
experimental group. Systemic leaves were harvested and treated with the DAB solution
and incubated overnight in the dark with mild agitation (50 rpm). The DAB solution
was discarded, leaves were rinsed with ddH,O to remove excessive staining solution and
immersed in 96% ethanol. The samples were then incubated overnight to remove the
chlorophyll. Leaves were washed with 75% ethanol and kept in 20% glycerol solution
to prevent the leaves from breaking easily and enabling rehydration. Dark brown color
precipitates indicated accumulation of HyO,. The images of the leaf samples were taken
under a light microscope with a 5X objective lens (Supplementary Figure S7).

5. Conclusions

A better understanding of the functional roles of PDLP and SRC2 in the plant’s
response to CMV infection is provided. This experimental study suggests that PDLP and
SRC2 are potential susceptibility and resistance genes during CMV infection in Nicotiana
benthamiana, respectively. The VIGS method can be applied for screening candidate genes
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involved in viral resistance or disease susceptibility in C. chinense cv Bhut Jolokia and other
crop plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants14030495/s1, Figure S1: Multiple sequence alignment of
PDLP genes of Nicotiana benthamiana (Niben101Scf03456g00018.1), Capsicum chinense (MCIT02000006.1),
C. annum (XM_016721975.2), and N. tabacum (XM_016610375.1). Red-colored lines indicate gene
fragment (383 bp) used as VIGS targeted region for silencing of the PDLP gene. Sequence alignment
was performed using Clustal Omega; Figure S2: Multiple sequence alignment of SRC2 genes of
Nicotiana benthamiana (DQ465395.1), Capsicum chinense (AB442165.1), C. annum (NM_001324570.1) and
N. tabacum (XM_016630487.1). Red-colored lines indicate gene fragment (364 bp) used as VIGS tar-
geted region for silencing of the SRC2 gene. Sequence alignment was performed using Clustal Omega;
Figure S3: Illustrative depiction of the methodology involved in the agroinfiltration of the VIGS con-
structs, cucumber mosaic virus (CMV) inoculation, and gene expression analysis in the experimental
plants; Figure S4: Phenotypic observations of VIGS-silenced Nicotiana benthamiana, Nicotiana tabacum,
and Capsicum chinense plants (A) at 21 days post agroinoculation (dpa). (B) Phytoene desaturase
(PDS) gene was used as a positive control. Silencing of PDLP and SRC2 genes did not alter the
development in the N. benthamiana and C. chinense; in contrast, N. tabacum exhibited some leaf crum-
bling symptoms; Figure S5: Representative images of N. benthamiana plants upon CMV-inoculation
at 19 dpi. dpi = days post CMV inoculation, CMV = cucumber mosaic virus, (-) = non-silenced
plant with CMV infection, Mock = Phosphate buffer treated plant. TRV2-SRC2, TRV2-eGFP (control),
and TRV2-PDLP are VIGS silenced plants observed upon CMV inoculation; Figure S6: Microscopic
observation of callose deposits upon cucumber mosaic virus (CMV) in PDLP- and SRC2-silenced
Nicotiana benthamiana plants. Callose deposition assay using Aniline blue staining was performed
according to the procedure described by Schenk et al., 2015. The callose deposition was visualized
using a fluorescent microscope with a UV lamp. White arrow indicates callose deposits. dpa = days
post agroinoculation. dpi = days post infection. Figure S7: Macroscopic (A) and microscopic (B)
detection of HyO, by 3,3- diaminobenzidine (DAB) staining in VIGS-silenced Nicotiana benthamiana
plants at different time-points after DAB staining. Control (¢GFP) and SRC2-silenced plants exhibited
elevated levels of HyO, as compared to the PDLP-silenced group. Dark brown patches (indicated by
green arrows) represent areas of reactive oxygen species (ROS) accumulation (see results of RT-qPCR
in Figure 7), where darker shades indicate higher viral accumulation and lighter shades indicate
lower viral accumulation. DAB assay was performed following the procedure outlined by Bach-Pages
and Preston 2018. dpa = days post agroinoculation; dpi = days post CMV infection.
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Abstract: A sudden, unexplained decline and collapse of young apple trees on dwarfing and semi-
dwarfing rootstocks has been reported across North America over the past decade. Although viruses
have been detected in declining trees, no information is available on their potential causal role in the
decline phenomenon. To this end, virus-inoculated apple trees were established in a high-density
experimental orchard and monitored over five years. Tree decline was observed in year 4 (2022),
resulting in 17% mortality, with declining trees exhibiting marked vascular tissue necrosis. However,
none of the eight viruses and one viroid detected in the experimental orchard was significantly
more prevalent in declining trees. Extreme temperature fluctuations in January 2022, followed by a
severe water deficit in summer 2022, were recorded at the experimental orchard. Similar but distinct
observations were made in a nearby commercial orchard with foliar nutrient imbalances documented
in trees exhibiting symptoms of rapid decline. Together, our findings suggest that viruses are not
primarily responsible for the rapid decline phenomenon and highlight the need for future work to
investigate the roles of tree physiology and water stress in tree decline, as well as the potential efficacy
of horticultural mitigation practices.

Keywords: latent apple virus; apple stem pitting virus; apple chlorotic leaf spot virus; apple stem
grooving virus; high-density orchard; rapid apple decline

1. Introduction

A sudden, unexplained, mid-season collapse of young apple trees (Malus domestica
Borkh.) in high-density orchards, which has been referred to as “rapid apple decline” or
“sudden apple decline”, was first reported in the eastern United States in the 2010s [1-4].
Similar sudden, unexplained apple tree decline phenomena have since been reported in
New York [3,5,6], North Carolina [4], Pennsylvania [1], Washington [7], and West Vir-
ginia [8] in the United States, as well as in British Columbia [9] in Canada.

These decline phenomena are characterized by the rapid collapse of young apple
trees in high-density plantings over the course of several weeks, often resulting in tree
mortality [1,2,8]. Tree collapse is sometimes preceded by a gradual decline of tree health
over the course of a growing season, typified by chlorosis throughout the canopy and
declining tree vigor [1,2,10,11]. Trees which collapse typically do so during the active
growing season, often with a full crop load [1,2,4,6,11]. The underlying causal factors of
the decline phenomena are yet to be identified, although many have been hypothesized,
including fire blight of the rootstock caused by the bacterial pathogen Erwinia amylovora,
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herbicide injury, boring insects, winter injury, drought stress, fungal canker and wood rot
fungi, and latent viruses [3,5,6,8,9,11,12]. This rapid mid-season collapse of young apple
trees has not been attributed to a known disease, such as apple bacterial quick decline in
Japan caused by Dickeya dadantii [13] or stem canker and dieback in Ontario caused by
Botryosphaeria dothidea [14].

Several recent studies have attempted to assess the role of viruses and viroids in
the decline phenomenon. In Pennsylvania, high-throughput sequencing revealed the
presence of a novel luteovirus, i.e., apple luteovirus 1 (ALV1), in declining trees, as well as
three common latent viruses of apple, i.e., apple chlorotic leaf spot virus (ACLSV), apple
stem pitting virus (ASPV), and apple stem grooving virus (ASGV) [8]. Latent apple viruses
generally do not elicit symptoms on commercial cultivars and rootstocks, often occur in
mixed infections, and are endemic to cultivated apple trees [15]. A comprehensive study in
a commercial orchard in New York detected two latent viruses, i.e., ACLSV and ASPV, in
both declining and non-declining trees [6]. In Washington, high-throughput sequencing
revealed the presence of several novel putative viruses, as well as nine known viruses and
viroids, in both declining and non-declining trees in commercial orchards, but none was
consistently associated with decline [12]. In British Columbia, high-throughput sequencing
and molecular assays identified a novel ilarvirus, i.e., apple ilarvirus 2, as well as 21 known
viruses and viroids, in both declining and non-declining trees in commercial orchards [9].

In addition to investigating the role of viruses and viroids in decline phenomena,
studies conducted to date have also investigated plant and soil microbial community
composition [6], weather patterns [6,16], tree water status [11], and root system architec-
ture [10]. Singh et al. (2019) used high-throughput sequencing to identify the composition
of bacterial and fungal communities in apple root, shoot, rhizosphere, and soil samples and
documented no significant enrichment of any class of bacteria or fungi in declining trees
in a commercial apple orchard in western New York [6]. However, this study identified
unusually cold winter temperatures followed by summer drought in the vicinity of the
declining orchard [6]. Similarly, Donahue & Elone (2021) documented uncharacteristically
variable temperatures in their case study of a declining commercial orchard in eastern New
York [16]. A comparison of the root system architectures of declining and non-declining
trees in two commercial orchards in New York found that the root systems and scion
trunk diameters of declining trees were significantly smaller than non-declining trees in
one orchard but not the other [10]. Furthermore, a study of the water status of trees in a
declining orchard in British Columbia found that tree decline and mortality were associated
with disruption in xylem water transport and hydraulic failure [11].

All studies conducted to date which have investigated the role of viruses and viroids
in the rapid decline of young apple trees have represented observational surveys of trees
already in decline at a single point in time during the life of an orchard [6,8-10,12]. To our
knowledge, no study to date has assessed the potential role of viruses and viroids in the
decline phenomenon by monitoring declining trees for more than one growing season. The
objectives of this study were to monitor the progress of decline in an experimental orchard
plot beginning at orchard establishment, to reproduce the rapid decline phenomenon
under experimental conditions, and to conclusively rule latent virus infections in or out
as a primary cause while simultaneously monitoring the progress of decline in a nearby
commercial orchard block. We hypothesized that concurrent infection by a greater number
of viruses would result in higher rates of tree decline at both sites. Here, we summarize our
efforts to characterize the rapid decline phenomenon in both a high-density experimental
apple orchard and a high-density commercial apple orchard in the Lake Ontario fruit
production region of New York.

2. Results
2.1. Observations of Rapid Tree Decline in an Experimental Apple Orchard

An experimental apple orchard was established in 2019 at Cornell AgriTech in On-
tario County, NY, USA, in an effort to reproduce the rapid decline phenomenon. Trees
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representing six scion-rootstock combinations (‘Baigent” Gala, ‘Honeycrisp’, and ‘Royal
Red Honeycrisp’™ (Willow Drive Nursery, WA, USA) on ‘Malling 26’ (M.26) or ‘Geneva
935’ (G.935) rootstocks) were custom-budded the year prior and then chip graft inoculated
with either apple chlorotic leaf spot virus (ACLSV), apple stem pitting virus (ASPV), both
viruses, or neither virus. Over the course of the five-year study, 65 of the 240 total trees
established in the experimental orchard were lost for reasons unrelated to the tree decline
phenomenon of interest, including unsuccessful budding, tree establishment failure, and
fire blight caused by Erwinia amylovora infection. These trees were excluded from the study.

The decline severity of the remaining 175 trees (175 of 240; 73%) was visually evaluated
according to a 0 to 4 severity scale from 2019 to 2023 (years 1-5). No tree declined (decline
severity rating 0) in 2019, 2020, or 2021 (years 1-3). In 2022 (year 4), all 175 trees successfully
emerged from dormancy, bloomed, and set fruit (decline severity rating 0) (Figure 1).
Interestingly, some trees began showing initial signs of decline, corresponding to decline
severity rating 1, in early June (approximately four weeks post-bloom) (Figure 1). By
early August (approximately 12 weeks post-bloom), trees with symptoms corresponding to
all five decline severity ratings were observed, including complete tree collapse (decline
severity rating 4) in three trees (1.7%, 3 of 175) (Figures 1 and 2). By the onset of leaf
senescence in mid-October (approximately 22 weeks post-bloom), the tree mortality rate
(decline severity rating 4) reached 17% (30 of 175) (Figure 1). All three cultivars and
both rootstocks evaluated were represented in the population of 30 trees which collapsed
in 2022: ‘Baigent’/G.935 (n = 2), ‘Baigent”/M.26 (n = 15), ‘Honeycrisp’/G.935 (n = 1),
‘Honeycrisp’/M.26 (n = 11), and ‘Royal Red Honeycrisp”™/G.935 (n = 1). No leaf drop
or substantial trunk swelling or cracking at the graft union was apparent in any tree.
However, cross-sectioning of the trunks of severely declining trees (decline severity rating
3) revealed extensive browning and necrosis of the vascular tissue (Figure 2). Together, this
work documented the occurrence of the rapid decline phenomenon in the experimental
orchard across all evaluated apple cultivars and rootstocks in year 4. The rapid decline was

accompanied by vascular tissue necrosis.
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Figure 1. Decline severity ratings over time of three-year-old ‘Baigent” Gala, ‘Honeycrisp’, and
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‘Royal Red Honeycrisp’™ apple trees on “Malling 26” and ‘Geneva 935 rootstocks in a high-density
experimental orchard at Cornell AgriTech in Ontario County, NY, USA over the course of the 2022
growing season. Tree decline severity was visually assessed monthly from May to October using a
scale from 0 to 4, with a rating of 0 indicating no decline symptoms and a rating of 4 indicating tree
mortality. Ratings of 1 to 3 indicate increasing decline severity, with a rating of 1 corresponding to
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chlorosis throughout <50% of the canopy, a rating of 2 corresponding to chlorosis throughout >50%
of the canopy, and a rating of 3 corresponding to chlorosis throughout >50% of the canopy, leaf

flagging, and poor tree vigor.

Figure 2. (A) Asymptomatic, declining, and collapsed three-year-old ‘Baigent” Gala, "Honeycrisp’,
and ‘Royal Red Honeycrisp’™ apple trees on ‘Malling 26" and ‘Geneva 935’ rootstocks in a high-
density experimental orchard at Cornell AgriTech in Ontario County, NY, USA on 22 August 2022.
Tree decline severity was visually assessed using a scale from 0 to 4, with a rating of 0 indicating
no decline symptoms and a rating of 4 indicating tree mortality. From left to right, the eight trees
pictured here represent decline severity ratings of 0, 3, 4, 0, 0, 4, 0, and 0, respectively; (B) A
representative cross-section of the trunk of a severely declining tree (decline severity rating 3)
showing extensive browning and necrosis of the vascular tissue approximately 30 cm above the graft
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union. Cross-sections of 15 declining trees were evaluated (four with a decline severity rating of 3;
11 with a decline severity rating of 4), and all displayed similar tissue necrosis; (C) a representative
cross-section of the trunk of a non-declining tree (decline severity rating 0) without browning or
necrosis of the vascular tissue approximately 30 cm above the graft union. Cross-sections of two
non-declining trees were evaluated (both had decline severity ratings of 0), and both displayed a
similar lack of tissue necrosis.

Overall, the majority of the trees evaluated (62%, 109 of 175) experienced either mild
(decline severity rating 1), moderate (decline severity rating 2) or severe decline (decline
severity rating 3) during the 2022 growing season (Figure 1). The 30 trees that collapsed
(decline severity rating 4) made up 28% (30 of 109) of those which showed symptoms of
decline (Figure 1). Strikingly, none of the surviving 145 trees declined in 2023 (year 5),
including those showing signs of mild or moderate decline at the end of the 2022 growing
season (45%, 79 of 175).

2.2. Detection of Viruses and Viroids in the Experimental Apple Orchard

Diagnostic testing of 175 trees in the experimental orchard via multiplex polymerase
chain reaction (PCR)-based amplicon sequencing revealed the presence of eight viruses
and one viroid (Table 1). At least one virus or viroid was identified in every tree tested
(Tables 1 and S1). The three most prevalent viruses were apple stem grooving virus (ASGV)
(100%, 175 of 175), ACLSV (78%, 136 of 175), and ASPV (71%, 125 of 175) (Table 1). Five
additional viruses, i.e., citrus concave gum-associated virus (CCGaV), apple green crinkle-
associated virus (AGCaV), apple rubbery wood virus 2 (ARWYV2), tobacco ringspot virus
(TRSV), and tomato ringspot virus (ToRSV), as well as one viroid, apple hammerhead
viroid (AHVd), were detected in smaller proportions of the trees tested (Tables 1 and S1).
Ten of the viruses and viroids detectable by this methodology were not identified in the
experimental orchard (Tables 1 and S1). This work indicated the presence of more viruses
and viroids than expected based on the initial design of the experimental orchard that
relied on chip graft inoculation of selected trees with either ACLSV, ASPV, or both viruses.

Table 1. Viruses and viroids detected via multiplex PCR-based amplicon sequencing of 175 three-
year-old ‘Baigent” Gala, “‘Honeycrisp’, and ‘Royal Red Honeycrisp”™ apple trees on ‘Malling 26
and ‘Geneva 935" rootstocks in a high-density experimental orchard at Cornell AgriTech in Ontario
County, NY, USA. Numbers of infected trees per virus or viroid are indicated.

Rootstock/Scion
Virus G.935/Gala G.935/HC G.935/RRHC M.26/Gala M.26/HC M.26/RRHC Total
ACLSV 21 22 30 21 34 8 136
AGCaV 13 7 14 11 7 4 56
ALV1 0 0 0 0 0 0 0
ApMV 0 0 0 0 0 0 0
ARWV1 0 0 0 0 0 0 0
ARWV2 2 2 15 1 5 0 25
ASGV 31 34 30 33 39 8 175
ASPV 21 19 30 21 26 8 125
CCGaV 17 19 29 12 22 7 106
CiVA 0 0 0 0 0 0 0
PpPV2 0 0 0 0 0 0 0
PrVT 0 0 0 0 0 0 0
ToRSV 0 0 2 1 0 0 3
TRSV 0 0 0 0 1 0 1
Viroid G.935/Gala G.935/HC G.935/RRHC M.26/Gala M.26/HC M.26/RRHC Total
ADFVd 0 0 0 0 0 0 0
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Table 1. Cont.

Rootstock/Scion
AFCVd 0 0 0 0 0 0 0
AHVd 29 28 30 8 6 3 104
ASSVd 0 0 0 0 0 0 0
PBCVd 0 0 0 0 0 0 0

Abbreviations: ACLSV, apple chlorotic leaf spot virus; ADFVd, apple dimple fruit viroid; AFCVd, apple fruit
crinkle viroid; AGCaV, apple green crinkle-associated virus; AHVd, apple hammerhead viroid; ALV1, apple
luteovirus 1; ApMYV, apple mosaic virus; ARWV1, apple rubbery wood virus 1; ARWV2, apple rubbery wood virus
2; ASGYV, apple stem grooving virus; ASPV, apple stem pitting virus; ASSVd, apple scar skin viroid; CCGaV, citrus
concave gum-associated virus; CiVA, citrus virus A; Gala, ‘Baigent’ Gala; G.935, ‘Geneva 935"; HC, ‘Honeycrisp’;
M.26, ‘Malling 26’; PBCVd, pear blister canker viroid; PpPV2, Pyrus pyrifolia partitivirus 2; PrVT, Prunus virus T;
RRHC, ‘Royal Red Honeycrisp’™; ToRSV, tomato ringspot virus; TRSV, tobacco ringspot virus.

2.3. The Relationship between Virus Infection and Decline Outcome in the Experimental Apple
Orchard

The relationship between virus and viroid prevalence in collapsed trees (decline
severity rating 4; n = 30) and in trees that did not collapse (decline severity ratings 0, 1, 2,
or 3; n = 145) was evaluated for statistical significance (Figure 3A). Of the eight viruses and
one viroid detected in the experimental orchard, none was found to be significantly more
prevalent in trees that collapsed compared with trees that did not collapse (Figure 3A).
Furthermore, AHVd prevalence was significantly higher in trees that did not collapse (69%,
100 of 145) than in trees that did collapse (13%, 4 of 30) (p < 0.001) (Figure 3A). Moreover,
an analysis of variance revealed no statistically significant difference between the number
of unique viruses and viroids detected in trees that collapsed (x = 3.63) and in trees that did
not collapse (X = 4.29) (p = 0.062), revealing no association between tree mortality and the
number of unique viruses and viroids detected.

Similarly, of the eight viruses and one viroid detected in the experimental orchard,
none was found to be significantly more prevalent in declining trees (decline severity ratings
2-3; n = 20) or trees that had collapsed (decline severity rating 4; n = 30) compared with non-
declining trees (decline severity ratings 0-1; n = 125) (Figure 3B). Indeed, the prevalences of
both AHVd and AGCaV were significantly higher in non-declining trees (72% and 37%,
respectively) than in declining trees (50% and 5%; p < 0.001 and p = 0.034, respectively)
(Figure 3B). Together, these results revealed that the prevalence of common apple viruses
and viroids was not associated with tree decline outcome in the experimental orchard.

Because the viruses and viroid detected in the experimental orchard were present
in many unique combinations, the number of trees infected with any one combination
was generally quite small, precluding a robust statistical analysis of correlation between
virus combinations and decline outcome. Nevertheless, we observed no clear association
between particular virus combinations and tree decline or collapse (Table S1).
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Figure 3. Prevalence of eight viruses and one viroid in 175 three-year-old ‘Baigent” Gala, ‘Honeycrisp’,
and ‘Royal Red Honeycrisp ™ apple trees on ‘Malling 26" and ‘Geneva 935 rootstocks in a high-density
experimental orchard at Cornell AgriTech in Ontario County, NY, USA that (A) did or did not collapse
in 2022, or (B) collapsed, declined, or did not decline in 2022. Decline severity ratings were assigned
as previously described. Statistical significance was determined by x? tests with a p value threshold
of 0.05. n.s. p > 0.05, * p < 0.05; *** p < 0.001. Abbreviations: ACLSV, apple chlorotic leaf spot virus;
AGCaV, apple green crinkle-associated virus; AHVd, apple hammerhead viroid; ARWV2, apple rubbery
wood virus 2; ASGV, apple stem grooving virus; ASPV, apple stem pitting virus; CCGaV, citrus concave
gum-associated virus; ToRSV, tomato ringspot virus; TRSV, tobacco ringspot virus.

2.4. Root System Architecture of Trees in the Experimental Apple Orchard

Root system architecture parameters were compared between excavated root systems
of trees that experienced substantial decline (decline severity ratings of 2, 3, or 4; n = 25) and
those that did not experience substantial decline (decline severity ratings of 0 or 1; n = 14).
Of the root system parameters evaluated, both scion diameter and rootstock diameter at the
graft union differed significantly between scion cultivars (p = 0.001 and p = 0.025, respectively)
(Table S2). These differences are attributable to known differences in trunk cross-sectional area
and overall tree size between ‘Gala’ and ‘Honeycrisp’ cultivars, as previously described [17].
No other significant differences in the root system architecture parameters evaluated were
observed based on cultivar or rootstock (Tables 2, S2 and S3). Although none of the root
system parameters evaluated differed significantly between declining and non-declining trees
when a p value threshold of 0.05 was applied, root system depth was significantly shallower
in trees that experienced substantial decline than in trees that did not experience substantial
decline when a p value threshold of 0.10 was applied instead (p = 0.058), possibly due to the
high root system depth variability observed (Table 2). Although these data must be interpreted
with caution, they may indicate reduced root depth in declining trees.

Table 2. Root system architecture traits of declining (decline severity ratings 2, 3, and 4) and non-
declining (decline severity ratings 0 and 1) three-year-old ‘Baigent’ Gala, "Honeycrisp’, and ‘Royal Red
Honeycrisp’™ apple trees on “Malling 26" and ‘Geneva 935’ rootstocks in a high-density experimental
orchard at Cornell AgriTech in Ontario County, NY, USA.

Declining Non-Declining
Number of Trees 25 14
Dedline Decline x Decline x
Parameter Mean ? SD Mean ? SD Value bp Cultivar p Rootstock p
Value ¢ Value €

DScion (cm) 3.58 a 0.71 3.57 a 0.58 0.940 0.136 0.230
@Rootstock (cm) 472a 0.83 4.61a 0.82 0.667 0.179 0.472
DR/DS (cm) 133 a 0.15 130a 0.18 0.552 0.997 0.140
RootstockUG (cm) 25.81a 10.06 2891 a 5.83 0.228 0.835 0.351
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Table 2. Cont.

Declining

Non-Declining

Number of Trees

25

14

Parameter

Mean ?

SD

Mean ?

SD

Decline p
Value ?

Decline x
Cultivar p
Value ©

Decline x
Rootstock p
Value ¢

RSDepth (cm)
RSWidth (cm)
RSArea (cm?)

53.55 a
7344 a
4281.49 a

14.85
18.77
1487.92

63.67 a
68.91 a
4314.82 a

15.82
15.62
1715.49

0.058

0.424
0.952

0.431
0.214
0.716

0.953
0.800
0.867

Root system parameters evaluated were scion trunk diameter at the graft union (JScion), rootstock trunk diameter
at the graft union (QRootstock), ratio of rootstock trunk diameter to scion trunk diameter (IR /DS), rootstock
shank length below the soil level (RootstockUG), root system depth (RSDepth), root system width (RSWidth), and
projected area of the root system (RSArea). SD indicates standard deviations. * Means followed by the same letter
in both columns are not significantly different according to Tukey’s Honest Significant Difference test with a p
value threshold of 0.05. P p values indicate statistical significance of the interactions between root system trait and
decline outcome according to one-way ANOVA with a p value threshold of 0.05. € p values indicate the statistical
significance of the interactions between root system trait, decline status, and cultivar or rootstock according to
two-way ANOVA with a p value threshold of 0.05.  p < 0.10.

2.5. Weather Patterns at the Experimental Apple Orchard Site

Weather data analysis indicated that between 2019 and 2023, the rainfall received at
the experimental orchard site was below average for the region every year except for 2023,
based on a 20-year rainfall average of 54.0 cm for these months (Figure 4) [18]. The site
received significantly less rainfall in 2022 than in other years, with cumulative rainfall from
April to September of only 29.0 cm (Figure 4). The rainfall deficit was particularly pro-
nounced during July, August, and September 2022 (Figure 4). During these three months,
the orchard site received only 7.4 cm of rainfall (compared with 24.1, 24.1, 32.3, and 22.4 cm
during the same months in 2019, 2020, 2021, and 2023, respectively) (Figure 4).

Additionally, the orchard site experienced more extreme temperature fluctuations
in January 2022 compared with the other years of the study, with the lowest minimum
temperature of —24.5 °C (compared to the minimum January temperatures of —19.7, —13.4,
—14.7, and —10.2 °C in 2019, 2020, 2021, and 2023, respectively), as well as the greatest
temperature range, with a total difference between maximum and minimum temperatures
of 34.8 °C in January 2022 (compared to January temperature ranges of 31.9, 30.5, 20.4, and
19.6 °C in 2019, 2020, 2021, and 2023, respectively) (Figure 4).
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Figure 4. (A) Maximum, average, and minimum temperatures each month from January 2019
to November 2023; (B) cumulative rainfall during each growing season (April-September) from
2019 to 2023, where the dashed line indicates the twenty-year average rainfall (2003-2023) received
during April-September in this region; (C) cumulative rainfall each month of the growing season
(April-September) from 2021 to 2023 at the site of the experimental apple orchard at Cornell AgriTech
in Ontario County, NY, USA.

2.6. Water Balance of Trees at the Experimental Apple Orchard Site

Modeling the water balance of trees in the experimental orchard indicated that the
water demand of rainfed trees was higher than the rainfall received each growing season,
with maximum negative water balances of —40,451, —33,999, —266,206, and —101,015 L per
hectare in 2020, 2021, 2022, and 2023, respectively (Figure 5A). However, the drip irrigation
provided was sufficient to satisfy orchard water demand every year of the study, with the
exception of 2022 (Figure 5B). When accounting for irrigation, the experimental orchard had
an estimated maximum negative water balance of —74,676 L per hectare on 4 September
2022. These analyses revealed a substantial water deficit of trees at the experimental apple
orchard site when decline was documented in the summer of 2022.
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Figure 5. Cumulative orchard water balance in a high-density experimental apple orchard at Cornell
AgriTech in Ontario County, NY, USA, from 2020 to 2023 (A) without accounting for supplemental
irrigation; and (B) accounting for supplemental irrigation. The cumulative orchard water balance is
expressed in kiloliters per hectare.
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2.7. Observations of Rapid Tree Decline in a Commercial Apple Orchard

In addition to monitoring decline severity in the experimental orchard, approximately
600 "Honeycrisp’/‘Malling 9 Nic29’ trees planted in a commercial orchard in Wayne County,
NY, USA, in 2018 were visually evaluated according to the same 0 to 4 decline severity
scale during the 2021-2023 growing seasons (years 4-6). The commercial orchard site was
located 35 km from the experimental orchard and was selected for this study after the
orchardist noticed suddenly declining trees in 2020 (year 3).

In 2021 (year 4), all trees in the commercial orchard block successfully emerged
from dormancy, bloomed, and set fruit (decline severity rating 0). At the first decline
severity assessment in June (approximately seven weeks post-bloom), trees with symptoms
corresponding to all five decline severity ratings were observed, including complete tree
collapse (decline severity rating 4) in 20 trees (3.4%, 20 of 588) (Figure 6). By late September
(approximately 20 weeks post-bloom), the tree mortality rate (decline severity rating 4)
had reached 6.5% (38 of 588) (Figure 6). Trees that collapsed during the 2021 season were

2021 |

wizozr |

removed and replaced with new trees by the orchardist that autumn.
T g T R T ﬁ T T g 1
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Figure 6. Decline severity over time of ‘Honeycrisp” apple trees on ‘Malling 9 Nic29" rootstocks

Decline severityrating gog m1 2 =3 m4
established in 2018 in a high-density commercial orchard block in Wayne County, NY, USA, over the
course of the 2021 and 2022 growing seasons (June-September). Tree decline severity was visually
assessed using a scale from 0 to 4, with a rating of 0 indicating no decline symptoms and a rating of 4
indicating tree mortality. Ratings of 1 to 3 indicate increasing decline severity, with 1 corresponding
to chlorosis throughout <50% of the canopy, 2 to chlorosis throughout >50% of the canopy, and 3 to
chlorosis throughout >50% of the canopy, leaf flagging, and poor tree vigor.
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A

The impact of rapid decline in the commercial orchard was significantly less severe
in 2022 (year 5). All surviving trees successfully emerged from dormancy, bloomed, and
set fruit (decline severity rating 0), including those which had exhibited mild to moder-
ate decline severity the previous year. At the first decline severity assessment in June
(approximately four weeks post-bloom), some trees exhibited decline symptoms (decline
severity ratings 1, 2, and 3), but none had collapsed (decline severity rating 4) (Figure 6).
By September (approximately 21 weeks post-bloom), the tree mortality rate reached only
0.7% (4 of 594), representing a ten-fold decrease in mortality compared to the previous
year. Moreover, none of the replacement trees planted the previous year exhibited decline
symptoms in 2022. The few trees that collapsed during the 2022 growing season were
removed and replaced with new trees by the orchardist that autumn. In 2023 (year 6),
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no trees declined, including those replaced in 2021 and 2022. No leaf drop or significant
trunk swelling or cracking at the graft union was apparent in any tree of the commercial
orchard over the course of the study. Together, these results documented the occurrence of
extensive rapid decline in the commercial orchard block in year 4, followed by a reduced
decline incidence in year 5 and zero decline incidence in year 6.

2.8. Weather Patterns at the Commercial Apple Orchard Site and Water Balance of Trees

An analysis of weather patterns at the commercial orchard site was conducted using
data obtained from a nearby weather station. The trees in this orchard block were not
supplied with drip irrigation to supplement rainfall. Temperatures never rose above 30 °C
in the summer or fell below —15 °C in the winter over the duration of the study (Figure 7),
as is typical for this region due to the moderation of seasonal temperature extremes by the
proximal Lake Ontario [18]. Monthly temperature ranges were also greatly moderated,
with an average monthly temperature range of a mere 9.6 °C between monthly maximum
and minimum temperatures at the commercial orchard site, as is typical for this region
(Figure 7) [18].
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Figure 7. (A) Maximum, average, and minimum temperatures each month from March 2018 to Decem-
ber 2023; (B) cumulative rainfall during each growing season (April-September) 2018-2023, where the
dashed line indicates the twenty-year average rainfall (2003-2023) received during April-September
in this region; and (C) cumulative rainfall each month of the growing season (April-September)
2021-2023 near the site of a commercial apple orchard in Wayne County, NY, USA.

Between 2018 and 2023, the commercial orchard site received the most rainfall (62.4 cm)
during the 2021 growing season and the least (39.9 cm) during the 2020 growing season
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(Figure 7). The rainfall received during the growing season was below average for the
region in 2018 and 2020 but was at or above average in 2019, 2021, 2022, and 2023, based on
a 20-year rainfall average of 50.4 cm for these months (Figure 7) [18].

Modeling the water balance of trees at the commercial apple orchard site indicated
that the water demand of rainfed trees was higher than the rainfall received each growing
season, with maximum negative water balances of —19,342, —84,538, —75,039, —195,786,
and —83,104 L per hectare in 2019, 2020, 2021, 2022, and 2023, respectively (Figure 8).
Orchard water deficit was therefore greatest by far in 2022 and least in 2019 (Figure 8).
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Figure 8. Cumulative orchard water balance in an unirrigated high-density commercial apple
orchard in Wayne County, NY, USA, 2019-2023. The cumulative orchard water balance is expressed
in kiloliters per hectare.

2.9. Foliar Nutrient Status of Trees in the Commercial Apple Orchard

Foliar nutrient analysis of trees in the commercial orchard in August 2021 (year 4)
demonstrated that leaf elemental nitrogen, magnesium, manganese, iron, copper, and zinc
concentrations were in the normal ranges for all four decline severity categories evaluated
(decline severity ratings 0, 1, 2, and 3) (Figure 9A,D,F-H,]). However, leaf elemental calcium
concentrations were in the low range for all four decline severity categories evaluated,
possibly indicating an insufficient level of biologically available calcium at the orchard site
(Figure 9E). Notably, the leaf elemental concentrations of potassium, phosphorous, and
boron differed by decline severity category (Figure 9B,C,I). Both potassium and phospho-
rous were present in leaf tissue at concentrations in the normal ranges for non-declining
trees (decline severity category 0) but at concentrations in the low ranges for mildly, mod-
erately, and severely declining trees (decline severity ratings 1, 2, and 3) (Figure 9B,C).
Conversely, boron was present in leaf tissue at concentrations in the low range for non-
declining trees (decline severity category 0) and mildly and moderately declining trees
(decline severity ratings 1 and 2) but at a concentration in the normal range for severely
declining trees (decline severity rating 3) (Figure 9I). Together, these foliar nutrient analyses
revealed nutrient imbalances in declining trees in comparison with non-declining trees.
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Figure 9. Foliar dry matter nutrient concentrations of (A) nitrogen, (B) potassium, (C) phosphorus,
(D) magnesium, (E) calcium, (F) manganese, (G) iron, (H) copper, (I) boron, and (J) zinc in three-year-
old ‘Honeycrisp” apple trees on ‘Malling 9 Nic29’ rootstocks representing increasing decline severity.
Thresholds indicating “Low”, “Normal”, “High”, and “Excessive” mineral nutrient concentrations
in cultivated apple according to Pennsylvania State University nutrient guidelines are indicated by
dashed lines [19].

3. Discussion

To our knowledge, this study represents the first investigation in which the rapid
decline of young apple trees was recapitulated under experimental conditions. Prior
attempts to characterize the decline phenomenon have solely comprised observational
studies in commercial orchards. In this study, tree decline occurred in the Cornell AgriTech
experimental orchard only in 2022, during the fourth growing season following orchard
establishment, when full fruiting capacity was achieved for the first time. The observed
decline symptoms were consistent with those previously reported in commercial apple
orchards, with initial tree decline symptoms developing between June and September (be-
tween 4 and 18 weeks post-bloom), while the collapse of severely declining trees occurred
between August and October (between 12 and 22 weeks post-bloom). Although nearly
one-fifth (17%) of the evaluated trees collapsed, the decline symptoms of many mildly and
moderately declining trees appeared to stabilize, never advancing to severe decline and
collapse. All of the evaluated trees in decline severity categories 1 or 2 at the end of the 2022
growing season successfully emerged from dormancy the following spring, apparently
having recovered.

A similar phenomenon, in which a considerable proportion of declining trees appeared
to stabilize at mild or moderate decline stages rather than proceeding to severe decline and
collapse, was observed in a declining commercial Zestar!™ (cv. ‘Minnewashta’, University
of Minnesota, Minneapolis, MN, USA) apple orchard in the Hudson Valley production
region of New York [16]. The distinction between gradual, reversible tree decline and
abrupt tree collapse was explored by Xu et al. (2023) in a multi-site study of declining
orchards in British Columbia [11]. In that study, assessments of stem hydraulic character-
istics, stomatal conductance, carbon isotope content, and fruit dry matter accumulation
revealed an association between tree mortality and severe xylem water transport disruption,
while trees with symptoms of gradual decline exhibited moderate hydraulic dysfunction
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followed either by continued decline or eventual recovery [11]. Although stem hydraulic
characteristics were not assessed in this study, our observations corroborate the patterns
previously reported [11,16]. The leaf flagging and vascular necrosis observed in declining
trees in the experimental orchard (Figure 2) appear to signal a vascular transport disruption.
Similar trunk necrosis was previously reported in the commercial orchard monitored in
this study [10], as well as in other orchards in New York [6] and in British Columbia [11].

The tree decline phenomenon observed in the Wayne County commercial orchard
progressed similarly to that described above in the Cornell AgriTech experimental orchard.
Decline symptoms observed were consistent with those previously reported in other
commercial apple orchards. Initial symptoms of tree decline primarily developed between
June and September each year; however, a subset of trees had already progressed to
advanced stages of decline by the time of our first visit in June 2021 (year 4), suggesting that
initial symptom development had begun earlier in the season. A similar distinction between
abrupt tree collapse and gradual tree decline followed by either symptom stabilization and
recovery or further decline, as discussed above, was observed in the commercial orchard
block. No severely declining tree (decline severity rating 3) survived past the end of the
growing season. However, many declining trees appeared to stabilize at a mild or moderate
decline (decline severity ratings 1 and 2) and, after successful emergence from dormancy
the following spring, did not display decline symptoms in the following growing seasons.
Tree decline in the commercial orchard was most prevalent during the fourth growing
season following orchard establishment (2021) and much less prevalent the following year
(2022). No decline symptoms were observed in 2023, including in trees planted in 2021 and
2022 to replace those which had collapsed.

Multiplex PCR-based amplicon sequencing revealed the presence of eight viruses
and one viroid in frequent mixed infections in the experimental orchard, with up to seven
unique viruses and viroids detected in a single tree. These results indicated the presence
of more viruses and viroids than expected based on the initial design of the experimental
orchard that relied on chip graft inoculation of selected trees with either ACLSV, ASPV, or
both viruses. We suspect that this was a result of undetected virus and viroid infection of
the rootstock liners or scionwood sourced for this study. Virus testing by multiplex PCR-
based amplicon sequencing also revealed the lack of uninfected trees in the experimental
orchard, signifying a major limitation of our work due to the absence of uninfected trees
to be used as negative controls. However, of the eight viruses and one viroid detected,
all but ToRSV were detected in both declining and non-declining trees, as well as in trees
which did not collapse and those which did. None of the eight viruses or viroid detected
was more prevalent in trees which declined or in trees which collapsed entirely, leading
us to reject our hypothesis that one or multiple viruses or viroids would be significantly
more prevalent in declining trees. Surprisingly, the prevalence of AHVd was significantly
higher in non-declining than in declining trees, as well as in trees which did not collapse
versus those which did. As AHVd was detected primarily in trees on G.935 rootstocks,
we suspect that this viroid was present in the G.935 rootstock liners sourced for this
study. Similarly, three common apple latent viruses, i.e., ACLSV, ASPV, and ASGV were
detected at similar rates in both declining and non-declining trees in the Wayne County
commercial orchard, as previously reported [10]. Together, our results corroborate the
findings of previous studies in Pennsylvania [8], New York [6], Washington [12], and
British Columbia [9] by demonstrating the occurrence of viruses in both declining and
non-declining trees and, further, identify no association between any virus and decline.
ALV1 was initially hypothesized to be implicated in the rapid decline phenomenon [8] but
was not detected in this study. Additionally, no association was found between decline
outcome and the number of unique viruses and viroids detected in the tree. Together, our
findings suggest that individual apple viruses and viroids, or coinfections thereof, are not
primarily responsible for the rapid decline of young apple trees on dwarfing and semi-
dwarfing rootstocks in high-density orchards. It is important to note, however, that this
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study focused on evaluating the role of a known set of viruses in the decline phenomenon
but not of other pathogens.

The incidence of tree decline varied dramatically from year to year in both orchards
evaluated in this study. Over the course of five years in the experimental orchard, tree
decline was observed only during the 2022 growing season (year 4), despite the imple-
mentation of identical orchard management practices each year (apart from the manual
removal of fruitlets in the first two years to promote tree establishment). We therefore
hypothesized that variations in weather conditions from year to year at the experimental
orchard site would correlate with the year-to-year differences in tree decline incidence. Our
analyses revealed a significant rainfall deficit in mid- to late summer and early autumn
2022 and a striking negative water balance in August, September, and October 2022 despite
the supplemental water provided via drip irrigation. As our weather analyses are purely
observational, we cannot conclude with certainty that this water deficit was responsible
for tree decline or collapse in the experimental orchard. However, Xu et al. (2023) re-
cently documented that tree mortality of rapidly declining trees at multiple sites in British
Columbia was associated with severe disruption in xylem water transport and hydraulic
failure, as evidenced by reduced xylem function, reduced stomatal conductance and stem
water potential [11]. It is possible that a substantial water deficit, as observed at the ex-
perimental orchard site, may have contributed to mortality in trees already experiencing
water transport disruption. Conversely, at the commercial orchard site, the greatest decline
incidence was observed during the growing season (2021), with the greatest cumulative
rainfall during the study. Although trees at the commercial orchard site were not irrigated,
the estimated orchard water balance never fell below zero over the course of the entire
study. These findings suggest that either orchard water balance is not primarily responsible
for the decline phenomenon or the etiologies of the decline phenomena observed in the
experimental and commercial orchards are distinct.

