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Abstract: Microbial metabolites induce diverse plant physiological responses. In this study, Pseudomonas aeruginosa 
strain Y1 was shown to produce metabolites exhibiting a high capacity for metal chelation and moderate reducing power 
activity. In Phalaenopsis orchids, treatments with Y1 metabolites (Y1M) increased the contents of carbohydrates and 
lignin and the activity of antioxidant enzymes and phenylalanine ammonia lyase (PAL). Y1M treatments increased the 
tolerance to cold stress (10°C) by reducing malondialdehyde (MDA) accumulation and electrolyte leakage in a 10°C 
growth environment and enhanced disease resistance against bacterial soft rot caused by Erwinia chrysanthemi. Protein 
analyses indicated that, in response to Y1M treatment, the protein levels of antioxidant enzymes, such as catalase (CAT) 
and ascorbate peroxidase (APX); pathogenesis-related (PR) proteins, such as PR-2 and PR-3; and lipoxygenase 1 (LOX1) 
were increased in Phalaenopsis orchids. Transcriptome analyses indicated that Y1M increased transcription associated 
with the iron-deficient response mediated by miRNA, the regulation of reactive oxygen species (ROS) homeostasis, 
and Jasmonic acid (JA) biosynthesis/perception. Gene groups associated with the induced defense response, including 
cellular events of pattern-triggered immunity (PTI), hypersensitive response (HR), synthesis of the PR protein, and 
callose formation, were also increased by the Y1M treatments. Transcription factors involved in regulating the cold 
stress response, such as C-repeat binding factor 1 (CBF1), and cell strengthening, such as MYB26, also had increased 
expression. In summary, Y1M can activate cellular pathways implicated in regulating stress tolerance shared by cold 
stress and bacterial invasion.

Keywords: plant growth promoting rhizobacteria (PGPR), iron deficient response, cell wall strengthening, bacterial soft 
rot, low temperature tolerance

1. Introduction
As sessile organisms, plants are concurrently exposed to both abiotic and biotic stresses. During evolution, plants 

have developed effective mechanisms to cope with various adverse environments. A body of research has revealed 
significant cross-talk in the regulatory network implicated in the adaptive process toward biotic and abiotic stress 
conditions. Among them, fine tuning of ROS homeostasis regulates plant growth and acclimation physiology in adverse 
environments. Various abiotic stresses impact metabolism, resulting in the accumulation of ROS [1]. ROS molecules 
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generated from impaired metabolic pathways can induce cell damage by modifying the structure of proteins, lipids and 
nucleic acids [2]. Regardless of its harmful role in the cellular structure, ROS molecules are necessary signals in plant 
cells to induce an efficient response to counteract environmental stress [3]. Nevertheless, pathogen infection activates 
ROS production through nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and peroxidases to embark on 
the signaling pathway of the defense response and reinforce the cell wall structure by lignin deposition [4-5].

Beneficial rhizospheric microbes exert multifaceted effects on plant health and productivity. In addition to 
improving plant growth by promoting root development and nutrient uptake, many root-colonizing microbes also 
exhibit probiotic features by suppressing pathogen growth or activating plant induced defense response to reduce disease 
incidence in host plants [6]. For example, microbes colonizing the root surface were shown to be capable of improving 
drought tolerance by increasing shoot and leaf biomass and photosynthetic activity in grapevines [7]. Burkholderia 
phytofirmans PsJN was reported to activate induced resistance against gray mold and to enhance cold stress tolerance 
by increasing the levels of stress-related metabolites in a low-temperature environment [8]. More studies have shown 
that volatiles produced by the rhizobacterial strain O6 induce systemic resistance against drought stress in Arabidopsis 
[9]. Two induced defense response pathways with distinguished signaling molecules are present in plant cells. In 
comparison to pathogen-triggered systemic acquired resistance (SAR), which requires accumulated salicylic acid (SA) 
as a mediator signal, microbial metabolites act as elicitors to activate induced systemic resistance (ISR) by stimulating 
JA or ethylene signaling in targeted plants [10]. More evidence indicates that the interaction in the cellular responses is 
required for abiotic and biotic stress tolerance. For example, metabolic pathways are involved in cell wall strengthening 
functions for both abiotic and biotic stress tolerance [11]. The expression of EDR15 was rapidly induced under drought 
stress; overexpression of this gene resulted in increased resistance against the bacterial necrotroph Erwinia carotovora 
subsp. carotovora in Arabidopsis [12]. JA and its derivatives play essential roles in plant defense against biotic stresses, 
such as pathogens and herbivory [13-14]. However, JA induces the expression of C-repeat binding factors (CBFs) to 
regulate the acclimation to freezing stress in Arabidopsis [15]. The transcription factor CBF-dependent pathway and 
its upstream Inducer of CBF Expression (ICE) including ICE1 and ICE2, play central roles in the cellular regulation of 
cold acclimation [16].