Weather data analyses additionally revealed that the experimental orchard site ex-
perienced more extreme temperature fluctuations and a lower minimum temperature in
January 2022 compared with the other years of the study. It is possible that the affected trees
may have been weakened due to cold temperatures and extreme temperature fluctuations.
It should be noted that in the case of the experimental orchard, weather data were obtained
from an on-farm weather station located less than three kilometers from the orchard site.
However, in the case of the commercial orchard site, weather data were obtained from
a weather station located approximately ten kilometers from the orchard site; therefore,
microclimatic variations in weather conditions at the commercial orchard site may not be
well represented in the data evaluated.

As previously reported for the Wayne County commercial apple orchard by Serrano et al.
(2023), the root systems of declining trees significantly differed from the root systems of
their non-declining counterparts [10]. Declining trees had significantly smaller scion trunk
diameter, root system width, number of primary roots, total root length, root system surface
area, and root system dry weight. Other root system traits did not differ significantly be-
tween the declining and non-declining trees evaluated, including rootstock trunk diameter,
the ratio of scion to rootstock trunk diameter, root system depth, length of the rootstock
shank below the soil level, projected root system area, total number of root tips, maximum
root diameter, and root system volume [10]. Interestingly, no significant differences be-
tween the root systems of declining vs. non-declining trees in a second orchard in eastern
New York were previously found [10]. A decrease in average root system depth was noted
in declining trees in our experimental orchard, although this difference was not found to
be statistically significant when a p value threshold of 0.05 was applied. These findings
suggest that either root system architecture is not primarily responsible for the decline
phenomenon or the etiologies of the decline phenomena observed in the experimental and
commercial orchards are distinct.

A growing body of evidence is pointing toward vascular transport disruption as a
cause of the gradual decline of apple trees, suggesting vascular failure as the immediate
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cause of tree collapse [10,11]. However, it remains unclear what factors may be initiating this
vascular transport disruption. More work is needed to address these issues in experimental
orchards and elucidate the specific triggers of the decline phenomenon. Ideally, uninfected
trees should be used as negative controls in such studies. If the involvement of tree water
balance, water stress response, crop load, or root system architecture in decline is confirmed,
horticultural mitigation, such as minimizing water stress, would appear to be a compelling
option for preventing apple decline. We hope that future studies will elucidate the specific
triggers of the decline phenomenon to inform more precise management strategies.

4. Materials and Methods
4.1. Plant Material and Virus Inoculation

Standard nonfeathered nursery trees representing six scion-rootstock combinations
(‘Baigent” Gala, ‘Honeycrisp’, and ‘Royal Red Honeycrisp”™ on ‘Malling 26" or ‘Geneva
935’ rootstocks) were custom-budded in 2018 and chip graft inoculated with either apple
chlorotic leaf spot virus (ACLSV), apple stem pitting virus (ASPV), both viruses, or neither
virus. Briefly, a thin segment of bark was excised from the stem of the test plant, exposing
the cambium, and then replaced with a segment of bark and cambium tissue of equivalent
dimensions from an infected source tree selected based on previous virus diagnosis via
double-antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) with spe-
cific antibodies (BIOREBA, Reinach, Switzerland). Chip grafts were moistened with water,
wrapped with grafting tape, and allowed to heal. The initial experimental design consisted
of a full factorial design of three scion cultivars, two rootstock genotypes, and four virus
treatments comprising 24 combinations. Ten replicates of each of the 24 combinations were
produced for a total of 240 trees.

4.2. Experimental Orchard Establishment and Management

An experimental orchard comprising 240 trees was established in June 2019 at Cornell
AgriTech in Ontario County, NY, USA, on a Lima series well-drained loam soil [20]. Fol-
lowing bareroot storage at 4 °C, trees were established at the orchard site in a tall spindle
production system at 0.9 m x 3.4 m high-density spacing (equivalent to approximately
3260 trees per hectare) according to a randomized complete block design. Rainfall was sup-
plemented with approximately 0.6 cm of water per week by drip irrigation throughout each
growing season (May—-September), and insecticide, fungicide, and antibiotic applications
were made as needed throughout the course of the study for pest and disease management.
Any observed fire blight cankers (shoot infections by E. amylovora) were pruned out at least
30 cm below the symptomatic tissue using pruning shears disinfected with 2.5% sodium
hypochlorite between each pruning cut, and trees were removed if fire blight reached the
central leader.

Trees were supported by a three-wire trellis (2.7 m), and the tall spindle production
system was maintained by annual winter pruning to remove branches competing with the
central leader and lateral branches with diameters greater than 2 cm. Leaders were not
headed for the duration of the study. Fruitlets produced by trees during the first two years
following orchard establishment (2019 and 2020) were manually removed to encourage
successful tree establishment. For the remainder of the study (2021 and 2022), trees were al-
lowed to crop, and fruitlets were manually thinned each spring to approximately two fruits
per cluster according to standard practices for conventional tall spindle apple production
in the region.

4.3. Commercial Orchard Site Selection

A high-density orchard block of ‘Honeycrisp” apple trees on ‘Malling 9 Nic29’ root-
stocks established in 2018 was selected for this study after the orchardist first noticed
suddenly declining trees in 2020 (year 3). This commercial block was located in Wayne
County, NY, USA, in the Lake Ontario apple production region. Trees were established at
the orchard site in a tall spindle production system at 1.25 m x 3 m high-density spacing
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with trellis support. Conventional horticultural and pest management practices for apple
orchards in the region were applied throughout the duration of this work. The orchard
block was not irrigated.

4.4. Assessment of Tree Decline Severity

Trees in the experimental orchard at Cornell AgriTech were visually evaluated for
decline during the 2020-2023 growing seasons using a scale from 0 to 4, with a rating of 0
indicating no decline symptoms and a rating of 4 indicating tree mortality. Ratings of 1 to 3
indicate increasing decline severity, with 1 corresponding to chlorosis throughout <50% of
the canopy, 2 to chlorosis throughout >50% of the canopy, and 3 to chlorosis throughout
>50% of the canopy, leaf flagging, and poor tree vigor. Prior to tree excavation for analysis
of root system architecture in late autumn 2022, trees were grouped into two categories: a
non-declining category comprised of trees with severity ratings of 0 and 1 and a declining
category comprised of trees with severity ratings of 2, 3, and 4 as previously described [10].

Trees in the commercial orchard block in Wayne County were visually evaluated for
decline during the 2021-2023 growing seasons using the same 0 to 4 rating.

4.5. Tissue Sampling and Virus Detection from Declining and Non-Declining Trees

Leaf and root tissue samples of declining and non-declining trees in the experimental
orchard at Cornell AgriTech were screened for 19 viruses and viroids of pome fruit trees via
multiplex PCR-based amplicon sequencing as previously described [21,22]. Briefly, a leaf
sample consisting of 5-6 mature leaves from throughout the scaffold and a composite root
tissue sample consisting of fine roots excavated from the top 15 cm of soil surrounding the
trunk were collected from each tree in the summer of 2022. Then, approximately 100 mg of
each tissue sample was homogenized in a guanidine thiocyanate and (3-mercaptoethanol
lysis buffer with two steel beads (4.5 mm diameter) using a Retsch MM400 mixer mill
(Retsch, Haan, Germany) at 30 Hz for 70 s (leaf tissue) or 180 s (root tissue). Next, total
RNA was isolated using the GenCatch Plant Total RNA Miniprep Kit (Epoch Life Science,
Missouri City, TX, USA) following the manufacturers’ guidelines, quantified using a Qubit
2.0 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA), and stored at —80 °C
prior to virus screening. Each sample was tested for the presence of 14 viruses and five
viroids of pome fruit trees via multiplex PCR-based amplicon sequencing as described
by Costa et al. [21]. Namely, each sample was tested for the presence of the alphaparti-
tivirus Pyrus pyrifolia partitivirus 2 (PpPV2), the capillovirus ASGV, the coguviruses citrus
concave gum-associated virus (CCGaV) and citrus virus A (CiVA), the foveaviruses ap-
ple green crinkle-associated virus (AGCaV) and ASPV, the ilarvirus apple mosaic virus
(ApMV), the nepoviruses tobacco ringspot virus (TRSV) and tomato ringspot virus (ToRSV),
the rubodviruses apple rubbery wood virus 1 (ARWV1) and apple rubbery wood virus 2
(ARWV2), the tepovirus Prunus virus T (PrVT), the tombusvirus apple luteovirus 1 (ALV1),
the trichovirus ACLSV, the apscaviroids apple dimple fruit viroid (ADFVd), apple fruit
crinkle viroid (AFCVd), apple scar skin viroid (ASSVd), and pear blister canker viroid
(PBCVd), and the pelamoviroid apple hammerhead viroid (AHVd).

4.6. Foliar Nutrient Analysis of Declining and Non-Declining Trees

Foliar nutrient analysis was conducted for declining and non-declining trees in the
Wayne County commercial orchard in August 2021. Briefly, approximately six leaves
were collected from current season terminal shoots from throughout the canopies of each
of ten trees corresponding to each decline severity category 0-3 described above. Leaf
tissue samples were not collected from trees representing decline severity category 4 (tree
mortality). Bulked leaf samples comprising 60-100 leaves were then prepared for each of
the four decline severity rating categories and submitted to DairyOne Forage Laboratory
(Ithaca, NY, USA) for nutrient analysis via microwave digestion and inductively coupled
plasma optical emission spectroscopy. Nutrient concentration thresholds were assigned
according to Pennsylvania State University nutrient guidelines for cultivated apple [19].
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4.7. Analysis of Weather Data and Orchard Water Balance

Analysis of weather patterns at the experimental orchard site at Cornell AgriTech
was conducted using data obtained from an on-farm weather station located less than
three kilometers from the orchard site via Cornell University’s Network for Environment
and Weather Applications (NEWA). Analysis of weather patterns at the commercial orchard
site in Wayne County was conducted using data obtained from a weather station located
approximately ten kilometers from the orchard site via NEWA.

Water balance analyses of the experimental orchard and commercial orchard sites
were conducted using the NEWA Apple Irrigation Model [23] using the appropriate green
tip dates, orchard ages, and tree spacing parameters for each orchard.

4.8. Root System Sampling, Processing, and Analysis

Trees in the experimental orchard at Cornell AgriTech were assigned to one of two decline
categories based on their decline severity ratings in October 2022 as described above
declining (decline severity ratings 2, 3, and 4) and non-declining (decline severity ratings
0 and 1). Representative trees from each of the two categories were excavated in October
2022 to facilitate root system architecture analysis. The aboveground portion of each tree
was cut approximately 30 cm above the graft union and removed. An excavator was then
used to remove the soil from around the trunk of each tree in a radius equal to half the tree
spacing (approximately 45 cm) and to a depth of approximately 35 cm. After removing
loose soil, the lower portion of each tree, including the portion of the root system within
the excavation zone, was removed and stored at 4 °C prior to processing and evaluation of
root traits.

Each of the excavated root systems was cleaned with tap water and suspended from a
horizontal metal rail by threading a screw into the trunk to facilitate imaging as previously
described [10]. Four images of each root system were captured using a Nikon D850
camera (Nikon, Minato, Tokyo, Japan) by rotating the root system in 90° increments.
Images were analyzed using Image]J version 1.54d [24] as previously described [10]. Root
system architecture parameters evaluated included scion trunk diameter at the graft union,
rootstock trunk diameter at the graft union, ratio of rootstock trunk diameter to scion trunk
diameter, rootstock shank length below the soil level, root system depth, root system width,
and projected area of the root system.

Similarly, trees representative of both the declining and non-declining categories were
excavated from the commercial orchard block in Wayne County in November 2021. Root
system sampling, processing, and analysis were conducted as previously described [10].

4.9. Statistical Analysis

Statistical analyses were performed using R statistical software (v4.3.1; R Core Team
2023). Chi-squared tests of independence with Bonferroni adjustments were conducted
to identify significant associations between decline outcome and virus presence. Type III
analysis of variance tests were conducted to evaluate whether root system architecture
traits differed by tree decline outcome using the ‘car’ statistical software package in R
(v3.1-3) [25]. Tukey’s Honest Significant Difference tests were conducted to assess the
significance of differences between group means using the ‘agricolae’ statistical software
package in R (v1.3-7) [26].

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/plants13202866/s1, Table S1: Virus and viroid status of 175 three-year-old
‘Baigent” Gala, ‘Honeycrisp’, and ‘Royal Red Honeycrisp’™ apple trees on ‘Malling 26" and ‘Geneva
935’ rootstocks in a high-density experimental orchard at Cornell AgriTech in Ontario County, NY,
USA; Table S2: Root system architecture traits by cultivar (‘Baigent” Gala or ‘Honeycrisp’) of declining
(decline severity ratings 2, 3, and 4) and non-declining (decline severity ratings 0 and 1) three-year-old
apple trees in a high-density experimental orchard at Cornell AgriTech in Ontario County, NY, USA;
Table S3: Root system architecture traits by rootstock (‘Geneva 935" or ‘Malling 26’) of declining
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(decline severity ratings 2, 3, and 4) and non-declining (decline severity ratings 0 and 1) three-year-old
apple trees in a high-density experimental orchard at Cornell AgriTech in Ontario County, NY, USA.
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Abstract: The impact of Xylella fastidiosa (Xf) subsp. pauca on the environment and economy of
Southern Italy has been devastating. To restore the landscape and support the local economy,
introducing new crops is crucial for restoring destroyed olive groves, and the almond tree (Prunus
dulcis Mill. D. A. Webb) could be a promising candidate. This work focused on the resistance of the
cultivar “Filippo Ceo” to Xf and evaluated its physiological and molecular responses to individual
stresses (drought or pathogen stress) and combined stress factors under field conditions over three
seasons. Filippo Ceo showed a low pathogen concentration (=103 CFU mL~!) and a lack of almond
leaf scorch symptoms. Physiologically, an excellent plant water status was observed (RWC 82-89%)
regardless of the stress conditions, which was associated with an increased proline content compared
to that of the control plants, particularly in response to Xf stress (~8-fold). The plant’s response did
not lead to a gene modulation that was specific to different stress factors but seemed more indistinct:
upregulation of the LEA and DHN gene transcripts by Xf was observed, while the PR transcript was
upregulated by drought stress. In addition, the genes encoding the transcription factors (TFs) were
differentially induced by stress conditions. Filippo Ceo could be an excellent cultivar for coexistence
with Xf subps. pauca, confirming its resistance to both water stress and the pathogen, although this
similar health status was achieved differently due to transcriptional reprogramming that results in
the modulation of genes directly or indirectly involved in defence strategies.

Keywords: climate change; combined stresses; drought; plant disease; transcription factor

1. Introduction

In nature, plants face numerous abiotic and biotic stress factors simultaneously, which
increase due to climate change, thus affecting their growth, yield and survival. Among
the possible stress combinations, the combination of drought and pathogens is one of
the most devastating [1,2]. Drought is a frequent environmental stress that exacerbates
the damage caused by bacterial pathogens [3,4]. For example, drought worsens Pierce’s
disease caused by Xylella fastidiosa (Xf) in Vitis vinifera [5], the bacterial blight caused
by Xanthomonas oryzae pv. oryzae in rice [6], and the common scab disease caused by
Streptomyces spp. in potato [7]. However, other works have reported that drought acts
positively, improving the plant defence response against pathogens, as reported in tomato
and grapevine against the necrotrophic fungus Botrytis cinerea [8,9]. Several studies [10-13]
have also shown that Leccino’s resistance to Xf may be attributed to its vulnerability to
water deficit. This susceptibility could activate alternative defence mechanisms that assist
the plant in response to pathogens.

To date, the relationship between the mechanisms of host resistance and drought
tolerance has not been determined. At the molecular level, the only certainty is that
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both are controlled by a complex network of events involving the activation/inactivation
of the expression of a large number of genes [14]. In particular, drought stress induces
changes in the activity of genes encoding stress response proteins, including dehydrins
(DHNSs) and late embryogenesis-abundant (LEA) proteins, which enable plants to resist
drought [15]. On the other hand, phytopathogens primarily induce the expression of genes
encoding pathogenesis-related (PR) proteins [16], which are the molecules recruited to
defend plants against pathogen attack and are also involved in the crosstalk of abiotic and
biotic stress signalling.

In recent years, transcription factors (TFs) have been established as the main regulators
of changes in gene expression and, thus, the major factors that facilitate stress responses
in plants. In fact, TFs control the transcription rate by binding to cis-regulatory promoter
elements and play a significant role in signal transduction networks. This thus leads to an
improvement in plant tolerance.

In plants, more than 80 TF families have been identified. Some of these proteins, such
as basic region-leucine zipper (bZIP), myeloblastosis-related proteins (MYB), NAC, WRKY
and Zn finger proteins, are directly implicated in stress responses and are associated with
enhanced resistance. In addition, they have been reported to impart plant cross-tolerance
to abiotic and biotic stresses [17]. For instance, OsbZIP23 overexpression was shown to
confer abscisic acid (ABA) hypersensitivity and increased salinity and drought tolerance in
rice [18], and NAC TFs were shown to directly induce the pathogenesis-related genes PR1,
PR2, and PR5 [19] and enhance drought resistance [20]. WRKY proteins are particularly
associated with the regulation of plant pathogen responses. However, recent functional
analyses have also implicated WRKY TFs in abiotic stress responses [21]. Several studies
have focused on the role of MYB TFs as key factors in regulating abiotic and biotic stress
responses. As reviewed by Fang et al. [22] MYB TFs are active in stress signalling because
they regulate downstream genes in response to stresses. Finally, Zn Finger enhances plant
drought resistance by increasing the levels of osmotic adjustment substances. In fact,
overexpressing OsMSR15 [23] and ZFP3 in transgenic Arabidopsis [24] results in an increase
in drought tolerance by maintaining a higher proline content, reducing electrolyte leakage,
and increasing stress-responsive gene expression. Generally, these TFs play a crucial role in
abiotic and biotic stress responses [25]. Their ability to control a set of genes to modulate
their expression via different pathways in response to various stimuli empowers plant
defence. TFs are considered excellent targets for increasing plant adaptation to stress.

Xylella fastidiosa (Xf) is one of the most devastating pathogens and is able to infect
a wide range of host plants, causing diseases that can cause severe yield losses in highly
economically important crops, such as Pierce’s disease in grapevine, citrus variegated
chlorosis, olive quick decline syndrome (OQDS) and almond leaf scorch disease (ALSD) [26].
The latter is a severe disease that threatens almond (Prunus dulcis Mill. D. A. Webb) in
several areas worldwide [27-29]. Recently, the pathogen caused severe yield losses in
almond crops and eradicated 1000 trees in Spain. ALSD has also affected more than 79% of
almond trees in Majorca [30]. Since 2017, symptoms of ALSD have also been observed on
30-year-old almond trees in mainland Spain [31]. According to Amanifar et al., 2022 [32],
the severity of the disease is also related to the sensitivity of the cultivars.

Since 2013, Xf subsp. pauca has caused OQDS in Apulia and destroyed millions of
olive trees, leading not only to massive damage to the local economy but also to complete
changes in the landscape. In addition to olive trees, which exhibit lower infection levels
than infected olive trees, almond trees were also found to be infected and symptomatic [33].
Although these features have not been fully investigated, they make almond trees effective
for carrying out crop renewal to create new production chains and increase the biodiversity
in an area entirely ravaged by the bacterium [34,35].

The almond tree has adapted to temperate and Mediterranean regions, as it can
grow in conditions of water shortage without requiring irrigation, owing to adaptive
mechanisms such as osmotic adjustment, stomatal conductance decreases, and the water
loss rate increases [36]. In addition, the almond tree is an icon for the agricultural landscape
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of Apulia and is of significant economic importance. “Filippo Ceo” is the most appreciated
cultivar in Apulia due to its high productivity and fruit yield. It has also been shown to have
resistance traits that are similar to those of resistant olive tree varieties [35]. Considering the
projections of the increasing impact of climate change, this work focuses on the resistance
of “Filippo Ceo” to Xf. The study also evaluates the individual and combined effects of
pathogens and water deficit to contribute to plant management and protection in areas
threatened by Xf.

We thus evaluated the response of the “Filippo Ceo” cultivar to Xf infection and
drought under individual stress (drought or pathogen) and combined stress in field condi-
tions in a two-year trial. We assessed the changes in physiological parameters and studied
the expression profiles of genes encoding proteins (DHN, LEA, and PR) and TFs (bZIP,
MYB, NAC, WRKY, and Zn finger) involved in the response to these stresses. The overall
aim of the study is to provide information on the resistance mechanisms of the almond tree
Filippo Ceo for use in the recovery of an area compromised by the devastating action of
the pathogen.

2. Results
2.1. Plant Health and Physiological Characterisation

No trees in the orchard under investigation experienced symptoms associated with
X. fastidiosa infection throughout the whole trial period (2021-2022). Regarding the Xf-positive
plants, the PCR-based analyses showed values not exceeding 10> CFU mL~! (Figure 1).
Thus, the bacterial concentration detected was rather low, which probably explains the
absence of symptoms.

Summer Autumn

-o- 2021

b - 2022
0 T T T

Spring Summer Autumn

Figure 1. CFU mL~! of Xf-positive almond plants sampled in this study. Statistical analysis was
carried out by ANOVA followed by the Tukey HSD post hoc test. Different letters correspond to
statistically different means.

The physiological characterisation of the cv. “Filippo Ceo” was performed by evaluat-
ing the relative water content (Figure 2). During the two seasons of the study, the control
plants presented constant RWC values (RWC 95%), indicating an optimal and stable water
status regardless of the sampling period. Under individual stress and in combination with
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drought/Xf, the RWC values slightly decreased compared to those of the control plants.
This reduction did not exceed 10%, thus maintaining good water status, as shown by the
high RWC values (82-89%). Notably, within each sampling period, the different stresses led
to a substantially similar RWC, indicating that the water status of the leaves was essentially
the same both when the plants were not irrigated and in the presence of the pathogen or
when the two factors were combined.
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Figure 2. Relative water content (RWC) determined on cv. “Filippo Ceo” leaves subjected to drought,
Xylella fastidiosa and combined over a two-year period of observation. Statistical analysis was carried
out by ANOVA followed by the Tukey HSD post hoc test. Different letters correspond to statistically
different means.

Compared with those of the control, the stress conditions significantly increased the
content of free proline (Figure 3). Water deficit led to similar proline accumulation patterns
regardless of the sampling period, with an average 3.46-fold increase compared to that
of the control. Most strikingly, more proline accumulated in response to Xf. Our data
showed an average increase of 8.14-fold compared to the control conditions. This trend
was confirmed in all sampling seasons. The simultaneous action of drought and pathogen
led to an average 6.43-fold increase compared to the non-stressed plants, higher than the
water stress but lower than the pathogen alone.
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Figure 3. Proline content (umol g~! FW) determined in leaves of the “Filippo Ceo” cultivar subjected
to drought, Xylella fastidiosa and combined stresses via two-year observation. Statistical analysis was
carried out by ANOVA followed by the Tukey HSD post hoc test. Different letters correspond to
significantly different means.

43



Plants 2024, 13, 576

2.2. Gene Expression Analysis

To gain insights into the molecular mechanisms potentially involved in the resistance
of “Filippo Ceo” to individual and combined stresses, we assessed the expression patterns
of several marker genes encoding proteins and transcription factors known to be involved
in drought and pathogen stress responses. The plant’s response to different stress factors
did not lead to specific gene modulation; however, the response was less clear.

Xf induced the expression of genes associated with abiotic stress the most (DHN and
LEA), just as water stress better stimulated the expression of genes related to biotic stress
(PR) (Figure 4). In fact, Xf significantly increased the expression of the LEA and DHN genes
in spring and summer (e.g., up to 2.48 log, FC for LEA and up to 2.71 log, FC for DHN).
Although these genes play a crucial role in plant adaptation to drought stress, the pathogen
leads to their expression, suggesting their involvement in plant defence strategies. Similarly,
the PR gene, which is usually known to be involved in the pathogen defence mechanism,
exhibited a greater response to drought, regardless of the season. This trend was most
evident in the spring when the relative expression level was 2.16 log, FC. In contrast, the
combination of abiotic and biotic stress did not result in differential expression of the three
genes across the seasons considered, with similar or intermediate values to the single stress
factors in spring or lower values in the rest of the year.

Spring

DHN LEA PR

Summer

DHN LEA PR

Autumn

Drought Xf 22 Combined

Figure 4. Expression analysis of dehydrin (DHN), the late embryogenesis-abundant protein (LEA)
pathogenesis-related protein (PR) in leaves of cv “Filippo Ceo” subjected to different stress factors:
drought, pathogen Xylella fastidiosa and a combination of both (spring, summer and autumn) in two-year
observations, expressed as logy fold change (log, FC). One-way ANOVA with Tukey’s HSD post hoc
test was used for the statistical analysis. Different letters correspond to significantly different means.
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Concerning the expression profiles of the genes encoding TFs (Figure 5), all the genes
were induced under drought, although with generally lower expression than that of Xf or
the combined stress factors. The only exceptions were observed in spring for bZIPs and, to
a lesser extent, for Zn fingers because a greater response of bZIPs (4.63 log, FC) was found
together with a significant accumulation of transcripts for Zn fingers. The genes MYB, NAC
and WRKY were not particularly affected by drought, and a very low expression level was
observed for all the TFs analysed in the summer and autumn. The expression profile of the
pathogen stress factor was completely different from that under the other stress conditions.
With the exception of the aforementioned divergence for bZIP and Zn fingers in spring,
Xf seemed to stimulate greater expression of TFs than water stress alone in all the seasons.
This trend was most evident in the spring when the pathogen induced the expression of
MYB, for which the value was 3.69 log, FC, while the values of NAC, WRKY, bZIP and
Zn finger were between 2.49 and 1.84 log, FC. In the summer, the expression levels of all the
genes considered were similar (range between 1.47 and 1.87 log, FC), while in autumn, the
expression level was lower than 1 log, FC. MYB (2.26 logy FC), WRKY (2.42 log, FC), and
Zn finger (2.22 log, FC) genes were notably upregulated in response to the combined stress
factors in the spring. A notable decrease in gene expression was observed in the summer
and autumn, with values below 1 log, FC, except for MY B, which showed an expression
level equal to 1.60 log, FC only in the summer. As with gene expression, combined stress
factor-related stress sometimes led to similar or intermediate TF expression levels compared
to those resulting from single stress.

Spring

Zn-FINGER

Summer

[gl,,smrh—.

Zn-FINGER

MYB NAC WRKY Zn-FINGER bZIP

Drought Xf E2 Combined

Figure 5. Expression analysis of transcription factors (TFs) involved in the regulation of defence and
responses to different stress factors in plants: dehydration-responsive element binding myeloblastosis
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(MYB); NAC; WRKY; Zn finger; basic leucine zipper (bZIP); in leaves of cv “Filippo Ceo” subjected
to stresses: drought, pathogen Xylella fastidiosa combination of both (spring, summer and autumn)
in two-year observations, expressed as logp fold change (log, FC). One-way ANOVA with Tukey’s
HSD post hoc test was used for the statistical analysis. Different letters correspond to statistically
different means.

3. Discussion

In Salento, the spread of Xf has significantly damaged both the environment and the
economy. This has led to the development of strategies aimed at restoring not only the
landscape but also bolstering the local economy that has been severely affected by OQDS.
One of the most effective strategies could be the varietal renewal of destroyed olive groves,
not only through the use of cultivars that are resistant to bacteria but also through the
introduction of new crops. Due to some of its particular characteristics, the “Filippo Ceo”
almond tree could be an excellent candidate because it does not require frequent irrigation,
and no appreciable symptoms attributable to Xf were observed during the trial, despite the
high inoculum pressure present in the area. This finding suggested that “Filippo Ceo” is a
cv resistant to the Xf subsp. pauca strain “De Donno”.

We thus investigated the mechanisms underlying this ability. The RWC values mea-
sured were high both for the control plants and for the stressed plants, confirming that this
almond cultivar is a hardy plant that is capable of resisting adverse factors. In fact, plants
that maintain an excellent physiological balance under stress conditions have higher RWC
values. In contrast, plants with lower RWC values are believed to be more sensitive to water
deficit, making the RWC an excellent indicator of the plant’s water status and resistance to
water stress. In this study, the analysed “Filippo Ceo” almond plants exhibited consistent
relative water content (RWC) values and health statuses, despite the different biotic, abiotic,
or combinations of stressors. This difference may be due to distinct resistance mechanisms,
possibly implicating proline accumulation as a contributing strategy. Proline stabilises
the cellular structure, proteins, and enzymes, acts as an antioxidant and provides ROS
defence [37]. It thus works as an osmoprotectant, enabling plants to tolerate stress [38]. By
accumulating proline, plants lower their osmotic potential and delay drought-responsive
stomatal closure through turgor maintenance and sustain normal photosynthesis and as-
similation, thus maintaining plant growth and development [39]. Our findings showed
elevated proline levels in almond trees subjected to stress conditions. In particular, the
presence of the pathogen led to a more significant increase in the production of proline
than that in the control, drought, or combined stress conditions, despite the similar RWC
values. This finding suggested the active role of proline in the resistance of “Filippo Ceo”
to Xf. However, further studies are required to fully understand the relationship between
solute accumulation and stress adaptation.

At the molecular level, stress triggers cascading events that culminate in gene ex-
pression changes. It is widely reported that dehydrins and LEA proteins play a primary
role in the response of plants to abiotic stress. They perform specific protective functions
in plant cells, such as maintaining the integrity of crucial cell structures, and alleviate
oxidative damage in stressed plants. In this work, the DHN and LEA genes were induced
by all the stressors considered, confirming their involvement in stress responses. However,
unexpectedly, Xf presented the greatest accumulation of transcripts compared to those
under drought and combined stress. The roles of DHNs and LEA proteins in response
to abiotic stress are well established, but their involvement in biotic stress responses is
relatively unknown. However, some studies have shown that DHNs can be induced in
response to attack by filamentous pathogens, such as Erysiphe necator [40], in grapevine
plants or in combination with drought stress, as observed in oak plants infected with
Phytophthora cinnamomi [41]. In olive, DHNs have also been shown to be induced by Xf in
combination with drought [11]. Our results for almond suggest putative roles for DHNs
and LEA proteins in modulating defence responses to vascular pathogens. These findings
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suggest that stress-related proteins may play a fundamental role in protecting plants against
biotic stress.

In contrast, the PR genes are commonly induced by phytopathogens as well as defence-
related signalling molecules, leading to increased resistance to pathogens [11,42,43]. Recent
studies have reported that PR genes are also significantly induced by abiotic stressors, which
makes them highly promising candidates for developing crop varieties that can tolerate
multiple stresses [44—46]. In fact, our data showed that the transcript levels of PR-1-like were
greater in response to drought stress than in response to Xf infection, confirming that these
genes are activated not only in response to pathogen attack. Taken together, these data suggest
significant crosstalk and trade-offs between almond tree responses to water deficit and Xf.
In fact, the plant’s response to different stress factors did not lead to specific gene modulation;
however, the response appeared to be more unclear. This finding thus confirms that stressor
responses share protective mechanisms (cross-tolerance) or signalling /regulatory pathways
that activate independent protective mechanisms (cross-talk) [47].

TFs are being extensively studied because, similar to switches, they monitor the
activity of stress responses in many genes in a coordinated manner and represent tools
for enhancing abiotic or biotic stress tolerance in plants. TFs play a significant role in
signal transduction networks, from the perception of a stress signal to the regulation and
expression of almost any gene [48]. This work analysed the expression profiles of genes
encoding transcription factors such as MYB, NAC, WRKY, Zn finger and bZIP. In particular,
MYB proteins support a wide range of signalling cascades between abiotic and biotic stress
signals [49,50]. The MYB gene also controls the production of dehydrins and LEA proteins,
along with a greater accumulation of sugars and proline, and in Vitis vinifera, upregulation
of the MYB transcription factor was observed in response to Xf [51]. In our work, the MYB
gene was induced by all the stress factors considered; however, compared with drought
and combined stress factors, Xf led to the greatest accumulation of transcripts during the
period of greatest vegetative development. The same trend was observed for DHN and
LEA gene expression, suggesting that MYB may be involved in their activation.

However, in the spring, the expression of the ZIP1 gene increased in response to a
water deficit compared with that in response to Xf and the combined stress factors. ZIP
proteins control the signal transduction networks that mediate the response to drought [52].

In response to pathogen infection, numerous NAC genes are induced [53], and the
overexpression or silencing of these genes results in enhanced or reduced resistance to
pathogens [54]. In line with findings reported in the literature, the NAC gene is mainly
induced by the pathogen, confirming that NAC TFs link signalling pathways to regulate
resistance against pathogens. However, upregulation of the transcription factor NAC was
recently not detected in the Xf-infected almond cv. Avijor [55], suggesting a different
response of the cultivars to ALSD symptoms [26].

In the spring, the WRKY transcript level increased significantly in response to the
combination of water deficit and pathogen stresses. Several WRKYs are active at the
crossroads of plant responses to biotic and abiotic stresses [56]. In particular, a study
conducted by Lee et al. in 2018 [57] demonstrated that OsWRKY11 serves as a positive
regulator of plant defence responses against pathogen infection and drought stress.

Zn finger motifs (ZFPs) are crucial for plant growth and development, stress tolerance,
transcriptional regulation, RNA binding and protein—protein interactions [58]. Several
studies have reported that ZFPs play a significant role in the abiotic stress response in
plants [59]. In particular, several ZFPs have been shown to play significant roles in enhanc-
ing drought [60]. In our work, however, drought stress led to a significant increase in the
transcription of genes only in the spring, probably due to concomitant vegetative develop-
ment and high water requirements. According to the gene expression profile results, the
ZFP TF seems to be more involved in the pathogen response. Several studies have shown
the involvement of ZFPs in plant-pathogen interactions. For example, the overexpression
of these genes in transgenic tobacco plants has been found to enhance immunity against
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pathogens and induce the expression of defence-related genes [61]. ZFPs may thus also be
involved in resistance to Xf.

Generally, the transcription factors analysed presented different expression profiles
and were induced by all the stress factors in the spring. However, in the summer and
autumn, the presence of the pathogen alone led to a significant accumulation of transcripts.
These findings suggest the putative importance of these genes in the resistance of almond
trees to Xf.

4. Materials and Methods
4.1. Plant Materials

The study was carried out in an 18-year-old commercial almond orchard located in
Veglie (Lecce, Italy) during the 2021 and 2022 seasons. The experiments were conducted on
the Apulian variety “Filippo Ceo” grafted onto GF-677 rootstock.

The planting layout consisted of trees distributed in 16 horizontal rows and a planting
distance of 6 m X 4 m on sandy soil (average soil texture parameters: 78% sand, 15.4% silt,
5.1% clay, and 1.5% organic matter).

The orchard is located in an area where Xf has been present since 2015 [61]. One mu-
nicipality within the area was declared to be infected in 2015 and overwhelmed by the
pathogen. The orchard is thus subjected to the continuous pressure of the natural inoculum
of Xf, as it is surrounded by olive groves that have been seriously affected by OQDS.

The experimental design followed a randomised block plan, and each experimental
set consisted of three trees (in total, n = 12 trees per treatment). Sampling was carried out
at three different climatic stages (spring, summer and autumn). The experimental design
included four plant conditions: Xf-positive trees naturally infected and irrigated (“X. fas-
tidiosa”, three plants/cultivar); Xf-negative trees subjected to water deficit (“drought”,
three plants/cultivar); Xf-positive trees subjected to water deficit (“combined”, three
plants/cultivar); and Xf-negative trees and irrigated (“control”, three plants/cultivar).

The selected almond trees had previously received the same agronomic treatments.
The insect control and phytosanitary treatments, according to EU Decision 2015/789 [62],
were carried out by the farmers. In addition, the trees were monitored for symptoms
caused by natural infection with Pseudococcus viburni, Pseudomonas siringae, Xanthomonas
arboricola pv. pruni, and Candidatus Phytoplasma phoenicium during sampling. Plants showing
symptoms related to potential co-infections were excluded from the trial. Diagnostic tests
(real-time PCR) for detecting Plum pox virus, according to Olmos et al. [63], were also
carried out.

The Xf-positive or Xf-negative plants were assessed for the presence of symptoms
using the severity scale of 1 to 3, proposed by Luvisi et al. [64] and the JPCR assay according
to Harper et al. [65]; plants were tested in 2021 and in 2022 during the three sampling
periods (spring, summer, autumn). The plants were considered Xf-negative when the twig
samples were negative according to the Xf assay in each sampling period and positive
when the twig samples of the Filippo Ceo trees were positive according to the Xf assay;,
with Cq values < 32 in each sampling period. The Xf concentration, expressed as bacterial
CFU mL~!, was inferred from Cq values using a standard curve with dilutions ranging
from 102 to 107 CFU mL !, as described by D’Attoma et al. [66].

The trees were subjected to two irrigation regimens. The “X. fastidiosa” and “Control”
plants were watered weekly following local practices, maintaining at least 90% of the soil
water capacity (SWC). For the “Drought” and “Combined” plants, the regime soil moisture
was maintained at approximately 40% of the SWC. The distance between blocks of irrigated
and non-irrigated plants was at least 10 m.

4.2. Relative Water Content (RWC)

To determine the leaf water status, ten leaves per tree were placed in tubes, and the
tubes were closed on site. In the laboratory, several parameters were analysed: fresh weight
(FW), turgid weight at full turgor (TW) (measured after the leaf petioles were immersed for
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24 h in deionised water at 4 °C), and dry weight (DW) (measured after drying at 80 °C).
The RWC was calculated as follows: RWC (%) = (FW — DW)/(TW — DW) x 100. The RWC
measurements were performed in spring (May), summer (July), and autumn (September)
in 2021 and 2022.

4.3. Free Proline Determination

A total of 0.5 g of almond leaves from control and stressed plants was homogenised in
10 mL of 3% aqueous sulfosalicylic acid to determine the free proline content. The proline
concentration was calculated according to Bates et al. [67].

4.4. Total RNA Isolation, cDNA Synthesis, and Real-Time PCR Analysis

Total RNA was extracted from leaves via the CTAB-based procedure according to
the methods of Gambino et al. [68]. RNA samples were treated with DNase I (Promega,
Madison, WI, USA), after which the absorbance was read at 260 and 280 nm to deter-
mine the RNA concentration and purity. According to the manufacturer’s instructions,
cDNA synthesis was performed using TagMan® Reverse Transcription Reagents (Applied
Biosystems, Waltham, MA, USA) with oligo (dT)18 as a primer. RT-qPCR was carried out
using SYBR Green fluorescent detection in a real-time PCR thermal cycler (QuantStudio™
3 Real-Time PCR System, Applied Biosystems, Waltham, MA, USA). The PCR program
was as follows: 2 min at 50 °C and 10 min at 95 °C, followed by 45 cycles of 95 °C for 15 s
and 60 °C for 1 min [12]. The primers used (Table 1) were retrieved from the literature.
The primers used were designed for genes related to drought responses, such as DHN and
LEA; for genes involved in the pathogen stress response, namely, pathogenesis-related
protein 1-like (PR); and finally, for genes encoding TFs such as bZIP, NAC, MYB, WRKY,
and Zn Finger.

Table 1. Sequences of primers used in the RT-qPCR analysis.

Target Gene Forward (5 to 3’ Sequence) Reverse (5' to 3’ Sequence) Primer Reference
Dehydrin GTACTCTCATGACACCCACAAAACTAC CCCGGCCCCACCGTAAGCTCCAGTT [69]
LEA protein GCAAAAGGTAGGGCAAACAG TGGCTTTGCTTCTTTGGTCT [69]
Zn Finger ACACAGGCTTCCTCTACTCCATCTTT GAACCCTCATTCCGAGACATTTATCAG  [69]
WRKY GCCGAGAAATCACCGACTTC GTTGTCTGAGGCTTGGGTTG [70]
PR GGAGATGCCTTTGATGTGGGA AGCTTGAACTCGCCTTCTGG [71]
NAC GATAACCCAACTACCACTACCAC GACAACTCCCAGATACCACG [72]
b-ZIP GGGTTGAAACACCCAAAAGA GCGATTCGACAACATCCTCT [73]
Actin CAGATCATGTTTGAGACCTTCAATGT CATCACCAGAGTCCAGCACAAT [73]

To standardise the results, the relative abundance of the actin gene (Actin) was used as
the internal standard (Table 1). Relative gene expression levels were calculated with the log,
27A8Ct method [74,75]. The efficiency of the target amplification was evaluated for each
primer pair, and the corresponding values were used to calculate the fold changes (FCs)
with the following formula: FC = (1 + E) — AACt, where AACt = (Cttarget — CtuBQ)Treatment

- (Cttarget - CtUBQ)Control~

4.5. Statistical Analysis

The means of the quantitative data related to the RWC, proline content and gene
expression levels were determined for each season (spring, summer and autumn) and
subjected to one-way ANOVA, followed by the Tukey HSD (honestly significant difference)
post hoc test (p < 0.05). Analyses were carried out using GraphPad software, version 8.02.
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5. Conclusions

Xf induces physiological conditions similar to those caused by a water deficit in plants.
In this work, the “Filippo Ceo” almond plants maintained good water and health status
regardless of abiotic, biotic or combined stress conditions, thus confirming their resistance
to both water stress and the pathogen and the combination of both. However, these similar
health statuses were achieved differently because of differences in proline accumulation
and differential gene expression profiles during the pathogen response. These data suggest
that almond tree resistance to Xf could be due to transcriptional reprogramming that results
in the modulation of genes directly or indirectly involved in defence strategies.