Phalaenopsis orchids, native to tropical Asian countries, are one of the most economically important potted flowers 
in Taiwan. In this study, the metabolites of P. aeruginosa strain Y1 (Y1M) exhibited the activities of metal chelating 
and reducing power. Treatment with Y1M altered physiological activities related to stress responses in Phalaenopsis 
leaf tissues. Orchid plants treated with Y1M showed increased tolerance to cold stress and resistance against Erwinia 
chrysanthemi, a pathogen of bacterial soft rot. Y1M activated Phalaenopsis genes involved in diverse cellular pathways, 
including growth, cold stress acclimation, and induced defense responses.

2. Materials and methods
2.1 Bacterial strain characterization

One gram of compost dissolved in 100 mL of sterilized water was serially diluted to concentrations ranging 
from 104 to 106 and plated on nutrient agar (NA) medium containing 0.3% (w/v) beef extract and 0.5% (w/v) peptone. 
Bacterial cultures were incubated at 28°C. A single colony was selected for bacterial genomic DNA isolation and 
polymerase chain reaction (PCR) amplification following the methods described in Sukkasem et al. [17]. The fD1 and 
rP1 primers were used for detecting 16S rDNA [18]. The PCR fragments were sequenced and analyzed using the Basic 
Local Alignment Search Tool (BLAST) program [19].

2.2 Analyses of metal chelating activity and reducing the power of bacterial metabolites

Analysis of the iron chelating activity was carried out following the methods described by Decker and Welch [20]. 
A total of 0.5 mL of bacterial culture supernatant was added to 0.05 mL of 2 mM FeCl2 and 0.1 mL of 5 mM ferrozine. 
This mixture was incubated at 40°C for 10 min, after which the absorbance at 562 nm was measured. The chelation rate 
(%) was calculated using the following equation: (A0 - (A1 - A2))/A0 × 100. In this equation, A0, A1, and A2 represent 
the absorbance of the control, the sample, and the blank, respectively. The methods described by Kim et al. [21] were 
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followed for analysis of the reducing power. A total of 1.0 mL of bacterial supernatant was mixed with 1.0 mL of 0.2 
M sodium phosphate buffer (pH 6.6) and 1.0 mL of 1% potassium ferricyanide (w/v), followed by incubation at 50℃ 
for 20 min. After incubation, an equal volume of 10% trichloroacetic acid (TCA) was added to the reaction; then, 3.0 
mL of supernatant collected by centrifugation at 3000 rpm for 10 min was mixed with 0.6 mL of 0.1% FeCl3, followed 
by incubation at room temperature for 10 min. The absorbance of the mixture was measured at 700 nm. Butylated 
hydroxyanisole (BHA) (20 mM) and H2O were used as positive and negative controls, respectively. These experiments 
were performed in triplicate.

2.3 Growth analyses and cold stress treatment in Phalaenopsis orchids 

Phalaenopsis Sogo Yukidian cultivar V3 in a 4.5 cm pot size was used for treatments. Bacterial metabolites were 
prepared by filtration (0.45 µm pore size membrane) of the bacterial culture in medium containing 0.5% (w/v) sucrose, 
0.5% (w/v) peptone, 0.5% (w/v) MgSO4, 0.04% (w/v) KH2PO4, 0.03% (w/v) K2HPO4, and 0.5% (w/v) yeast extract. 
The resultant filtrate was used for orchid treatments. Phalaenopsis plants were treated with bacterial metabolites once a 
week for 4 consecutive weeks. Leaf tissues of the control and treated orchids were harvested for analyses, including the 
total sugar, enzyme activities of antioxidant enzymes, such as CAT, APX and PAL, and the lignin content. Phalaenopsis 
orchids treated with bacterial metabolites for 4 weeks were subjected to cold treatment by incubating the plants at 10°C 
for 3 weeks. At the end of cold stress treatment, the area of necrotic tissues was recorded, and analysis of MDA and 
electrolyte leakage was conducted. Fifteen plants were included in each treatment. Experiments were performed in 
triplicate.

2.4 Determining the total sugar contents in Phalaenopsis orchids

The total sugar contents were examined using the anthrone method [22]. Phalaenopsis tissues were ground in 
80% ethanol, and ethanol was removed in boiling water. The total sugar was dissolved in the anthrone solution (0.4% 
in H2SO4) and boiled for 10 min. Optical densities for each sample were measured at a wavelength of 620 nm, and total 
sugar concentrations were determined based on the glucose standard curve.

2.5 Analyses of CAT, APX and PAL Activities in Phalaenopsis orchids

The leaf tissues of Phalaenopsis orchids were homogenized in 50 mM potassium phosphate buffer (pH 7.0) 
containing 1% polyvinylpyrrolidone (PVP) and 0.1 mM Ethylenediaminetetraacetic acid (EDTA). Supernatants were 
used for the analysis of the CAT activity following the methods described by Aebi and Lester [23]; in brief, 0.5 μL of 
supernatant was added to 1 mL of a reaction solution containing 0.1% H2O2, 0.1 mM EDTA and 100 mM potassium 
phosphate buffer (pH 7.0). The reaction was performed for 3 min at room temperature, and the absorbance at 240 nm 
was recorded. The CAT activity was expressed as the amount (μmole) of H2O2 decomposed in one minute with one 
gram of fresh tissue. The APX activity was determined following the methods described by Nakano and Asada [24]; 
briefly, 50 μL of supernatant was added to a reaction solution containing 50 mM potassium phosphate buffer (pH 7.0), 2 
mM H2O2, and 2 mM ascorbate. The reaction was measured based on the absorbance at 290 nm. One unit of APX was 
determined by monitoring the rate of decrease in ascorbate at A290 (ε = 2.8 mM-1 cm-1). For the analysis of PAL, the 
procedure described by Redman et al. [25] was adopted. Briefly, the leaf tissues of Phalaenopsis orchids were extracted 
in 0.01 mM sodium phosphate buffer/0.01 M potassium phosphate buffer (pH 6.0). The supernatant was added to a 
reaction solution containing 6 μM L-phenylalanine and 0.05 M Tris-HCl buffer (pH 8.0). The reaction was performed at 
37°C for 1 hour, and the absorbance at 290 nm was measured. PAL activity was expressed as mg of cinnamic acid per 
mg of protein per hour.

2.6 Analysis of lignin contents in Phalaenopsis orchids

The method described by Bruce and West [26] has been adopted to measure the lignin content in Phalaenopsis 
orchids. Phalaenopsis tissues were homogenized in a solution containing 100 mM phosphate buffer (pH 7.4) and 
0.5% Triton X-100. The pellet was collected by centrifugation, washed with 95% ethanol, and then dried at 60°C. Ten 
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milligrams of dry powder were added to a reaction solution containing 1.5 mL of 2 N HCl and 0.3 mL of thioglycolic 
acid (TGA). This reaction was incubated at 95°C for 4 hours. One milliliter of 0.5 N NaOH was then added, and the 
sample was incubated at room temperature for 16 hours. Centrifugation was then performed to collect the supernatant. A 
total of 0.9 mL of supernatant was treated with 0.3 mL of 2 N HCl and incubated at 4°C overnight. The pellet collected 
by centrifugation was dissolved in 0.5 N NaOH, and the absorbance at 280 nm was measured. The lignin content was 
calculated from a linear calibration curve made from commercial lignin (Sigma-Aldrich).

2.7 Analysis of MDA and electrolyte leakage

The procedures described by Heath and Packer [27] were adapted for MDA quantification. Phalaenopsis tissues 
were ground in a solution containing 0.25% thiobarbituric acid (TBA) and 10% trichloroacetic acid (TCA). This extract 
was heated to 95°C for 15 min, and the absorbance of the supernatants was determined at 532 and 600 nm. The MDA 
concentration (mM) was calculated using the following equation: (OD532 - OD600)/155. The measurement of electrolyte 
leakage was performed by following the procedures described by Dionisio-Sese and Tobita [28]. In brief, Phalaenopsis 
tissues incubated in 10 mL of H2O at 32°C for 2 hours were examined for the first electrical conductivity (EC1) using 
a conductivity meter (inoLAB Cond 720). Following the determination of EC1, these tissues were autoclaved, and the 
second electrical conductivity (EC2) was measured. The percentage of electrolyte leakage was expressed as (EC1/EC2) 
×100%.