We believe that this is the first study to explore the mechanisms underlying resistance
to Xfp in the “Filippo Ceo” almond cultivar. This study provides a foundation for future
research on identifying valuable traits to combat this pathogen in affected areas. Addition-
ally, our work sheds light on the complex interactions among plant responses to multiple
stress conditions, which is especially important for future climate change scenarios.
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Abstract: ‘Green island’ symptoms in the form of vivid green, round spots visible on the
senescent leaves of many plants and trees are mostly the results of pathogenic colonization
by fungi, and the greenish tissue is often dead. Therefore, this study investigates whether
green spots observed on senescent Norway maple (Acer platanoides L.) leaves were still alive
and photosynthetically active. The appearance of ‘green islands’ on the leaves of young
Norway maple trees was observed from the autumn of 2019 to 2022 in an urban forest
(Bialystok, eastern Poland). However, in the late summer (September) of 2023 and 2024,
mostly tar spots caused by the fungus Rhytisma spp. on maple leaves could be observed,
with only a few leaves having ‘green island” symptoms. The percentage of ‘green island’
areas on senescent leaves observed during the 4 years (2019-2022) was influenced by a
year of sampling (p < 0.001). A non-destructive physiological analysis of chlorophyll,
flavonoids, and nitrogen balance index (NBI) in leaves revealed that these parameters were
significantly lower in ‘green islands’ than in the summer leaves, but higher than in the
senescent yellow area of the autumn leaves. In the case of anthocyanins, their level was
significantly higher in ‘green islands’ than in yellow areas, although, in the summer leaves,
anthocyanins were undetectable. The amount of chlorophyll and most photosynthetic
parameters were significantly (p < 0.05) reduced in the ‘green islands’ of the senescent
leaves compared to the mature green leaves. However, these parameters were significantly
higher in the ‘green islands’ than in senescent yellow leaves. Carotenoid content in the

‘green island” and yellow areas of senescent leaves were at the same level, twice as higher

than in summer leaves. Green mature leaves and the ‘green islands’ on senescent leaves had
the same structure and anatomy. The main differences concerned the chloroplasts, which
were smaller and had less grana and starch grains, but had more plastoglobuli in ‘green
island’ cells. The cells building the mesophyll in the yellow area of the leaf deteriorated
and their chloroplasts collapsed. Epiphytes were present on the adaxial epidermis surface
in all types of samples.

Keywords: chlorophyll; ‘green islands’; Norway maple; phenolic compounds; photosynthesis;
Rhytisma spp. senescence
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1. Introduction

Norway maple (Acer platanoides L.) is a tree species from the soapberry family (Sapin-
daceae Juss.). It occurs naturally in Central and Eastern Europe and in the Balkans and
Caucasus [1,2]. However, it is considered an invasive species in North America [3,4]. It is
the most common of the maple species found in Poland and is characterized by a spreading,
umbrella-like crown. A. platanoides grows to approx. 18-27 m in height, and the trunk
width can reach up to 1.5 m. The trunk is covered with thin bark, red-brown in a young
twig, and it darkens and becomes furrowed on old branches [5,6]. Maple stems are straight
and short, with numerous perpendicular shoots, covered with opposite leaves. The leaves
have five lobes with long, pointed teeth and smooth edges. Their size depends on the age
and condition of the plant [7].

Norway maple is widely used as an ornamental, shade, and street tree due to its
attractiveness and tolerance to specific urban conditions. It can regenerate vigorously after
pruning, so it can be used as a living fence [8]. Due to the production of fine adventitious
roots, maple can be planted in mountainous areas, thus protecting the soil against excessive
erosion [9] and stabilizes slopes reducing rockfalls [10]. In natural habitats, Norway maple
is almost completely free from serious diseases. However, in highly urbanized areas, it may
suffer from various diseases caused by a combination of stresses resulting from excessive
air and soil pollution [8].

In general, morphological changes in the form of ‘green islands’, i.e., fragments
of the surface of leaf lamina retaining a green color on senescent and yellowing tree
leaves, are most often associated with the local presence of endophytic microorganisms,
mainly fungi and bacteria [11]. Endophytes are microorganisms usually having a beneficial
effect on plants or benign parasites and pathogens that do not cause disease symptoms,
inhabiting the interior of plant organs for most of their life cycle [12,13]. However, a term
“endophyte” rather refers only to the place of their occurrence, and not to their impact
on the metabolism and the physiological or health condition of plants, also concerning
pathogenic microbes [14]. The employment of genome and metagenome sequencing
enabled the identification of some endophyte species and the preliminary determination
of the mechanisms of their interaction with various species of infected plants in ‘green
islands’ [15]. The phenomenon of ‘green island’ is most often described and observed on
plants infected with pathogenic microorganisms [11]. The area around the site of pathogen
infection remains green while the surrounding leaf tissues degrade and naturally age.

However, ‘green islands’ formed on senescent and yellowing leaves of trees, leaves of
herbaceous plants, and crops infected by various pathogens do not have the same structure.
Thus, it enables easy identification of ‘green islands’ with living host cells and pathogens,
as well as those in which pathogen cells remain alive, while the cells of the host plant are
dead or dying [11,16]. The phenomenon of ‘green islands’ is related to interactions between
the plant and biotrophic fungal pathogens, such as powdery mildew or brown rust [17], as
well as with some hemibiotrophic fungi, e.g., Plasmodiophora brassicae and Colletotrichum
graminicola [18], or with parasitism of some insects [19]. It has also been observed that ‘green
islands” may appear in places of infection with necrotrophic fungi such as Pyrenophora teres
or Alternaria brassicicola [20,21]. Considering the number of pathosystems in which green
islands are induced, it seems unlikely that there is one universal and common mechanism
responsible for the formation or retention of photosynthetically active cells in degrading
leaves. The appearance of ‘green islands’ on infected and degrading leaves is a beneficial
phenomenon for fungal pathogens, as it significantly extends the life of host cells. However,
the etiology, origin, structure, functions, and environmental significance of these structures
have not yet been fully explained, although the scale of this phenomenon is extensively
expanding [11]. Undoubtedly, ‘green islands’ that maintain photosynthesis function in

55



Plants 2025, 14, 909

infected areas have less impact on plant health in trees as they lose leaves in autumn than
crops. However, this phenomenon can be a visible marker in crop plants’ practical disease
diagnosis and management.

‘Green islands’ in A. platanoides are visible in autumn when leaves begin to yellow.
It has been found that this phenomenon in Norway maples in Europe is most probably
induced by a pathogenic fungus Sawadaea bicornis. It has at least been recognized as a
dominant species in A. platanoides ‘green islands’, together with other endophytic fungi
and bacteria [15].

The aim of this study was to show the variability of dominant disease symptoms on
leaves of Norway maple growing in the urban forest of Bialystok during the past 6 years,
with an emphasis on ‘green island” development. Moreover, investigating naturally occur-
ring green islands might be a valuable model for investigating how pathogens manipulate
the host plant metabolism. Therefore, physiological and ultrastructural changes within
the “green islands’ of senescent leaves of A. platanoides were compared to alterations in the
yellow areas of senescent leaves as well as mature summer leaves.

2. Results

All analyzed leaves with ‘green island” symptoms were collected from young Norway
maple trees in the last week of October/the first decade of November in the years 2019-2022
(Figure 1). The summer leaves were collected from the same trees in June 2020 and 2021.

(a) 2019 4 (b) 2020

Figure 1. Representative images of A. platanoides senescent leaves with ‘green islands’ symptoms
harvested in October/November in the years 2019-2022. (d) bar = 10 mm.
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2.1. ‘Green Island’ Symptoms

‘Green islands’ on the leaves of young Norway maples were first observed in late
October 2019, when leaves began to yellow (Figure 1a). ‘Green islands’ are vividly green
and mostly round, with various sizes from approximately 0.5 to 4.5 cm in diameter. Between
one (relatively rarely) and ten ‘green islands’ per leaf were formed. These features differed
‘green islands’ from irregular patches of green tissue in senescent leaves. Most young and
old Norway maple trees within the urban forest surrounding the University of Bialystok
campus displayed ‘green island” symptoms (Figure Alb).

Moreover, ‘green islands’ could also be observed on the leaves of another maple
species, field maple (Acer campestre L.) (Figure Alc). Maples showing ‘green island” symp-
toms could not be found in other locations of the urban forest in Bialystok. In the second
half of November 2019, the fallen leaves around trees had still-evident ‘green islands’. In
2020-2022, ‘green islands” were major symptoms of biotic stress in maples (Figure 1), apart
from the abundant leaf-biting areas caused by insects.

The mean percentage of ‘green island’ areas covering a leaf lamina changed within
research years, showing significantly higher values in 2019 and 2021 compared to 2020 and
2022 (Table 1). A one-way analysis of variance revealed that the percentage of the ‘green
island” area was significantly influenced by a year of collection (F = 609.158, p < 0.001).

Table 1. Mean percentages of ‘green island” area in A. platanoides leaves (n = 9-30) evaluated each year
in November from 2019 to 2022. Data were gained using the WinDIAS system. Statistical differences
between the means were labeled with different letters according to a post hoc Duncan’s test (p < 0.05).

2019 2020 2021 2022
Percentage of ‘green’ island area 23.99 a 15.60 b 26.17 a 19.49 ab
SD 9.62 4.61 6.43 4.42

From 2022, in the first decade of September, the tar spot, caused by a pathogenic
fungus of Rhytisma spp., occurred on only a few Norway maple leaves (Figure Ald). This
disease started in the form of yellowing leaf spots in late August 2023, and the round black
tar spots were surrounded by yellow rings in the middle of September (Figure A2a,d). Tar
spot was a major disease observed in Norway maples in 2023. Only a few young trees
showed ‘green island’ symptoms. However, tar spots together with ‘green islands’ could
also be found on the same leaves. A similar correlation of ‘green islands” and tar spot
appearance was also observed in 2024 (Figure A2).

2.2. Non-Destructive Assessment of Physiological Parameters

Three variants of leaves were assessed in the non-destructive physiological analysis
of chlorophyll, flavonoids, anthocyanins, and nitrogen balance index (NBI): green mature
summer leaves; and two areas of autumn leaves, being ‘green islands” and senescent yellow
areas. The analyses were performed every year on leaves collected from 2019 to 2021.

The content of chlorophyll and flavonoids and indices of nitrogen balance (NBIs) in
‘green islands’” were significantly lower than in the summer leaves, but higher compared to
the senescent yellow area of the autumn leaves (Table 2). These parameters were similar in
the ‘green islands’ of senescent leaves harvested in 2019 and 2021 and differed significantly
compared to 2020. In the case of the summer leaves and the yellow areas of senescent
leaves, chlorophyll, flavonoids, and NBIs were at the same level in each examined year.
However, anthocyanin content was significantly higher in yellow areas than in ‘green
islands’, although, in the summer leaves, anthocyanins were undetectable (Table 2).
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Table 2. Non-destructive measurements of chlorophyll (Chl), flavonoids (Flav), anthocyanins (Anth),
and nitrogen balance index (NBI) in A. platanoides leaves. Data were gained using a Dualex sensor. The
means (n = 25-65) &= SD were obtained from senescent leaves harvested each year in November from
2019 to 2021 and from summer leaves harvested between June 2020 and 2021. Different letters within
each year indicate significant differences between leaf variants according to a post hoc Duncan’s test

(p < 0.05).

Year Leaf Variant Chl (ug/cm?) Flav Index Anth Index NBI
2019 ‘Green island’ 11.34 + 540 a 1.06 +0.22 a 0.27 +0.07 a 11.09 + 5.60 a
Yellow area 335+ 1.96b 1.25+0.20b 0.38 +0.05b 274+ 1.68b
Summer leaves 3591 +£2.63 ¢ 0.90 £+ 0.06 ¢ 0.00 40.10 £ 3.77 ¢
2020 ‘Green island’ 15.85 +5.25d 1.02 +022a 0.24 4+ 0.05 a 16.50 4+ 7.37 d
Yellow area 247 +1.33b 1.24 +0.16b 0.38 +0.05b 202+ 1.10b
Summer leaves 34.15 + 3.62 ¢ 0.80 +=0.14 ¢ 0.00 4399 +9.71 e
2021 ‘Green island’ 12.75+2.29 a 0.96 +0.16 a 0.63 + 0.05 ¢ 1338 +2.27 a
Yellow area 1.99 + 0.97 b 1.06 £ 021 a 0.88 +0.06 d 1.89 + 0.78 b

A two-way analysis of variance revealed that the content of chlorophyll, flavonoids,
and anthocyanins were significantly influenced by a year of sampling (at least p < 0.005)
and leaf variant (at least p < 0.005) (Supplementary Materials Table S1). Only the NBIs
were not influenced by a year of sampling (F = 0.07, p = 0.8), although the NBIs showed
significant dependence on a leaf variant (F = 5429.69, p < 0.001).

2.3. Chlorophyll and Carotenoid Contents

An analysis of chlorophyll and carotenoid content was performed in three variants of
leaves: green mature summer leaves, and two areas of the autumn leaves: ‘green islands’
and senescent yellow areas. The leaves were collected in the summer and autumn 2020.

The content of chlorophyll 4, b, and total chlorophyll differed significantly between leaf
variants, showing the highest values for the summer leaves and 4-7 times lower values in
the yellow areas of the autumn leaves (Table 3). In the case of ‘green islands’, the amounts
of chlorophyll were only 1.3-1.4 times lower than in the summer leaves and approximately
3-4.5 higher than in the yellow areas. Surprisingly, the ratio of chlorophyll a:b was the same
in the summer leaves and ‘green islands’, regardless of the lower content of chlorophylls in
‘green islands’. This parameter was significantly lower in the yellow areas of the autumn
leaves than in the other two leaf variants (p < 0.001; Table 3).

Table 3. Chlorophyll (Chl) and carotenoid (Car) content in A. platanoides leaves determined spec-
trophotometrically. The means (n = 8) = SD were obtained from senescent leaves harvested in
November 2020 and summer leaves harvested in June 2020. Different letters within each parameter
indicate significant differences between leaf variants according to a post hoc Duncan’s test (p < 0.05).

Parameters Summer Leaves Senescent Leaves
(ug mg—1 EW.) ‘Green Islands’ Yellow Area
Chla 1933 £0.10 a 1.395 £0.27 b 0.268 + 0.09 ¢
Chlb 1.156 =0.19 a 0.814 +0.14b 0.272 +0.08 ¢
Chla:b 1.709 £ 0.27 a 1.709 £ 0.08 a 1.00 £ 0.22b
Total Chl 3.09 +£024a 2.209 +0.42b 0.540 +0.15¢
Car 0.190 + 0.66 a 0.400 +0.06 b 0.431 +0.07b
Total Chl:Car 18.627 + 8.63 a 5.636 =1.40b 1.201 £0.37b

Carotenoid content had almost the same value in the ‘green island” and yellow areas
of the autumn senescent leaves. In the summer leaves, there were significantly fewer
carotenoids than in the autumn leaves (p < 0.001). The ratio of total chlorophyll:carotenoids
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was extremely high in the summer leaves (18.627 £ 8.63) and over three times lower in
‘green islands’. In the yellow areas of the autumn leaves, this parameter was significantly
lower than in the other examined leaf variants (Table 3). One-way analysis of variance
revealed that all calculated parameters were significantly influenced by a leaf variant (at
least p < 0.001).

2.4. Analysis of Photosynthetic Parameters

A non-destructive analysis of chlorophyll fluorescence was performed on green mature
summer leaves and two areas of the autumn leaves: the ‘green islands’ and senescent yellow
areas collected in the summer and autumn of 2020.

In the ‘green island’ areas, the JIP test parameters took values intermediate between
those for the green summer leaves and the yellow areas of the senescent leaves (Table 4).
The maximum photochemical efficiency of the PSII (Fv/Fm) of ‘green islands” on senescent
leaves was slightly reduced compared to the summer leaves (10%) and more than two
times higher than in the yellow areas. Despite this, a significant decrease in the PI abs value
was revealed. A significant decrease in Fv/F0 was also observed, with a simultaneous
increase in the values of parameters describing energy absorption by active reaction centers
(ABS/RC, TR0/RC) and energy dissipation in non-photochemical form (DI0/RC) in green
islands compared to summer leaves. However, in senescent leaves, the fluctuations of
the above parameters were significantly greater than in the ‘green island’ areas (Table 4).
The probability (t0) that a trapped exciton moved an electron into the electron transport
chain beyond QA (YEo) was at a similar level in the ‘green island” and yellow parts of
the senescent leaf (more than half as low as in summer leaves). The efficiency with which
an electron from the intersystem carriers moves to reduce end electron acceptors at the
PSI acceptor side (at t0) increased in senescent leaves and reached the highest values in
yellow areas; however, the quantum yield for reduction in end electron acceptors at the PSI
acceptor side (¢Ro) was similar in all of the analyzed leaf tissues (Table 4).

Table 4. Parameters of chlorophyll fluorescence in A. platanoides leaves. The means (n = 21-58) + SD
were obtained from summer leaves in June 2020 and autumn senescent leaves in November 2020.
Data were gained using a PocketPEA fluorimeter. Different letters indicate significant differences
between leaf variants according to a post hoc Duncan’s test (p < 0.05).

Summer Leaves Senescent Leaves

Parameters ‘Green Islands’ Yellow Area
Measured parameters and basic JIP-test parameters
Fo 866.7 + 143.78 a 397.1 +£125.22b 561.74 4+ 226.7 ¢
Fm 34,039 + 1447 a 27,345 + 5723 b 4452 4+ 2818 ¢
Fv 26,032 £ 1232 a 18,997 + 4913 b 1702 4+ 1453 ¢
Fv/Fm 0.765 + 0.012 a 0.688 + 0.07 b 0.340 + 0.128 ¢
Fv/Fo 3.261 £0.215a 2.349 +0.641b 0.581 4+ 0.374 ¢
Vj 0.380 + 0.032 a 0.733 +0.032 b 0.730 + 0.102 b
Vi 0.929 + 0.013 a 0.919 4+ 0.023 a 0.827 + 0.053 b
PI abs 4.268 + 1.065 a 0.283 +0.151 b 0.029 4+ 0.031 ¢
Specific energy fluxes expressed per active RC of PSII
ABS/RC 1.294 +£0.125a 3.500 + 0.875 b 10.392 + 5.032 ¢
DIo/RC 0.306 4+ 0.043 a 1.151 £ 0.623 b 7.389 4+ 5.038 ¢
TRo/RC 0.988 4 0.084 a 2.349 +£0.291b 3.003 4 0.286 ¢
ETo/RC 0.611 4+ 0.039 a 0.621 4 0.067 a 0.813 +0.315b
REo/RC 0.070 £ 0.012 a 0.194 + 0.075 b 0.523 + 0.167 ¢
Quantum yields parameters
®(Po) 0.765 + 0.012 a 0.688 + 0.074 b 0.340 + 0.128 ¢
VP(Eo) 0.620 4 0.032 a 0.267 +0.032 b 0.270 +0.102 b
®(Eo) 0.474 +0.029 a 0.185 £ 0.036 b 0.088 4 0.041 ¢
A(Ro) 0.114 +0.019 a 0.308 + 0.107 b 0.668 + 0.181 ¢
®(Ro) 0.054 + 0.010 a 0.054 + 0.010 a 0.056 + 0.02 a
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2.5. Anatomy and Ultrastructure of Leaves

The anatomy of leaf blades was clearly recognizable in all collected samples (Figure 2).
The leaves were covered by single-cell layers of adaxial and abaxial epidermis surrounding
the mesophyll, which was composed of a single tier of relatively short palisade mesophyll
cells and 34 tiers of loosely arranged spongy mesophyll cells. The extensive intercellular
spaces were present in the latter. The uncommon feature of epidermal cells was the strong
thickening of inner cell walls which were infiltrated with mucilage, and thus were strongly
stainable with Toluidine Blue (Figures 2 and 3f,i). The mucilaginous cell walls were present
in most of the adaxial epidermis cells, except the cells above the vascular bundles, which
retained non-modified call walls. In the abaxial epidermis, their development was more
random, but most of the epidermises had mucilaginous cell walls (Figure 2). Cross-sections
of the “green island’ regions show a slightly less compact arrangement of palisade and
spongy parenchyma cells in comparison to the mature summer leaves (Figure 2b). The
outlines of mesophyll cells were strongly wavy. Green-stained chloroplasts were still clearly
recognizable and located along the cell walls. Large intercellular spaces were formed even
between palisade mesophyll cells. Additionally, groups of strongly hypertrophied cells
were often found next to the vascular bundles. The anatomical organization was still well-
preserved in the yellow areas of the leaf blade, but mesophyll cells seemed to be almost
empty or contained single patches of strongly stained protoplast remnants (Figure 2c). The
vascular bundles in ‘green island’ regions contained well-preserved phloem and xylem
parenchyma cells, whereas these cells were degraded in yellow areas.

Figure 2. Light microscopy images of Toluidine Blue-stained sections taken from the following:
(a) mature summer leaf; (b) ‘green island” induced on autumn senescent leaf; (c) the yellow area of a
senescent leaf. Abbreviations: AbE, abaxial epidermis; AdE, adaxial epidermis; HC, hypertrophied
cells; PM, palisade mesophyll; SM, spongy mesophyll; VB, vascular bundle. Scale bars: 20 um.
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Figure 3. Transmission electron microscopy images of sections taken from summer green leaf (a—c),
‘green island” induced on autumn senescent leaf (d—f), and the yellow area of a senescent leaf (g—i).
(a,d,g) Overview of palisade mesophyll cell ultrastructure. (b,e,h) Overview of chloroplast’s ultra-
structure. (c,f,i) Epiphytes located on the surface of adaxial epidermis. Abbreviations: AdE, adaxial
epidermis; C, chloroplast; Ep, epiphyte; MC, mucilaginous cell wall; N, nucleus; P, plastoglobuli; PM,
palisade mesophyll cell; S, starch grain; SM, spongy mesophyll cell; V, vacuole. Scale bars: 5 um (c,f,i);
2 um (a,d,g), and 1 um (b,e,h).
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Ultrastructural examinations of control summer leaves indicated that palisade meso-
phyll cells protoplasts contain numerous large chloroplasts, nuclei with an electron-dense
nucleoplasm, and relatively small vacuoles (Figure 3a). Spongy mesophyll cells contained
fewer and smaller chloroplasts and large central vacuoles. Chloroplasts were generally
round in outlines on sections. Their stroma was strongly electron dense; the thylakoid sys-
tem was arranged in extensive grana, and large starch grains were formed. Almost no plas-
toglobuli were observed (Figure 3b). In contrast, palisade mesophyll cells in ‘green island’
samples contained large central vacuoles, and chloroplasts were located in cytoplasm along
the cell walls (Figure 3d). Additionally, nucleoplasm was also more electron-translucent
(Figure 3d). The chloroplasts were also smaller and had more irregular outlines than chloro-
plasts in mature summer leaves. Moreover, chloroplasts had electron-dense stroma and
a well-developed system of thylakoids, but the grana were hardly discernible (Figure 3e).
In samples collected from the yellow areas of autumn leaves, mesophyll cells contained
only remnants of degraded protoplasts (Figure 3g). Chloroplasts could be recognized only
as strongly osmiophilic spots with numerous plastoglobuli inside (Figure 3h), and they
contained smaller and fewer starch grains in contrast to mature green leaves.

Spores or hyphae of epiphytes were attached to the surface of adaxial epidermis in all
types of samples. In mature summer leaves, they were relatively few, and only sections
of single cells were observed (Figure 3c). However, in ‘green island’ and yellow areas,
they appeared frequently as sections of multicellular hyphae embedded in a mucilaginous
sheath (Figure 3f,i). No section showing the formation of invasion hyphae or hyphae inside
or between mesophyll cells was found. Thus, the nature and function of these epiphytes
could not be established clearly.

3. Discussion

Green spots on senescent leaves, called ‘green islands’, are a seasonal phenomenon
associated with autumn and may be caused by pathogens attacking a weakened plant and
senescent tissues enhance their visibility. They are most often related to the colonization of
plant tissues with pathogenic fungi that are obligate biotrophs or hemibiotrophs at their
biotrophic stage [11,22]. In the case of biotrophic pathogens, the inhibition of naturally
occurring or induced senescence is beneficial for these pathogens, as they rely on living
host cells. However, it is more challenging to explain the formation of ‘green islands’ in the
case of necrotrophs, as they require dying or dead cells to feed on [21].

‘Green islands’ are leaf lamina fragments in which there is an increased concentration
of cytokinins and organic nutrients [23]. As plant hormones, cytokinins are involved in
various biological processes, including the inhibition of plant cell senescence. They are
also responsible for regulation and maintaining an appropriate level of chlorophyll, thus
increasing the mobilization of nutrients [24]. Environmental factors, such as temperature
or humidity, may also affect ‘green island” development, increasing the intensity of plant—
pathogen interactions [25]. ‘Green islands” on Norway and field maple leaves could be
observed in the following years across the temperate climate zone of Europe, which has
four clear seasons [15]. Moreover, they were also described on apple leaves, induced by
leaf-mining insects (Phyllonorycter blancardella), and the presence of the endosymbiotic
bacteria Wolbachia enhanced their appearance by the modulation of host physiology [26].

This work studied the appearance of ‘green islands” on Norway maple trees in eastern
Poland during 6 years, 2019-2024 (Figures Al and 1). However, very dry winters almost
without snow or rain and warm summers (hydrological drought) probably led to the
disappearance of ‘green islands” on Norway maples in 2023 and 2024 [27,28]. Instead, tar
spot, another fungus-induced disease of maples, occurred (Figures Al and A2). However,
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how drought and elevated temperature may influence ‘green island’ formation needs to
be investigated.

Although, ‘green islands’ were vividly greenish even on fallen senescent leaves of
Norway maples in the late autumn (November), we decided to investigate whether these
green spots were still alive and photosynthetically active. Photosynthesis is the primary
process of the plant metabolism, which, in addition to biotic and abiotic environmental
factors, is influenced by the structure of assimilation organs (mainly leaves). Significant
differences in the efficiency of photochemical processes in individual leaf parts has already
been well understood, as well as influence of the efficiency of the photosynthesis light
phase on other ontogenetic processes occurring in the leaf, e.g., those related to generative
development [29]. Thus, non-invasive estimations of chlorophyll, defense-related metabo-
lites (flavonoids), and the NBI index of plant health status indicated that ‘green island’
tissues were still alive. However, the mean values of those parameters were significantly
lower than in summer healthy leaves (Tables 2 and 3). Chlorophyll content is very often
negatively affected by both biotrophic and necrotrophic pathogens and depends on water
status, and enhanced hydrological drought (which fluctuated between years [27,28]) may
affect ‘green island’ formation and chlorophyll maintenance [21,30]. In this study, the
highest amounts of chlorophylls (total Chl, Chl a and b) were observed in summer leaves,
significantly lower in “green islands’, and the lowest chlorophyll contents were noticed in
yellow area of senescent leaves (Table 3). Such a pattern of chlorophyll contents could be
observed, for, e.g., in yellow areas and dark “green islands’ (DGIs) induced by Cucumber
Mosaic Virus in Nicotiana tabacum [31]. A negative correlation between the ‘green island’
area and chlorophyll content over the years could be related to the fluctuation in carotenoid
content, which was relatively high in ‘green islands’ (similar to yellow areas), but we inves-
tigated it only in one year, or else unbalanced nitrogen content as NBI also showed negative
correlation to green island areas (and chlorophyll contains nitrogen). One more possible
explanation for these negative correlations could be a fluctuating microbiome composition
over the years, but it needs to be investigated. In general, the biosynthesis of flavonoids in
many cases increases during a pathogen infection as a part of the activity of a host defense
system [32,33]. So, it is unsurprising that flavonoid contents were significantly higher in
senescent leaves both in “green islands” and yellow areas. Moreover, the mean values of
flavonoids were the least fluctuating parameters over the years in all investigated leaf
variants. As expected, anthocyanins were undetectable in summer leaves compared to the
high amounts of anthocyanins in the yellow areas of senescent leaves. Also, significantly
increased amounts of anthocyanins were detected in ‘green islands’ (Table 2). All leaf vari-
ants had similar mean anthocyanin contents in 2019 and 2020. However, they significantly
increased (twice as much) in 2021 both in the ‘green islands” and yellow areas of senescent
leaves, which is difficult to explain based on the other obtained results. Anthocyanins are
often associated with low chlorophyll levels; thus, they appear in abundance in senescent
tissues [34]. Moreover, they also play a photoprotective role during senescence to cope with
excess light similarly as carotenoids [35,36]. It has to be emphasized that such physiological
analyses are rarely performed during ‘green island” appearances, so it is difficult to compare
our results to other research concerning ‘green island” development.

Moreover, a detailed analysis of photosynthetic parameters has been performed
(Table 4). The description of light energy transfer within PSII is possible by using the
analysis of chlorophyll a fluorescence kinetics parameters. The light-harvesting complex of
photosystem II absorbs light reaching the leaf. Then the electrons are transported to the
central part of the antenna and chlorophyll molecules constituting the reaction centers (RC).
This results in charge separation across the membrane and splitting of water molecules into
molecular oxygen protons and electrons on the donor side of PSIL. Furthermore, electron
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transport from PSII involves their transfer to QA and QB via b6f, and plastocyanin to PSI,
where a second charge separation and further reduction in ferredoxin and NADP+ oc-
cur [37]. Thanks to the advanced methodology, the efficiency of the above processes can be
effectively analyzed using the JIP test, which allows for the early detection of disturbances
in the light phase of photosynthesis [38,39].

The maximum photosynthetic quantum efficiency (Fv/Fm) in ‘green islands’ was
slightly reduced (10%) compared to summer leaves (Table 4). Related to ‘green islands’
resulting from the impact of biotrophic fungal pathogens, this decrease was small (in
barley leaves during Blumeria graminis infection, a decrease in the quantum efficiency was
47% in the ‘green island’ tissues) [11]. At the same time, Fv/Fm remained significantly
higher in the ‘green islands’ compared to the yellow areas of the senescing leaf, which
is consistent with previous observations made on plants of other species [40]. Despite
this, we observed a significant decrease in Fv/F0 (compared to summer leaves), which
indicated the disturbance of activity of the water-splitting complex on the donor side
of PSII or the damage of thylakoid structure [38,41]. However, the literature provides
conflicting information about whether chloroplasts in ‘green islands’ remain intact and
photosynthetically active. The decrease in the PI abs value, with a simultaneous increase
in TRO/RC and DIO/RC, suggests a decrease in the number of active reaction centers and
decreased efficiency of electron transport beyond QA, with a simultaneous high degree
of electron trapping in the PSII antenna (increase in the size of the PSII antenna) and
dissipation of a significant amount of absorbed energy as heat [42]. This phenomenon is
probably related to the delayed distribution of antennal chlorophyll in the ‘green island’
tissues (Table 4).

The only research on ‘green islands’ on maples revealed that Norway maple leaves
were mainly infected by endophytic bacteria from the Gramproteobacteria family, and the
most numerous endophytic fungi belonged to Dothideomycetes and Leotiomycetes [15]. In
this study, only the spores and hyphae of epiphytic fungi were detected on all leaf variants
during microscopic analyses. Moreover, they were present in abundance on both the yellow
areas and ‘green islands’ of senescent leaves (Figure 3). However, no fungal cells were
observed inside mesophyll.

An ultrastructural analysis of the leaves showed that cells located in the unevenly
distributed ‘green islands’ on senescent leaves differed from those building a healthy sum-
mer leaf. ‘Green islands” have more developed mesophylls than in the yellow area of the
senescent leaf. So, ‘green island” development leads to an extension of the photosynthesis
process, which is beneficial for biotrophic pathogenic and non-pathogenic epiphytes and
endophytes to be active longer in autumn season [43,44]. However, extended photosyn-
thesis can also lead to a deficiency of nutrients, such as nitrogen, resulting in a weakening
of the plant, which may have difficulties to survive the winter, the consequences of which
will be visible in spring when the trees re-green [45,46]. The most conspicuous features of
cells in “green island” mesophylls were smaller chloroplasts with numerous plastoglobuli
compared to summer leaves (Figure 3). This phenomenon was also observed in Triticum
aestivum ‘green island’ cells during infection with Puccinia striiformis [40] and in Brassica
juncea ‘green islands’ infected with A. brassicicola [21]. The abundance of plastoglobuli could
be a response to extensive lipid peroxidation that occurred in ‘green island’ cells, which
was detected as a significant increase in malondialdehyde (MDA) content in comparison
to their amounts in summer leaves and the yellow areas of senescent leaves (Figure S1).
Elevated MDA content is a marker of oxidative stress, and it is often observed in host cells
during pathogen infection and abiotic stress [47].

Further research on ‘green island” origin and functioning will allow for a more detailed
understanding of the causes of this phenomenon and its role in plant—pathogen interactions.
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4. Materials and Methods
4.1. Plant Material

All experiments were performed on Norway maple (Acer platanoides L.) leaves plucked
from young 6-8-year-old trees (Figure Al). The trees were localized in the urban forest
surrounding the University of Bialystok campus (53°06'56” N 23°09'54” E) in Bialystok, a
city in eastern Poland. The young summer leaves were collected from Norway maples on 27
June 2020 and 7 June 2021, whereas the senescent leaves showing ‘green island” symptoms
were collected in the first week of November in the years 2019-2022. The leaves were
torn from young maples (fallen leaves were not collected) and carefully selected to avoid
collecting leaves with blurred, irregular green spots, which could result from a delayed
aging process. In each experiment, three variants of leaf areas were analyzed: summer
leaves and two areas within senescent leaves, yellow and ‘green island” areas. The Norway
maple trees were also observed for ‘green island’ symptoms in the following years, 2023
and 2024. However, due to the small number of leaves showing ‘green islands’, the leaves
were not subjected to analysis.

4.2. Non-Destructive Evaluation of Physiological Parameters

Each year, beginning from the autumn of 2019 until November 2022, the ‘green island’
areas were measured in senescent leaves using a WinDIAS Leaf Image Analysis System
(Delta-T Devices, Cambridge, UK) and are expressed as a percentage of the whole leaf
surface. Each year, between 9 and 30 leaves per variant were analyzed.

The same leaves plus the additional number of those harvested on the other day of
November were subjected to non-destructive measurements of physiological parameters.
Chlorophyll content in the mesophyll, anthocyanin and flavonoid content in the leaf
epidermis, and the Nitrogen Balance Index (NBI; the ratio of chlorophylls and flavonoids)
were measured with a Dualex Optical Leaf-Clip Sensor (ForceA, Orsay, France). This
method is based on leaf transmittance and chlorophyll fluorescence [48]. The content of
chlorophylls is expressed in pg cm~2, whereas anthocyanins, flavonoids, and NBI have no
units [49]. The measurements were also performed on 25-65 summer leaves. A detailed
statistical analysis of these parameters is available in Supplementary Materials Table S1.

4.3. Chlorophyll and Carotenoid Content

The 150 mg samples from the summer and autumn leaves were collected on 27 June
and 10 November 2020, respectively, and stored at —80 °C until used. Chlorophylls and
carotenoids were extracted in 100% methanol (HPLC grade, Avantor Performance Mate-
rials, Gliwice, Poland), as described by Macioszek et al. [32], analyzed using a Hitachi
U-5100 spectrophotometer (Hitachi Ltd., Tokyo, Japan), and calculated according to Well-
burn [50]. Eight summer and eight autumn leaf samples were used for analyses, with four
technical replicates.

4.4. Analysis of Photosynthesis

For the chlorophyll fluorescence analyses, from 21 to 58 detached summer and senes-
cent leaves were immediately dark-adapted for 20 min using leaf clips. Then, dark-adapted
areas were subjected to measurements conducted with a Pocket PEA chlorophyll fluorime-
ter (Hansatech Instruments Ltd., Norfolk, UK) equipped with a high-intensity focus LED
of 3500 tmol m~2 s~ ! photon flux with a peak wavelength of 627 nm at the sample surface
according to the manufacturer’s built-in protocol. Leaves for analyzes were collected in
June and November 2020.
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4.5. Microscopic Analysis

The leaves for light and transmission electron microscopy investigation were collected
on 7 June and 10 November 2021. The samples were dissected from green summer leaves
and two areas of autumn leaves: yellow and the center of the ‘green islands’. They were
collected from at least three different trees. The dissected specimens were immediately
transferred into a modified Karnovsky fixative and processed for light and transmission
electron microscopy and sectioning, as described by Crespo et al. [51].

4.6. Statistical Analysis

Each parameter’s means and standard deviations (SD) were calculated using MS
Office Excel 2021 software. An analysis of variance (ANOVA) and post hoc Duncan’s test
(p < 0.05) of all the data obtained in this work were performed using STATISTICA v.13.3
(Tibco Software Inc., StatSoft, Krakow, Poland).

The figures were composed using Adobe Photoshop v. 6.0 and Corel Software v. 11.

5. Conclusions

‘Green islands’ have been described in limited but variable pathosystems, mainly
affecting crop plants such as maize, barley, and tobacco [16,18,20]. However, naturally
occurring ‘green islands” were observed only in a few tree species, such as maples and
apples [15,26]. Pathogens and insects inducing ‘green islands’ also have different life cycles
and feeding strategies. Therefore, the structural, functional, and environmental factors
of ‘green islands’ require further research, as do the biotic and abiotic factors influencing
their appearance. The physiological, metabolic, and genetic aspects of ‘green islands” also
should be investigated.

The potential usefulness of ‘green islands’ cannot be overestimated. ‘Green islands’
can indicate specific pathogen infection; virus-induced ‘green islands’ look different from
those on maple leaves. Moreover, they can be an interesting model for studying how
pathogens manipulate host metabolism (e.g., this study) or for observing localized immune
responses similarly to hypersensitive responses. A more far-reaching use of ‘green islands’
will be the identification of the genetic traits associated with resistance to pathogens that
induce “green islands’ to support breeding programs for disease-resistant varieties. ‘Green
islands’ constitute a research challenge due to their low impact and economic significance
on tree leaves and their visibility being mostly in autumn.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants14060909/s1, Table S1: Two-way ANOVA of non-destructive
parameters: chlorophyll, flavonoids, anthocyanins, and nitrogen balance index (NBI) in summer
and autumn Norway maple leaves; Figure S1: Content of malondialdehyde (MDA) in summer and
senescent leaves of Norway maple collected in June and November 2020.
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Appendix A

An abundant appearance of ‘green islands’ on Norway maple leaves was observed
in the small area of the urban forest surrounding the University of Bialystok campus in
Bialystok, eastern Poland (Figure A1). Tar spot, a fungal disease, could be observed on
Norway maple leaves since 2022, and it became the major disease of Norway maple since
2023. Last year, only a few young trees showed symptoms of ‘green islands’, sometimes in
combination with tar spots (Figure A2).

Figure A1. Young maple trees from the urban forest on the University of Bialystok campus (Bialystok,
Poland). (a) Green leaves of Norway maple on 27 June 2021; (b) Norway maple senescent leaves with
‘green islands’ symptoms on 5 November 2022; (c) young field maple trees with ‘green islands’ symptoms
on 9 November 2020; (d) Norway maple leaves with tar spot symptoms on 27 September 2024.
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Figure A2. Tar spot symptoms on leaves of young Norway maple trees in the urban forest on the
University of Bialystok campus (Bialystok, Poland). (a—c) Tar spots with yellow rings in late August 2023;
(d) tar spots in September 2024; (e) ‘green island’ symptoms with a single tar spot in November 2024.
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Abstract: In China, cotton is a significant cash crop, and cold stress negatively impacts the crop’s
development, production, and quality formation. Recent studies have shown that melatonin (MT)
can alleviate the damage to plants under cold stress and promote good growth and development. In
this study, the morphological and physiological changes induced by exogenous melatonin pretreat-
ment on ‘Xinluzao 33’ cotton seedlings under cold stress were examined to investigate its defensive
effects. The results showed that 100 uM MT pretreatment improved the cold resistance of cotton
most significantly. It also improved the wilting state of cotton under cold stress, greatly increased the
photosynthetic rate (Pn), stomatal conductance (Gs), maximum photochemical efficiency (Fv/Fm),
and photosynthetic performance index (Plabs) by 116.92%, 47.16%, 32.30%, and 50.22%, respectively,
and mitigated the adverse effects of low-temperature. In addition, MT supplementation substantially
reduced the accumulation of superoxide anion (O2°~) and hydrogen peroxide (H,O;) by 14.5% and
45.49%, respectively, in cold-stressed cotton leaves by modulating the antioxidant system, thereby
mitigating oxidative damage. Furthermore, MT pretreatment increased the endogenous melatonin
content (23.80%) and flavonoid content (21.44%) and considerably induced the expression of biosyn-
thesis enzyme-related genes. The above results indicate that exogenous melatonin improves the
low-temperature resistance of cotton seedlings by regulating photosynthetic performance, antioxi-
dant enzyme activity, antioxidant content, endogenous melatonin and flavonoid content, and the
expression levels of genes related to their synthesis.