2.8 Analysis of soft rot disease resistance in Phalaenopsis orchids

A total of 1 × 104 CFU/mL E. chrysanthemi was inoculated onto filter paper located on the upper surface of 
Phalaenopsis leaves pretreated with Y1M and control leaves. Pretreatments were conducted by spraying Y1M on 
Phalaenopsis Sogo Yukidian cultivar V3 in a 4.5 cm pot size once every 2 days for a total of 3 times. Two days after 
inoculation of E. chrysanthemi, inoculant spots surrounded by decomposed tissue were scored as infected spots. 
Infection rates were calculated by dividing the number of infected spots by the total number of inoculant spots in 
individual plants. Fifteen plants were included in each treatment. Experiments were performed in triplicate.

2.9 Phalaenopsis protein extraction and Western blot analyses

Proteins were extracted from the leaf tissues of Phalaenopsis orchids using the methods described by Wang et 
al. [29]. In brief, Phalaenopsis tissues were ground into a fine powder, and extraction was performed using a solution 
containing equal volumes of phenol and sodium dodecyl sulfate (SDS) buffer composed of 30% sucrose, 2% SDS, 0.1 
M Tris-HCl, and 5% b-mercaptoethanol at pH 8.0. The supernatant was precipitated using a 2.5x volume of methanol 
and 0.1 M ammonium acetate (CH3CO2NH4). For Western blot analysis, 15 μg of total protein was separated on 10% 
SDS-PAGE gels. Polyclonal antibodies against CAT, L-ascorbate peroxidase (APX), b-1, 3-glucanase (PR-2), class 
I chitinase (PR-3), and chloroplastic lipoxygenase (LOX-C) were used for hybridization. All the antibodies were 
purchased from Agrisera. The hybridization images were captured with a Chemi-Smart 5000 (Vilber Lourmat).

2.10 Phalaenopsis RNA extraction and RNA-seq analysis

The leaf tissues of the control and Phalaenopsis Sogo Yukidian cultivar V3 treated with PaY1M were harvested 
for RNA extraction using the RNeasy Plant Mini Kit (QIAGEN). Five micrograms of the total RNA were used for 
polyA-plus RNA purification using poly-Toligo-attached beads. The purified mRNA was fragmented and used for the 
synthesis of cDNA using random primers; furthermore, second-strand cDNA was synthesized using DNA polymerase I 
and RNaseH. Paired-end RNA-seq libraries were constructed and sequenced on the Illumina HiSeq4000 platform. The 
raw sequencing data were processed to remove adaptor and low-quality sequences through the Illumina pipeline. The 
75-mer sequences of cDNA were aligned to the Phalaenopsis genome sequence annotated in Phalaenopsis aphrodite 
(assembly ASM301322v1) using the Bowtie2 tool [30]. Gene expression values were calculated based on fragments 
per kilobase of exons per million reads (FPKM), and genes that were differentially expressed between the two groups 
of samples were identified using the RNA-Seq by Expectation-Maximization (RSEM) software program [31]. Genes 
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with an estimated absolute log2-fold change (FC) larger than 1 and a false discovery rate (FDR) less than 0.05 were 
considered significantly different [31].

2.11 Statistical analysis

The differences between the treatments were analyzed with the SAS program (version 3.71) using ANOVA and 
Tukey’s test in which a P value less than 0.05 was considered significantly different.

3. Results
3.1 Characterization of the isolated bacterial strain

A PCR fragment of 1400 bp was amplified from the genomic DNA of a newly isolated bacterial strain using 
primers specific to the 16S rDNA. The obtained DNA fragment was sequenced and analyzed using the BLAST program 
[19]. Sequence analysis of the newly isolated bacterial strain Y1 showed 100% identity to 8 Pseudomonas aeruginosa 
strains and 99% identity to 2 Pseudomonas spp. strains (Table1). Further characterization of the potential bioactivity 
of this isolated strain showed that Y1M exhibited a strong metal chelating capacity (Figure 1a) and moderate ferric 
reducing power (Figire 1b).