Keywords: melatonin; antioxidant defense; cold stress; photosynthetic performance

1. Introduction

Plant growth and development are severely hampered by cold stress, which also
restricts the range of locations where plants can be found in nature [1]. Reduced photo-
synthesis, altered gene expression levels, disruption of intracellular redox equilibrium,
damage to membrane systems, and perturbation of basal metabolism are the principal
impacts of low-temperature stress on plants [2]. Low temperature induces the production
of reactive oxygen species (ROS) such as superoxide (O,°~), hydrogen peroxide (H,O5),
and hydroxyl radicals (-OH). High concentrations of ROS can induce oxidative damage
in plants; however, spatiotemporal transient accumulation of ROS, such as HyO,, is of-
ten used as a signal [3]. Plants have evolved a range of defense mechanisms, including
enzymatic and non-enzymatic antioxidant systems, and ROS are partially scavenged by
enzymes such as superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate
peroxidase (APX), and glutathione peroxidase (GPX) [4]. Malondialdehyde (MDA), rela-
tive conductivity (REC), photosynthetic rate (Pn), stomatal conductance (Gs), maximum
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photochemical efficiency (Fv/Fm), and photosynthetic performance index (Plabs) can be
used to assess the degree of damage and photosynthetic performance of plants under
adversity [5]. An increase in MDA indicates damage to cell membranes, an increase in REC
reflects an increase in cell membrane permeability, a decrease in Pn indicates a decrease
in photosynthetic capacity, a decrease in GS affects photosynthesis, a decrease in Fv/Fm
indicates a decrease in the efficiency of light energy conversion, and a decrease in Plabs
reflects an overall impaired photosynthetic performance of plants [6]. The decrease in Plabs
reflects the overall impaired photosynthetic performance of the plant. These indicators
provide key information for understanding the response mechanism of plants to adver-
sity. Previous studies have identified chalcone synthase (CHS), flavanone 3'-hydroxylase
(F3'H), and flavanone 3-hydroxylase (F3H) as key enzymes in flavonoid biosynthesis.
Chalconeisomerase (CHI) is a key enzyme in flavonoid metabolism. Dihydroflavonol-4-
reductase (DFR) catalyzes the production of anthocyanin precursors from dihydroflavonols
and flavanones [7]. Chlorophyllate a-oxygenase (CAO) is involved in the conversion of
chlorophyll from a to b; Glutamic acid-1-semialdehyde transaminase (HEML) plays a key
role in chlorophyll synthesis; Glutamyl t-RNA reductase (HEMA) catalyzes ALA synthe-
sis and plays an important role in plant growth regulation; Pheide a oxygenase (PAO),
7-Hydroxymethyl Chlorophyll a reductase (HCAR), and Pheophytinase (PPH) are involved
in chlorophyll degradation [8]. Under cold conditions, some cold-tolerant plants mainly ex-
hibit elevated content of secondary metabolites, increased accumulation of osmoregulatory
substances, enhanced antioxidant capacity, and up-regulation of cold resistance-related
gene expression [9,10]. Most researchers have tried to enhance plant hardiness by screening
and breeding new varieties, but in general, yield and quality are negatively correlated
with adversity traits, and the long breeding period of new varieties makes it challenging to
obtain desirable results in a short time. Therefore, there is an urgent need to find a method
that is non-toxic, efficient, non-polluting, and effective in improving plant resistance.

Numerous scholars have successfully explored and applied various means, such as
the exogenous application of phytohormones, osmoregulatory substances, gas molecules,
and micronutrients, to significantly enhance the tolerance of plants to low-temperature
stress [11-13]. Chang and colleagues discovered that the application of exogenous mela-
tonin may mitigate the growth-inhibiting effects of low temperatures on barley seedlings.
This was achieved by controlling the expression of the circadian clock genes HvCCA1 and
HvTOC1 and the accumulation of several important physiological markers [14]. Zhang
et al. found that melatonin improved cucumber cold tolerance by activating antioxidant
enzymes and inducing key PSI, PSll-related genes, and carbon assimilation genes, and
finally alleviated the damage to the photosynthetic apparatus of cucumber seedlings under
cold stress [15]. Zhao et al. found that exogenous melatonin increased the expression of
CsZat12 and controlled the metabolism of pure amine (PA) and abscisic acid (ABA), thereby
mitigating the damage caused by low-temperature stress in cucumbers [16].

Since it originated in the tropics and subtropics, cotton (Gossypium spp.) is susceptible
to cold temperatures when it is growing and developing [17]. With the increasing demand,
cotton cultivation areas have expanded to high latitudes and altitudes where the climate is
unsuitable [18,19]. Therefore, the relevant planting areas are very prone to “reverse spring”
weather, resulting in delayed growth and development, especially frequent cold damage
during the budding and seedling stages, seriously affecting the final yield and quality of
cotton [4,20], improving the cold tolerance of cotton seedlings is of great significance to
increasing cotton yield.

There are currently studies available on the use of MT to increase resistance to ver-
ticillium wilt, heavy metal stress, drought, and salt [21-24], but little research has been
performed on whether MT treatment regulates cold tolerance in cotton. Our focus was on
studying growth situation, photosynthetic performance, the degree of cellular damage, and
ROS homeostasis in cotton seedlings under cold stress by MT. Precisely, we also investi-
gated the content of endogenous melatonin and flavonoids and their biosynthetic enzymes
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encoding the expression of related genes. This study attempted to provide a theoretical
basis for MT to improve cold tolerance in cotton.

2. Results
2.1. 100 uM Exogenous Melatonin Alleviates Cold Stress Injury

Following low-temperature stress, cotton leaves were subjected to an analysis of the
effects of varying doses of MT pretreatment on malondialdehyde (MDA), relative electrical
conductivity, net photosynthetic rate, and stomatal conductance. The results showed that
MDA content and relative conductivity (REC) in cotton leaves were drastically increased
after cold stress by 148.28% and 84.52%, respectively (Figure 1A,B). However, Pn, Gs,
Fv/Fm, and Plabs decreased markedly by 71.23%, 58.35%, 36.99%, and 72.42%, respectively
(Figure 1C-F). Compared with spraying with 0 uM MT, spraying with 25-200 uM MT
restored the Pn, Gs, Fv/Fm, and Plabs values to some extent, inhibited the accumulation of
MDA, and eased the degree of cell damage. Among all MT treatments, 100 uM pretreatment
had the best effect; Pn, Gs, Fv/Fm, and Plabs were greatly increased by 116.92%, 47.16%,
32.30%, and 50.22%, respectively, and MDA and REC were appreciably decreased by 34.09%
and 33.79%, respectively, so this concentration was chosen for the follow-up test.
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Figure 1. Effects of melatonin pretreatment at different concentrations on MDA. CK: under normal
growth conditions after distilled water spray treatment (pink column). 0, 25, 50, 100, 150, 200: 4 °C
with different concentrations of MT (0, 25, 50, 100, 150, 200 umol-L~1) (pink column). MDA (A),
REC (B), Pn (C), GS (D), Fv/Fm (E), and Plabs (F) in cotton under cold stress. Vertical bars in
each column represent £SD of three replicates, and different letters represent significant differences
(p <0.05).

2.2. Effect of Exogenous Melatonin on Cotton Growth

At the end of the stress, both CS seedlings and MT + CS seedlings showed different
degrees of leaf wilting, dehydration (Figure 2), and drooping, but the MT + CS group
had markedly fewer symptoms than the CS group. After pretreatment with MT, growth
limitations caused by CS stress were improved, and fewer reductions in fresh weight
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(7.69%) and dry weight (9.30%) were observed (Figure 2A,B). These findings imply that
pretreating cotton seedlings with exogenous MT can lessen the harm that cold stress causes.

MT+CS
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Figure 2. Effect of different treatments on the growth of cotton seedlings. CK: under normal growth
conditions after distilled water spray treatment. MT: under normal growth conditions after 100 uM
MT (the optimal concentration in the pre-screening) spray treatment. CS: spray distilled water
treatment followed by 4 °C treatment for 24 h. MT + CS: spray 100 pM MT treatment followed by
4 °C treatment for 24 h. (A) Fresh weight, (B) Dry weight. Vertical bars in each column represent
£SD of three replicates, and different letters represent significant differences (p < 0.05).

2.3. Effects of Exogenous Melatonin on the Antioxidant System

Plants produce large amounts of ROS species as signaling molecules to deal with
stress, but too much ROS can cause oxidative damage to themselves. Exogenous MT
pretreatment under normal conditions did not change H,O, and O,*™ content in leaves
(Figure 3A,B). The HyO, range and O,°™ in the CS group were substantially higher by
38.27% and 118.71%, respectively, as compared to the CK group. MT pretreatment may be
able to lessen the harm produced by cold induction, as seen by the MT + CS group’s much
lower values, which decreased by 14.50% and 45.49%, respectively, after the CS group.

In addition, we measured antioxidant enzyme (POD, CAT, SOD, APX, and GPX)
activities (Figure 3C-G) and antioxidant (AsA and GSH) content (Figure 3H,I) in the
different treatments. Compared with CK plants, the activities of POD and GPX enzymes
in CS plants increased by 97.43% and 17.34%, respectively, while the activity of the APX
enzyme decreased by 18.20% (Figure 3C-F). Compared with the CS plants, the activities
of these five antioxidant enzymes were all increased to different degrees in the MT + CS
plants, with POD, APX, and GPX activities notably increased by 29.96%, 39.78%, and
25.03%, respectively. AsA and GSH contents in MT + CS seedlings increased by 17.43% and
15.87%, respectively, and were substantially higher than those in CS seedlings.
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Figure 3. Effect of different treatments on H,O, content. CK: under normal growth conditions after
distilled water spray treatment. MT: under normal growth conditions after 100 uM MT (the optimal
concentration in the pre-screening) spray treatment. CS: spray distilled water treatment followed
by 4 °C treatment for 24 h. MT + CS: spray 100 uM MT treatment followed by 4 °C treatment for
24 h. HyO, content (A), O,°~ content (B), antioxidant enzyme (POD (C), CAT (D), SOD (E), APX (F),
GPX (G)) activities, and antioxidant (AsA (H), GSH (I)) content of cotton seedlings. Vertical bars in
each column represent £SD of three replicates, and different letters represent significant differences
(p <0.05).
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2.4. Effects of Exogenous Melatonin on Photosynthetic Pigment Content

Photosynthesis is carried out with the participation of photosynthetic pigments, trap-
ping light radiation and converting it into CO, ™ assimilated energy. According to Figure 4,
compared with the CK seedlings, chlorophyll a, chlorophyll b, and carotenoid in CS
seedlings decreased markedly by 25.10%, 31.90%, and 42.50%, respectively. On the contrary,
the chlorophyll a, b, and carotenoid contents of MT + CS seedlings were reduced by 11.8%,
16.6%, and 19.7%, respectively, compared with CK seedlings, which was a significantly
smaller decrease.
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Figure 4. Effect of different treatments on chlorophyll a (A), chlorophyll b (B), and carotenoid (C)
content of cotton seedlings. CK: under normal growth conditions after distilled water spray treatment.
MT: under normal growth conditions after 100 uM MT (the optimal concentration in the pre-screening)
spray treatment. CS: spray distilled water treatment followed by 4 °C treatment for 24 h. MT + CS:

spray 100 uM MT treatment followed by 4 °C treatment for 24 h. Vertical bars in each column
represent =SD of three replicates, and different letters represent significant differences (p < 0.05).

2.5. Effects of Exogenous Melatonin on Flavonoid Content and Biosynthesis Enzyme-Related
Genes Expression

One of the most significant and prevalent secondary metabolites in plants, flavonoids
can improve the plant’s ability to withstand stress and produce antioxidants naturally. In
the present study, the flavonoid content in the MT group was slightly higher than that
in the CK group, but the difference was not significant. Compared with the CK group,
the flavonoid content in the CS and MT + CS groups increased by 10.20% and 23.80%,
respectively (Figure 5).

The expression levels of flavonoid synthesis genes GhDFR, GhF3H, GhCHI, and GhF3'H
were up-regulated to varying degrees in the MT plants compared to the CK plants, and only
GhCHS was slightly down-regulated, but there was no significant difference. Compared
with CK seedlings, the expression levels of GhDFR, GhF3H, GhCHI, and GhF3'H were
up-regulated to varying degrees in MT + CS seedlings, among which GhDFR, GhCHI,
and GhF3'H were considerably up-regulated, increasing by 671.58%, 22.65% and 241.29%,
respectively.
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Figure 5. Effect of different treatments on flavonoid content (A) and flavonoid biosynthesis enzyme-
related gene (GhDFR (B), GhF3H (C), GhCHI (D), GhCHS (E), GhF3'H (F)) expression in cotton
seedlings. CK: under normal growth conditions after distilled water spray treatment. MT: under
normal growth conditions after 100 uM MT (the optimal concentration in the pre-screening) spray
treatment. CS: spray distilled water treatment followed by 4 °C treatment for 24 h. MT + CS: spray
100 uM MT treatment followed by 4 °C treatment for 24 h. Vertical bars in each column represent
£SD of three replicates, and different letters represent significant differences (p < 0.05).

2.6. Effects of Exogenous Melatonin on Endogenous Melatonin Content and Synthesis-Related
Genes Expression

Endogenous melatonin content was increased by 21.44% in MT + CS plants compared
to CK plants (Figure 6). The expression of GhSNAT and GhCOMT was up-regulated in the
CS group compared to the CK group, increasing by 68.44% and 240.14%, respectively, while
the expression of Gh'TDC was down-regulated compared to the CK group, decreasing by
30.19%. The gene expression levels of melatonin biosynthesis genes GASNAT, GhRCOMT,
GhTDC, and GhASMT in the MT + CS group were up-regulated to varying degrees com-
pared with those in the CK group, among which GW=COMT and GhASMT were greatly
up-regulated by 109.61% and 595.61%, respectively.
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Figure 6. Effects of different treatments on endogenous melatonin content (A) and melatonin biosyn-
thesis enzyme-related gene (GhSNAT (B), GRCOMT (C), Gh'TDC (D), GhT5H (E), GRASMT (F))
expression in cotton seedlings. CK: under normal growth conditions after distilled water spray
treatment. MT: under normal growth conditions after 100 uM MT (the optimal concentration in the
pre-screening) spray treatment. CS: spray distilled water treatment followed by 4 °C treatment for
24 h. MT + CS: spray 100 uM MT treatment followed by 4 °C treatment for 24 h. Vertical bars in
each column represent £SD of three replicates, and different letters represent significant differences
(p <0.05).

2.7. Effects of Exogenous Melatonin on the Expression of Genes Related to Chlorophyll Degradation
and Synthesis in Cotton under Low-Temperature Stress

Chlorophylls are a class of green pigments contained in photosynthesizing organisms
and are magnesium porphyrin compounds that belong to a family of lipid-containing
pigments. According to Figure 7, the expression levels of chlorophyll synthesis genes
GhCAO, GhHEML, and GRHEMA were apparently not dramatically different in the CS
group compared with the CK group. However, the expression of GRCAO, GRHEML,
and GhHEMA were remarkably up-regulated in the MT + CS group, which increased
by 135.06%, 488.47%, and 131.02%, respectively. The expression levels of chlorophyll-
degrading genes GhPAO, GhHCAR, and GhPPH were appreciably up-regulated in the CS
group compared with the CK group, which increased by 78.67%, 18.54%, and 64.79%,
respectively. Meanwhile, the expression of GhPAO was significantly down-regulated in the
MT + CS group, with a reduction of 48.71%. Among them, the GhPPH gene expression was
not different from that of the MT group.
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Figure 7. Effects of different treatments on the expression of genes related to chlorophyll degrada-
tion and synthesis in cotton (GhCAO (A), GRHEML (B), GiHEMA (C), GhPAO (D), GRHCAR (E),
GhPPH (F)). CK: under normal growth conditions after distilled water spray treatment. MT: under
normal growth conditions after 100 uM MT (the optimal concentration in the pre-screening) spray
treatment. CS: spray distilled water treatment followed by 4 °C treatment for 24 h. MT + CS: spray
100 uM MT treatment followed by 4 °C treatment for 24 h. Vertical bars in each column represent
+£SD of three replicates, and different letters represent significant differences (p < 0.05).

2.8. Correlation Analysis of Cotton Antioxidant System with Flavonoids and Melatonin

Through a comprehensive analysis of the correlation of antioxidant system parameters
with flavonoids and melatonin in cotton, the antioxidant system parameter POD showed a
highly significant positive correlation with flavonoid content and its synthesized genes,
GhDFR, GhCHI, and GhENS. Meanwhile, there was a highly significant positive correlation
between melatonin content and its synthesizing genes, GRSNAT and GhCOMT, and a
significant negative correlation with Chl a, Chl b, and Car (Figure 8).
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Figure 8. Correlation analysis of cotton antioxidant system with flavonoids and melatonin. (Different
size of colored cells map the magnitude of correlation,* p < 0.05; ** p < 0.01).

3. Discussion

Cold stress greatly affects the yield of cotton by disrupting its physiological metabolism
and its morphological structure and stunting its growth [25]. Previous studies have found
that MT, a ubiquitous multifunctional signaling molecule, can improve plant tolerance to
low-temperature stress by regulating physiological and biochemical processes [11]. This
study showed that the leaves of cotton seedlings exhibited significant wilting and crinkling
after cold stress treatment, and MT pretreatment could reduce the damage caused by the
stress (Figure 2). Similar findings were also verified in banana seedlings, pepper seedlings,
and strawberry seedlings under cold stress [26-28].

In plants, photosynthesis is a vital physiological mechanism that produces 95% of
the dry matter accumulation in plants [29]. The chlorophyll content is crucial for the
smooth progress of photosynthesis, and its level determines the rate of photosynthesis,
which directly affects plant growth and yield [30-32]. In this study, we found that the net
photosynthetic rate, stomatal conductance, and chlorophyll content of cotton seedlings
were considerably decreased under cold stress, but MT pretreatment alleviated the degra-
dation of photosynthetic pigments caused by cold stress, indicating that MT can effectively
promote the synthesis of photosynthetic pigments under stress conditions (Figure 4). Ac-
cording to earlier research, exogenous MT dramatically up-regulates gene expression linked
to chlorophyll production and down-regulates gene expression related to chlorophyll break-
down, hence maintaining chlorophyll concentration under stress [33-35]. Furthermore,
chlorophyll fluorescence measurements are thought of as internal sensors for researching
the connection between plant photosynthesis and the environment. To a certain extent,
these metrics can accurately indicate a plant’s ability to withstand cold temperatures [36,37].
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Studies have shown that Fv/Fm is relatively stable when plants are not under stress, but it
will be markedly reduced when plants are under pressure or mechanical damage [38]. The
present study revealed that low-temperature stress significantly reduced the Fv/Fm values
of cotton leaves, which is a clear indication of the inhibition of the photosynthetic system.
However, it is noteworthy that the Fv/Fm values of the optimal melatonin pretreated group
were significantly elevated compared with those of the untreated group, a finding that
suggests that the application of exogenous melatonin effectively mitigated the inhibition of
the photosynthetic capacity of cotton by low-temperature stress (Figure 1E). In addition, our
study also found that the Plabs values of the melatonin-pretreated group were significantly
higher than those of the untreated group under low-temperature conditions (Figure 1F),
which coincided with the results of a study on bananas conducted by Liu et al. [26] and
further confirmed the positive role of melatonin in enhancing plant stress tolerance.

Cold stress disrupts the plant’s own ROS scavenging mechanism, causing excessive
ROS accumulation and lipid peroxidation, which affects plant growth and development [39].
MT directly scavenges ROS to act as an antioxidant and lessen damage to plants [40]. It
was shown that in order to keep the balance between ROS generation and scavenging,
a single MT molecule may interact with eight or more ROS molecules continually [41].
The MT congener 5-methoxyindole and the downstream product of MT metabolism, N1-
acetyl-N2-formyl-5-methoxykynura-mine, were also found to have different degrees of
antioxidant activity [42—44]. According to earlier research, MT supplementation under
stressful circumstances boosted the expression of genes encoding related synthetic enzymes
and stimulated the manufacture of endogenous MT [45]. In this study, we observed that
the endogenous melatonin (MT) content and the expression levels of its biosynthesis
genes (GhSNAT, GhCOMT, GhTDC, GhASMT) were up-regulated to different degrees in
cotton seedlings after cold stress. It is noteworthy that these up-regulation phenomena
showed more significance when cotton seedlings were pretreated with MT (Figure 6).
Accordingly, we hypothesized that cotton seedlings would actively increase the level of
melatonin in response to cold stress, and MT pretreatment could accelerate the process of
melatonin synthesis, thus scavenging reactive oxygen species (ROS) more efficiently and
mitigating the damage caused by cold stress. This finding provides a new perspective for
understanding how cotton seedlings respond and adapt to cold stress.

Important components of the antioxidant defense system include both non-enzymatic
and enzyme-based antioxidants [46]. According to earlier research, MT pretreatment can
lessen the harm that cold stress causes to oilseed rape and watermelon by increasing the
activity of antioxidant enzymes and the expression of genes encoding them [47,48]. MT
pretreatment significantly enhanced the activities of antioxidant enzymes, including SOD,
CAT, POD, APX, and GPX, as well as increased the contents of antioxidants AsA and GSH
in cotton under stress conditions (Figure 3). These results fully demonstrated that MT
pretreatment had a positive effect on enhancing the performance of the cotton antioxidant
system and could maintain the balance between ROS production and accumulation more
effectively. These findings further validate the hypothesis that MT scavenges ROS directly
or indirectly through the activation of antioxidant enzymes and fit with previous research
results [49].

It has been shown that by taking part in the manufacture of secondary metabolites
in plants, MT increases tolerance to a range of stressors. A significant portion of the
phenylpropane metabolic system, flavonoid molecules play a major role in the growth,
development, and stress tolerance of plants [50,51]. Previous studies have found that the
content of flavonoids in Arabidopsis leaves is positively correlated with cold tolerance,
proving that flavonoids are one of the key factors determining cold acclimation and freezing
tolerance of Arabidopsis [52-54]. Sun et al. found that exogenous melatonin increased the
expression of CcF3'h-5 through the transcription factor CcPCL1, promoted the accumulation
of luteolin and its derivatives, and speculated that flavonoids could be used as essential
mediators in melatonin to enhance the tolerance of plants to various stresses [55]. In the
present study, it was found that there was a significant increase in flavonoid content in cot-
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ton leaves under low temperature stress conditions. However, when cotton was pretreated
with melatonin, the increase in flavonoid content was more significant. Meanwhile, we
observed that the up-regulated expression of key genes in the flavonoid synthesis pathway
(GhDFR, GhCHI, and GhF3'H) was more prominent after melatonin pretreatment (Figure 5),
and this finding provides a new perspective for an in-depth understanding of flavonoid
biosynthesis and regulatory mechanisms. Therefore, we believe that MT pretreatment
enhanced the resistance of cotton to cold stress can be reflected by the increase in flavonoid
content and biosynthetic gene expression levels to be regulated.

4. Materials and Methods
4.1. Effects of Exogenous Melatonin on Photosynthetic Pigment Content

The experimental material “Xinluzao 33’ was purified, preserved, and provided by the
Cotton Molecular Breeding Laboratory of Oasis Ecology Laboratory of Shihezi University.
After choosing the seeds with whole granules, they were steeped in 75% alcohol for
10 min and then rinsed 3—4 times in ultrapure water. The sterilized seeds were soaked in
50 °C-60 °C warm water for 20 min and then placed in a germination box with sterilized
gauze. After being accelerated to sprout at 25 °C in the dark for 48 h (keeping the gauze
moist all the time), the germinated seeds were planted in a nutrient bowl and cultured in an
artificial intelligence climate box (ZDN-1000g-2, Ningbo, China). The culture substrate was
peat: vermiculite = 3:1, and the climate box conditions were set as follows: the temperature
was 28 °C/25 °C (day/night), relative humidity was 60%, light intensity was 32,000 Lux,
and photoperiod was 16 h/8 h (day/night).

After cotton seedlings grew to ‘three leaves in one heart,” different concentrations
(0, 25, 50, 100, 150, and 200 uM) of MT (CAS: 73-31-4, Sigma, St. Louis, MO, USA) were
applied. The solution required uniform spraying and spraying to the leaf surface as the
standard, once in the morning and once in the evening (9 a.m. and 9 p.m.), with continuous
spraying for three days while avoiding light after spraying. Each treatment was applied
to 20 seedlings. After the last spraying treatment, the cotton was allowed to stand for
24 h in preparation for low-temperature stress treatment. The procedure was performed
as follows: cotton was placed in a climate chamber with a temperature of 4 °C/4 °C
(day/night), relative humidity of 60%, a light intensity of 32,000 Lux, and photoperiod
of 16 h/8 h (day/night) for 24 h. After the stress, the gas exchange measurements, fast
chlorophyll fluorescence parameters, malondialdehyde content, and electrical conductivity
of the third genuine leaf of cotton seedlings were measured to screen the optimal melatonin
concentration for improving the cold tolerance of cotton seedlings.

To cultivate new cotton seedlings, seed disinfection, germination promotion, and
seedling cultivation were the same as above. When cotton seedlings reached the “three
leaves and one heart” stage, they were divided into two groups. One group was treated
with 100 pM MT, and the other group was treated with distilled water (CK), with the same
treatment method as above. The seedlings of each group were placed in incubations at
28 °C/25 °C (day/night) and 4 °C/4 °C (day/night) for 24 h (CK and MT seedlings treated
with 4 °C low-temperature were named CS and MT + CS, respectively). Thirty cotton
seedlings were collected from each treatment. The third true leaves of cotton seedlings
under different treatments were taken for the determination of physiological indicators
and gene expression.

4.2. Measurement of Photosynthetic Parameters

Photosynthetic parameters, including Pn (net photosynthetic rate) and Gs (stomatal
conductance), were assayed (9 to 11 a.m.) by LI-COR 6400 Photosynthesis System (Li-Cor,
Lincoln, NE, USA). The light source was the instrument’s red and blue built-in light
source, and the light intensity was set at 1000 tmol-m~2-s~!. The maximum photochemical
efficiency of PSII (Fv/Fm) and light energy absorption performance index (Plabs) were
measured by a portable pulse adjustment fluorometer (Handy PEA, Hansatech, UK).
The leaves were fully dark-adapted for 30 min before the assay and then induced using
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3000 umol-m 2.5~ ! red light for 2 s. Seedlings with the same growth rate were selected from
the same leaf position for each treatment, and five biological replicates were set up. Acetone
extraction was used to measure the amount of chlorophyll. The UV1800 Spectrophotometer
was used to measure the absorbance at 645, 663, and 440 nm, respectively, to compute the
amounts of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid (Caro) [56].

4.3. Measurement of Malondialdehyde Content and Relative Conductivity

In a test tube, 0.4 g of leaves were mixed with 10 mL of distilled water, and the
vacuum was evacuated for 20 min. A conductivity meter (DDSJ-308A, Shanghai Kanglu
Instrument Equipment Co., Ltd., Shanghai, China) was used to measure the mixture’s
initial conductivity (51). After incubating in a boiling water bath for 10 min, the mixture
was cooled and its conductivity was measured (52). A conductivity test was also conducted
on the distilled water (S0). Electrolyte leakage (%) = [(S1 — S0)/(52 — S0)] x 100 [57].
Using the thiobarbituric acid method, malondialdehyde (MDA) content was calculated
from absorption values at 450, 532, and 600 nm [58], and three independent replications
were conducted.

4.4. Measurement of HyO, and O,°~ Content, Antioxidant Enzyme Activity, and
Antioxidant Content

The contents of HyO,, O,°~, ascorbic acid (AsA), reduced glutathione (GSH), and the
activities of peroxidase (POD), catalase (CAT), superoxide dismutase (SOD), ascorbic acid
peroxidase (APX), and glutathione peroxidase (GPX) were measured by using the kit on a
UV-1800 spectrophotometer. APX) and glutathione peroxidase (GPX) activities. These kits
(Hp05-2-Y, SA-2-G, ASA-2-W, GSH-2-W, POD-2-Y, CAT-2-Y, SOD-2-Y, APX-2-W, GPX-2-W,
Suzhou, China) were produced by Suzhou Comin Biotechnology Co.

H,O, forms a complex with titanium sulfate with characteristic absorption at 415 nm.
0O,°~ reacts with hydroxylamine hydrochloride to form NO,~, and in the presence of
p-aminobenzenesulfonic acid and x-naphthylamine, an azo compound is formed with a
characteristic absorption peak at 530 nm. In acetic acid solution, ASA reacts with the solid
blue salt B to form a yellow derivative of oxalylhydrazide-2-hydroxybutyrolactone, the
absorbance of which is measured at a maximum absorption wavelength of 420 nm. GSH
reacts with DTNB to form a complex with a characteristic absorption peak at 412 nm. POD
catalyzes the oxidation of specific substrates by H,O, with characteristic light absorption
at 470 nm. CAT is able to decompose H,O; so that the absorbance of the reaction solution
at 240 nm decreases with reaction time, and CAT activity can be calculated from the rate
of change of absorbance. The SOD activity was determined by the NBT method, i.e., the
reduced riboflavin is highly susceptible to re-oxidation and generates superoxide anion
radicals, and reduces NBT to methanone, with a characteristic absorption peak at 560 nm.
APX catalyzed the reduction of H,O;, by AsA, and the activity of APX could be calculated
by measuring the amount of AsA oxidized. GPX catalyzes the peroxide oxidation of GSH
to GSSG, and glutathione reductase uses NADPH to reduce GSSG and regenerate GSH,
which has a characteristic absorption peak at 340 nm, and the rate of reduction of light
absorption in this band was measured to calculate GPX activity. The procedure is described
in the instructions (Supplementary Materials 52), and three biological replicates were used
for each indicator.

4.5. Measurement of Endogenous Melatonin Content and Flavonoid Content

Melatonin content was determined by plant melatonin enzyme-linked immunosorbent
assay analytical kit (96T /48T, Shanghai, China). The 0.1 g sample was mashed with normal
saline and centrifuged at 3000 rpm for 10 min. A Plant MT ELISA Kit was used to detect
melatonin. Using the kit of Suzhou Comin Biotechnology Co., Ltd. (LHT-2-G, Suzhou,
China), flavonoid content was determined by measuring absorbance values at 510 nm. A
total of three biological replicates were tested on each sample.
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4.6. Real-Time Polymerase Chain Reaction Analysis of Gene Expression

EasyPure Plant RNA Kit was used to extract total RNA, and EasyScript One-Step
gDNA Removal and cDNA Synthesis SuperMix kit was used to reverse transcribe it into
cDNA. SYBR Green was used in qRT-PCR reactions on a Light Cycler 4801l sequence
detection system, following the method of Xiong et al. [59]. GRUBQ7 (DQ116441) was used
as the internal control since it is expressed stably in cotton plants and is unaffected by
treatment or genotype. Suitable primers were designed using Primer Premier 5.0 software
(Table S1), and relative expression was calculated using the 2~*4Ct method [60].

4.7. Statistical Analysis

Statistical analysis of all data was performed by SPSS 24.0 (IBM, Armonk, NY, USA)
software with single factor variance (ANOVA). The least significant difference method
(LSD) was used for multiple comparisons. Statistical significance was defined as p < 0.05.
The error bars in all graphs represent the standard error of the mean.

5. Conclusions

In this research, we examined the notable decline in resistance of cotton seedlings
to cold stress due to impaired leaf dehydration, inhibited photosynthetic performance,
excessive accumulation of ROS, and increased degree of lipid peroxidation. In contrast,
MT treatment increased the resistance of cotton seedlings to cold stress. MT pretreatment
enhanced the antioxidant defense system of cotton seedlings and delayed leaf wilting under
low-temperature stress, thus enhancing photosynthetic performance. In addition, MT pre-
treatment resisted cold stress by affecting endogenous melatonin content, flavonoid content,
and biosynthesis-related genes’ expression. In conclusion, exogenous melatonin supple-
mentation effectively sustained photosynthesis, ROS scavenging, and redox mechanisms
in cotton under cold stress, thereby mitigating damage to the seedlings.
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Abstract: In this study, the physiological performance and fruit quality responses of the highbush
blueberry (Vaccinium corymbosum) cultivar Legacy to high temperatures (HTs) were evaluated in a
field experiment. Three-year-old V. corymbosum plants were exposed to two temperature treatments
between fruit load set and harvest during the 2022 /2023 season: (i) ambient temperature (AT) and
(ii) high temperature (HT) (5 °C £ 1 °C above ambient temperature). A chamber covered with
transparent polyethylene (100 um thick) was used to apply the HT treatment. In our study, the
diurnal temperature was maintained with a difference of 5.03 °C + 0.12 °C between the AT and HT
treatments. Our findings indicated that HT significantly decreased CO, assimilation (P;) by 45%
and stomatal conductance (gs) by 35.2% compared to the AT treatment. By contrast, the intercellular
CO; concentration (Ci) showed higher levels (about 6%) in HT plants than in AT plants. Fruit
quality analyses revealed that the fruit weight and equatorial diameter decreased by 39% and 13%,
respectively, in the HT treatment compared to the AT treatment. By contrast, the firmness and total
soluble solids (TSS) were higher in the HT treatment than in the AT treatment. Meanwhile, the
titratable acidity showed no changes between temperature treatments. In our study, P, reduction
could be associated with stomatal and non-stomatal limitations under HT treatment. Although
these findings improve our understanding of the impact of HTs on fruit growth and quality in
V. corymbosum, further biochemical and molecular studies are need.

Keywords: CO, assimilation; leaf temperature; fruit weight; equatorial diameter; total soluble solids
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1. Introduction

Climate change is expected to intensify extreme climate events such as infrequent and
erratic precipitation, water deficit, and extreme temperatures [1,2]. In extreme temperatures,
a high temperature (HT) negatively affects plant growth and crop yields [3-5]. Researchers
have used polyethylene chambers to study the effects of HTs on crops, which is a reliable
method of imposing heat treatments in field experiments [6-8]. It has been reported that
HTs trigger morphological changes such as a reduced leaf area, shoot and root growth inhi-
bition, leaf senescence, and sunburn on leaves and fruits [9-11]. At the physiological level,
it has been reported that photosynthesis is the primary process affected by HT, altering
Calvin—Benson cycle activity, increasing photorespiration, decreasing electron transport,
photochemical reactions, and chlorophyll biosynthesis, and inducing the inactivation of
Rubisco activase [12-14]. Otherwise, it has been reported that HTs lead to reactive oxygen
species (ROS) overproduction, damaging cellular organelles and modifying structurally the
thylakoid membranes in the chloroplasts at the cellular level [15,16]. However, the plant
responses to HTs depends on its duration and intensity, the period of the day (day/night
temperature) and the cultivar, phenological stage, and experimental conditions [15]. Cur-
rently, most studies have analyzed the responses to HTs in herbaceous annual species such
as Arabidopsis thaliana, Triticum aestivum, Oryza sativa, Solanum lycopersicum, and Solanum
tuberosum under controlled growth conditions, with significantly less information about
woody species [6,9,17,18].

Highbush blueberry (V. corymbosum L.) is a shrub species whose fruits are characterized
by their high levels of phenolic compounds and antioxidant capacity, with great human
health benefits such as antidiabetic, antibacterial, anticarcinogenic, and cardiovascular
protective properties [19-21]. Highbush blueberry production and fruit demand have
increased worldwide during the last ten years [22,23]. Chile now cultivates 18,000 ha
with this fruit crop, with Legacy (3217 ha), Duke (2524 ha), and Brigitta (2222 ha) being
the main cultivars, established between El Maule and La Araucania Region [24]. It has
been reported that the optimal growth temperature ranges between 25 and 30 °C for V.
corymbosum [25]. A previous study classified Bluecrop, Brigitta, Gulfcoast, and O’Neal as
HT-tolerant cultivars; meanwhile, Duke and Ridge were classified as HT-sensitive cultivars,
based on their morphological and physiological responses at 35/30 °C (day/night) during
90 days under greenhouse conditions [26]. On the other hand, Chen et al. [27] reported that
Brigitta was the most sensitive cultivar, followed by Duke and Misty after 6 h at 35 °C under
controlled conditions. In their study, Estrada et al. [28] found differential physiological
and morphological responses among the Bluegold, Elliott, and Liberty cultivars when
plants were exposed to temperatures 10 °C above ambient temperature. It has been
reported that the fruits of V. corymbosum cv. Elliott can be very sensitive to HT, provoking
softening, shriveling, and necrosis [29]. Thus, the responses of V. corymbosum to HTs
might be dependent on multiple factors, including the cultivar, temperature level applied,
treatment duration, phenological stage, and other experimental conditions. Although
previous studies have reported the responses of some V. corymbosum cultivars to HTs under
controlled conditions, less is documented under field conditions and no prior studies
address the effects of HTs on cv. Legacy and fruit-related parameters. Therefore, this study
aimed to evaluate the responses of V. corymbosum cv. Legacy regarding its physiological
performance and fruit quality parameters to diurnal HTs under field conditions.

2. Results
2.1. Environmental Conditions during the Experiment

Our results showed that the diurnal mean temperature (between 09:00 to 18:00 h)
was 21.9 + 0.91 °C for the ambient temperature (AT) treatment and 26.9 = 0.91 °C for the
high-temperature (HT) treatment, resulting in a significant difference of 5.03 &+ 0.12 °C
throughout the experiment (Figure 1A). During nighttime, non-significant changes were
detected in the temperature between the AT and HT treatments. The maximum temperature
registered was 37.7 °C for AT and 42.3 °C for the HT treatment on 25 December. Concerning
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relative humidity (HR), the diurnal mean was 55.5% for AT and 41.2% for HT (Figure 1B).
The minimum RH registered was 22.5% for AT and 27.1% for HT on 25 December. During
the nighttime, both treatments showed high RH values (above 95%), with no significant
differences between treatments.
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Figure 1. (A) Daily temperature (T°) and (B) relative humidity (RH) during the experiment: (i) ambient
temperature (control) and (ii) high temperature (5 °C £ 1 °C above the ambient temperature).

2.2. Soil Water Content, Plant Water Status, and Leaf Temperature

Our results revealed no significant changes in the soil water content (SWC) in V.
corymbosum plants between treatments during the experiment, showing a mean of 32.5%
(Figure 2). The stem water potential (Y\), which was measured only at the end of the
experiment, reached —0.32 & 0.03 MPa for the AT treatment and —0.33 £ 0.03 MPa for
the HT treatment. Regarding leaf temperature, the HT treatment led to an increase in the
leaf temperature (by about 5 °C) in V. corymbosum plants compared to the AT treatment
throughout the experiment, which was expected considering the difference in temperature
between the AT and HT treatments (Figure 3).
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Figure 2. Soil water content (SWC, %) in V. corymbosum cv. Legacy plants subjected to two temperature
treatments: (i) ambient temperature (control) and (ii) high temperature (5 °C £ 1 °C above the
ambient temperature). The SWC was measured in the morning between 08:00 and 10:00 h. The value
represents the means + SE (1 = 8).
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Figure 3. Leaf temperature in V. corymbosum cv. Legacy plants subjected to two temperature treat-
ments: (i) ambient temperature (control) and (ii) high temperature (5 °C & 1 °C above the ambient
temperature). Leaf temperature was measured in the morning between 08:00 and 10:00 h. Asterisks

indicate significant differences according to Student’s {-test (p < 0.05). The value represents the
means + SE (n = 8).

2.3. Gas-Exchange in V. corymbosum Plants

In our study, the HT treatment decreased CO, assimilation (P,) by 45%, stomatal
conductance (g;) by 35.2%, and transpiration (E) by 42% compared to the AT treatment
in V. corymbosum plants (Figure 4). By contrast, we observed that the intercellular CO,
concentration (Ci) showed higher levels (about 6%) in V. corymbosum plants under the HT
treatment than when under the AT treatment (Figure 4).
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Figure 4. (A) CO, assimilation (P;), (B) stomatal conductance (gs), (C) transpiration (E), and
(D) intercellular CO, concentration (Ci) in V. corymbosum cv. Legacy plants subjected to two tem-
perature treatments: (i) ambient temperature (control) and (ii) high temperature (5 °C 4= 1 °C above
of ambient temperature). Different uppercase letters indicate significant differences between tem-
perature treatments according to Student’s t-test (p < 0.05). The value represents the mean + SE
(n=8).

2.4. Fruit Quality

Our results revealed a higher fresh weight (39%) in the fruits of V. corymbosum plants
grown under the AT treatment than those grown under the HT treatment (Figure 5).
Similarly, the equatorial diameter was increased by 13% in the fruits of plants exposed to
the AT treatment (Figure 5). By contrast, the fruits of plants subjected to the HT treatment
had a higher firmness and total soluble solids compared to plants grown under the AT
treatment. On the other hand, the titratable acidity of fruits did not vary between the
temperature treatments (Figure 5).
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Figure 5. Fruit quality parameters: (A) fresh weight, (B) equatorial diameter, (C) fruits, (D) firmness,
(E) total soluble solids, and (F) titratable acidity in V. corymbosum cv. Legacy plants subjected to two
temperature treatments: (i) ambient temperature (control) and (ii) high temperature (5 °C £ 1 °C
above of ambient temperature). Different uppercase letters indicate significant differences between
temperature treatments according to Student’s t-test (p < 0.05). The value represents the mean + SE
(n =50).

2.5. Multivariate Analysis Based on Physiological Responses and Quality Parameters Measured in
V. corymbosum under Different Treatments

To visualize and understand the relationships between the physiological responses
and quality parameters evaluated as a function of the different treatments applied, we
carried out a principal component analysis (PCA) (Figure 6). The biplot shows individual
replicates in each treatment combined with the measured variables. This analysis revealed
a separation between the AT and HT treatments. The sum of PC1 and PC2 explained
around 82.3% of the observed variability, which was responsible for separating the HT and
AT treatments into distinct groups. The HT treatment positively influenced the quality
parameters of firmness and TSS, but had a negative relationship with parameters such as
Py, g5, E, and the fruit fresh weight. In general, it can be seen that HTs induce a reduction
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in the physiological responses analyzed, which consequently leads to a reduction in the
biometric parameters of the fruit, as shown in Figures 4 and 5. In addition, HTs are directly
related to an increase in firmness and TSS, which can be explained by the lower fruit fresh
weight found in this treatment, which implies a higher concentration of solutes in these
fruits. Firmness, Ci and gs; were the three characteristics that contributed most to PC1 and
PC2. Titratable acidity was the characteristic that least influenced the separation of PC1
and PC2.

Fruit fresh weight

® -

E
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Figure 6. Principal component analysis (PCA) biplot of data derived from physiological responses and
quality parameters measured in V. corymbosum fruit under different treatments: ambient temperature
(AT) and high temperature (HT). All variables that are grouped are positively correlated with each
other. The greater the distance between the variable and the origin, the better represented that
variable is in relation to dimension 1 (first principal component) and dimension 2 (second principal
component). Negatively correlated variables are displayed on opposite sides of the biplot origin.
Abbreviations: CO, assimilation (P;), stomatal conductance (gs), transpiration (E), intercellular CO,
concentration (Ci), and total soluble solids (TSS).

3. Discussion
3.1. Physiological Responses of V. corymbosum cv. Legacy Plants

High temperatures (HTs) induce several morphological and physiological changes in
plants, negatively affecting crop yields [3,5]. However, less is known about the effects of
HTs in V. corymbosum under field conditions. In this study, we evaluated the physiological
and fruit quality responses of V. corymbosum cv. Legacy to HTs in a field experiment, using
a polyethylene chamber approach to increase air temperature according to Kim et al. [7].
In our study, the HT treatment increased the diurnal temperature by 5.03 £ 0.12 °C above
ambient temperature (AT) throughout the experiment (Figure 1A). Meanwhile, the soil
water content (SWC) and stem water potential (Y ) were unaffected by the HT treatment
in V. corymbosum cv. Legacy plants (Figure 2), discarding additional stressing factors in
our experiment such as irrigation differences. By contrast, we found that the HT treatment
increased the leaf temperature in V. corymbosum cv. Legacy plants, rising by 5 °C above the
AT treatment (Figure 3). Concerning leaf gas exchange, V. corymbosum cv. Legacy plants

94



Plants 2024, 13, 1846

experienced decreased P;, (45%), gs (35.2%), and E (42%) under the HT treatment compared
to the AT treatment (Figure 4). Our results agree with those of Hao et al. [26], who reported
a significant decrease in P, and gs (by about 32%) in V. corymbosum cv. Duke subjected
to HTs (35 °C), meaning that it was classified as a HT-sensitive cultivar. Meanwhile,
they showed that HT-tolerant cultivars (Bluecrop, Brigitta, O’Neal, and Gulfcoast) did
not exhibit significant changes in P, at high temperatures. The authors showed that HT-
tolerant cultivars exhibit higher transpiration rates compared to sensitive ones, dissipating
heat by leaf transpiration. They suggested that the HT tolerance might be explained by
changes in stomatal traits such as the stomatal distribution, density, aperture size, and
shape, allowing higher leaf transpiration to dissipate heat. However, in our study, we
observed a decrease in P, and E, suggesting that Legacy might be classified as a sensitive
cultivar. It has been widely reported that photosynthesis may be reduced by stomatal and
non-stomatal limitations [30,31]. Chen et al. [32] reported that HTs negatively affect Calvin—
Benson cycle enzymes such as ribulose bisphosphate regeneration (RuBP), rubisco activase
(RCA), and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo). Thus, in our
study, the reduction in photosynthesis might be due to a negative effect on Calvin/Benson
cycle enzymes. As we mentioned before, P, and gs were reduced in plants under the
HT treatment. However, we also observed that V. corymbosum cv. Legacy plants had
significantly higher Ci levels (about 6%) under the HT treatment compared to the AT
treatment. Chen et al. [32] found a significant reduction in F, /Fy, in four V. corymbosum
cultivars exposed to 40 °C, indicating photoinhibitory damage under HTs, which could be
associated with the reduction in P, in V. corymbosum cv. Legacy plants in our study. On the
other hand, Hao et al. [26] reported that HT-sensitive V. corymbosum cvs. Duke and Blue
Ridge exhibited swollen chloroplasts with significant damage, disordered grana lamella,
and stromal lamella under HT treatment. In fact, Chen et al. [27] indicated that the ROS
and lipid peroxidation levels increased in V. corymbosum plants exposed to HTs, suggesting
significant damage to cellular membranes and/or thylakoid membranes. Therefore, the
reduction in P,, levels could be associated with stomatal and non-stomatal limitations in V.
corymbosum cv. Legacy plants exposed to HTs in our study.

3.2. Fruit Quality Changes in V. corymbosum cv. Legacy Plants

Our results revealed that the HT treatment significantly decreased the fresh weight by
39% and the equatorial diameter of fruits by 13% in V. corymbosum cv. Legacy compared
to the AT treatment, suggesting that fruit growth was inhibited during the HT treatment.
This growth inhibition could be explained by the lower P, in V. corymbosum cv. Legacy
plants under HTs in our study (Figures 4 and 5). By contrast, the firmness and total soluble
solids were increased in V. corymbosum cv. Legacy fruits under the HT treatment compared
with the AT treatment (Figure 5). Our findings agree with Bryla et al. [33], who reported
that the fruit firmness and total soluble solids increase due to a reduction in fruit volume.
Likewise, Faghih et al. [34] reported that smaller fruits are firmer than larger fruits due to
their higher cell density. Therefore, the higher firmness and total soluble solids of fruits of
plants exposed to the HT treatment could be explained by the lower fruit size (lower fruit
weight and equatorial diameter) in our study.

3.3. Principal Component Analysis (PCA)

The PCA shows a negative relationship between HTs and physiological responses,
which was to be expected (Figure 6). It is known that at high temperatures plants tend
to partially close their stomata to avoid excessive water loss through transpiration (E).
In this context, the availability of CO, can become limiting for photosynthesis, resulting
in a reduction in carbohydrate production by the plant. This relationship would explain
the positive correlation visible in the PCA between Py, gs, E, and fruit weight. The stem
water potential was not altered under HTs when compared to the AT treatment at the end
of the experiment. This highlights the success of this plant strategy to avoid excessive
water loss under HTs. On the other hand, this generates a stomatal limitation that directly
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influences the final fruit production. Excessive heat can negatively affect the functioning of
enzymes and degrade photosynthetic pigments and other components of the photosynthetic
machinery, resulting in collateral damage to cell membranes and the inhibition of metabolic
processes. Consequently, this affects the photosynthetic efficiency and reduces the biomass
production of the plant. This would also explain the correlation between the physiological
responses and production parameters such as the fruit fresh weight and equatorial diameter
observed in the PCA.

4. Materials and Methods
4.1. Plant Material and Description of the Study Site

The field experiment was conducted at the Experimental Station of the Universidad
Catdlica de Temuco (39°30'08” S; 72° 47'59” W), located in Lautaro, La Araucania Region,
Chile, during the 2022 /2023 season. The plant material corresponds to three-year-old V.
corymbosum cv. Legacy plants, which were transplanted in plastic pots containing 30 L of
soil during the 2019 season. The soil was classified as the Temuco series (Andisol, Typic
Hapludands) [35]. The soil texture analysis showed a silt loam surface (19.6% sand, 42.8%
silt, 37.6% clay). The soil nutrient analysis showed an organic matter content of 17.21%, a pH
of 5.75, P of 13 mg kg~ !, K of 216 mg kg !, Ca of 7.3 cmol+ kg !, Mg of 1.47 cmol+ kg,
and Na of 0.07 cmol+ kg~!'. Agronomic management, such as irrigation, pest control,
pruning, and fertilization, were performed following commercial recommendations. Weeds
were manually controlled.

4.2. Treatments and Experimental Conditions

Plants were subjected to two treatments for 20 days from fruit load set (17 December)
to fruit harvest (7 January): (i) ambient temperature (AT; control) and (ii) high temper-
ature (HT; 5 °C £ 1 °C above ambient temperature). A chamber was built of wood
(1.5 x 1.5 x 1.5 m) and covered with transparent polyethylene (100 pm thick) to increase
the temperature in the HT treatment (Figure 7), as suggested by Avila-Valdés et al. [6]
and Kim et al. [7]. The transmittance of the polyethylene was about 95%, as measured by
a Polypen (PSI, Brno, Czech Republic). The chamber was equipped with a thermostatic
electric heater and controlled by a temperature regulator (Cavadevices, Buenos Aires,
Argentina) [6]. To avoid extreme temperatures inside the chamber, the top was removed
daily. The environmental conditions (inside and outside of chamber) were continually
monitored, with the air temperature and relative humidity recorded using data loggers
(Elitech Technology, Inc., San Jose, CA, USA).

Figure 7. High-temperature chamber covered with transparent polyethylene (100 pm thick).
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4.3. Soil Water Content and Plant Water Status

The soil water content (SWC) was determined twice a week throughout the whole
experiment using a portable time-domain reflectometer (TDR) soil moisture meter (TDR-
300, Spectrum Technologies Inc., Plainfield, IL, USA). Otherwise, the plant water status was
determined by measuring the stem water potential (Y. ). For this, leaves were covered with
aluminum foil in a plastic bag for 60 min before measurement [36]. The Yy, was determined
at fruit harvest using a Scholander chamber Model 1000 (PMS, Instruments Co., Corvallis,
OR, USA) between 08:00 and 10:00 h.

4.4. Leaf Temperature

During the experiment, the leaf temperature was monitored twice a week using a
hand-held infrared thermometer Fluke 62 Max (Fluke Corporation, Everett, WA, USA),
according to Barai et al. [37]. The measurements were performed on three attached fully
expanded leaves per each plant between 08:00 and 10:00 h.

4.5. Gas Exchange Measurement

Gas exchange was determined at the fruit harvest time using a portable infrared
gas analyzer (IRGA) (Li-6400; LI-COR, Inc., Lincoln, NE, USA) following the protocol
of Reyes-Diaz et al. [38]. The analyzed parameters were CO, assimilation (P;), stomatal
conductance (gs), transpiration (E), and intercellular CO, concentration (Ci). The CO,
reference concentration was 400 umol mol !, with a flow rate of 300 mL min~! and 60%
relative humidity inside the leaf chamber, and the temperature was maintained at 20 + 2 °C.
The measurement was performed in vivo on attached fully expanded leaves during the
light period between 08:00 and 10:00 h. Five measurements per plant were performed.

4.6. Fruit Quality

When ripe (100% blue), fruits were harvested early in the morning (between 08:00 to
10:00 h), placed in 500 g clamshell containers, immediately stored in a portable refrigerator
(4 °C), and transferred to the laboratory to determine the fruit quality parameters within
24 h after harvest. Fifty fruits from each plant were used to determine quality parameters
such as the fresh weight (FW), equatorial diameter (ED), firmness, total soluble solids
(TSS), and titratable acidity (TT). The FW was determined using a precision balance (Model
BA2204B, Biobase Meihua Trading, Jinan, China). The ED and firmness were determined
using a digital caliper (Mitutoyo Corp., Kawasaki, Japan) and a texture meter (FirmPro,
Happyvolt, Santiago, Chile), respectively, as described by Retamal-Salgado et al. [39]. The
firmness was expressed as the force in grams (g) necessary to deform the fruit in 1 mm
(g mm!). The total soluble solids (TSS) were determined in the fruit juice using a thermo-
compensated digital refractometer (ATAGO, Mod. PAL-BX I ACID F5, Saitama, Japan) and
expressed as °Brix. The titratable acidity (TA) was determined by the volumetric titration
method with sodium hydroxide (0.1 N), using an automatic titrator HI-84532 (HANNA
Instruments, Woonsocket, RI, USA), and expressed as the percentage (%) of citric acid,
according to Mazzoni et al. [40]. For TSS and TA, 4 samples per treatment were used, each
sample consisting of a juice obtained by macerating 10 fruits.

4.7. Experimental Design and Statistical Analysis

The experiment was performed using a completely randomized design with four
replicates for each treatment. Kolmogorov-Smirnov and Levene tests were used to verify
the normality of data and the variance homogeneity. A t-Student test was used to compare
treatments (ambient temperature and high temperature). The statistical analyses were
performed using Sigma Stat v.2.0 (SPSS, Chicago, IL, USA). The dataset was subjected to
principal component analysis (PCA), preserving as much statistical information as possible.
The analysis was carried out using R software version R 4.3.1 (R Core Team, Statistical
computing, Vienna, Austria, 2023).
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5. Conclusions

The negative influence of stomatal limitations on the development of V. corymbosum
under HTs is clear, as evidenced by the physiological responses found in this study. Stomatal
and non-stomatal limitations related to damage due to excessive heat certainly also have
a major impact on the growth and development of fruit under HTs, but in order to really
measure their contribution, more biochemical and metabolic studies are needed on V.
corymbosum under HTs.
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Abstract: Pineapple is a globally significant tropical fruit, but its cultivation faces numerous chal-
lenges due to abiotic and biotic stresses, affecting its quality and quantity. WRKY transcription factors
are known regulators of stress responses, however, their specific functions in pineapple are not fully
understood. This study investigates the role of AcWRKY31 by overexpressing it in pineapple and
Arabidopsis. Transgenic pineapple lines were obtained using Agrobacterium-mediated transforma-
tion methods and abiotic and biotic stress treatments. Transgenic AcWRKY31-OE pineapple plants
showed an increased sensitivity to salt and drought stress and an increased resistance to biotic stress
from pineapple mealybugs compared to that of WT plants. Similar experiments in AcWRKY31-OE,
AtWRKY53-OE, and the Arabidopsis Atwrky53 mutant were performed and consistently confirmed these
findings. A comparative transcriptomic analysis revealed 5357 upregulated genes in AcWRKY31-OE
pineapple, with 30 genes related to disease and pathogen response. Notably, 18 of these genes
contained a W-box sequence in their promoter region. A KEGG analysis of RNA-Seq data showed
that upregulated DEG genes are mostly involved in translation, protein kinases, peptidases and
inhibitors, membrane trafficking, folding, sorting, and degradation, while the downregulated genes
are involved in metabolism, protein families, signaling, and cellular processes. RT-qPCR assays of
selected genes confirmed the transcriptomic results. In summary, the AcCWRKY31 gene is promising
for the improvement of stress responses in pineapple, and it could be a valuable tool for plant breeders
to develop stress-tolerant crops in the future.

Keywords: pineapple; WRKY transcription factor; AcWRKY31; biotic stress; abiotic stress
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1. Introduction

Plant breeders are currently facing a huge challenge developing new, high-yielding,
and stress-tolerant crop varieties that can cope with environmental cues. Plants encounter
various stresses throughout their life cycle, such as salinity, drought, temperature fluctua-
tions, and pathogen infections [1]. To adapt to challenging environments, plants attempt to
regulate their physiological and biochemical mechanisms in a timely manner [2,3]. At the
same time, plant breeders are working on the development of stress-tolerant varieties to
meet global demand.

The detrimental effects of abiotic stress on plants primarily arise from unfavorable
alterations in the natural environment due to changes in temperature, salinity, etc. These
changes promote corresponding physiological and biochemical responses in plants, ul-
timately causing significant harm to their inherent traits and phenotypic characteristics,
leading to crop losses [4]. High levels of plant osmotic pressure and high levels of salinity
can impair plant growth and development [5]. Drought is another significant factor that
exerts detrimental effects on plant processes [6]. Additionally, drought stress has been
associated with increased plant root biomass [7]. When the water content decreases in plant
environments, the water potential in leaves also declines, which impairs photosynthesis
and metabolism, and, in severe cases, leads to plant mortality [8]. Biotic stress, primarily
caused by harmful pathogens, can penetrate plant cuticles, invade stomata, or exploit
natural wounds to disrupt normal organ functions, leading to reduced photosynthetic rates,
water imbalances, and nutrient transport obstacles [9,10].

Ananas comosus (L.) Merr. (pineapple) is an economically important crop that is
distinctly exposed to disease conditions caused by bacteria, fungi, viruses, and nematodes,
as well as abiotic stresses, leading to yield reductions [11]. Dysmicoccus brevipes (pineapple
mealybug) is one of the most serious pests, and it weakens plants by sap-sucking and
acts as a vector for the pineapple mealybug wilt-associated virus (PMWaV) [12]. Another
destructive pathogen, Sclerotinia sclerotiorum, infects over 400 plant species, impacting
crop yield and quality [13]. These pathogens pose a significant threat to various plants,
including dicotyledons, such as sunflower, soybean, and rape, as well as monocotyledons,
like onion and tulip [14]. Consequently, advanced biotechnologies play an essential role in
the improvement of plant resistance to environmental stresses, identifying stress-resistant
genes and facilitating the development of new plant varieties.

Among the transcription factor (TF) families involved in stress regulation, WRKY TFs
are known for their diverse regulatory mechanisms. Typical WRKY proteins efficiently
bind to W-box elements to modulate downstream gene transcription and can form protein
complexes by interacting with other activated elements, enhancing their transcriptional
binding ability. Structurally, WRKY TFs consist of two main domains: the DNA-binding
N-terminal domain and the C-terminal zinc finger structure [15]. The WRKY DNA binding
domain exhibits variations within the family according to the basic features of conservative
heptapeptides, such as WRKYGMK, WRKYGKK, WRKYGQK, WSKYGQK, WKRYGQK,
WVKYGQK, and WKKYGQK [16]. Zinc finger structures are primarily composed of Co;H,
and CoHC motifs and are crucial constituents of WRKY TFs. WRKY TFs are classified
into subfamilies I, II, and III by the number of their domains and their zinc finger-like
structure [17]. The data from an evolutionary analysis showed that subfamily II can divide
into sub-subfamilies, like Ila, IIb, Ilc, IId, and Ile [18]. Furthermore, some WRKY families
also contain the proline enrichment domain, glutamate enrichment domain, and a leucine
structure [19].

The role of WRKY TFs in regulating responses to abiotic stress has been studied in
various species. The IbBWRKY47 gene is upregulated in salt stress and confers salinity
resistance to sweet potatoes [20]. MiR156/SPL induces the expression of the salt-tolerant
gene MdWRKY100, improving the salt tolerance of Begonia [21]. SBWRKY50 participates
in sweet sorghum plant responses to salt stress by controlling its ion balance according to
the binding of the upstream promoters of AtSOS1 and AtHKT1 [22,23]. In chrysanthemum,
CmWRKY17 is negatively regulated by salt stress [24]. Transcripts, proteins, metabolite
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levels, hormones, ROS, small RNAs, epigenetic modifications, post-translational modifi-
cations, and environmental cues are the main factors regulating the seed germination of
Arabidopsis and rice [25]. GWWRKY68 regulates the ABA-mediated pathway and reduce re-
sistance to drought and salt in cotton [26]. The overexpression of the BdWRKY 36 transgenic
line can reduce ROS accumulation by the activation of NtNCED1, NtDREB3, and NtLEA5
in the ABA biosynthesis pathway and lead to significant resistance to drought stress in
tobacco [27]. In pepper, CaWRKY6 activates CaWWRKY40 and makes it more resistant to
heat and humidity stress [28]. GmWRKY27 inhibits the GmNAC29 promoter through an
independent inhibitory effect and inhibits the expression of GmNAC29 with GmMYB174
to improve plant resistance to salt and drought stress [29]. In pineapple, 54 WRKY genes
have been investigated in this family [30]. However, there has been less research regarding
functional analyses of the pineapple WRKY family’s genes. Huang et al. reported that
the ectopic overexpression of AcWRKY31 negatively affects tolerance to drought and salt
stresses in rice [31]. The first-ever study conducted with transgenic pineapple showed
the ability of overexpressed AcWRKY28 in pineapple to confer salt stress tolerance [32].
Through the regulation of bromelain and oxidative stress, the effect of the DA-6 and COS
PGRs can create a tolerance to drought in pineapple [33].

Ecological stresses have a significant impact on the fruit development, quality, and
yield of pineapple plants [34]. Conventional pineapple breeding for new variety devel-
opment is time-consuming for commercial production, and self-incompatibility further
complicates this process. Molecular breeding and biotechnological tools make breeding
programs easier and more efficient. Transgenic AcWRKY31-OE pineapple and Arabidop-
sis plants were successfully developed using the Agrobacterium-mediated transformation
method. The results of this study showed that the overexpression of AcWRKY31 increased
sensitivity to drought and salt tolerance in both pineapple and Arabidopsis and increased
tolerance to biotic stress caused by pineapple mealybugs in pineapple. In Arabidopsis, the
overexpression of AcWRKY31 increased resistance to Sclerotinia sclerotiorum infection. The
findings of our study on stress-responsive genes provide insight into molecular breeding
for developing improved pineapple varieties to boost the economic growth of producers.

2. Results
2.1. The Expression Profiles and Subcellular Localization of Ac(WRKY31

By analyzing the gene expression patterns, we can preliminarily identify the develop-
mental processes involved and provide a theoretical foundation for subsequent phenotypic
and functional analyses. To examine the expression patterns of AcWRKY31 in different
pineapple tissues, we downloaded and analyzed the transcriptome data from various tis-
sues, including root, leaf, flower, calyx, petal, stamen, pistil, ovule, and fruit tissues [35,36].
The expression level of AcWRKY31 was shown to be the highest in the pistil, followed
by the ovule and root (Figure 1A). In addition, an RT-qPCR analysis confirmed the ac-
curacy of the expression level of AcWRKY31 in different pineapple tissues and revealed
high expression levels in the pistil and ovule (Figure 1B). Based on the tobacco transient
transformation, we found that AcWRKY31 is localized in the nucleus (Figure 1C). These
expression patterns suggest that AcCWRKY31 serves an important function in pineapple
pistil and ovule development as well as in root development for water absorption.

2.2. Phylogenetic Analysis and Sequence Alignment of AcWRKY31

To characterize the pineapple gene AcWRKY31, the CDS sequence and genome se-
quence were downloaded, and the gene structure is depicted using GSDS 2.0 (Figure 2A).
A phylogenetic tree of the pineapple AcWRKY31 and its homologous genes in Arabidopsis
and rice was constructed. The phylogenetic tree indicated that AcWRKY31 shares a high
degree of similarity with AtWRKY53 in Arabidopsis and OsWRKY113 in rice (Figure 2B). In
addition, the alignment of multiple protein sequences showed that AcWRKY31 belongs
to group III of the pineapple WRKY TF family, which contains a conserved WRKYGQK
domain and C,HC-type zinc finger motif (C-X7-C-X23-H-X-C) (Figure 2C).
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Figure 1. Expression levels of AcWRKY31 in different parts of pineapple tissues; (A) Expression
profiles of RNA-sequencing; (B) Relative expression levels AcWRKY31 from RT-qPCR analysis. The
error bars indicate +SD (n = 3) (C) Subcellular localization of AcWRKY31 that located in nucleus
(Bar = 50 um; Notes: blue and green color dots indicate the nucleus of cells under microscope).
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Figure 2. Bioinformatics analysis of AcWRKY31. (A) Gene structure of AcWRKY31. (B) Phylogenetic
tree of AcWRKY31 and its homologous genes in Arabidopsis and rice. The unrooted phylogenetic
tree was generated using MEGA 7.0 software with neighbor-joining procedure and the following
parameters: Poisson model, pairwise gap deletion, and 1000 bootstraps. Bar = 0.05 indicates the
distance scale. (C) Multiple sequence alignment of AcWRKY31 and its homologous protein sequences
(Note: the red dotted line refers to the WRKYGQK domain, and red triangles refer to the C;HC-type
zinc finger motif).

2.3. Transformation and Identification of Overexpressed AcWRKY31 in Pineapple

To investigate the regulations and functions of AcWRKY31, a genetic transformation
was performed using an Agrobacterium-mediated transformation system as described in
Priyadarshani et al. with a few modifications [37]. Transgenic callus and plants were
selected rigorously (Figure 3A-G) in the selection medium. The screened plants were
further confirmed through PCR testing and sequencing. A total of 12 independent positive
AcWRKY31-overexpressed pineapple plants were verified (Figure 3H). The WT plants and
12 AcWRKY31-OE transgenic pineapple plants were used to extract the total RNA, and
RT-qPCR testing was performed to confirm the expression levels of AcWRKY31. The result
showed that the expression level of AcWRKY31 was increased more than twice in all of the
overexpressed transgenic plants compared to the wild-type plants (Figure 3I).

é& 35S::4cWRKY31 [
Q)
QS 14 17 25 27 20 32 34 36 41 45 - 47 49 .

Figure 3. Transformation and identification process of overexpression of AcWRKY31 in pineapple;
(A) Agrobacterium transformation in pineapple callus; (B) Infected callus in 1st selection medium;
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(C) Plant regeneration from resistant callus in normal medium; (D) Plant regenerated callus in
2nd selection medium; (E) Resistant pineapple plantlets in normal medium; (F) Plantlets that died
and changed color in 3rd selection medium; (G) Completed and resistant pineapple plantlets after
undergoing selection three times; (H) Confirmation of positive transgenic pineapple by PCR method;
(I) The expression level of AcWRKY31-OE lines and WT pineapple by RT-qPCR analysis. The error
bars indicate £SD (1 = 3), and the asterisks indicate the significant differences based on Student’s
t-test (** p < 0.01).

2.4. Overexpression of AcWRKY31 Reduces Tolerance to Salt and Drought Stresses in Pineapple

To investigate the function of AcWRKY31 in pineapple, AcWRKY31-OE transgenic
plants were subjected to salt and drought stress. After three weeks of treatment with
400 mM NaCl and 400 mM mannitol solutions, the leaves of the AcWRKY31-OE pineapple
plants were wilted, dried, and drooped, while the leaves of the wild-type (WT) pineapple
plants remained upright (Figure 4A,B). After undergoing one month of recovery in a
greenhouse, the AcWRKY31-OE transgenic pineapple plants were completely dried and
noticeably lighter compared to the WT plants. According to the results of the RT-qPCR
analysis, enzyme- and salt-stress-related marker genes, such as AcPOD1, AcABI5, AcABAI,
and AcPR1 genes, in the AcWRKY31-OE plants showed reduced relative expression levels
compared to those of the WT plants (Figure 4C). Similarly, the relative expression levels of
hormone- and drought-stress-related marker genes (AcCAT1, AcPR1, AcLOX4, AcABAI,
AcRD22, and AcDREB2A) in the AcWRKY31-OE plants were lower than then those to
the WT pineapple (Figure 4D). These findings indicate the overexpression of AcWRKY31
enhances the sensitivity to salt and drought stress in pineapple.

A WT#1 WT#2 AcWRKY31-OFE#27 AeWRKY31-OE#29 AcWRKY31-OFE#34

Control

400mM NaCl

AeWRKY31-OE#14 AcWRKY31-OE#17 AecWRKY31-OE#32

Control

400mM Mannitol

Relative Expression Level
Relative Expression Level
g
H

mm

Figure 4. Abiotic stress treatments on transgenic pineapple; (A) Comparative phenotypic characters of

WT and transgenic pineapple after 3 weeks of salt treatment; (B) Comparative phenotypic characters
of WT and transgenic pineapple after 3 weeks of mannitol treatment; (C,D) The expression level of
salt- and drought-stress-related genes by RT-qPCR analysis in AcCWRKY31-OE lines and WT pineapple
under abiotic treatments. The error bars indicate +SD (n = 3), and the asterisks indicate significant
differences based on Student’s t-test (** p < 0.01, * p < 0.05).
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2.5. Overexpression of AcWRKY31 Increases the Resistance to Pineapple Mealybug

To investigate the function of AcWRKY31 that response to biotic stress, four-month-old
AcWRKY31-OE and WT pineapple plants were inoculated with Dysmicoccus brevipes. There
were no significant differences in AcWRKY31-OE and WT plants in the first two months
after inoculation. However, after 3 months of inoculation, we observed a significantly
higher density of colonies on the crown meristem and dorsal surfaces of the WT leaves
compared to that of those the AcWRKY31-OE pineapple plants. In addition, the size of
the colonies was significantly larger in the WT plants (Figure 5A). In the WT plants, there
were approximately 200 colonies on the dorsal surface and less than 100 colonies on the
ventral surface of the pineapple leaves, and the smallest colony sizes were dotted while
the maximum colony diameter was 0.8 cm. In the transgenic pineapple leaves, the number
of mealybug colonies did not exceed 60 on the dorsal surface and was less than 15 on the
ventral surfaces. Most of the colonies were tiny, and the largest colonies were only 0.2 cm in
diameter (Figure 5B,C). Interestingly, we found that the dorsal surface was more susceptible
to mealybug infection in both the WT and transgenic plants compared to the ventral leaf
surface. To understand the relationship between the higher infection rate on the dorsal
side compared to the ventral side, free-hand transverse sections were cut, and the cellular
arrangement was observed under a microscope. We found a soft epidermal cell layer and
thick layers of water storage cells on the dorsal side of both the WT and transgenic leaves.
On the ventral side of the leaves, rigid epidermal cells, chlorenchyma cells, fibers, and
vascular bundles were observed (Figure 5D). According to the cell arrangements in both
the WT and transgenic leaves, mealybugs easily penetrate the cell layers and infect the
dorsal surfaces rather than the ventral surfaces. Based on the phenotypic characteristics
and statistical analysis data of the colonies on the leaf surfaces, we can conclude that the
overexpression of AcCWRKY31 enhanced resistance to Dysmicoccus brevipes in the pineapple.

A WT, WT, WT,

AcWRKY31-OFE#41 AcWRKY31-OE#25 AcWRKY31-OE#36

Figure 5. Cont.
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Figure 5. Inoculation of Dysmicoccus brevipes (pineapple mealybugs) on pineapple leaves; (A) Com-
parison of infected leaves between WT and AcWRKY31-OE pineapple plants after 3 months of
inoculation, bars = 1 cm; (B) Comparison of infected mealybugs and number of colonies on dor-
siventral surfaces in both WT and transgenic leaves (Bar= 1 cm) (C) Statistical results of mealybugs’
colonies on dorsiventral surfaces in both WT and transgenic lines (the error bars indicate +SD
(n = 3)) (D) Free-hand section of pineapple leaves to understand the cell arrangement on both surfaces
(ue: upper epidermal layer, le: lower epidermal layer, ch: chlorenchyma cell, ws: water storage cell,
vb: vascular bundle, and fb: fiber; Note: cell arrangements are the same in both WT and transgenic
lines). The asterisks indicate significant differences (*** p < 0.001).

2.6. RNA-Seq Analysis of AcWRKY31-OE Pineapple

To study the functions and mechanisms of AcWRKY31 regulation in pineapple, a tran-
scriptomic analysis was conducted by using the total RNA from the WT and AcWRKY31-
OE transgenic pineapple. In this analysis, we identified 5357 upregulated genes and
662 downregulated genes from the transgenic pineapple plants compared to the WT plants.
The putative functions of these differentially expressed genes (DEGs) are provided in
Supplementary Tables 52.1 and 52.2. The Gene Ontology (GO) enrichment analysis of DEGs
showed that 5357 upregulated genes were significantly enriched in the RNA metabolic pro-
cess, tRNA aminoacylation, the establishment of localization in cell, intracellular transport,
protein folding, RNA splicing via transesterification reaction, cellular response to stimulus,
transcription according to RNA polymerase II, ncRNA processing, etc. (Figure 6A). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis indicated that the
upregulated DEGs were mostly involved in the process of translation, protein kinases,
peptidases and inhibitors, membrane trafficking, folding, sorting and degradation, en-
docytosis and translation factors, etc. (Figure 6B). Among the upregulated genes, a total
of 30 genes were identified relating to diseases and pathogen response, and further anal-
ysis showed that 18 of them contained the conserved WRKY binding domain (W-box
TGAC) in the promoter region. These 18 genes typically belong to the CC-NBS-LRR and
TIR-NBS-LRR classes of the disease resistance protein family (Supplementary Table S2.3).
The GO analysis of 662 downregulated genes revealed their involvement in 19 GO terms,
primarily concentrated in transport, the establishment of localization, alpha-amino acid
metabolic process, transmembrane transport and the organic substance catabolic pro-
cess, the carbohydrate catabolic process, etc. (Figure 6C). In addition, the KEGG analysis
pointed out that these downregulated genes were activated in seven pathways, especially
in mitochondrial biogenesis, metabolism, glycosyltransferases, oxidative phosphorylation,
protein families, signaling and cellular processes, energy metabolism, and transporters
(Figure 6D). Furthermore, three differentially expressed genes (Aco010322: MYB-like tran-
scription factor family protein, Aco014286: Disease resistance protein CC-NBS-LRR class
family, and Ac0024514: Tetratricopeptide repeat TPR-like superfamily protein; three that
are downregulated (Aco001317: Mitochondrial substrate carrier family protein Aco002224:
Beta-1,4-N-acetylglucosaminyltransferase family protein, and Aco010847: Glutaredoxin fam-
ily protein from downregulated were selected and performed RT-qPCR analysis to confirm the
accuracy of the RNA-sequencing data. The results showed that the expression profiles for these
six genes are consistent and aligned with the RNA-seq data (Supplementary Figure S3).
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Figure 6. Transcriptomic analysis of WT and AcWRKY31-OE transgenic pineapple plants. (A) GO
analysis of the upregulated genes; (B) KEGG pathway analysis for upregulated genes; (C) GO analysis
of the downregulated genes; (D) KEGG pathway analysis for downregulated genes.

2.7. AcCWRKY31-OE Transgenic Arabidopsis Reduces Tolerance to Salt and Drought Stresses

To confirm the heterologous functions of AcWRKY31-OE in Arabidopsis, we transformed
the overexpressed vector 355:AcWRKY31-GFP gene and its homologous gene 355:AtWRKY53-
GFP into Arabidopsis by the floral dip method. The overexpressed AcWRKY31 and its homolo-
gous gene (AtWRKY53) in Arabidopsis seeds underwent salt and drought treatments. Under
the treatment of 100 and 150 mM NaCl, both the WT and transgenic Arabidopsis seeds
could germinate completely; however, the fresh weight and root length of AcWRK31-OE
Arabidopsis were significantly reduced compared to the WT plants (Figure 7A). Likewise,
a notably adverse impact was observed for the results of the AcWRK31-OE Arabidopsis
plants subjected to 200 mM and 250 mM mannitol treatments (Figure 7B). Furthermore,
the same findings were observed in AtWRKY53-OE Arabidopsis under the stress of the
salt and drought treatments (Supplementary Figures S4 and S5). Sun and Yu showed
that the Atwrky53 mutant negatively regulates drought tolerance by mediating stomata
movement [38]. According to the phenotypic characters of this experiment, AcWRKY31
plays a negative role in the regulation of drought and salt stress response in Arabidopsis. To
verify the further molecular mechanism of AcWRKY31-OE Arabidopsis in salt and drought
stress, an RT-qPCR analysis was performed after the treatments. The expression levels of
enzyme-related and stress-related genes, such as AtPOD1, AtLOX4, AtABI5, and AtPR1,
were significantly decreased in all of the transgenic lines after the NaCl and mannitol treat-
ments (Figure 7C,D). The results showed that the overexpression of AcWRKY31 enhanced
the sensitivity to salt and drought stress in Arabidopsis. Based on the RT-qPCR assay of
ABA stress treatment on WT pineapple, we can speculate that AcCWRKY31 may be involved
in the ABA-mediated stress response process. To prove this speculation, ABA stress treat-
ments were performed in AcWRKY31-OE, AtWRKY53-OE, and in Atwrky53 Arabidopsis
avn showed consistent findings that the ABA was induced in both overexpression lines
(Supplementary Figure S6).
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Figure 7. Salt and drought treatments in AcWRKY31-OE Arabidopsis; (A) Observation of germination
rate, fresh weight, and root length of AcWRKY31-OE and WT Arabidopsis under NaCl treatment
(bar =1 cm); (B) Observation of germination rate, fresh weight, and root length of AcWRKY31-OE and
WT Arabidopsis under mannitol treatment (bar = 1 cm); (C,D) The expression of abiotic-stress-related
genes in the WT and AcWRKY31 transgenic Arabidopsis plants in response to salt and drought stresses.
Statistical results of fresh weight and root length after 7 days; the error bars indicate +SD (n = 3), and
the asterisks indicate the significant differences based on Student’s t-test (** p < 0.01, * p < 0.05).
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WT

2.8. AcWRKY31-OE Transgenic Arabidopsis Increases Resistance to the Sclerotinia
sclerotiorum Pathogen

To investigate the function of AcWRKY31 in response to pathogenic infection, leaves of
AcWRKY31-OE transgenic and WT Arabidopsis were inoculated with Sclerotinia sclerotiorum.
After 24 h of infection, DAB staining was performed to observe the infected area, and the
results revealed that the infected area of the WT leaves was significantly larger than that of
three AcWRKY31-OE lines (Figure 8A,B). Disease- and hormone-related marker genes, such
as AtICS1, AtPDF1.2, AtPR1, AtERF1, AtLOX4, and AtABI5, were selected for an RT-qPCR
assay after infection [39-41]. The RT-qPCR results showed the expression levels of these
selected marker genes were significantly increased, indicating that the overexpression of
AcWRKY31 enhanced the plants” sensitivity to pathogenic disease (Figure 8C). In addition,
we inoculated the same pathogen on Atwrky53, Atwrky53-com, and Atwrky53pAcWRKY 31
leaves. The affected areas of the Atwrky53pAcWRKY31 leaves were smaller than those of the
Atwrky53 and Atwrky53-com, and the expression levels of marker genes were also increased
in the Atwrky53pAcWRKY 31 leaves (Figure 9A-C). Therefore, these results provided proof
that the functions of AcWRKY31 and its homologous gene AtWRKY53 can increase the
resistance to biotic stress in both pineapple and Arabidopsis.
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Figure 8. Inoculation of pathogen treatment on AcWRKY31-OE Arabidopsis. (A) The infection of
Sclerotinia sclerotiorum on WT and AcWRKY31-OE Arabidopsis lines for 24 h and relative plaque area
after DAB staining (bar = 1 cm); (B) The statistical data of lesion area; (C) The expression level of
disease-related genes by RT-qPCR in Ac(WRKY31-OE and WT plants. The error bars indicate +SD
(n = 3), and the asterisk indicates significant differences based on Student’s t-test (** p < 0.01,
*p <0.05).
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Figure 9. Inoculation of pathogen treatment on Atwrky53 Arabidopsis. (A) The infection of Sclerotinia
sclerotiorum on WT, Atwrky53 mutant, Atwrky53 complementary lines, and Atwrky53p355:AcWRKY 31
Arabidopsis lines for 24 h and relative plaque area after DAB staining (bar = 1 cm); (B) The statistical
data of lesion area; (C) The expression levels of disease-related genes by RT-qPCR in transgenic lines
and WT plants. The error bars indicate £SD (1 = 3), and the asterisks indicate significant differences
based on Student’s t-test (** p < 0.01, * p < 0.05).

3. Discussion

Environmental factors such as drought, salt, pathogens, and pests have a significant
impact on crop yield and quality. Pineapple, an important economic fruit crop, is susceptible
to various ecological stresses during its lifespan. WRKY transcription factors (TFs) are
involved in biotic and abiotic stress in different crops, such as pepper [42], cotton [43],
chrysanthemum [24], and rice [44]. In pineapple, 54 WRKY genes have been identified and
reported by the authors of [30,34]. However, only limited research has been conducted to
elucidate the functions of WRKY genes in pineapple [31,32]. Therefore, the current study
was focused on cloning and transforming the AcWRKY31 gene to investigate its functions
in pineapple.