Table 1. Characterization of Pseudomonas aeruginosa strains Y1
BLAST results of the 16S rDNA sequence of P. aeruginosa strain Y1 showing 100 to 99% identity to various Pseudomonas strains

Bacterial strains GenBank ID Identity (%)

Pseudomonas aeruginosa strain LZS8436 MF143547 100

Pseudomonas aeruginosa strain JQ-41 KM948588 100

Pseudomonas aeruginosa strain ALK320 KC456535 100

Pseudomonas aeruginosa strain HNYM11 JN999889 100

Pseudomonas aeruginosa strain S2QPS8 HQ844502 100

Pseudomonas aeruginosa strain NA137 KT005274 100

Pseudomonas aeruginosa strain DSPV 005PSA JQ322234 100

Pseudomonas aeruginosa strain HK 1-3 JN661696 100

Pseudomonas sp. strain ZNW MK368450 99

Pseudomonas sp. strain Y MF419261 99
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Figure 1. Characterization of Pseudomonas aeruginosa strains Y1.(a) The metal chelating activity of Y1 supernatants and a positive control of 1 mM 
EDTA. (b) The ferric reducing power of Y1 supernatants. Butylated hydroxyanisole (BHA) (20 mM) and H2O were used as positive and negative 

controls, respectively
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3.2 Stress-related physiologies of Phalaenopsis orchids induced by Y1M treatments

Phalaenopsis orchids were treated with Y1M once a week for 4 consecutive weeks. Our results showed that Y1M 
increased the total sugar contents in the Phalaenopsis leaf tissues (Figure 2a) and the activities of antioxidant enzymes, 
including CAT and APX (Figure 2b and c). Furthermore, the enzyme activity of PAL and the lignin content were 
increased in response to Y1M treatment (Figure 2d and e). The antioxidant defense system plays a significant role in 
the regulation of the stress response [32]. Cell wall strengthening by lignin deposition is an effective cellular regulation 
associated with stress tolerance in both abiotic and biotic stress responses [11]. Moreover, PAL is a key enzyme involved 
in the synthesis of secondary metabolites correlated with defense responses, such as flavonoids, phytoalexins, and lignin 
[33]. Consistently, Y1M treatment increased the protein accumulation associated with ROS scavenging, such as CAT 
and APX, and disease resistance, such as the pathogenesis-related proteins PR-2 and PR-3 (Figure 2f). More increased 
protein was detected in the Y1M-treated Phalaenopsis tissues in which LOX protein levels were higher in the treated 
tissues than in the control tissues (Figure 2f). LOX is involved in the synthesis of oxylipins, including JA [34]. These 
results suggested that Y1M treatment was able to activate cellular pathways related to JA synthesis, ROS scavenging, 
and disease resistance in Phalaenopsis orchids.
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3.3 PaY1 treatment enhanced the cold stress tolerance in Phalaenopsis orchids

Phalaenopsis orchids are tropical plant species whose growth activity is susceptible to low temperatures that grow 
in an environment where temperatures are below 15°C and may develop physiological disorders related to chilling 
injury [35]. In this study, Phalaenopsis orchids pretreated with Y1M were exposed to a growth temperature of 10°C 
for 3 weeks under 16 hours of lighting. As shown in Figure 3a, after 3 weeks of low temperature treatment, the leaves 
of control plants developed a large area of necrotic tissues compared with the Y1M-treated orchids. Moreover, after 
cold treatment, the leaf tissues of the Y1M-treated orchids obtained lower amounts of MDA and a lower percentage of 
electrolyte leakage than the control orchids (Figure 3b and c).
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Figure 3. Y1M treatment increased tolerance to low temperature in Phalaenopsis orchids. The phenotype and areas of necrotic tissues developed in 
the leaf tissues of the Phalaenopsis orchids of the control and Y1M-treated plants after cultivation at 10°C for 3 weeks (a). The white arrows indicate 

the necrotic tissues present on the leaf surfaces. The MDA contents (b) and electrolyte leakage percentage (c) of low-temperature-treated Phalaenopsis 
leaf tissues were analyzed