WRKY transcription factors (TFs) can be divided into three groups (I, II, and III) based
on their motifs and domains. Members of group III contain a conserved WRKYGQK
domain and a C,HC zinc finger structure (C-X7-C-X23-H-X-C). Previous studies have
shown that group IIl WRKY genes in Chinese rose [45], Sorghum [46], barley [47], maize [48],
rice [49], Arabidopsis [50], and pineapple [30] share these same domains and motifs. In our
study, AcWRKY31 exhibited high expression profiles and relative expression levels in the
pistils and ovules (Figure 1A,B). The phylogenetic analysis and the alignment of multiple
protein sequences revealed that the AcWRKY31 gene and its homologous genes in rice
and Arabidopsis belong to the third subfamily from the WRKY transcription factor family,
containing a conserved WRKYGQK domain and a C,HC zinc finger structure (C-X7-C-X23-
H-X-C). Additionally, AcWRKY31 is exclusively localized in the nucleus and demonstrates
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transcriptional activation activity (Figure 2). Similarly, our expression profile findings of
AcWRKY31 were consistent with the transcriptomic profile and displayed the same gene
structure and functions.

In recent years, abiotic stresses, particularly salt and drought, have severely affected
crops [51,52]. Many researchers have investigated and reported on the role of WRKY genes
in different crops. For instance, GhWRKY 68 reduces resistance to salt and drought by af-
fecting the germination rate, survival rate, and stomatal closure of transgenic tobacco. [26].
AtWRKY53 is involved in drought stress and leaf senescence in Arabidopsis by mediating
stomatal movement and ABA induction [38,42]. In rice, OsWRKY46, OsWRKY64, and
OsWRKY113 are upregulated in BR IRGA 409 and involve iron toxicity [53]. Our current
study demonstrated that AcWRKY31-OE transgenic pineapples exhibited adverse phe-
notypic characteristics compared to wild-type pineapples during drought and salt stress.
The expression levels of enzyme- and stress-related marker genes, like AcPOD1, AcABI5,
AcABA1, and AcPR1 for salt stress and AcCAT1, AcPR1, AcLOX4, AcABA1, AcRD22, and
AcDREB2A for drought stress, were reduced in all transgenic pineapple lines compared
to WT plants (Figure 4). In addition, the heterologous overexpression of AcWRKY31 in
Arabidopsis also showed an increased sensitivity to salt and drought compared to the WT
plants. Therefore, our findings indicate that the overexpression of AcWRKY31 enhances the
sensitivity to abiotic stresses, especially salt and drought, in both pineapple and Arabidopsis.

Plants must adapt to drastic environmental changes throughout their lifespan by alter-
ing their biochemical and physiological pathways. Among those challenges, attacks from
pathogens, insects, pests, and weeds can cause significant damage to plants and reduce
crop yields. Many researchers have reported the effects of WRKY TFs on different biotic
stresses, for example, the overexpression of AtWRKY28 conferred resistance to Sclerotinia
and Botrytis cinerea in Arabidopsis [54], the overexpression of AtWRKY75 promoted resis-
tance to Sclerotinia and Pseudomonas syringae [55], and AtWRKY70 Arabidopsis increased the
resistance to SA-mediated powdery mildew but rendered plants sensitive to JA-mediated
black spot [56]. The AtWRKY22 genes promote susceptibility to aphids and modulate sali-
cylic acid and jasmonic acid signaling [57]. In pineapple, Zhou et al. stated that AcCWRKY28
mediated the activation of AcCPK genes and conferred drought and salt stress tolerance
in transgenic pineapple and resistance to Sclerotinia in transgenic Arabidopsis [32]. In rice,
OsWRKY¥6 positively regulated resistance to Xanthomonas oryzae [58]. The overexpression
of OsWRKY31 and OsWRKY13 enhanced the resistance to rice blast in rice [59,60]. The
pineapple mealybug (Dysmicoccus brevipes) is one of the most common insects that affect
plant quality and yield by sap-sucking and acts as a vector for the pineapple mealybug wilt-
associated virus (PMWaV) [12]. Our result showed that the overexpression of AcWRKY31
significantly enhances the resistance to mealybugs and Sclerotinia sclerotiorum infection. The
RT-qPCR analysis of disease-related and hormone-related marker genes (AtICS1, AtPDF1.2,
AtPR1, AtERF1, AtLOX4, and AtABI5) also indicated that AcWRKY31 improved pineapple
tolerance to biotic stress.

The WRKY family is also considered to play a crucial role in hormone signaling pathways,
including ABA, BRs, ETH, JA, and SA, and can participate in plant defenses [61,62]. The ABA
signaling pathway is mainly involved in the regulation of the abiotic stress response in
plants [63]. The nuclear protein GmWRKY12 was responsive to drought, salt, ABA, and
salicylic acid (SA) stress [64]. The overexpression of GRWRKY1 in Arabidopsis constitutively
activated ABA biosynthesis genes, signaling genes, responsive genes, and drought-related
maker genes and led to an enhanced tolerance to drought [65]. Under an exogenous
hormone treatment, the expression level of AcWRKY31 was reduced at4 h, 8 h, and 12 h,
then it instantly increased at 24 h and 48 h under an ABA treatment (Supplementary
Figure S1). In addition, the phenotype of AcWRKY31-OE Arabidopsis lines in the ABA
treatment showed a significantly reduced resistance to ABA than WT plants. During the
salt and drought stress experiments, it was found that the expression levels of marker
genes in ABA-related signaling pathways were significantly increased. This expression
change may be due to the involvement of AcWRKY31 in the ABA signaling pathway, which
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coordinates metabolic and physiological processes within plants and leads to changes
in gene expression to adapt to alternative environments, but further research is needed.
Therefore, we speculate that AcCWRKY31 may regulate plant stress response through ABA-
mediated signaling pathways.

Altogether, based on transcriptome and experimental results, we conclude that AcWRKY31
plays distinct roles in pineapple under both biotic and abiotic stress. Its reduction in
plant response to drought and salt stress may be mediated by the ABA signaling pathway,
while its increase in plant resistance to biological stress may be achieved by regulating the
expression of disease-resistance-related genes (Figure 10).
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Figure 10. A role model of AcWRKY31-OE under biotic and abiotic stresses. AcWRKY31 gene
regulates enzyme- and stress-related genes and then negatively responds to salt and drought stresses
while it positively responds to disease by regulating hormone- and disease-related genes.

4. Materials and Methods
4.1. Plant Materials and Pineapple Callus Induction

The pineapple (Tainong 11) plants and Arabidopsis (Columbia-0) seeds used in this
experiment were obtained from Qin Lab, Center of Genomics Biotechnology, Fujian Agri-
culture and Forestry University, Fujian, China, where the experiments took place. For
pineapple callus induction, we used the pineapple micro-propagation methods of Priyadar-
shani [66] with some modifications, especially for sterilization processes. Briefly, the
explants such as leaf bases and crown meristems were soaked in disinfectant solution
overnight to reduce contaminations and then washed with running tap water. In addition,
the explants were surface sterilized with 75% ethanol for 1 min and then sterilized with
3-5% sodium hypochlorite solution for 8-10 min. Furthermore, the explants were cut into
sizes of 0.5-1.5 cm and then sterilized with 0.2% of HgCl, solution for 10 min. The explants
were washed with sterilized double-distilled water 3-5 times after each sterilization. After
sterilizations, the samples were air-dried and cultured in full MS solid medium (with
pH of —5.8) containing 30% sucrose, 4 mg/L of BAP, and 0.2 mg/L of NAA for callus
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induction. The callus was subcultured in full MS solid medium containing 1 mg/L of
BAP and 0.2 mg/L of NAA. All cultures were kept in a tissue culture room under the
following controlled conditions: 8 h/16 h dark and light cycle, light intensity of 3000 lux,
and temperature of +26 °C. All the sterilization and cultural processes were carried out in
an aseptic condition.

4.2. Vector Construction, Gene Transformation of AcCWRKY31, and Transgenic Plant Selection
in Pineapple

The peptide sequences of AcCWRKY31 (Aco000358.1) and its homologous genes from
rice were downloaded from the Phytozomel3 database “https:/ /phytozome-next.jgi.doe.
gov/ (accessed on 20 September 2021)” and those of Arabidopsis were downloaded from
TAIR “https:/ /www.arabidopsis.org/ (accessed on 20 September 2021)”. The CDS se-
quence (containing 1098 bps) and genome sequence (containing 2068 bps) of AcWRKY31
were downloaded from the Phytozomel3 database, and the gene structure was displayed by
GSDS 2.0. The protein sequences of AcWRKY31 and its two homologous genes from rice
and Arabidopsis were used, and the alignment of multiple sequences was carried out using
DNAMAN V6.0 software. The specific primers were designed using SnapGene™1.1.3
software. The total RNA from young pineapple leaves was extracted and cloned to the
cDNA. The cDNA and gene-specific primers of AcWRKY31 were used for PCR amplifica-
tion to obtain the target DNA. After purification of the PCR products, the target DNA was
cloned into the pPENTER/D-TOPO vector and then recombined into the final pGWB502
vector using LR Clonase II enzyme mix (Thermo Fisher Scientific, Waltham, MA USA).
The plasmids from the final vectors were extracted and transformed into Agrobacterium
(GV3101) strains. The Agrobacterium with targeted genes was transformed into pineap-
ple callus. In the transformation process, positive pineapple callus selection and plant
screening were carried out as explained by Priyadarshani [37,67] with some modifications,
especially in regards to selection time. Time for selection and antibiotic concentration were
optimized according to the gene. Three repeated selections were carried out alternatively in
the selection and normal medium. Following selection, the resilient plantlets were excised
and cultivated on an MS solid medium supplemented with 0.2 mg/L NAA to stimulate
root growth. Putative transgenic plants underwent DNA extraction for subsequent PCR
amplification. DNA samples yielding positive PCR outcomes were forwarded to Bosun
Biotechnology (Shanghai, China) Co., LTD for sequencing.

4.3. Analysis of Salt and Drought Stress in AcWRKY31-Overexpressed Pineapple

To analyze the response of transgenic and wild-type (WT) pineapple plants to salt and
drought stress, plantlets at comparable growth stages were selected for experimentation.
WT and transgenic pineapple plantlets were transplanted into pots with composted soil and
placed in a greenhouse at 30 °C £ 2 °C for four months until they grew into adult pineapple
plants. After four months, six AcCWRKY31-OE transgenic plants and WT pineapple plants
were treated with 100 mL of 400 mM NaCl solution for salt stress and 400 mM mannitol
solution for drought stress. The phenotypic characteristics were noted and recorded daily.
In addition, leaf samples of treated WT and AcWWRKY31-OE transgenic pineapple were
collected at 0 h, 12 h, and 24 h, respectively. After irrigating for 3 weeks, the phenotypic
characters of treated WT and transgenic pineapple plants were compared. For the molecular
assays, the total RNA was isolated from these treated samples and reverse-transcribed into
cDNA for further experiments. Selected marker genes were analyzed using RT-qPCR with
specific primers (Supplementary Table S1).

4.4. Analysis of Biotic Stress in AcCWRKY31-OE Transgenic Pineapple

To investigate the role of AcWRKY31 in biotic stress response, pineapple mealybugs
(Dysmicoccus brevipes) from a previously infected pineapple plant in the greenhouse were
used to inoculate the wild-type (WT) and transgenic pineapple plants. A known number of
mealybugs were inoculated onto the leaves of four-month-old, healthy wild-type (WT) and
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transgenic pineapple plants. Plants were maintained in the greenhouse at 30 °C 2 °C
and were observed weekly. After four months, disease symptoms, plant growth, and
insect colonization were visually inspected and recorded. The statistical data of mealybugs
colonies were counted and calculated using IBM SPSS Statistics 24.0.0 software.

4.5. Genetic Transformation of AcWRKY31 and AtWRKY53 in Arabidopsis

To confirm and validate the functions of AcWRKY 31, we transformed AcWRKY31, its
homologous gene AtWRKY53, and knockoff mutant Atwrky53 into Arabidopsis using the
floral dip method [68]. Inflorescences were immersed in Agrobacterium solution containing
the targeted plasmids: p355:AcWRKY31 and p35S: AtWRKY53 [68,69]. Subsequently, the
infected plants were allowed to grow until the seeds were ready for harvesting. The
seeds from the Ty generation were germinated in soil and selected by spraying them with
Basta (1:1000 dilution of water) to obtain transgenic plants. DNA was extracted from
selected putative plants by using the CTAB method [70] to identify the positive plants
for T; generation through PCR. The second-generation seeds were obtained by repeated
screening and identification, and they were used for subsequent studies.

4.6. Analysis of Abiotic Treatments in Transgenic Arabidopsis

The previous study reported that the expression of WRKY TFs in pineapple can be
affected by temperature stresses (4 °C and 45 °C), drought, and salt stresses [31]. To
understand the regulation of heterologous overexpression of AcWRKY31 under abiotic
stress, the wild-type and T, generation of transgenic Arabidopsis seeds were treated with
100 mM-150 mM of NaCl for salt stress, 250 mM-300 mM of mannitol for drought stress,
and 0.25-0.75 uM of ABA for ABA stress. After 7 days, the germination rates, fresh weight,
and root length were investigated. To analyze the expression level of AcWRKY31, RT-qPCR
analysis was performed for salt and drought stress with stress-related marker genes. All
the experiments were conducted with three replicates.

4.7. Analysis of Sclerotinia sclerotiorum Inoculation on Transgenic Arabidopsis

To examine the functions of AcWRKY31 in response to pathogens, WT and three inde-
pendent lines of AcWRKY31-OE, AtWRKY53-OE, Atwrky53, Atwrky53-com, and Atwrky53-
AcWRKY31 T,-generation Arabidopsis seeds were used. The preserved fungal strain of
Sclerotinia sclerotiorum was sub-cultured on potato dextrose agar medium for the produc-
tion of new hyphae. Briefly, five seeds from each line were planted in plastic pots with
composted soil for germination. Leaves from 3-week-old transgenic and WT Arabidopsis
plants were inoculated with the same quantity of Sclerotinia sclerotiorum. The infected
area was analyzed after 24 h with DAB staining to analyze the accumulation of reactive
oxygen species. For DAB staining, leaves were immersed in 50 mL of DAB aqueous solu-
tion (0.05 g DAB; ddH,O 50 mL) overnight in darkness. Dyed leaves were de-colorized
using 75% ethanol in a water bath for 15 min. The lysis areas were recorded by taking
photographs and measured using Image] 1.51j/Java 1.8.0-112(64-bit) software [71]. The
data were analyzed using the Student’s t-test and GraphPad Prism 8.3.0 (5638). All the
experiments were repeated three times.

4.8. Analysis of Transcriptomic Data

Total RNA was extracted from three biological replicates of wild-type (WT) and
AcWRKY31-overexpressing (AcWRKY31-OE) pineapple leaves using the Trizol method
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. Raw reads
and adapter sequences were processed to remove ambiguities and adapters using TRIM-
MOMATIC v 0.3 software [72]. The RNA libraries were sequenced by the Novogene
company on a HiSeq2500 sequencing instrument using 150 bp paired-end protocols. The
processed reads were aligned to the reference genome using Tophat v2.1.1 software with
default parameters. Then, the transcripts were quantified and assembled according to
Culfflinks, and the differently expressed genes (DEGs) were identified. Differential ex-
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pression was determined based on a log2 fold change —1< and >+1 and a value of
FDR < 0.05) [73]. Kyoto Encyclopedia of Genomes and Genes (KEGG) and Gene Ontology
(GO) analyses of DEGs were carried out using TBtools v1.09 software [74] and R package
UpSet v1.0.0. The promoter region analysis was performed through the online PlantCARE
database (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/) (accessed on
13 March 2024). RT-qPCR analysis of six selected genes from up- and downregulated
genes was performed to actuate the function of AcWRKY31 with the RNA-Seq data. The
raw data sequence in Fastq format was deposited in the China National Center for Bioin-
formation Database (https:/ /bigd.big.ac.cn; BioProject ID: PRJCA019756) (accessed on
13 September 2023).

4.9. Quantitative Real-Time PCR Analysis

The cDNA was synthesized from extracted total RNA according to the instructions
of AMV reverse-transcriptase kit (Takara, Shiga, Japan) [75]. RT-qPCR was carried out
using SYBR Premix Ex Taq II (Takara, Japan) system and Bio-Rad Real-Time PCR system.
The reaction was conducted in a total volume of 20 uL with 10 puL of enzyme mix, 7.5 pL
of nuclease-free water, 1.5 uL of cDNA, and 0.5 pL of each specific forward and reverse
primer. The RT-qPCR was performed by using given conditions (95 °C—30s, 95 °C—5s,
60 °C—34 s, and 95 °C—15 s) with 40 cycles [76]. The experiment was performed in
triplicate. According to the comparative threshold period (2~44¢t) protocol, the level of
relative expression in stress-related genes was analyzed and confirmed [77].

5. Conclusions

The outcomes of our current research highlight the notable expression patterns of
AcWRKY31, particularly in the pistil and ovule of pineapple. Notably, our investigations
reveal that the upregulation of AcCWRKY31 in both pineapple and Arabidopsis plants is corre-
lated with a reduced tolerance to salt and drought stress, alongside a heightened resistance
to pests and pathogens. These findings underscore the intricate response mechanisms of
pineapple to diverse stressors. Consequently, our study yields significant insights crucial
for the development of advanced biotechnological interventions and breeding approaches
aimed at enhancing the resilience and productivity of pineapple varieties.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants13131850/s1. Figure S1: Relative expression levels of AcWRKY31 in
different hormone treatments (A) Abscisic Acid (ABA) (B) Ethylene (ETH) (C) Jasmonate Acid (JA)
and (D) Salicylic Acid (SA). Figure S2: Analysis of transcriptional activation activity of AcWRKY31
(A) The growth of AcWRKY31-BD/AD, negative and positive control yeast on SD-Leu-Trp. (B) The
growth of AcWRKY31-BD/AD and negative-positive co-transformed yeast on SD-Leu-Trp-Ade-
His+X-a-gal medium. Figure S3: Relative expression levels of Up Regulated Genes and Down
Regulated Genes from RNA sequence analysis of WT and transgenic pineapples lines, the error
bars indicate £SD (n = 3). Figure S4: Salt treatment on AcWRKY53-OE Arabidopsis (A) Observa-
tion of germination rate and root length, bar = 1 cm (B) Statistical results of fresh weight and
root length of AcWRKY53-OE and WT Arabidopsis after 7 days of NaCl treatment, the error bars
indicate +SD (n = 3) the asterisks indicate the different significances based on Student’s t-test
(** p < 0.01, * p < 0.05). Figure S5: Drought treatment on AcWRKY53-OE Arabidopsis (A) Obser-
vation of germination rate and root length, bar = 1 cm (B) Statistical results of fresh weight and
root length of AcWRKY53-OE and WT Arabidopsis after 7 days of Mannitol treatment, the error
bars indicate £SD (1 = 3) the asterisks indicate the different significances based on Student'’s t-test
(**p <0.01, * p < 0.05). Figure S6: ABA treatment on Arabidopsis (A) Observation of germination
rate and root length of AcWRKY53-OE and WT Arabidopsis (bar = 1 cm) (B) Observation of germi-
nation rate and root length of AtWRKY53 mutant, complementary and WT Arabidopsis (bar = 1 cm);
Statistical results of fresh weight and root length after 7 days (Notes: the error bars indicate +SD
(n = 3) the asterisks indicate the different significances based on Student’s t-test (** p < 0.01, * p < 0.05)).
Table S1: Primer sequences. Table S2: Up and down- regulated Differential Expressed Genes.
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Abbreviations

WT Wild-type

TFs Transcription factors

OE Overexpression

DEGs Differentially expressed genes
PCR Polymerase chain reaction
RT-gPCR  Quantitative real-time polymerase chain reaction
PGRs Plant growth regulators

DA-6 Diethyl aminoethyl hexanoate
CcOs Chitosan oligosaccharide

ABA Abscisic acid

BRs Brassinosteroids

ETH Ethylene

JA Jasmonate acid

SA Salicylic acid

MS Murishige and Skoog medium
BAP 6-Benzylaminopurine

NAA Naphthalene acetic acid

GFP Green fluorescent protein
DNA Deoxyribonucleic acid

cDNA Complementary DNA

NaCl Sodium chloride

ROS Relative oxygen species
Cotton:

GhHBA High level of beta-amylase activity
Tobacco:

NtNCED1  9-Cis-Epoxycarotenoid Dioxygenase 1

NtDREB3  Dehydration Response Element-Binding protein 3
NtLEAS Late Embryogenesis Abundant-like 5

Pineapple:

AcPOD Peroxidase

AcABI5 ABA Insensitive 5

AcABA1 ABA Deficient 1
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AcPR1 Pathogenesis-Related Gene 1

AcCAT1 Catalase 1

AcLOX4 Lipoxygenase 4

AcRD2?2 Responsive to Desiccation 22
AcDREB2A  Dehydration Response Element-Binding protein 2
AcCPK Calcium-dependent Protein Kinase
Arabidopsis:

AtSOS1 Salt Overly Sensitive 1

AtHKT1 High-Affinity K+ Transporter 1
AtICS1 Isochorismate Synthase 1 (SA related)
AtPDF1.2 Plant Defensin 1.2

AtPR1 Pathogenesis-Related Gene 1
AtLOX4 Lipoxygenase 4 (JA related)

AtERF1 Ethylene Response Factor 1

AtABI5 ABA Insensitive 5
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Abstract: Both melatonin and hydrogen sulfide (HS) mitigate chromium (Cr) toxicity in plants, but
the specific interaction between melatonin and H,S in Cr detoxification remains unclear. In this study,
the interaction between melatonin and HjS in Cr detoxification was elucidated by measuring cell
wall polysaccharide metabolism and antioxidant enzyme activity in maize. The findings revealed that
exposure to Cr stress (100 pM K,Cr,O7) resulted in the upregulation of L-/D-cysteine desulfhydrase
(LCD/DCD) gene expression, leading to a 77.8% and 27.3% increase in endogenous H;S levels in
maize leaves and roots, respectively. Similarly, the endogenous melatonin system is activated in
response to Cr stress. We found that melatonin had a significant impact on the relative expression
of LCD/DCD, leading to a 103.3% and 116.7% increase in endogenous H,S levels in maize leaves
and roots, respectively. In contrast, NaHS had minimal effects on the relative mRNA expression
of serotonin-Nacetyltransferase (SNAT) and endogenous melatonin levels. The production of H,S
induced by melatonin is accompanied by an increase in Cr tolerance, as evidenced by elevated gene
expression, elevated cell wall polysaccharide content, increased pectin methylesterase activity, and
improved antioxidant enzyme activity. The scavenging of H,S decreases the melatonin-induced Cr
tolerance, while the inhibitor of melatonin synthesis, p-chlorophenylalanine (p-CPA), has minimal
impact on HpS-induced Cr tolerance. In conclusion, our findings suggest that H,S serves as a
downstream signaling molecule involved in melatonin-induced Cr tolerance in maize.

Keywords: antioxidant; cell wall polysaccharide; crosstalk; H,S; melatonin

1. Introduction

Chromium (Cr) is a prevalent heavy metal pollutant in agricultural areas, predom-
inantly derived from industrial activities such as Cr ore smelting, leather tanning, elec-
troplating, metal processing, and the production of paints and pigments. These activities
contribute to the release of Cr-laden wastewater and exhaust gases, leading to contamina-
tion of soil and water sources [1,2]. This contamination poses a threat to food production
safety, as it can enter the human body through the food chain, subsequently impacting
human health [3]. The toxicity of Cr is dependent on its oxidation state, with trivalent Cr
(Cr (II)) and hexavalent Cr (Cr (VI)) being the predominant forms found in soil. Cr (VI)
is known to be more toxic than Cr (III) [4]. In China, a considerable portion of cultivable
land, amounting to 1.26%, is presently at a notable risk of Cr pollution [5]. The severity of
this contamination has led to the abandonment of 0.13% of arable land [6]. Therefore, an
effective strategy to alleviate Cr toxicity in crop plants is essential.

The plant cell wall serves as the primary barrier preventing heavy metal ions from
entering the cell, with cell wall polysaccharides being key components involved in the se-
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questration of heavy metals [7]. Cell wall polysaccharides, such as cellulose, hemicellulose,
and pectin, possess functional groups such as phosphoric acid, aldehyde, and carboxyl
groups that facilitate the binding of heavy metal ions [8,9]. These groups interact with metal
cations to immobilize them within the cell wall, thereby limiting the penetration of metal
ions into the cytoplasm. In addition, it was observed that the presence of reactive oxygen
species (ROS) in plants was heightened in response to heavy metal stress, resulting in
significant oxidative stress and subsequent cell damage. The research indicated that plants
possess an antioxidant defense mechanism capable of regulating ROS levels [10,11]. This de-
fense mechanism comprises the following two primary systems: enzymatic, which includes
superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD); and non-enzymatic,
which encompasses ascorbic acid (ASA), glutathione (GSH), and flavonoids [12].

Melatonin was initially identified in the pineal gland of cattle in 1958, and subsequent
research has revealed its widespread presence in both plants and animals [13]. In animals,
melatonin serves various physiological and biochemical roles, such as regulating sleep
patterns, antioxidative effects, involvement in stem cell differentiation, and anti-aging
properties [14]. In plants, melatonin functions as a significant growth regulator and shares
structural similarities with auxin, as an indole compound [15]. Melatonin plays a signif-
icant role in various physiological processes related to plant growth and development,
encompassing plant morphogenesis, seed germination, and fruit ripening [16,17]. Addition-
ally, melatonin is involved in responses to both biological and abiotic stresses, including
salt stress, water stress, heavy metal toxicity, and pathogen stress [18-20]. Specifically,
melatonin enhances plant tolerance to heavy metal stress through mechanisms such as
regulation of the ASA-GSH cycle, augmentation of antioxidant enzyme activity, modula-
tion of polyamine metabolism, and control of chelate synthesis [21,22]. Moreover, research
has confirmed that melatonin plays a role in feedback mechanisms within plants, specif-
ically in regulating various REDOX networks, such as ROS and active nitrogen (RNS),
with a particular emphasis on the functions of nitric oxide (NO) and hydrogen peroxide
(H20) [23].

In plants, H,S plays a significant role in the growth, development, and response
mechanisms of plants to both biological and abiotic stresses [24]. This is achieved through
intricate interactions with plant hormones, ROS, and various signaling molecules [25,26].
Research has demonstrated that H,S interacts with NO, HyO,, and mitogen-activated
protein kinases (MAPKSs) to increase plant resistance. Specifically, in the case of broad
beans, H,S is implicated in the closure of stomata under salt stress conditions, acting as
a downstream signal of HyO, [27]. Furthermore, H,S serves as a downstream signaling
molecule of both NO and H,O; in facilitating white clover’s tolerance to drought stress
regulated by spermidine [28]. In cucumbers, the protein MAPK4 functions as a downstream
element of H,S, modulating the transcription of genes responsive to low temperatures
and controlling stomatal movement during periods of low temperature stress [29]. These
investigations indicate that H,S engages in crosstalk with additional signaling molecules,
exerting a significant regulatory influence in response to abiotic stress. Nevertheless,
the potential involvement of H,S in mediating melatonin-induced tolerance to Cr stress
remains uncertain.

Maize (Zea mays L.), a significant staple and feed crop, exhibits diverse applications
in the fields of nutrition, livestock sustenance, and various industrial sectors [30]. How-
ever, the crop’s propensity to accumulate toxic metals poses a constraint on its overall
productivity within the maize production domain [31]. HpS has been demonstrated to play
a role in melatonin-induced salt stress tolerance as a downstream signal [32], though its
involvement in melatonin-induced Cr stress tolerance remains uncertain. Additionally, H,S
and melatonin share common physiological functions in the regulation of plant tolerance
to environmental stress, particularly in their involvement in the plant ROS signaling path-
way [12,33]. In this study, we hypothesized that H,S may serve as a downstream signaling
molecule involved in melatonin-induced Cr tolerance in maize. This study specifically
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examines the impact of H,S and melatonin on the regulation of cell wall Cr-binding ability
and mitigation of oxidative stress.

2. Results
2.1. Response of Endogenous H,S and Melatonin to Cr Stress

Treatment with K,Cr,O7 resulted in a significant upregulation of genes involved
in the synthesis of H,S (LCD1, LCD2, DCD1, and DCD2) and melatonin (I'5H, SNAT,
and ASMT), leading to an increase in endogenous levels of both HyS and melatonin.
Additionally, exogenous melatonin notably enhanced the transcription of genes related
to L-/D-cysteine desulphurase (L-/D-CD) synthesis, and the endogenous content of H,S
(Figure 1). Conversely, NaHS did not have a significant impact on the expression of
melatonin biosynthesis genes or the endogenous levels of melatonin (Figure 2).
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Figure 1. The effect of NaHS and melatonin on the expression of H,S biosynthesis genes (A-F) and
H,S levels (G, H) in maize leaves and roots in response to Cr-induced stress. Different letters indicate
statistically significant differences. Values are presented as mean + SE (1 = 3).
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Figure 2. The effect of NaHS and melatonin on the expression of melatonin biosynthesis genes (A-F)
and melatonin levels (G,H) in maize leaves and roots in response to Cr-induced stress. Different
letters indicate statistically significant differences. Values are presented as mean + SE (1 = 3).

2.2. Effects of Exogenous NaHS and Melatonin on Plant Growth

The inhibitory effect of Cr stress on maize growth was significantly mitigated by the
addition of exogenous NaHS and melatonin, resulting in a 88.3% and 90.3% increase in
the shoot dry weight (SDW), respectively, compared to the Cr stress alone. Conversely,
the application of hydroxylamine (H,S synthesis inhibitor, HT) and p-chlorophenylalanine
(melatonin synthesis inhibitor, p-CPA) resulted in a decrease in the SDW. The inhibitory
effect of HT on SDW enhancement mediated by melatonin was noted, whereas the promo-
tion of SDW by NaHS remained unaffected by p-CPA (Figure 3). Likewise, the alteration in
root dry weight exhibited a consistent trend.
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Figure 3. Effects of NaHS and melatonin on maize shoot dry weight (A) and root dry weight
(B) under Cr stress. Different letters indicate statistically significant differences. Values are presented
as mean =+ SE (n = 3).

2.3. Effects of Exogenous NaHS and Melatonin on Cr Accumulation

The application of NaHS or melatonin resulted in a significant reduction in Cr ac-
cumulation in maize leaves and roots. Following 7 days of Cr stress, the Cr content in
maize leaves and roots decreased with the addition of NaHS and melatonin, respectively.
Conversely, the Cr content increased with HT and p-CPA treatment. HT was found to
inhibit the decrease in Cr content caused by melatonin, whereas p-CPA did not affect the
reduction in Cr content induced by NaHS (Figure 4).
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Figure 4. Effects of NaHS and melatonin on Cr accumulation in maize leaves (A) and roots (B). Different
letters indicate statistically significant differences. Values are presented as mean + SE (n = 3).

2.4. Effects of Exogenous NaHS and Melatonin on Cell Wall Polysaccharides” Metabolism under
Cr Stress

The addition of NaHS or melatonin resulted in a significant elevation of pectin,
hemicellulose 1 (HC1), and hemicellulose 2 (HC2) levels in both maize roots and leaves
(Figure 5A-F). Furthermore, the expression of pectin and HC biosynthesis genes, such as
UGDH, GAE, GAUT, CSL, and XYL, were upregulated by NaHS or melatonin (Figure 6).
Additionally, it was observed that HT hindered the melatonin-induced elevation of pectin,
HC1, and HC2 levels, while the increase induced by NaHS in these components was not
impacted by p-CPA (Figure 5A-F). The application of Cr led to a rise in pectin methylase
(PME) activity. The addition of NaHS and melatonin resulted in an increase in PME activity,
whereas HT and p-CPA caused a decrease in PME activity (Figure 5G,H). Additionally,
the expression level of the PME gene was significantly increased by melatonin or NaHS
(Figure 6). HT hindered the increase in PME activity induced by melatonin, while the
increase in PME activity caused by NaHS was unaffected by p-CPA.
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2.5. Effects of NaHS and Melatonin on Oxidative Damage

Cr stress resulted in elevated levels of O;°~, HyO,, and malondialdehyde (MDA) in
both maize leaves and roots. Conversely, treatment with exogenous NaHS or melatonin
effectively mitigated the levels of O,°~, H,O,, and MDA. In contrast, treatments with HT
and p-CPA led to an increase in ROS content. HT was observed to hinder the reduction
of Oy*~, HyO,, and MDA induced by melatonin, while the reduction induced by NaHS
remained unaffected by p-CPA (Figure 7). Likewise, the transcriptional expression of genes
involved in the generation of ROS exhibited a comparable trend (Figure 8). These findings
suggest that both NaHS and melatonin have the ability to mitigate ROS levels in maize
seedlings, with H,S acting as a downstream signal of melatonin to alleviate oxidative
damage caused by Cr stress.
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Figure 8. The effect of NaHS and melatonin on the expression of antioxidase synthesis genes. Scale
bar denotes log, (fold-change).

2.6. Effects of NaHS and Melatonin on the Antioxidant System

Cr treatment resulted in a substantial increase in the expression of antioxidant en-
zymes’ synthesis genes (SOD, POD, and CAT), as well as an enhancement in enzyme
activity. The addition of exogenous NaHS or melatonin notably augmented the activity of
these enzymes, whereas treatments with HT and p-CPA resulted in a decrease in antiox-
idant enzyme activity. HT was found to inhibit the enhancement of antioxidase activity
induced by melatonin, whereas the increase in antioxidase activity induced by NaHS
remained unaffected by p-CPA (Figure 9). Likewise, the transcriptional expression of genes
responsible for the synthesis of antioxidant enzyme exhibited a comparable trend (Figure 8).
The levels of ASA and GSH were notably elevated in response to Cr stress. When compared
to exposure to K,Cr,Oy alone, treatment with exogenous NaHS or melatonin effectively
increases the levels of ASA and GSH. The presence of HT hindered the elevation of ASA
and GSH levels caused by melatonin, whereas the increase in ASA and GSH levels induced
by NaHS remained unaffected by p-CPA (Figures 10 and 11).
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Figure 9. The effect of NaHS and melatonin on the enzymatic activities of antioxidants in maize leaves
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Figure 10. The effect of NaHS and melatonin on the levels of ascorbate (ASA) (A), dehydroascorbate
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significant differences. Values are presented as mean + SE (1 = 3).
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Figure 11. The effect of NaHS and melatonin on the levels of ascorbate (ASA) (A), dehydroascorbate
(DHA) (B), glutathione (GSH) (C), oxidized glutathione (GSSG) (D), ASA/DHA ratio (E), and
GSH/GSSG ratio (F) in maize roots exposed to Cr stress. Different letters indicate statistically
significant differences. Values are presented as mean + SE (1 = 3).

3. Discussion

Previous research has indicated that H»S [34,35] and melatonin [36,37] have the potential
to improve stress tolerance in plants. This study demonstrates that exposure to Cr stress
triggers the production of endogenous H,S and melatonin. The growth of maize seedlings
was notably impeded under Cr stress conditions, but supplementation with exogenous NaHS
or melatonin alleviated this growth inhibition. The introduction of HT reversed the melatonin-
induced tolerance to Cr stress, whereas p-CPA did not affect the HyS-induced tolerance to Cr
stress. Through the assessment of polysaccharide content in the cell wall, levels of ROS, and
antioxidant enzyme activity, it is hypothesized that H,S may serve as a downstream signal in
mediating the tolerance of maize seedlings to Cr stress induced by melatonin.

The enzymes of LCD and DCD play crucial roles in H,S synthesis in plants [38]. This
study observed a significant increase in endogenous H,S content and the expression levels of
LCD and DCD in response to Cr stress. Additionally, the levels of melatonin and the expression
of SNAT and ASMT were also found to increase significantly under Cr stress. Exogenous
melatonin was found to markedly enhance the transcriptional activity of genes involved in the
synthesis of L-/D-cysteine desulphurase (L-/D-CD) and to increase the levels of endogenous
H,S. Conversely, NaHS did not show a significant impact on the transcriptional regulation
of genes associated with melatonin synthesis or the endogenous levels of melatonin. These
findings suggest that H,S may function as a downstream signaling molecule in mediating the
tolerance of maize seedlings to Cr stress induced by melatonin.

The primary function of the root cell wall is to sequester heavy metals, thereby prevent-
ing their intrusion into the cytoplasm [39]. Among the components of the cell wall, HCs
and pectin are recognized as the key elements responsible for binding heavy metals [8,40].
Higher levels of pectin and/or HC content led to increased accumulation of toxic metals in
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the cell walls of rice and rapeseed [9,41]. Emerging research suggests that melatonin plays
a crucial role in influencing cell wall structure and composition. For instance, in tomato
postharvest ripening, melatonin treatment has been shown to enhance the expression of
cell wall-modifying proteins like polygalacturonase and pectinesterase. In this study, Cr
treatment resulted in a significant elevation of pectin, HC1, and HC2 levels in both maize
leaves and roots. Interestingly, treatment with both H,S and melatonin further elevated the
levels of pectin, HC1, and HC2 under Cr stress conditions. The capacity of the cell wall to
bind heavy metals is contingent upon the level of pectin methylation, a process regulated
by PME [42,43]. Research has verified that there is a negative correlation between the
accumulation of heavy metals in the cell wall and the extent of pectin methylation [44,45].
Furthermore, treatment with H,S and melatonin has been shown to enhance the activity
of PME, facilitating pectin demethylation and increasing the number of Cr-binding sites
within the cell wall. This was corroborated through experimentation involving H,S scav-
engers and inhibitors of melatonin synthesis (HT and p-CPA). The presence of HT had
a significant inhibitory effect on the elevation of polysaccharide content in the cell wall
caused by melatonin, while the increase in polysaccharide content in the cell wall induced
by NaHS was unaffected by p-CPA.

Cr-induced stress can lead to the accumulation of ROS and can disturb the equilibrium
between ROS generation and breakdown in plants. Prior research has shown that H,S and
melatonin, acting as signaling molecules, mitigate ROS buildup and bolster antioxidant
oxidase function in response to heavy metal stress [46,47]. Several researches have sub-
stantiated the function of melatonin in enhancing the activities of antioxidant enzymes,
particularly under conditions of heavy metal stress [12]. The present investigation reveals
that Cr stress notably triggers the buildup of HyO;, and O,°~ free radicals, resulting in
oxidative damage to the leaves and roots of maize plants. The utilization of NaHS and
melatonin resulted in a notable decrease in ROS accumulation in maize seedlings subjected
to Cr stress. Furthermore, the application of NaHS and melatonin led to an increase in the
activity of SOD, POD, and CAT enzymes under Cr stress conditions. This enhancement in
enzyme activity contributed to the preservation of the cell membrane.

ASA and GSH serve as regulatory molecules in the REDOX signal transduction
pathway in plant cells during abiotic stress [48,49]. The interplay between these molecules
is crucial for maintaining optimal REDOX states, as plants can modulate their REDOX
balance by controlling the synthesis and regeneration of ASA and GSH [50]. The ASA-GSH
cycle illustrates the interconnected relationship between ASA and GSH, wherein ASA is
transformed into the unstable mono dehydroascorbic acid (MDHA) free radical, leading to
the production of DHA. Subsequently, DHA is converted back to ASA with the assistance
of GSH as an electron donor in the reduction process [51]. Prior research has indicated
that maintaining elevated ratios of GSH/GSSG and/or AsA/DHA may play a crucial role
in effectively mitigating the accumulation of reactive oxygen species induced by abiotic
stress [52]. Nahar et al. [53] proposed that upholding high AsA/DHA and GSH/GSSG
ratios is essential to facilitate the functionality of AsA and GSH within the ASA-GSH cycle,
and other physiological pathways in the presence of heavy metal stress. The results of
this study demonstrate that Cr stress induces an increase in the levels of ASA and GSH,
as well as the ratios of ASA to DHA and GSH to GSSG in both the roots and leaves of
maize plants. Furthermore, the application of NaHS and melatonin to seedlings resulted in
a further enhancement of ASA and GSH content, particularly in the ratios of AsA/DHA
and GSH/GSSG, when exposed to Cr stress. These findings suggest that Cr stress disrupts
the REDOX balance in plants, leading to an accumulation of DHA and GSSG. NaHS can
regulate the REDOX homeostasis of ASA and GSH by increasing the ratios of AsA/DHA
and GSH/GSSG, thereby contributing to the tolerance of Cr induced by melatonin. In order
to further understand the significance of H,S and melatonin in clearing ROS under Cr
stress, we conducted experiments using HjS scavengers and melatonin synthesis inhibitors
(HT and p-CPA). The addition of HT significantly hindered the enhancement of melatonin’s
antioxidant capabilities, while the addition of p-CPA did not impact the ROS clearance
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capacity induced by NaHS. Thus, it is hypothesized that the efficacy of melatonin may be
contingent upon H,S signaling. While the activation of H,S and melatonin anti-oxidation
mechanisms has been confirmed under abiotic stress conditions, the interplay between
H,S and melatonin in the regulation of ROS metabolism under Cr stress remains poorly
understood. Our investigation revealed that H,S plays a crucial role in mediating the
tolerance of maize seedlings to Cr stress induced by melatonin, particularly in mitigating
oxidative stress. Consequently, it is suggested that H,S may serve as a downstream
signaling molecule involved in the defense mechanisms of maize seedlings against Cr
stress triggered by melatonin.

4. Materials and Methods
4.1. Plant Growth and Experimental Design

The maize seeds (ZD958; Cr-sensitive) were disinfected with a 1% solution of sodium
hypochlorite for 10 min, followed by three washes with distilled water. Subsequently, the
seeds were placed on double filter paper and incubated at 25 °C in darkness for a period
of 3 days. Subsequently, the seedlings were transferred to a plastic container containing
5 L of Hoagland nutrient solution [54], with a pH of 5.8. Hoagland nutrient solution in-
cludes KNO3 (6 mM), NH4H,PO, (1 mM), MgSO,-7H,0 (2 mM), Ca(NO3),-4H,0 (4 mM),
EDTA-Fe (53.7 H.M), CuSO4'5H20 (0.3 mM), ZI’ISO4'7H20 (0.8 LLM), (NH4)6M07024'4H20
(0.2 uM), H3BO; (46.3 uM), and MnCl,-4H,0 (9.1 uM). To investigate the effect of mela-
tonin and HS on Cr detoxification in maize, 14-day-old seedlings with uniform growth
were subjected to foliar spraying with NaHS (50 M), melatonin (50 uM), hydroxylamine
(0.15 mM, a H;S synthesis inhibitor, HT), and p-chlorophenylalanine (100 1M, a melatonin
synthesis inhibitor, p-CPA), 12 h before the Cr treatment. The concentration of melatonin
(50 uM melatonin) used in this study was determined based on findings from our previous
research [55]. Cr stress was induced by supplementing the nutrient solution with 100 uM
K>CryO7 [56]. This study comprises eight treatments, including control, 100 uM K,Cr, 07,
100 uM K,Cry,O7 + 50 uM NaHS, 100 uM K,Cr, Oy + 50 uM melatonin, 100 uM K,Cr, Oy
+ 0.15 mM HT, 100 pM K;,Cr,O7 + 100 pM p-CPA, 100 uM K,CrpOy + 0.15 mM HT +
50 M melatonin, and 100 pM KpCr,O7 + 100 uM p-CPA + 50 uM NaHS. The incubator
conditions are as follows: temperature set at 28 °C during the daytime and 23 °C at night,
photoperiod of 10 h light and 14 h dark, light intensity of 600 umol m~2 s~!, and relative
humidity ranging from 45 to 55%. Each treatment consisted of 10 pots, each containing
12 seedlings. After 7 days of Cr treatment, samples of leaves and roots were collected for
subsequent analysis.

4.2. Measurement of Endogenous H,S Content

The H,S content was determined using the methodology described Tian et al. [57].
Root and leaf samples weighing 0.2 g were homogenized in 5 mL of phosphate buffer
(50 mM, pH 6.8) containing 0.2 M ASA, 0.1 M EDTA, and 0.5 mL of 1 M HCI. The released
H,S was captured using 1% (w/v) zinc acetate. Subsequently, 0.3 mL of dimethyl p-
phenylenediamine (5 mM) dissolved in 3.5 mM H,SO4 was added, followed by 0.3 mL of
ammonium ferric sulfate (50 mM). After a 15 min reaction period, the absorbance at 667 nm
was measured. The standard curve was generated using different concentrations of Na;S.
Each treatment was evaluated using three biological replicates.

4.3. Measurement of Endogenous Melatonin Content

The content of endogenous melatonin was quantified using the methodology described
by Chen et al. [58], with the utilization of an ultra-high performance liquid chromatograph
(Nexera LC-30AD, Shimadzu, Japan) and mass spectrometer (QTRAP 5500, AB SCIEX,
Toronto, Canada). Fresh plant samples weighing 0.5 g were pulverized with liquid nitrogen,
followed by the addition of 1 mL of pre-cooled methanol/acetonitrile/water (2:2:1, v/v/v)
solution and subsequent vortex mixing. The resulting sample was sonicated in an ice
bath for 60 min, then incubated at —20 °C for 1 h to precipitate proteins. Centrifugation
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was performed at 12,000x g rpm at 4 °C for 20 min, followed by the collection of the
supernatant and subsequent vacuum drying. The dried sample was then re-suspended
in a 1:1 (v/v) mixture of methanol and water (100 uL) for precipitation, and centrifuged
again at 12,000x g rpm and 4 °C for 15 min. The resulting supernatant was collected.
Following detection, the peak area of each sample was utilized as the horizontal coordinate
to determine the melatonin concentration in the sample solution using a standard curve.
Melatonin standard samples were procured from Sigma-Aldrich (Waltham, WA, USA),
with three biological replicates measured for each treatment.

4.4. Measurement of Plant Dry Weight and Cr Content

In order to determine biomass, shoots and roots were collected and subsequently
dried at 70 °C for 72 h before being weighed. Cr content in the roots and leaves (0.5 g)
was analyzed using an inductively coupled plasma mass spectrometer (ICP-MS) (Agilent
7650A, Agilent Technologies, Santa Clara, CA, USA), following the methodology described
by Sun et al. [22]. Each treatment was evaluated using three biological replicates.

4.5. Determination of Uronic Acid Content and Pectin Methylase Activity

Fresh tissues (roots and leaves) were extracted using 75% ethanol, and sequentially
rinsed with acetone and methanol chloroform (1:1, v/v), followed by removal of the
supernatant and freeze-drying of the residue. Subsequently, the pectin, HC1, and HC2
components in the resulting dried cell wall material were fractionated and isolated [59]. The
quantification of glucuronic acid in each fraction was determined by utilizing a calibration
standard curve established with a known concentration of galacturonic acid (GalA).

The PME activity was measured using the methodology described by Zhan et al. [39].
Fresh root and leaf samples weighing 0.2 g were collected and subsequently ground under
liquid nitrogen freezing conditions. Subsequently, 5 mL of extraction solution consisting
of 50 mM potassium phosphate buffer, 1 mM EDTA, and 1% PVP-30 was added to the
samples. Following homogenization, the sample was centrifuged at 10,000 x g for 20 min
at 4 °C, yielding the pectin methylase extract in the supernatant. An aliquot of 8 pL of
the pectin methylase extract was then mixed with 4 mL of substrate solution, and the
absorbance of the resulting solution was measured at 525 nm. The concentration of H* in
the solution was determined to assess the activity of pectin methyl esterase. Each treatment
was evaluated using three biological replicates.

4.6. Assays of Reactive Oxygen Species

The concentration of HO; was quantified using the method outlined by Loreto and
Velikova [60]. Then, 0.2 g of fresh samples were put into powder under liquid nitrogen
freezing conditions, and 2 mL of 0.1% (w/v) trichloroacetic acid (TCA) was added. The
sample was then mixed with a buffer containing potassium phosphate (10 mM) and potas-
sium iodide (KI) (1 M). Absorption at 415 nm was measured using a spectrophotometer
(UV-2550; Shimadzu, Kyoto, Japan) to determine the H,O, content. The O,°~ content was
determined following the method described by Jahan et al. [61]. A fresh root sample weigh-
ing 0.2 g was pulverized into powder under cryogenic conditions using liquid nitrogen and
subsequently combined with 2 mL of a phosphate buffer solution (50 mM) with a pH of 7.8.
Following homogenization, the sample underwent centrifugation at 12,000 g for 20 min
at 4 °C. The absorbance of the solution was measured at 530 nm. The MDA content was
quantified using the method outlined by Sun et al. [22], specifically the thiobarbituric acid
method. Fresh samples weighing 0.2 g were treated with 5 mL of a 0.1% TCA extraction
solution. Following homogenization, the samples were centrifuged for 5 min at 4 °C at
12,000x g. The resulting sample solution was then combined with 4 mL of a 20% TCA
solution containing 0.5% thiobarbituric acid (TBA), and heated in a water bath at 90 °C for
30 min. Absorbance readings were taken at 532 nm after the samples had cooled. Each
treatment was performed in triplicate.
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4.7. Determination of Superoxide Dismutase, Catalase, and Peroxidase Activities

For enzyme extraction, 0.2 g of fresh samples were cryogenically ground into a powder,
followed by the addition of a buffer solution containing 2 mM ascorbate, 2.5 mM HEPES,
2% PVP, and 0.2 mM EDTA. The resulting mixture was homogenized and then centrifuged
at 12,000x g for 30 min at 4 °C. The supernatant obtained from the centrifugation was
utilized for the analysis of antioxidant enzyme activity. SOD activity was evaluated through
its capacity to impede the photoreduction of nitrogen blue tetrazole (NBT) [62]. Prior to the
quantification of enzyme activity, the incubation solution was subjected to incubation in a
water bath at 30 °C. The quantity of enzymes necessary to inhibit the NBT photoreduction
reaction by 50% was defined as one unit of SOD activity. The CAT activity was quantified
through the decomposition of Hy,O,, as described by Hamurcu et al. [63]. The supernatant
was combined with an incubation solution consisting of potassium phosphate buffer
(25 mM, pH =7.6), Na,EDTA (0.1 mM), and hydrogen peroxide (10 mM). The change in
absorbance at 240 nm was monitored to determine CAT activity. POD activity was assessed
by measuring the guaiacol oxidation following the addition of H,O,, following the method
described by Kaya et al. [46]. Each treatment was evaluated using three biological replicates.

4.8. Determination of Non-Enzymatic Antioxidant Content

The determination of ASA content was conducted following the methodology described
by Campos et al. [64], wherein 0.1 g of fresh sample was combined with a 5% TCA (m/v) solu-
tion. Subsequently, the mixture was homogenized and centrifuged at 10,000 x g for 15 min at
4 °C. The resulting supernatant was then introduced into an incubation solution composed
of 0.4% H3POy ethanol solution, 98.8% ethanol, 5% TCA (m/v), 0.5% erythrophenanthro-
line ethanol solution (1m/v), and 0.03% FeCl; ethanol solution (11/v). Absorption values
at 534 nm were recorded using a spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan).
The content of dehydroascorbic acid (DHA) was determined by measuring the change in
absorption value of dithiothreitol (DTT) at 265 nm.

The determination of GSH content was conducted following the protocol outlined by
Whu etal. [65]. A fresh sample weighing 0.2 g was mixed with 2 mL of a 5% sulfosalicylic acid
solution and homogenized. The resulting extracts were then centrifuged at 4 °C for 20 min
at 12,000x g. The total GSH content was quantified by monitoring the absorption rate
at 412 nm. The concentration of oxidized glutathione (GSSG) was ascertained following
the elimination of GSH through derivatization with 2-vinylpyridine. GSH levels were
calculated as the disparity between total GSH and GSSG. Each treatment was evaluated
using three biological replicates.

4.9. RNA Extraction and gRT-PCR

The qRT-PCR analysis was conducted following the protocol outlined by Catala
et al. [66]. Leaf and root samples weighing approximately 0.1 g and stored at —80 °C were
utilized for RNA extraction using the Qiagen RN easy® Plant Mini Kit (Qiagen, Valencia,
CA, USA). Subsequently, cDNA was synthesized through reverse transcription using the
iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). The resulting cDNA was
diluted 50-fold, with 2 uL used for qRT-PCR analysis. The primer sequences can be found in
Table S1. The maize Ubi-2 gene (UniProtKB/TrEMBL; ACC: Q42415) served as an internal
reference gene for the normalization of experimental data, as described by Ren et al. [12].
The 2724t method was employed for data analysis.

4.10. Statistical Analysis

The data were analyzed using SPSS software (version 22) for normality testing and
statistical analysis, with Sigmaplot 12.0 utilized for data visualization. One-way analysis
of variance (ANOVA) was conducted within the general linear model to assess relevant
indicators, and post hoc comparisons of treatment differences were made using Duncan’s
tests, with a significance level set at p < 0.05.
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5. Conclusions

This study indicates that H,S, acting as a downstream signaling molecule, plays a role
in mediating the tolerance of maize to Cr stress induced by melatonin. The application of
exogenous melatonin led to an increase in endogenous HjS levels, resulting in enhanced
tolerance to Cr. This enhancement was evidenced by elevated antioxidant enzyme activity,
as well as increased levels of cell wall polysaccharides and PME activity. The addition of
HT decreased the Cr tolerance induced by melatonin, while the addition of p-CPA did not
affect the H,S-induced tolerance to Cr. The findings of our study offer novel perspectives
on the role of melatonin in mitigating Cr toxicity. Future research should incorporate
molecular biology methodologies and utilize mutant materials to further elucidate the
mechanisms and interactions underlying the enhancement of plant stress tolerance by
H,S and melatonin. This study offers strategies for mitigating heavy metal toxicity and
accumulation in maize, while also serving as a theoretical framework for the prevention
and control of heavy metal pollution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants13131763/s1. Table S1: The primers used for qRT-PCR.
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Abstract: Aluminum (Al) toxicity in acidic soils is a major abiotic stress that negatively impacts plant
growth and development. The toxic effects of Al manifest primarily in the root system, leading to
inhibited root elongation and functionality, which impairs the above-ground organs of the plant.
Recent research has greatly improved our understanding of the applications of small molecule
compounds in alleviating Al toxicity. This study aimed to investigate the role of boron (B), silicon (Si),
and their combination in alleviating Al toxicity in soybeans. The results revealed that the combined
application significantly improved the biomass and length of soybean roots exposed to Al toxicity
compared to B and Si treatments alone. Our results also indicated that Al toxicity causes programmed
cell death (PCD) in soybean roots, while B, Si, and their combination all alleviated the PCD induced
by Al toxicity. The oxidative damage induced by Al toxicity was noticeably alleviated, as evidenced
by lower MAD and H,O, accumulation in the soybean roots treated with the B and Si combination.
Moreover, B, Si, and combined B and Si significantly enhanced plant antioxidant systems by up-
regulating antioxidant enzymes including CAT, POD, APX, and SOD. Overall, supplementation with
B, Si, and their combination was found to alleviate oxidative damage and reduce PCD caused by Al
toxicity, which may be one of the mechanisms by which they alleviate root growth inhibition due to
Al toxicity. Our results suggest that supplementation with B, Si, and their combination may be an
effective strategy to improve soybean growth and productivity against Al toxicity.

Keywords: soybean (Glycine max L.); silicon; boron; aluminum; oxidative damage; citric acid

1. Introduction

Aluminum (Al) is the third most abundant element on Earth and is a widely available
metal. It constitutes about 8.2% of the Earth’s crust, following only oxygen and silicon in
terms of abundance. In neutral or nearly neutral soil, Al is present in the form of insoluble
oxides or aluminosilicates, typically exhibiting a low solubility, which poses no toxic threat
to plants. However, in acidic soils with a pH below 5.5, Al mainly exists in the form of
AI(OH)?*, AI(OH)*, and Al(H,0)?*, which can be solubilized and released into the soil.
Al ions (mainly AI**) are highly toxic to most agriculturally cultivated plants [1,2]. In
acidic soils, high concentrations of aluminum ions can interfere with plant growth and
development by damaging root systems. This interference significantly inhibits root elon-
gation, reduces water and mineral nutrient absorption, and disrupts various physiological
processes. Additionally, numerous studies have reported that aluminum induces the rapid
production and accumulation of reactive oxygen species (ROS), severely impacting plant
cell metabolism, and accelerates Al-induced programmed cell death (PCD) of plants [3-5].
Al-induced lipid peroxidation results in the production and accumulation of malondi-
aldehyde (MDA), which disrupts membrane functions. This effect has been reported in
various plants, including tomato (Solanum lycopersicum L.), rice (Oryza sativa L.), soybean
(Glycine max L.), tobacco (Nicotiana tabacum L.), and pea (Pisum sativum L.) [6-8]. Despite
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their deleterious effects, ROS play a dual role in plants, as they also serve as important
signaling molecules to activate the expression of antioxidant mechanisms to alleviate Al
stress [9-11]. Additionally, some plants stimulate organic acid (e.g., malate, citrate) exu-
dation from their root surface, thereby chelating and immobilizing the phytotoxic AI**
in the rhizosphere [12-15]. For instance, soybeans can relieve Al stress by secreting citric
acid [16,17].

Furthermore, recent studies have demonstrated that silicon (Si) supplementation can
potentially mitigate Al toxicity in plants [18-21]. The second most abundant element in the
Earth’s crust is silicon, which is second only to oxygen in content and constitutes about
27.7% of the Earth’s mass [22]. In soil solutions, Si exists as silicic acid (SifOH]4) and is
readily absorbed by the roots of higher plants [23]. Although Si is not a macronutrient
for most plants, it plays an important role in plant responses to various abiotic stresses,
including Al toxicity [24,25]. Si can alleviate Al toxicity in plants via multiple mechanisms,
such as reducing the deposition of Al in the cell wall, increasing antioxidants, forming
Si—Al complexes, and enhancing the rhizosphere pH [26-29]. The application of Si to plants
exposed to Al stress has been shown to improve the growth and yield of various crops,
such as rice, maize, and soybean. These results highlight the potential of Si application in
sustainable agriculture [27,30].

Boron (B) is beneficial for plant growth and is an indispensable micronutrient [31,32].
Several studies have shown that B plays a major role in mitigating Al toxicity in many
plants, such as Citrus grandis, peas, rape seedlings, rice, and so on [33-37]. Supplementation
with B effectively reduced the accumulation of Al in cell walls and reduced oxidative
damage to roots by modulating their cell wall composition and structure [36,37]. Recent
research has reported that B supplementation can alleviate the oxidative stress of Al on
citrus roots by reducing the hydrogen peroxide content and lipid peroxidation (indicated
by MDA content) [35,37].

Soybean is an important cash crop that is widely cultivated worldwide and is used
as a food, feed, and oilseed crop. It is a major source of proteins and edible oil [38]. The
growth, biomass production, and essential physiological functions of soybean plants are
significantly impaired by aluminum toxicity, thereby adversely impacting productivity [39].
Previous studies have identified Si and B as potential alleviators of Al toxicity in soybeans,
but the underlying mechanisms remain poorly understood. Therefore, the present study
aimed to explain the inhibitory effects of boron, silicon, and their combination on Al-
induced root growth and oxidative damage in soybeans. In addition, the interventions
were hypothesized to alleviate Al toxicity in soybeans by up-regulating the antioxidant
defense system and secreting organic acids.

2. Results
2.1. Effects of B, Si, and Their Combination on Soybean Root Growth Parameters under Al Stress

As shown in Figure 1, B and Si alone and their combination (B + Si) exerted no effect
on soybean root growth in the absence of Al stress compared to the non-treated plants (CK).
However, upon exposure to 50 uM AlCl3, Al toxicity significantly reduced the root biomass
and length of soybeans compared to CK. However, the addition of B and Si significantly
alleviated the Al toxicity-induced inhibition of root elongation. Compared to the Al
treatment, B and Si treatments increased root length by 16.3% and 31.7%, respectively,
and root biomass by 18.5% and 22.4%, respectively. Moreover, the Al + B + Si group
demonstrated a significant increase in root length of 68.3% compared to the plants only
exposed to Al, which effectively recovered to CK levels. Furthermore, the root biomass of
B and Si co-treated plants exposed to Al toxicity significantly increased by 37.4% compared
to Al-treated soybean seedlings.
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Figure 1. Effects of B, Si, and their combination on soybean root growth parameters under Al stress.
(A) Symptoms, (B) root biomass, (C) root length. Here, (1) CK (without Al, B, and Si), (2) + B
(16.3 uM H3BO3), (3) + Si (1.5 mM NaySiO3), (4) B + Si (16.3p M H3BO;5 + 1.5 mM Na,SiO3),
(5) Al (50 uM AICl3), (6) Al + B (50 uM AlICl; + 16.3 uM H3BO3), (7) Al + Si (50 uM AICl3 + 1.5 mM
Na,SiO3), and (8) Al + B + Si (50 uM AICl3 + 1.5 mM NaySiO3 + 16.3 uM H3BO3). Scale bar, 1 cm.
Bars indicate the means of three replicates + SD. The different letters (a, b, ¢, d) in each sub-figure
represent significant differences at p < 0.05.

2.2. Effect of B, Si, and Their Combination on Al Toxicity-Induced PCD and Al Accumulation
in Soybean Roots

Treated soybean root tips were stained with Evans blue to investigate the effects of Si,
B, and their combination on Al toxicity-induced programmed cell death (PCD) in soybean
roots. As shown in Figure 2A, Si and B alone and their combination did not induce PCD in
soybean root tips in the absence of Al stress. Upon exposure to 50 uM Al stress, significantly
elevated PCD levels were observed in soybean root tips, which were significantly alleviated
by B and Si treatment alone and their combination (B + Si). Al stress resulted in the
accumulation of Al in root tips, which may contribute to root tip PCD. Therefore, the effects
of B, 5i, and their combination on Al accumulation in root tips were analyzed using Chrome
Azurol S staining and the flame atomic absorption spectrophotometry (FAAS) method. The
results revealed that Al stress greatly increased the accumulation of Al in roots, whereas
the addition of B and Si alone and their combination reduced Al accumulation by 43.2%,
32.3%, and 28.7%, respectively (Figure 2B,C).
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Figure 2. Effect of B, Si, and their combination on Al toxicity-induced PCD and AIP* accumulation in
soybean roots. (A) Root PCD; (B,C) root Al content. The bars indicate the means of three replicates 4= SD.
Scale bar, 1 mm. Different letters (a, b, ¢, d) in each sub-figure represent significant differences at p < 0.05.

2.3. Effects of B, Si, and Their Combination on Lipid Peroxidation and H,O, Content in Soybean
Roots under Al Stress

ROS-induced lipid membrane peroxidation and HyO, production induce oxidative
damage at the cellular level. The experiment results demonstrated that Al stress rapidly
produced MDA and H,0,, thereby disrupting cellular structures (Figure 3). A noticeable
rise in MDA levels was observed solely in the roots of soybean plants treated with AI**
when compared to plants treated with Si, B, or their combination. The effects of aluminum
toxicity were significantly reduced in plants treated solely with silicon or boron compared
to plants treated with both silicon and boron. B and Si treatment alone displayed the lowest
MDA levels in the roots, showing a reduction of 22.5% and 18.8%, respectively. In contrast,
the combination-treated plants exhibited a 5.2% reduction in MDA levels compared to
plants exposed to AI** alone (Figure 3A). Similarly, Al stress significantly elevated the
levels of HyO; in roots compared to plants treated with B, Si, and their combination. B,
Si, and their combination significantly reduced the production and accumulation levels of
H,0O, compared to Al-only treated plants, showing a reduction of 11.3%, 8.8%, and 5.6%,
respectively (Figure 3B). In summary, B, Si, and their combination significantly decreased
H,0; and MDA levels induced by Al toxicity.
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Figure 3. The effect of B, Si, and their combination on (A) lipid peroxidation (MDA) and (B) H,O,
modulation in soybean roots under Al-induced toxicity. The bars represent the means of three
replicates £+ SD. The different letters (a, b, ¢, d, e, f, g) in each sub-figure represent significant
differences at (p < 0.05).
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2.4. Effects of B, Si, and Their Combination on Antioxidant Activities in Soybean Roots under Al Stress

The roles of B, Si, and B + Si in mitigating Al toxicity were assessed by analyzing the
activity of antioxidant enzymes (APX, CAT, POD, and SOD) in soybean roots under Al
stress (Figure 4). In the absence of Al treatment, B, Si, and their combination treatment did
not affect CAT activity levels in roots compared to the CK group, as shown in Figure 4B.
However, the CAT activities in roots were significantly reduced when plants were exposed
to Al stress. The results revealed that B, Si, and their combination significantly enhanced
CAT activity by 1.2-, 1.07-, and 1.1-fold, respectively, compared to Al treatment alone.
Likewise, SOD activities in roots were significantly increased in all treatments under Al
stress compared to the Al treatment alone, showing an increase of 1.4-, 1.3-, and 1.2-fold for
B, Si, and their combination, respectively (Figure 4D). Similarly, in terms of POD and APX
mediation, Al stress significantly attenuated the activities of both POD and APX compared
to the CK group and the B, Si, and B + Si treatment groups without Al (Figure 4A,C).
Compared to Al treatment alone, B treatment under Al stress significantly increased root
POD activity levels by 1.1-fold, followed by Si and the combination treatment, showing
a 1.03- and 1.07-fold increase, respectively. As shown in Figure 4A, the APX activity
demonstrated a marked increase of 1.4-fold in roots treated with Al + B. In contrast, Al + Si
and Al + B + Si treatments resulted in a 1.3- and 1.2-fold increase, respectively, compared
to Al treatment alone. In summary, supplementation with B and Si, as well as their
combination, improved the resistance of soybean seedlings to Al stress. This was achieved
by increasing the activity of antioxidant enzymes, which in turn reduced the negative
effects of oxidative stress caused by Al toxicity in the soybean seedlings.
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Figure 4. Effects of B, Si, and their combination on antioxidant activities in soybean roots under
Al stress. (A) APX activity, (B) CAT activity, (C) POD activity, (D) SOD activity. The bars indicate
the means of three replicates = SD. The different letters (a, b, ¢, d, e) in each sub-figure represent
significant differences at p < 0.05.
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2.5. Effects of B, Si, and Their Combination on the Secretion of Citric Acid in Soybean Roots
under Al Stress

Studies have shown that soybeans (Glycine max) resist Al stress by secreting citric acid.
Our results are consistent with this evidence, indicating a notable rise in the concentration
of citric acid in the treatment solution due to Al stress compared to plants that were not
subjected to Al treatment (Figure 5A). Interestingly, compared with the control without Al
treatment, B, Si, and their combination increased the level of citric acid in the treatment
solution when plants were exposed to Al stress. However, B, Si, and their combination
treatment showed significantly reduced citric acid levels in the treatment solution under
Al stress (Figure 5A). B, Si, and their combination substantially increased citric acid levels
compared to Al treatment alone (Figure 5B). Similarly, B, Si, and their combination signifi-
cantly enhanced the activity of citrate synthase (CS) by 1.3-, 1.1-, and 1.1-fold, respectively,
compared to Al treatment alone (Figure 5C).
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Figure 5. Effects of Si, B, and their combination on the secretion of citric acid in soybean roots under
Al stress. (A) Citric acid in culture medium, (B) citric acid in roots, (C) citric synthase (CS) activity in
roots. The bars indicate the means of three replicates 4= SD. The different letters (a, b, ¢, d, e, f, g) in
each sub-figure represent significant differences at p < 0.05.

3. Discussion

Al toxicity severely limits plant growth and productivity by negatively affecting plant
physiology and metabolic processes in acidic soils [1,7,40,41]. Numerous studies have
demonstrated that Al stress inhibits plant root elongation. This study revealed the inhibited
root growth potential and parameters under Al toxicity (50 uM Al) (Figure 1). Several
mechanisms have been proposed for plant resistance to aluminum toxicity, and it has
become evident that B and Si play an indispensable role in plant tolerance to aluminum
toxicity [42]. In our current study, the B + Si combination and B and Si alone significantly
reversed the root growth inhibition induced by Al toxicity (Figure 1C), which is consistent
with earlier reports in citrus and date palm seedlings [36]. Programmed cell death (PCD)
plays an essential role in plant development and stress. Al stress has been found to
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induce PCD in a variety of plants, such as peanut, pea, and barley [3]. Al-induced PCD of
peanut root tip cells is responsible for Al toxicity and shows a direct relationship with the
suppression of root elongation caused by Al [43]. Consistent with other studies, our results
indicated that Al toxicity causes PCD in soybean roots, while B, Si, and their combination
alleviated the PCD induced by Al toxicity (Figure 2A). There is evidence that Al-induced
PCD s closely related to ROS bursts [44]. Supplementation with B, Si, and their combination
alleviated oxidative damage and thereby reduced PCD caused by Al toxicity, which may
be one of the mechanisms by which they alleviate root growth inhibition due to Al toxicity.
However, the specific mechanism remains to be further studied in the future.

B and Si supplementation has been hypothesized to enhance plant antioxidant defense
systems, thereby mitigating Al toxicity [42,45]. As stated above, MDA and H;O; levels
were significantly elevated in soybean roots under Al stress (Figure 3A,B). The accumula-
tion of HyO, may enhance the production of hydroxyl radicals and thus lipid peroxidation
(Figure 2A,B), which may explain the inhibitory effect of Al toxicity on root elongation. More-
over, higher root PCD levels and relative root length parallelled higher H,O, production
(Figure 1A,C, Figures 2A and 3B), indicating that Al-induced oxidative bursts play an active
role in the induction of PCD. Moreover, B, Si, and their combination reduced MDA and H,O,
levels and alleviated root growth inhibition under Al stress (Figures 1 and 2), suggesting that B,
Si, and their combination mitigates Al toxicity by reducing the accumulation of ROS [36,42,46].

Plants have developed various protective mechanisms, both enzymatic and non-
enzymatic, to efficiently eliminate ROS. APX, CAT, POD, and SOD are the four key antioxi-
dant enzymes in the enzymatic detoxification system. Our results indicate that aluminum
toxicity significantly inhibited SOD activities, while the addition of B, Si, and their com-
bination alleviated this inhibition (Figure 4D). It can be confirmed that the addition of B,
Si, and their combination is related to the reduction in the accumulation of free radicals in
cells and the damage to the membrane system. B, Si, and their combination can activate
APX, CAT, and POD, which are the antioxidant enzymes responsible for scavenging H,O,
under Al stress (Figure 4A-C). Consistent with our findings, Pontigo et al. observed that Si
significantly reduced lipid peroxidation induced by Al toxicity, and similarly, B application
reduced oxidative damage to plants subjected to Al stress [42,45,46]. In summary, supple-
mentation with B, Si, and their combination mitigated oxidative damage by reducing the
accumulation of ROS and MAD and triggering the up-regulation of the antioxidant system
(Figures 3 and 4).

Many studies have confirmed a significant correlation between Al toxicity resistance
and the level of Al-dependent release of organic acids; in particular, the exudation of
citric acid from roots determines the Al resistance of the plant [1,33]. Under Al stress, the
treatment solution experienced a noteworthy decline in citric acid levels when B, Si, or a
combination of both were introduced, as evidenced by our results (Figure 5A). However,
addition of B, Si, and their combination enhanced citric acid levels and CS activity in
roots under Al stress (Figure 5B,C). This may suggest that although both B and Si are
involved in regulating the metabolic pathway of citric acid synthesis in soybean roots, they
do not serve as the primary mechanism for alleviating Al toxicity-induced inhibition of
root growth. However, there are still many problems to be solved concerning how B, Si,
and their interactions regulate the internal and external tolerance mechanisms of plants
subjected to Al toxicity, especially the organic acid pathway:.

Based on our results showing the positive roles of Si, B, and their combination in
mitigating Al toxicity in soybeans, adding B and Si to the soil or through foliar sprays may
help slow the effects of Al toxicity in soybeans. For areas where Al toxicity in the soil is a
serious problem, you can consider adding B and Si amendments to increase the biological
activity of the soil, thereby improving the growing environment of plants. However, acidic
soil is a complex environment influenced by numerous factors, including plant species and
age, necessitating further research to provide a theoretical basis for B and Si to mitigate Al
toxicity. In the future, through in-depth research on the mechanism of these trace elements,
their application methods and dosages in plant cultivation can be optimized to achieve
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the best reduction in Al toxicity. More experiments and trials are still needed to verify the
molecular mechanisms and actual roles of B and Si in mitigating Al toxicity. Taken together,
B and Si have potential applications in mitigating Al toxicity in plants, but further research
and practice are needed to determine the best application methods and effect evaluations.

4. Materials and Methods
4.1. Plant Growth and Experimental Design

Soybean seeds underwent sterilization by immersing them in a solution containing
0.5% sodium hypochlorite for a period of 15 min. The seeds were rinsed several times
with distilled water, germinated on trays for 3 days, and watered with distilled water daily.
After 3 days of seed germination, seedlings of uniform length with a uniform number of
roots were selected and transferred to 15 L plastic pots, each with 20 seedlings, containing
25% strength Hoagland solution without Al. After true leaves emerged, seedlings with
similar root lengths were transferred to solutions containing 0.5 mM CaCl, at pH 4.3
and pre-treated for 1 day. The seedlings were then divided into the following eight
groups: (1) CK (solutions containing 0.5 mM CaCl,, pH 4.3), (2) B (solutions containing
0.5 mM CaCl; and 16.3 uM H3BO3, pH 4.3), (3) Si (solutions containing 0.5 mM CaCl, and
1.5 mM Na;SiO3, pH 4.3), (4) B + Si (solutions containing 0.5 mM CaCl,, 16.3 uM H3BO;3,
and 1.5 mM Na2SiO3, pH 4.3), (5) Al (solutions containing 0.5 mM CaCl, and 50 uM AICl3,
pH 4.3), (6) Al + B (solutions containing 0.5 mM CaCl,, 50 uM AICl3, and 16.3 uM H3BO;3,
pH 4.3), (7) Al + Si (solutions containing 0.5 mM CaCly, 50 uM AlCl3, and 1.5 mM Na,SiOs3,
pH 4.3), and (8) Al + B + Si (solutions containing 0.5 mM CaCl,, 50 uM AICl3, 16.3 uM
H3BOj3, and 1.5 mM Na,SiO3) (Figure 6). All the solutions were prepared in distilled water.
The plastic pots were prepared in triplicate and placed in a greenhouse in a randomized
arrangement; fresh solutions were replaced every other day. After 7 days of treatment,
the lengths and fresh weights of roots were measured, and seedling roots were carefully
collected and put in a —80 °C refrigerator after quick-freezing with liquid nitrogen.

- NN -

H4.3
AICI;
H;BO;

Al+B I Al+B+Si

Figure 6. An illustrative experimental diagram explaining the eight different treatments.
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4.2. Root Biomass and Length Measurement

In each repetition, five plants were randomly selected, and their roots were separated
and dried on paper towels for measurement using an electronic analytical balance. The
length of the roots was evaluated with the help of a graduated ruler.

4.3. Determination of Al Content in Root

The Al content in the dried roots was analyzed. The root samples were ashed at
500 °C for 8 h and treated with 2 M HCl. Subsequently, 4 g of sodium hydroxide and 1 g of
sodium peroxide was added to the mixture, which was then melted in a muffle furnace
at 650 °C for 15 min. The resulting solution was filtered, and the total amount of Al was
quantified by FAAS at 324.7 nm [47]. Al content was localized in roots by Chrome Azurol S
staining. The roots were fixed in 2.5% (v/v) glutaraldehyde in 0.1 M sodium phosphate
buffer (pH 7.2). Subsequently, the samples were stained with 0.5% Chrome Azurol S for
1 h. A positive reaction was determined by bluish staining. Images were taken using a light
microscope (Axio Zoom.V16, Carl Zeiss, Oberkochen, Germany) equipped with software
to capture images (AxioVision software Release 4.8, Carl Zeiss Vision).

4.4. Root Cell Death Detection

Al-induced cell death in the roots was assessed following Evans blue staining (0.005%, w/v).
The roots were mixed and incubated with the dye for 10 min (Delphine Arbelet-Bonnin2018).
Dead cells appeared with a bluish stain. Images were captured using a light microscope.

4.5. Lipid Peroxidation (MDA) and Hydrogen Peroxide (H,O;) Content in Soybean Roots

The extent of lipid peroxidation and the formation of MDA and H,O, content in the
roots was measured using an MDA content assay kit (Shanghai Sangon Biotech, Shang-
hai, China) and a commercially available Hydrogen Peroxide (H,O;) Content Assay Kit
(Shanghai Sangon Biotech, Shanghai, China). Briefly, approximately 0.1 g of sample was
placed into 1 mL of extraction solution and then centrifuged at 4 °C and 12,000 rpm for
10 min. Subsequently, 300 uL of supernatant was added to a reaction solution containing
0.5% thiobarbituric acid (TBA), followed by incubation at 95 °C for 30 min and centrifuga-
tion. The MDA content was determined and calculated according to the manufacturer’s
instructions. Furthermore, 0.1 g of sample was placed into 1 mL of acetone. The mixture
was homogenized in an ice bath and then centrifuged. Subsequently, 2.0 mL of a solution
containing 20% sulfuric acid (v/v) and 0.1% titanium tetrachloride (v/v) was added to
the 200 pL supernatant, followed by centrifugation. The supernatants were analyzed at
415 nm using an instrument to obtain the concentration of H,O5.

4.6. Determination of Antioxidant Enzyme Activities in Soybean Roots

Commonly analyzed antioxidant enzymes in roots include ascorbate peroxidase (APX),
catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD). The following kits
were used for detection: APX Activity Assay Kit, CAT Activity Assay Kit, POD Activity
Assay Kit, and SOD Activity Assay Kit (Shanghai Sangon Biotech, Shanghai, China). Briefly,
0.1 g of frozen sample was homogenized and extracted in PBS buffer. After centrifugation,
the supernatant was collected via pipetting for enzyme activity determination. Subse-
quently, the activities of these enzymes were measured according to the manufacturer’s
instructions. The activity of superoxide dismutase (SOD; EC 1.15.1.1) was measured using
the total superoxide dismutase assay kit with WST-8. In the coupled reaction system of
WST-8 and xanthine oxidase (XO), the SOD enzyme activity in the reaction system was
defined as one unit of enzyme activity (U/mL) when the inhibition percentage reached
50%. The peroxidase (POD; EC 1.11.1.7) activity was measured by observing the oxidation
of guaiacol after the addition of HyO,. One unit (U) of POD activity was defined as an
increase of 0.5 in absorbance at 470 nm per minute per gram of root sample in the reaction
system. Catalase (CAT; EC 1.11.1.6) activity was determined by monitoring the decrease
in absorbance at 240 nm, indicating a decrease in H,O, concentration. One unit (U) of

148



Plants 2024, 13, 821

References

CAT activity was defined as the degradation of 1 M H,O, per minute per gram of root
sample. The activity of the enzyme ascorbate peroxidase (APX; EC 1.11.1.11) was measured
by monitoring the reduction in absorbance at 290 nm caused by the oxidation of ascorbic
acid by the APX-H;O, complex. The unit (U) of APX activity is defined as the oxidation of
1 M of ascorbate per minute per gram of root sample [47].

4.7. Determination of Citrate Synthase Activity and Citric Acid Content in Soybean Roots
and Citric Acid Content in Treatment Solution

The following kits were used for detection: Citrate Synthase (CS) Activity Assay Kit
(Shanghai Sangon Biotech, Shanghai, China), and Citric Acid (CA) Content Assay Kit
(Shanghai Sangon Biotech, Shanghai, China). The activities of CS enzymes and the citric
acid content, as well as the citric acid content in the treatment solution, were measured
following the manufacturer’s instructions.

4.8. Statistical Analysis

Microsoft Office Excel 2019 and SigmaPlot 15.0 software were used to create all graphs
and data analyses, and Photoshop CX6 was adopted for the drawing. One-way ANOVA
and Duncan’s tests (p < 0.05) were performed to detect significant differences among the
various treatments, denoted by distinct lower-case letters.

5. Conclusions

This study aimed to investigate the roles of B, Si, and their combination in alleviating
Al toxicity in soybeans. The results revealed that the combined application significantly
improved the growth and biomass of soybean roots exposed to Al toxicity compared to
B and Si treatments alone. Our results indicated that Al toxicity causes PCD in soybean
roots, while B, Si, and their combination all alleviated the PCD induced by Al toxicity. The
administration of a combination of B and Si to soybeans resulted in a notable decrease in
Al-induced oxidative stress, which was supported by the decreased levels of MAD and
H,O; production. Moreover, B, Si, and their combination significantly enhanced the plants’
antioxidant systems by up-regulating antioxidant enzyme activities (APX, CAT, POD, and
SOD) compared to plants under Al stress alone. Overall, supplementation with B, Si, and
their combination alleviated oxidative damage and reduced PCD induced by Al toxicity,
which may be one of the mechanisms involved in alleviate root growth inhibition due to
Al toxicity. However, the exact mechanisms underlying the regulatory roles of B and Si
in the mechanisms of internal and external tolerance against Al toxicity in plants remain
incompletely understood, and there are still many issues to be explored in future research:
(1) How do Si, B and their complexes mitigate Al toxicity at the cellular and molecular
levels in soybeans? (2) How do Si and B complexes interact to better mitigate the effects of
Al toxicity on soybeans?
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Abstract: As sessile organisms, plants cannot survive in harmful environments, such as those
characterized by drought, flood, heat, cold, nutrient deficiency, and salt or toxic metal stress. These
stressors impair plant growth and development, leading to decreased crop productivity. To induce
an appropriate response to abiotic stresses, plants must sense the pertinent stressor at an early stage
to initiate precise signal transduction. Here, we provide an overview of recent progress in our
understanding of the molecular mechanisms underlying plant abiotic stress sensing. Numerous
biomolecules have been found to participate in the process of abiotic stress sensing and function as
abiotic stress sensors in plants. Based on their molecular structure, these biomolecules can be divided
into four groups: Ca?*-permeable channels, receptor-like kinases (RLKs), sphingolipids, and other
proteins. This improved knowledge can be used to identify key molecular targets for engineering
stress-resilient crops in the field.

Keywords: abiotic stresses; crop productivity; sensors; Ca?*-permeable channels; RLKs; sphingolipids

1. Introduction

As sessile organisms, plants are unable to move to favorable environments and must
trigger numerous responses to survive when they are challenged by adverse environmental
conditions, such as drought, flooding, heat, cold, nutrient deficiency, and salt or toxic
metal stress. These abiotic stresses impair plant development and reproduction, leading to
decreased crop productivity [1-4]. Therefore, understanding the molecular basis of how
plants perceive and respond to abiotic stresses is critical for food security worldwide.