3.4 Y1M treatment reduced the disease incidence of bacterial soft rot in Phalaenopsis orchids

Bacterial soft rot caused by E. chrysanthemi is a devastating disease in Phalaenopsis orchids in tropical climates 
[36]. In this study, different infection rates were observed in the plants treated with Y1M and controls. Orchid plants 
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inoculated with E. chrysanthemi exhibited various degrees of infection symptoms (Figure 4a). The quantification of 
the infection rate was calculated by dividing the number of infected spots and the appearance of water-soaked tissues 
surrounding the inoculation filters by the total number of inoculation spots (Figure 4a). Infection incidence is presented 
as the mean infection rate plus/minus the standard deviation (SD) from a population of 15 individuals. Our results 
showed that the infection incidence of Y1M-treated plants was significantly reduced compared to that of control plants 
(Figure 4b).
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Figure 4. Y1M treatment increased disease resistance against bacterial soft rot in Phalaenopsis orchids. Filter discs containing Erwinia chrysanthemi 
at 1 × 104 CFU/mL were placed on the leaf surfaces of Phalaenopsis orchids. Infection rates were calculated by dividing the number of infected 

spots, which were scored by the appearance of water-soaked tissues surrounding the inoculant spots (indicated by white arrows), by the total number 
of inoculant spots in individual plants (a). Infection incidence is presented as the mean infection rate plus-minus standard deviation (SD) from a 

population of 15 individuals (b)

3.5 Stress-related cellular pathways regulated by PaY1 in Phalaenopsis orchids

The results of this study showed that Y1M treatment increased the tolerance toward chilling stress and increased 
the resistance against bacterial soft rot in Phalaenopsis orchids. To gain insights into the molecular mechanisms 
underlying the effectiveness of Y1M in improving stress tolerance, transcriptome alterations of Phalaenopsis orchid 
in response to Y1M treatment were analyzed by RNA-Seq. Upregulated genes with induced FC larger than log2[FC] 
> 2 were investigated. Among the Y1M upregulated genes, genes that exhibited annotated functions associated with 
cellular pathways related to ROS, RNAi regulation, and hormone synthesis/perception were identified (Figure 5a). 
Detailed information on the upregulated genes is shown in Figure 5b. Y1M increased the expression of genes coding 
for respiratory burst oxidase homolog (Rboh) proteins functioning in the generation of apoplastic ROS in response 
to pathogen attack [37]. Upregulated genes also comprised gene coding for CASP-LIKE, allantoinase, and SRC2-
like, whose functions are involved in the regulation of ROS channeling, acting as ROS sensors and ROS activators, 
respectively [38-40]. Additionally, Y1M activated genes, such as heme oxygenase 1 (HO1) and catalase functioning in 
the H2O2-mediated signaling pathway, are required for stressful tolerance and ROS scavenging, respectively [41-42]. 
Transcription factors implicated in the regulation response to oxidative stress were also identified, such as TCP13 and 
15, Zm1, and NAC92. The activity of the TCP transcription factor family is redox sensitive [43]. Transcription factor 
Zm1 is involved in the transcriptional regulation of anthocyanin synthesis [44]. Anthocyanin is a flavonoid compound 
that plays an antioxidant role in the plant defense response [45]. The transcription factor NAC domain-containing 
protein 92 exhibits multiple functions, including the regulation of lateral root development and a regulatory network 
that may involve cross-talk with salt-and H2O2-dependent signaling pathways [46-47]. Y1M increased the expression 
of several members of the ARGONAUTE (AGO) family, a group of genes related to the cellular pathway of regulatory 
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RNA. Among them, 3 members of AGO1 were upregulated by Y1M (Figure 5b). AGO1 was proven to be functionally 
involved in the miR408-mediated regulation of plantacyanin [48]. An upregulated gene coding for a blue copper binding 
p(BCB) protein, plantacyanin, was found in the Phalaenopsis transcriptome (Figure 5b). AGO 4 has been implicated in 
resistance against Fusarium brachygibbosum infection through regulation of JA in wild tobacco [49].
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JI642495    3.1    respiratory burst oxidase homolog protein H
JI721928    3.1    respiratory burst oxidase homolog protein A 
JI629398    3.1    CASP-like protein 1D1 
JI734649    5.0    CASP-like protein 1C1 
JI641261    4.0    short-chain dehydrogenase reductase 3b-like 
JI633726    4.0    catalase isozyme A 
JI655449    4.0    polyamine oxidase-like
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JI678703    2.1    protein argonaute 4B 
JI677824    3.1    endoribonuclease Dicer homolog 4 

JI626684    4.0    4-coumarate-CoA ligase-like 5  
JI629965    3.1    phospholipase A(1) DAD1
JI628732    3.1    probable linoleate 9S-lipoxygenase 5
JI654410    3.1    transcription factor MYC2-like
JI647065    4.6    ethylene-responsive transcription factor 5-like
JI627683    3.1    mitogen-activated protein kinase 4 
JI633677    3.1    mitogen-activated protein kinase kinase kinase 2-like

JA

JI773174    3.1    IAA-alanine resistance protein 1
JI630336    2.1    auxin efflux carrier component 7-like 
JI744183    4.0    protein root UVB sensitive 1, weak Auxin Response 3
JI663346    3.1    transcription factor E2FB-like
JI641791    4.0    NAC domain-containing protein 21/22-like

auxin

cyotkinin JI632146    3.1    adenylate isopentenyltransferase-like 
JI788360    3.1    two-component response regulator ORR9-like 

ABA JI632641    3.1    EID1-like F-box protein 3

SA JI658616    3.1    salicylic acid-binding protein 2-like

GA
JI631928    3.1    gibberellin 2-beta-dioxygenase 8-like 
JI638607    3.1    gibberellin 3-beta-dioxygenase 1-like 
JI655296    3.1    gibberellin 2-beta-dioxygenase-like 

b Acc. No. Log2[FC] Description

Figure 5. Upregulated genes related to the synthesis of signaling molecules identified in the Phalaenopsis transcriptome in response to Y1M 
treatment. (a) Upregulated genes with functional annotations classified as regulation of reactive oxygen species (ROS) homeostasis, the RNAi 

regulation pathway, and hormone synthesis/perception. (b) Information on upregulated genes, including the accession number (Acc. No.), induction 
folds expressed as Log2[FC], and gene description-related signaling pathways of ROS, RNAi and hormone regulation, including JA, GA, cytokinin, 

ABA, SA, and auxin

3.6 Y1M activated hormone signaling pathways in Phalaenopsis orchids

Y1M treatment also activated a group of genes related to several hormones signaling pathways, including JA, GA, 
cytokinin, ABA, SA, and auxin; among them, genes involved in the JA signaling pathway constitute the largest group in 
this gene category (Figure 5b). Y1M activated genes are involved JA biosyntheses, such as 4CLL5, DAD1, and LOX1.5 
[50-52], JA signal transduction, such as MYC2 [53], and protein kinases are involved in JA-mediated defense responses, 
such as mitogen-activated protein kinase (MAPK) 4/2, which participates in the protein phosphorylation required for JA-
mediated defense gene expression [54]. In addition, ethylene-responsive transcription factor (ERF5)-like is a positive 
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regulator of JA/ethylene-mediated defense [55]. Moreover, EID1-like F-box protein 3 and salicylic acid-binding protein 
2-like are involved in the ABA and SA signaling pathways, respectively [56-57]. Upregulated genes also comprised 
IAA-alanine resistance protein 1 and weak auxin response 3 for auxin response [58], auxin efflux carrier component 
7-like for auxin transport, and transcription factors, including E2FB-like, for auxin-mediated cell division [59] and NAC 
domain-containing protein 21/22-like, which is involved in auxin-regulated lateral root development [60]. Nevertheless, 
upregulated genes constituted gibberellin 2-beta-dioxygenase and gibberellin 3-beta-dioxygenase, which are involved 
in both catabolic and anabolic regulation of GA synthesis [61], and adenylate isopentenyltransferase-like and two-
component response regulator ORR9-like, for cytokinin synthesis and negative regulation of cytokinin signaling [62-
63]. These results indicated that Y1M treatment exerted a substantial effect on JA synthesis and signaling pathways and 
showed positive correlations with ABA, SA and auxin signaling pathways.