Relative to the identification of downstream cellular signaling pathways and phys-
iological responses to these abiotic stresses, research on plant sensory mechanisms has
long been lacking. In nature, multiple abiotic stresses often occur simultaneously, such
as flood stress, which simultaneously imposes hypoxia, photosynthesis reduction, and
mechanical stress [5,6]. Furthermore, even an individual abiotic stress can trigger more
than one stress; for example, salt stress can induce three stresses: osmotic stress, ionic stress,
and secondary stress (such as oxidative stress) [7,8]. This complexity of environmental
abiotic stresses makes it difficult to identify abiotic stress sensors in plants. As a pioneer,
the primary abiotic stress sensors should detect the occurrence of the pertinent stressor at
an early stage and convert external stimuli to cellular signals. It is difficult to demonstrate
that a biomolecule directly senses stress. The identification of most putative stress sensors
is based on indirect approaches. For instance, impairing the function of sensors is expected
to affect the levels of second messengers such as calcium (Ca?*), reactive oxygen species
(ROS), nitric oxide (NO), and phospholipids [8-10]. To identify abiotic stress sensors, an
early readout of the signaling pathway should be chosen to avoid complications from
downstream signaling interactions and integration. Rapid changes in the intracellular con-
centration of free Ca®* constitute one of the earliest signaling events in plants in response
to external stressors [11,12]. A transient increase in cytosolic Ca?* concentrations ([Ca2*])
is a common theme of abiotic stress sensing and is detected by bioluminescence-based
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aequorin technology, in which the aequorin system is used to detect Ca?* signaling induced
by abiotic stimuli [11,12]. This spatiotemporally defined increase in the cytoplasmic Ca?*
concentration is caused by the combined effects of Ca?* influx and efflux mechanisms,
which depend on numerous plasma-membrane-localized Ca*-permeable channels or trans-
porters [9,13-15]. In addition, different abiotic stresses activate different Ca?* signature,
including tissue-specific and stress-specific differences in Ca?* peak amplitude, oscillation
pattern, and Ca?* wave propagation in cells [8-10].

Abiotic stress signals can simultaneously impact all parts of cells and are perceived at
various locations of the cells [16]. Biological membrane-anchored proteins, such as Ca*-
permeable channels and receptor-like kinases (RLKs), are regarded as candidates for abiotic
stress sensors. For example, plasma-membrane-located cyclic-nucleotide-gated calcium
channels (CNGCs) can monitor the fluidity of cellular membranes and sense extreme
temperature stress [17-19]. The hydrogen-peroxide-induced Ca?* increases 1 (HPCA1), as
a leucine-rich repeat receptor kinase, is a representative of RLKs and functions in sensing
oxidative stress [10]. Membrane lipids interact with membrane proteins and regulate their
fuctions. Sphingolipids are a lipid composition of plasma membrane and modulate cellular
signal transduction events [20]. Recently, glycosylinositol phosphoceramides (GIPCs) have
been identified as a salt stress sensor [8]. In addition, non-membrane proteins located in
the nucleus and cytosol are also found to participate in sensing abiotic stresses and are
dependent on protein conformation changes, such as EARLY FLOWERING 3 (ELF3) [21]
and phytochrome B (phyB) [22,23].

In this review, we summarize and discuss recent studies in the field of plant sensing
of abiotic stresses. Numerous biomolecules have been found to participate in abiotic
stress sensing and function as abiotic stress sensors in plants. Based on their molecular
structure, these biomolecules can be divided into four groups: Ca?*-permeable channels,
RLKs, sphingolipids, and other proteins. Here, we focus on initial abiotic stress signal
perception and do not elaborate on the roles of the above-mentioned biomolecules in other
bioprocesses, such as plant growth and development and response to biotic stress, which
have been discussed in detail in several recent reviews [16,24-28]. The analysis of the above-
mentioned biomolecules based on molecular structure provides a new research direction for
uncovering more abiotic stress sensors in plants. Understanding the mechanisms by which
plants sense stressful environments will provide information for genetically engineering
abiotic stress-tolerant crops to meet the demand for increased food production for an
increasing world population.

2. Classification of Biomolecules Participating in Abiotic Stress Sensing
2.1. Ca?*-Permeable Channels

Changes in the cytosolic Ca>* concentration are regulated by Ca?*-permeable channels.
There are more than 40 genes encoding putative Ca®* channels in the Arabidopsis genome
and more than 20 genes encoding putative Ca?* channels in the rice genome, some of which
may function in abiotic stress sensing [14,29,30].

2.1.1. Hyperosmolarity-Gated Calcium-Permeable Channel Family of Proteins (OSCAs)

In Arabidopsis, the plasma-membrane-localized OSCA1 was identified as the first
putative osmosensor using a Ca?* imaging-based forward genetic screen (Table 1) [9].
The oscal mutant was isolated from EMS-mutagenized aequorin-expressing Arabidopsis
seedlings, demonstrating decreased Ca?* accumulation in guard cells and root cells when
exposed to sorbitol but not in response to HyO, or ABA. Under osmotic stress conditions,
reduced primary root length and leaf area and attenuated transpiration were observed
in oscal seedlings [9]. AtOSCALI is a founding member of a gene family that includes
at least 15 ion channels with similar structural features in Arabidopsis, and the OSCA
family may mediate the sensing of hyperosmotic conditions [9,31]. Recently, OSCA2.1 and
OSCA2.2 were identified as essential hypo-osmosensors in Arabidopsis. The double-loss-
function mutant osca2.1/osca2.2 defected in pollen germination and was sensitive to hypo-
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osmolarity. OSCA2.1 and OSCAZ2.2 perceived extracellular water status and converted
it into Ca?* spiking in pollen [32]. In rice, a genome-wide survey found 11 genes in the
entire OSCA family, containing a conserved DUF221 domain [31]. In maize, 12 ZmOSCAs
were identified from the genome database of maize [33]. The expression profiles of OSCAs
are variant in different tissues and under diverse abiotic stresses [33,34]. Subsequently,
the cryo-electron microscopy (cryo-EM) structures and functions of the OSCA1 homologs
CALCIUM PERMEABLE STRESS-GATED CATION CHANNEL1 (AtCSC1A/AtOSCA1.2),
AtOSCA1.1, AtOSCA3.1, and OsOSCA1.2 were analyzed, providing a model of how
they could mediate hyperosmolality sensing and transport pathway gating. They share
similar protein fold and topology. OSCA channels are dimeric architectures containing
11 transmembrane (TM) helices, associated extracellular loops, intracellular loops, and
an intracellular soluble domain [31,35-38]. However, the gating mechanisms of OSCAs
remain poorly understood and need to be determined.

Table 1. List of discussed Ca?*-permeable channels involved in plant sensing of abiotic stresses.

Groups Type Species BIOI\III; (:lllieiule Functions References
Hyper-osmosensors; Regulate
Hyperosmolarity-gated ) . AtOSCA1 primary root length, leaf area, [9]
calcium-permeable Arabidopsis and transpiration
; ; thaliana p
channel f(%n;(l:}x;g proteins AtOSCA2.1 Hypo-osmosensors; Regulate [32]
AtOSCA2.2 pollen germination
OsCNGC9 Tolerance to chilling shock [15]
) Tolerance to extreme
Oryza satioa OsCNGC14 temperatures; Regulate HyO, [17]
Cyclic-nucleotide-gated OsCNCC16 accumulation
calcium channels (CNGCs)
I: Ca?*-permeable AtCNGC2 Tolerance to extreme
channels Ambidopsis AtCNGC4 temperatures [17’18]
thaliana
AtCNGCo6 Tolerance to heat stress [19]
ANNEXIN proteins Arabidopsis AtANN1 Tolerance to extreme [39-41]
(ANNSs) thaliana AtANN4 temperatures and salt stress [39,40,42]
AtGLR33 Regulate rr}em.brane [43]
Glutamate receptor-like Arabidopsis depolarization
roteins (GLRs thali
P ( ) aliana AtGLR3 A Tolerance to touch and cold [44]
stress
. . . . AtMCA1 13,45-47
Mlc?l-comp l'ementmg Arabidopsis ¢ Tolerance to mechanical stress w
activity proteins (MCAs) thaliana AtMCA2 [45,46]
2.1.2. CNGCs

The fluidity of cellular membranes is related to Ca?* influx and influenced by extreme
temperatures, such as decreases caused by cold stress or increases caused by heat stress,
which may be sensed by plasma membrane CNGCs (Table 1) [48]. CNGCs have been
reported to play important roles in plant thermal sensing and acquired thermotolerance. In
rice, OsCNGC9 confers enhanced chilling tolerance by mediating cold-induced Ca?* influx.
The cds1 (cell death and susceptible to blast 1), a loss-of-function mutant of OsCNGCY, is more
sensitive to chilling shock. OsCNGC9 is phosphorylated and activated by OsSAPKS, a
homolog of AtOST1, to trigger cytoplasmic calcium elevation. In addition, OsDREB1A pos-
itively regulates transcriptional expression of OsCNGC9 [15]. OsCNGC14 and OsCNGC16
play vital roles in response to heat stimulation as well as low-temperature stress by impact-
ing cytosolic calcium increase in rice. Their loss-of-function mutants, cngc14 and cngcl6,
are generated by genome editing and have more withered and yellower leaves, lower sur-
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vival rates, higher H,O, accumulation, more cell damage, and stronger defect in calcium
signal compared to the wild-type cv Nipponbare plants under a heat treatment or chilling
treatment [17]. Furthermore, their homologs, AtCNGC2 and AtCNGC4, in Arabidopsis
lead to chilling tolerance and acquired thermotolerance by regulating cytosolic Ca?* [17,18].
Two loss-of-function mutants of AtCNGC2 and AtCNGC4, cngc2 and cngc4, display reduced
hypocotyl elongation, rosette growth, and fresh weight under chilling conditions [17].
Disruption of AtCNGC2, AtCNGC4, and AtCNGCb6 results in a hyper-thermosensitive phe-
notype, such as a defect in heat-induced increases in cytosolic Ca?*, reduced expression
of heat shock protein (HSP) genes and abolished thermotolerance [18,19]. CNGCs are
reported as putative abiotic stress sensors based on their direct regulation to cytosolic Ca?*
concentration in cell, but their activation mechanisms remain to be investigated.

2.1.3. ANNEXIN Proteins (ANNs)

ANNSs act as Ca?*-permeable transporters and regulate stress-induced cytosolic free
Ca%* ([Ca2+]Cyt) elevations in plant response to abiotic stress (Table 1). In Arabidopsis,
MYB30, a R2ZR3-MYB transcription factor, regulates negatively [Ca2+]cyt in response to
oxidation stress and heat stresses, which depend on the function of ANN proteins [39].
Transcriptional expression of ANN1 and ANN4 is repressed when MYB30 binds to their
promoters. The single mutant myb30 is sensitive to MV and heat treatment. However,
the triple mutant myb30 annl ann4 displays an attenuated phenotype compared with
myb30 under MV and heat treatment. In addition, the application of LaCl3, a calcium
channel blocker, can suppress the MV and heat sensitivity of myb30 [39]. AtANN1 and
AtANNA4 are also found to mediate cold-induced Ca®* influx and confer enhanced freezing
tolerance in Arabidopsis. The loss of function of AtANN1 and AtANN4 exhibits reduced
freezing tolerance. The single mutant atannl, atann4-1 and double mutant atannl atann4-1
display lower survival rates than the wide type [40,42]. AtANN1 is phosphorylated by the
OST1/5nRK2.6 kinase and acts downstream of OST1 in responses to freezing shock. The
cascade linking OST1-AtANNI triggers cold-induced [Ca2+]cyt elevation and activates the
cold response to acclimate to freezing conditions [40]. Under salt stress conditions, root
epidermal net Na* influx in atann1 is significantly higher than the wild type, while transient
[Ca®*]eyt increase is significantly lower in atann1 than the wild type. This phenomenon
shows that AtANNIT restricts Na* Influx and positively regulates NaCl-induced Ca* influx
to improve salt stress tolerance [41]. Moreover, AtANN4 plays an important role in plant
responses to salt stress by a negative feedback regulatory loop. AtANN4 interacts with the
SOS2-5CaBP8 complex to increase salt-induced CaZ* influx and, then, initiates a specific
salt-induced calcium signal [42]. ANNSs are found to play multifaceted roles in plants;
however, knowledge about their functions is still in its infancy. Further research is needed
to exploit the potential abiotic stress sensing mechanisms mediated by ANNSs in plants.

2.1.4. Glutamate Receptor-like Proteins (GLRs)

Plant GLRs are ligand-gated ion channels and act as Ca?*-permeable channels to
mediate Ca2* signaling (Table 1) [43,49]. GLRs can perceive environmental stress signals
and convert them into specific stress-induced Ca?* elevations that propagate to distant
organs, to initiate stress defense responses in the whole plant [50]. In Arabidopsis, there
are 20 members in the GLR family [51]. The application of glutamate (Glu) and glycine
(Gly) triggers a very large and fast transient spike in [Ca**]cyt accompanied membrane
depolarization, suggesting that Glu and Gly participate to control the ligand-mediated
gating of calcium in plants [52,53]. The membrane depolarization and associated rise in
cytosolic Ca?* triggered by Glu are abolished in g1r3.3-1 and glr3.3-2, two loss-of-function
mutants, indicating GLR3.3 mediates Glu-triggered Ca?* influx [43]. Additionally, At-
GLR3 .4 participates in response to abiotic stress stimuli, such as touch, osmotic stress, or
cold stress [44]. GLRs are emerging as a novel signaling molecule involved in plant sensory
mechanisms under abiotic stresses. Additional research is needed to explore the specific
functions and activation mechanisms of GLRs in plant responses to abiotic stresses.
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2.1.5. Mid1-Complementing Activity Proteins (MCAs)

MCAs, which are Ca2+-permeable mechanosensitive ion channels localized to the
plasma membrane, have been identified as mechanosensitive sensors (Table 1). Arabidopsis
transgenic lines MCAlox (overexpressed AtMCAI cDNA) roots accumulate a greater
extent of Ca®* than wide-type and mcal-null (a T-DNA insertion mutant of AtMCAT)
roots, suggesting that AtMCA1 promotes Ca®* uptake in roots. Under hypo-osmotic
stress or treatment of the anionic amphipath trinitrophenol (TNP), generating membrane
distortion, MCAlox seedlings show greater [Ca2+]cyt increase compared with wide-type
and mcal-null seedlings. Growing on a lower (harder) medium containing 1.6% agar
covered with an upper (softer) medium containing 0.8% agar, only the primary roots of
mcal-null seedlings cannot penetrate a harder agar medium from a softer one. These studies
indicate that MCA1 promotes Ca?* influx upon plasma membrane distortion, which leads
to mechanosensing and soil hardness sensing [13]. MCAZ2 has been identified as a Ca2*-
permeable mechanosensitive channel and directly activated by sensing membrane tension.
MCA1 (1-173) and MCA2 (1-173), the N-terminal 173 residues of MCA1 and MCAZ2, are
able to mediate Ca?* influx and maintain mechanosensitivity [45]. In addition, MCA1 and
MCAZ? are involved in the process of sensing gravity signals in plants. Hypergravity stress
induces the expression of MCA1 and MCA2. The degree of hypergravity suppressing the
elongation growth of hypocotyls in mca-null mutants is lower than that in the wide type.
The overexpression of MCAs leads the plant to become sensitive to increased gravity [46].
The gravistimulation-induced very slow Ca?* increase is defective in mcal-null mutants [47].
However, the direct involvement of MCAs in plant sensory mechanisms under abiotic
stresses is still unclear and needs to be investigated.

2.2. RLKs

In Arabidopsis, the largest protein family, RLKSs, contains 610 members, including
417 receptor kinases; the other 193 members lack the signature signal sequence and/or
transmembrane sequence [54,55]. Multiple lines of evidence suggest that plant RLKs play a
vital role in perceiving external signals under abiotic stress. Several transmembrane RLKs
have been reported to play vital roles in abiotic stress sensing, including Catharanthus roseus
receptor-like kinase 1-like (CrRLK1L) family protein FERONIA (FER), THESEUSI1 (THE1),
HERCULES1 and 2 (HERK1 and 2), MALE DISCOVERER1-INTERACTING RECEPTOR
LIKE KINASE 2/LEUCINE-RICH REPEAT KINASE FAMILY PROTEIN INDUCED BY
SALT STRESS (MIK2/LRR-KISS), HPCA1, root meristem growth factor receptors and plant
elicitor peptide receptors (RGFRs and PEPRs), and the aluminum ion sensor Al Resistancel
(ALRT1) [7,10,56-64] (Table 2).

Table 2. List of discussed RLKs involved in plant sensing of abiotic stresses.

. Biomolecule .
Groups Type Species Names Functions References
FERONIA (FER) [7,56,60,61]
THESEUSI (THE1)  Tglerance to salt stress and [57-61]
HERCULES1 metal ion stresses;
' . (HERK1) Maintain cell wall
II: RLKs Cell wall integrity sensors A’;Zl:l?;f;ls HERCULES?2 integrity [60,61]
(HERK?2)
Tolerance to salt stress;
MIK2/LRR-KISS Maintain cell wall [62]

integrity
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Table 2. Cont.

Groups Type Species B1ol\rlna (:111eecsule Functions References
Hydrogen-peroxide- Arabidopsis H,0O; sensor; Tolerance to
induced Ca?* increases 1 thalia 5 p HPCA1 oxidative stress; Regulates [10]
(HPCA1) stomatal movement
RGFR1
Root meristem growth RGFR4 Sense extracellular pH in
II: RLK: idopsi
s fath)r receptprs and plant Ambquop 518 plants; Promote plant [63]
elicitor peptide receptors thaliana PEPR1 immunit
(RGFRs and PEPRs) PEPRD Y
Aluminum ion sensor Al Arabidopsis ALRL Reduces Al toxicity; [64]
Resistancel (ALR1) thaliana Regulates ROS generation

MIK2/LRR-KISS: male discovererl-interacting receptor like kinase 2/leucine-rich repeat kinase family protein
induced by salt stress.

2.2.1. Cell Wall Integrity Sensors

Salt stress and drought stress both induce hyperosmotic stress in plant cells, leading
to the loss of turgor pressure, plasmolysis, and detachment of the plasma membrane from
the cell wall. The integrity of the cell wall can be monitored by plasma-membrane-located
RLKs. CrRLK1Ls, wall-associated kinases (WAKSs), and LRR-RKs are putative sensors of
cell wall integrity. Here, FER, THE1, HERK1 and 2, and MIK?2 are selected to display their
important roles in abiotic stress sensing (Table 2).

FER is the most intensively studied member of the CrRLK1L family. In Arabidopsis,
the plasma-membrane-located receptor-like kinase FER, which senses salt-induced cell
wall changes, interacts with pectin in the cell wall and elicits salt-induced Ca?* transients
to maintain cell wall integrity under salt stress [7]. Loss-of-function fer mutants display
a significantly lower root growth rate within 24 h treated by salt stress and are unable to
fully recover their growth rate after escaping salt stress. Root growth defects in fer mutants
can only be observed under salt stress but not under hyperosmotic stress, indicating that
FER participates in plant responses to sodium ion stress, rather than the associated osmotic
stress [7]. Three cell wall leucine-rich repeat extensins, LRX3/4/5, have been found to
positively regulate salt tolerance in plants. Their loss-of-function double mutant /rx34 and
triple mutant [rx345 are hypersensitive to salt stress. Retarded growth is observed in [rx34
and Irx345. These phenotypes are similar with fer mutans. Coimmunoprecipitation (Co-
IP) assays and an in vitro pull-down assay show that two secretory peptides RALF22/23
interact with LRX3/4/5 and FER, respectively. The overexpression of RALF22 or RALF23
leads to retarded growth, increased accumulation of anthocyanin, and hypersensitivity
to NaCl in the plant, which is similar to [rx345 and fer mutants. RALF peptides induce
the internalization of FER and act as a negative regulator of FER function in salt toler-
ance [56]. The LRX-RALF-FER module functions in sensing high-salinity-induced cell wall
disruptions [7,56].

The cell-wall sensing receptor kinase THE1 plays a vital role in the process of cell
elongation and not cell division in the hypocotyl [57]. Mutation of THE1 does not affect
seedling growth in the background of wild-type plants but attenuates growth inhibition
and ectopic lignification in the background of mutants with the mutation of cellulose
synthase CESA6, indicating that THE1 mediates growth inhibition led by defective cellulose
synthesis in plants [58]. THEL1 is reported as a pH-dependent receptor for RALF34 by micro-
scale thermophoresis (MST) assay. The RALF34-THE1 signaling module fine-tunes lateral
root initiation in a manner dependent on FER [59].

To investigate whether salt application disturbs other CrRLK1Ls, apart from FER, Gigli-
Bisceglia et al. collected six available cell-wall-integrity-sensing-associated mutants from
the CrRLK1L protein family, including thel-1, thel-4, herkl, fer-4, thel-1 fer-4, and herk1 thel-4.
After 10 days of growth in medium containing 150 mM NaCl, only thel-4, herkl thel-4, fer-4,
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and thel-1 fer-4 displayed significant salt-induced cotyledon bleaching. The single mutant
fer-4 and double mutant thel-1 fer-4 showed similar rates of cotyledon bleaching. The double
mutant herkl thel-4 showed enhanced cotyledon bleaching compared with that in the single
mutant thel-4. These results suggested that FER alone or HERK1/THE1 positively regulates
salt tolerance and cell-wall-integrity-dependent salt-sensing mechanisms are complex [60].

HERKT1 and 2, THE1, and FER, which act as cell wall integrity sensors, differentially
regulate growth adaptation triggered by metal ion stresses [61]. Based on a hypocotyl
elongation assay, loss-of-function mutants, herk1, herk2.1, and herk2.2 displayed enhanced
hypocotyl elongation in response to Cd, Ni, Zn, and Pb. The loss-of-function mutant thel-6
showed Ni-specific promotion of hypocotyl elongation in the dark. The loss-of-function
mutant fer-4 displayed strong hypocotyl elongation in response to Cd, Cu, Pb, and Zn.
Based on a root growth assay, herk1, herk2.1, and herk2.2 displayed inhibited root growth
in response to Cd, Cu, and Ni. The mutant thel-6 showed attenuated Cd-specific root
growth. The mutant fer-4 displayed inhibited root growth in response to Ni [61]. These
studies indicate the functional diversity of CrRLK1L family proteins in plant response to
metal stress.

As a primary component in cell-wall-integrity sensing, MIK2 links cell-wall-integrity
sensing to plant development and environmental acclimation. The structure of MIK2
protein contains three domains: an extracellular domain consisting of 24 LRRs, a single-pass
transmembrane domain, and an intracellular kinase domain [62]. When grown vertically
on MS medium, mik2-1 and mik2-2, two loss-of-function mutants of MIK2, showedleft-ward
root skewing, while thel-1 and thel-4 did not. In the background of the thel-1 mutant, this
effect of mik2-1 was abolished. In addition, two cellulose biosynthesis inhibitors isoxaben
(ISX) and 2,6-di-chlorobenzonitrile (DCB) impaired left-ward root skewing in mik2-1. These
phenotypes suggest that MIK2 regulates root angle by a THE1- and cellulose synthase-
dependent manner. Furthermore, mik2-1 and mik2-2 are sensitive to salt stress, while
thel-1, thel-4, and mik2-1 thel-1 did not, indicating that MIK2 improves salt tolerance in a
THE1-dependent manner [62].

2.2.2. HPCA1

As an important second messenger, ROS also plays a key role in abiotic stress sensing.
The major forms of ROS include hydrogen peroxide (H,O,), superoxide (O, ™), singlet
oxygen (10,), and the hydroxyl radical (HO) based on their properties and chemical reactiv-
ity [65]. Recently, considerable attention has been given to H,O; because of its prominent
role in the regulation of biological activity in cells during the lifecycle of plants [66—68].
GUARD CELL HYDROGEN PEROXIDE-RESISTANT1 (GHR1) can monitor H,O; sig-
naling and mediate ABA- and H,O;-regulated stomatal movement in Arabidopsis [69].
However, the mechanism underlying the initial sensing of H,O, remains poorly under-
stood. In Arabidopsis, HPCA1 is a novel extracellular H,O, sensor encoding a leucine-rich
repeat receptor kinase located in the plasma membrane (Table 2) [10]. The hpcal mutant is
defective in extracellular HyOp-induced Ca?* influx and ABA signaling pathways in guard
cells, leading to reduced stomatal closure. HyO; activates HPCA1 via covalent modifica-
tion of extracellular cysteine residues in the extracellular domain of HPCA1, leading to
autophosphorylation of HPCA1 and subsequent activation of plasma membrane-localized
Ca?* channels [10]. However, HPCA1-gated Ca?* channels in plants remain to be identified.

2.2.3. RGFRs and PEPRs

Extracellular pH plays an important role in regulating various biological processes
in plants, such as nutrient uptake, cell-to-cell communication, and plant-microbe interac-
tions [70]. The identification of the plant cell surface peptide-receptor complexes, including
RGF1-RGFRs and Pep1-PEPRs, represents a significant breakthrough in understanding
how plants sense extracellular pH (Table 2) [63]. RGFRs and PEPRs belong to the leucine-
rich repeat receptor kinase family. The acidic extracellular pH in the root apical meristem
(RAM) region is alkalinized by pattern-triggered immunity (PTI). The interaction between
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RGF1 and its receptors (RGFRs), which regulate RAM growth, is acid-dependent and
inhibited by extracellular alkalinization through the pH sensor sulfotyrosine, while the
binding of plant elicitor peptides (Peps) to its receptors (PEPRs) is alkaline-dependent and
promoted by extracellular alkalinization through the pH sensor Glu/Asp, which promotes
immunity [63]. However, whether plant cell-surface peptide-receptor complexes sense
abiotic-stress-triggered extracellular alkalization needs to be elucidated in further studies.

2.24. ALR1

Recently, another LRR receptor-like kinase, ALR1, was identified as a plant aluminum
(Al) ion sensor (Table 2) [64]. As a highly phytotoxic ion, Al at very low micromolar
concentrations can cause cellular damage and inhibit root growth, leading to a severe
reduction in crop production [71]. To reduce Al toxicity, ALR1 specifically binds to Al
ions through the intracellular cytoplasmic domain, recruits its coreceptor kinase BAK1,
and promotes ALR1-dependent phosphorylation of the NADPH oxidase RbohD, thereby
increasing ROS generation. In turn, ROS oxidatively modifies the RAE1 F-box protein.
Subsequently, the RAE1-dependent proteolysis of STOP1 is inhibited to activate organic
acid anion secretion to detoxify Al. A functional analysis of ALR has provided novel
insights into ion-sensing mechanisms in living organisms [64].

Moreover, there are several plant RLKs reported to sense temperature changes and
function as an indispensable component in response to extreme temperature stress. A novel
calcium/calmodulin-regulated receptor-like cytoplasmic kinase CRLK1 and its paralog
CRLK?2 positively regulate chilling and freezing tolerance [72,73]. The plasma-membrane-
localized RLCK, cold-responsive protein kinase 1 (CRPK1), interacts with and phospho-
rylates 14-3-3 proteins to reduce freezing tolerance in plants [74]. Shen et al. found that
the receptor-like kinase ERECTA (ER) performs a vital role in conferring thermotoler-
ance in Arabidopsis thaliana, rice, and tomato [75]. Thermo-Sensitive Genic Male Sterile 10
(TMS10) and its close homolog TMS10-Like (TMS10L), which encode two rice leucine-rich
repeat-receptor-like kinases, mediate tapetal degeneration and male fertility by buffering
environmental temperature changes [76].

2.3. Sphingolipids

As one of three main classes of lipids in eukaryotic plasma membranes, sphingolipids
are required for preserving normal cellular functions [77]. In plants, sphingolipids are
divided into four classes: free long-chain bases (LCBs), ceramides, glycosylceramides, and
glycosylinositol phosphoceramides (GIPCs). GIPCs are the major class of plant sphin-
golipids (64% of total sphingolipids) and represent ~25% of the plasma membrane lipids
in Arabidopsis leaves and ~40% in tobacco leaves [78,79]. GIPC has been proposed to be
a bioactive molecule involved in cell wall anchoring, cell surface recognition, and lipid-
mediated protein anchoring [77,80,81]. To date, there is little information about the precise
roles of GIPCs in plants.

A recent study confirmed the possibility of sphingolipid function in abiotic stress sens-
ing in plants. In Arabidopsis, Jiang and colleagues reported that plant cell-surface GIPCs
function as a salt stress sensor (Table 3) [8]. Based on screening for salt-stress-induced
Ca®* transients, monocation-induced [Ca®*]; increase 1 (MOCAI), which encodes an inositol
phosphorylceramide glucuronosyltransferase (IPUT1), was identified to be required for
[CaZ*]; increase. IPUT1 resides on plasma membranes and ER membranes and catalyzes
the biosynthesis of the sphingolipid glycosyl inositol phosphorylceramide (GIPC). The
mocal mutant plant exhibits reduced Ca®* spikes initiated by monovalent cations (Na* as
well as K* and Li*) but exhibits no change in the Ca?* spikes initiated by oxidative stress
(caused by high concentrations of H,O5), cold stress, osmotic stress (caused by high con-
centrations of sorbitol), or multivalent cations. Interestingly, the growth of mocal seedlings
is inhibited by Na* but not by K* or Li*. Isothermal titration calorimetry (ITC) analyses
revealed that Na* ions bind to GIPCs, which induces depolarization of the cell mem-
brane. MOCA1-dependent GIPC senses changes in extracellular Na* concentrations and
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leads to salt-dependent intracellular Ca?* spikes via unknown Ca?* transporter(s) [8]. The
Ca?*-permeable transporters AtANNT and AtANN4 may be candidate GIPC-gated Ca?*
transporters whose mutation leads to a disrupted salt-stress-induced Ca?* signature [41,42].

Table 3. List of discussed sphingolipids and “other proteins” involved in plant sensing of abiotic

stresses.
Groups Type Species Biomolecule Names Functions References
Glycosylinositol S
III: Sphingolipids phosphoceramides Ambu.iop o1 GIPCs Salt stress sensor [8]
thaliana
(GIPCs)
Chilling tolerance Tolerance to 3]
divergence 1 (COLD1) chilling shock
EARLY FLOWERING 3 Tolerance to heat [21]
(ELF3) stress
THERMO-WITH Tolerance to heat
Extreme temperature stress sensors ABA-RESPONSE 1 stress [82]
Arabidopsis thaliana (TWA1)
Heat shock proteins Tolerance to heat
(HSPs) stress [83,84]
Tolerance to
) Phytochrome B (phyB) extreme [22,23,85]
IV: Other proteins temperatures
Arabidopsis AtMSLS8 [86]
thaliana AtTPK1
Mechanosensitive Tolerance to [87]
sensors Hordeum vulgare HvTPK1 mechanical stress
Oryza sativa OsTPKa
Ethylene Response Factor
(ERF). Group VII [88-90]
transcription factors
Hypoxia stress Arabidopsis (ERFVIIs) Tolerance to
sensors thaliana PLANT CYSOXIDASE1 ~ [Ypoxiastress
(PCO1) [91]
PCO2

2.4. Other Proteins

In addition to Ca?*-permeable channels, RLKs, and sphingolipids, other proteins are
involved in abiotic stress sensing. Because of their diverse protein structures, they are
assigned to a fourth group, named “Other proteins”, which are involved in sensing extreme
temperature stress, mechanical stress, and hypoxia stress.

2.4.1. Extreme Temperature Stress Sensors

With respect to extreme temperature stress, some proteins sense only cold stress or
heat stress, such as chilling tolerance divergence 1 (COLD1), ELF3, THERMO-WITH ABA-
RESPONSE 1 (TWA1), and heat shock proteins (HSPs), while some proteins can sense
cold stress and heat stress simultaneously, such as phyB [3,21-23,82-85] (Table 3). In rice,
the transmembrane protein COLD1 has been identified as a potential cold sensor that
interacts with G-protein « subunit 1 (RGA1) to activate Ca®* channels and enhance rice
cold tolerance [3]. As a thermosensor in Arabidopsis, the nuclear protein ELF3 negatively
regulates elevated temperature tolerance. ELF3 contains a polyglutamine (polyQ) repeat
embedded within a predicted prion domain (PrD). ELF3-GFP forms speckles within min-
utes in response to higher temperatures in a PrD-dependent manner. In vitro, the ELE3 PrD
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reversibly formed liquid droplets in response to temperature, reflecting a direct biophysical
response conferred by the PrD. The ability of temperature to rapidly shift ELF3 between
active and inactive states occurs via phase transition [21]. Recently, TWA1 has been found to
function as a temperature sensor that is required for basal and acquired thermotolerance in
Arabidopsis [82]. TWAL is a transcriptional co-regulator. At elevated temperatures, TWA1
accumulates in nuclear subdomains, changes its conformation, and physically interacts
with JASMONATE-ASSOCIATED MYC-LIKE (JAM) transcription factors and TOPLESS
(TPL) and TOPLESS-RELATED (TPR) proteins, triggering transcriptional upregulation of
the heat shock transcription factor A2 (HSFA2) and HSPs [82]. HSPs have been reported to
participate in high-temperature perception. Heat stress leads to protein denaturation and
misfolded proteins, causing protein aggregation, which is sensed by HSPs. When HSPs
bind to aggregated proteins, heat shock factor (HSF) transcription factors are released to
activate heat stress responses [83,84]. In addition, the canonical photoreceptor phyB, which
is also implicated as a temperature sensor, plays an important role in plant responses to
both warm and cold temperatures through its temperature-dependent reversion from the
active Pfr state (a far-red-light-absorbing form) to the inactive Pr state (a red-light-absorbing
form) [85]. Under cold stress, the stabilization of phyB is induced via the accumulation of
the key transcription factor C-REPEAT BINDING FACTOR (CBF), which interacts with
PHYTOCHROME-INTERACTING FACTOR 3 (PIF3) to attenuate the mutually assured
destruction of PIF3—phyB. Cold-stabilized phyB enhances freezing tolerance in Arabidop-
sis [22]. Under elevated temperatures, the phyB Pfr-to-Pr reversion is facilitated to release
the inhibition of the Pfr dimer on PIF4 and PIF7 and subsequently activate downstream
responses [23].

2.4.2. Mechanosensitive Sensors

Mechanosensitive ion channels of small conductance (MscS)-like proteins (MSLs)
and two-pore potassium (TPK) family proteins have been identified as mechanosensitive
sensors [86,87] (Table 3). In Arabidopsis, MscS-like 8 (AtMSLS8) has been identified as
a sensor of hypo-osmotic-stress-induced membrane tension in pollen [86]. AtMSLS8 is a
pollen-specific, membrane-tension-gated ion channel and decreases the survival rates of
pollen grains exposed to the hypo-osmotic shock of rehydration. The hypo-osmolarity
induced increases membrane tension and leads to the opening of MSLS, allowing ion
efflux, which protects the cells from internal osmotic pressure [86]. Plant TPKs play an
important role in vacuolar K* homeostasis and are regulated by Ca?* and 14-3-3 proteins.
In Arabidopsis, rice, and barley, vacuolar TPKs can act as intracellular osmosensors via the
detection of small perturbations in membrane tension and rapidly increase channel activity
during hypo-osmotic shock to release vacuolar K* [87].

2.4.3. Hypoxia Stress Sensors

O, sensors play an important role in plant perception to hypoxia stress (oxygen
depletion) induced by flooding. O, sensing in plants is mediated by an N-end rule pathway
for protein destabilization. In Arabidopsis, the N-end rule pathway of targeted proteolysis
acts as severe low oxygen sensor, such as the hypoxia-associated Ethylene Response Factor
(ERF) Group VIl transcription factors (ERFVIIs) destabilization (Table 3) [88,89]. All ERFVIIs
in Arabidopsis contain a conserved amino-terminal amino acid sequence MCGGAIIL to be
dedicated to an oxygen-dependent sequence of post-translational modifications. The Met
in this conserved sequence is removed by MET AMINO-PEPTIDASE (MetAP), exposing
the destabilizing Cys at the N terminus and leading to the initiation of degradation of
ERFVIIs under aerobic conditions. During hypoxia, the loss of oxidation of the N terminus
of ERFVIIs maintains ERFVIIs stabilization, and then, ERFVIIs migrate to the nucleus and
regulate hypoxia-responsive gene expression [88-90]. In addition, the oxidases PLANT
CYS OXIDASE 1 (PCO1) and PCO2 are also considered as O, sensors because O; is the
direct ligand of PCO1/2 (Table 3) [91].
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3. Conclusions

The mechanisms underlying plant sensors and the sensory systems involved in the
detection of environmental abiotic-stress-related stimuli have been explored. In the last
decade, major advances have been made in the discovery of abiotic sensors, such as the
osmotic stress sensor OSCA1, the temperature stress sensor phyB, the salt stress sensor
GIPC, and the oxidation stress sensor HPCA1 (Figure 1). In this review, based on molecular
structure, we divide biomolecules participating in abiotic stress sensing into four groups:
Ca?*-permeable channels, receptor-like kinases (RLKs), sphingolipids, and other proteins
(Figure 1). Our classification analysis is helpful for revealing many unknown stress sensors.
For example, most reported abiotic stress sensors are calcium (Ca?*) channels or regulators
of Ca?* influx, suggesting the indispensable role of Ca" in response to environmental
stress. Therefore, further experimental investigations of stress sensors could focus on
clarifying the functional relevance of the reciprocal bilateral regulation of stress perception
by Ca?*.
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Figure 1. Summary of discussed biomolecule function in abiotic stress sensing. Based on molecular
structure, the biomolecule function in abiotic stress sensing can be divided into four groups. Group I:
Ca’*-permeable channels, including hyperosmolarity-gated calcium-permeable channel family of
proteins (OSCAs), cyclic-nucleotide-gated calcium channels (CNGCs), ANNEXIN proteins (ANNS),
glutamate receptor-like proteins (GLRs), and MID1-COMPLEMENTING ACTIVITY proteins (MCAs);
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Group II: receptor-like kinases (RLKSs), including Catharanthus roseus receptor-like kinase 1-like family
proteins (CrRLK1Ls), such as FERONIA (FER), THESEUS1 (THE1), HERCULES1 and 2 (HERK1 and
2), MALE DISCOVERER1-INTERACTING RECEPTOR LIKE KINASE 2/LEUCINE-RICH REPEAT
KINASE FAMILY PROTEIN INDUCED BY SALT STRESS (MIK2/LRR-KISS), hydrogen-peroxide-
induced Ca2* increases 1 (HPCA1), root meristem growth factor receptors and plant elicitor peptide
receptors (RGFRs and PEPRs), and the aluminum ion sensor Al Resistancel (ALR1); Group III:
sphingolipids, including glycosylinositol phosphoceramides (GIPCs); Group IV: other proteins,
including chilling tolerance divergence 1 (COLD1), EARLY FLOWERING 3 (ELF3), THERMO-WITH
ABA-RESPONSE 1 (TWA1), heat shock proteins (HSPs), phytochrome B (phyB), mechanosensitive
channel of small conductance (MscS)-like proteins (MSLs), and two-pore potassium family proteins
(TPKSs), ethylene response factor (ERF) group VII transcription factors (ERFVIIs), and PLANT CYS
OXIDASE 1/2 (PCO1/2). Na*: dark blue dot; K*: light blue dot; Ca®*: red dot; “?”: unknown ions,
black dot.

4. Future Perspectives

Many gaps remain in our understanding of plant sensory mechanisms. There are many
stress sensors to be identified. Sensing mechanisms of most of the reported stress sensors
remain unclear. Crosstalk among these sensors is poorly understood. Future research
on abiotic stress sensors must involve two goals. First, we must elucidate the means by
which abiotic stress sensors perceive stress. Most reported sensors are also considered
putative sensors because of their unclear physiological functions and biochemical sensing
mechanisms. Studies to unravel the mode of action of these perception mechanisms are
complex, as different sensors in different plant tissues share the same downstream signaling
pathway in response to different abiotic stresses and combinations of stresses [7-10,32].
Second, more new abiotic stress sensors need to be identified. It is believed that more
sensing mechanisms exist under environmental stress because the known modes of action
in abiotic stress perception cannot account for all observed physiological responses. Genetic
redundancy and lethality makes it difficult to identify new abiotic stress sensors [32,92,93].
Molecular genetic methods and various bioimaging techniques, including Ca?* imaging-
based forward genetic screens and fluorescence-based Ca?* indicators help scientists find
new sensors.

The cultivation of stress-resilient crops with improved yield stability is the most effec-
tive strategy for overcoming multiple and fluctuating environmental cues. Natural genetic
variation in crops, genetic engineering, chemical intervention, and microbial stimulation
are usually used in this strategy. In recent years, several success stories about improving
crop stress tolerance have been reported. For instance, HKT1 alleles in rice, wheat, and
maize have been identified as major quantitative trait loci regulating salt tolerance and have
enabled marker-assisted breeding of wheat with increased yield in saline soils [2,4,94]. The
overexpression of the stress-inducible transcription factor OsDREB2A enhances dehydra-
tion and salt-stress tolerance in rice [1,95]. The application of ABA mimics reduces water
loss and promotes drought resistance in plants [96,97]. In addition, approaches combining
genetic, chemical, and microbial tactics could provide a promising strategy for cultivating
crops with both high stress resistance and high productivity [97,98]. Knowledge of plant
sensory mechanisms under abiotic stresses will help us to identify more key molecular
targets for engineering stress-resilient crops in the field.
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