3.7 Y1M-activated gene expression is involved in biotic and abiotic stress tolerance

Y1M also activated Phalaenopsis gene expression associated with responses toward biotic and abiotic stresses and 
cell wall modification (Figure 6a). Among them, cellular pathways, including regulation of pattern-triggered immunity 
(PTI) and hypersensitive response (HR), synthesis of pathogenesis-related (PR) proteins and callose, and disease 
resistance genes constituted the biotic stress response in the Y1M-treated orchid plants (Figure 6a). Detailed gene 
information is indicated in Figure 6b. Y1M treatment increased the expression of Phalaenopsis genes implicated in PTI,
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JI626733    3.1    LRR receptor-like serine/threonine-protein kinase FLS2 
JI656045    3.1    PTI1-like tyrosine-protein kinase 3 
JI642501    1.8    PTI1-like tyrosine-protein kinase 
JI641389    5.0    serine/threonine-protein kinase RIPK-like

JI641619    7.0    non-specific lipid transfer protein GPI-anchored 2-like 
JI633954    5.0    non-specific lipid-transfer protein-like protein 
JI656183    3.1    thaumatin-like protein 1b 
JI635705    3.1    glucan endo-1,3-beta-glucosidase-like 

JI768699    4.6    low-temperature-induced 65 kDa protein-like (LTI65)  
JI790746    4.0    REI1 homolog 2-like (REIL2)
JI638043    3.1    C-repeat binding factor 1 (CBF1)
JI632293    2.5    protein aspartic protease in guard cell 2-like 
JI657538    2.2    probable metal-nicotianamine transporter YSL6 
JI628484    2.1    probable metal-nicotianamine transporter YSL7
JI697465    2.3    ethylene-responsive transcription factor RAP2-11-like 
JI766064    4.6    ethylene-responsive transcription factor ERF012-like, DREB26
JI762329    5.0    beta-amylase 2
JI672171    3.1    NAC transcription factor 47-like

JI641426    5.4    laccase-22-like 
JI639662    5.3    laccase-3-like 
JI654576    4.6    putative laccase-9 
JI636218    3.1    lignin-forming anionic peroxidase-like 
JI654977    3.1    cellulose synthase-like protein D4
JI628413    6.1    transcription factor MYB26 
JI638296    2.5    transcription factor MYB46-like
JI629144    4.6    transcription factor MYB52-like
JI759861    3.1    NAC domain-containing protein 43-like, NAC043

JI788893    3.1    disease resistance protein RGA2-like 
JI827421    3.1    putative disease resistance protein RGA4  
JI657027    4.0    TIR-NBS-LRR type disease resistance protein 
JI634906    3.1    probable WRKY transcription factor 4

JI677625    4.0    vacuolar-processing enzyme-like  
JI658079    3.1    SUPPRESSOR OF GAMMA RESPONSE 1-like
JI647497    4.0    Plant natriuretic peptide A (PNP-A) 

JI660407    3.1    callose synthase 9-like 
JI677237    2.1    putative callose synthase 8 

Acc. No. Log2[FC] Description

a

b

Figure 6. Upregulated genes related to the cellular pathways of stress response identified in the Phalaenopsis transcriptome in response to Y1M 
treatment. (a) Upregulated genes related to the cellular pathways of responses to biotic and abiotic stresses and regulation of cell wall modification. 
The biotic stress response gene group was divided into subgroups of PAMP-triggered immunity (PTI), pathogenesis-related (PR) protein synthesis, 
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disease resistance genes, and hypersensitive response (HR). (b) Information on the upregulated genes corresponding to the gene groups listed in (a)

which comprise the LRR receptor-like kinases FLAGELLIN SENSITIVE 2 (FLS2), PTI1-like tyrosine-protein kinase 
3, and serine/threonine-protein kinase RIPK-like [64-65]. Apart from these, Figure 6b shows that Y1M activated genes 
comprising several PR proteins, such as nonspecific lipid transfer protein, haumatin-like protein and glucan endo-1,3-
beta-glucosidase-like [66], disease resistance genes, such as disease resistance gene analogs (RGAs) and TIR-NBS-LRR-
TIR type proteins [67-68], and genes related to HR, such as vacuolar-processing enzyme-like isoforms, suppressor of 
gamma response 1 (sog1)-like isoform, and plant natriuretic peptide A [69-71] (Figure 6b). Furthermore, Y1M increased 
the expression of the gene coding for the synthesis of callose, a physical barrier to slow pathogen invasion [72] (Figure 
6b). Y1M treatment increased the expression of genes involved in tolerance to various abiotic stresses. Upregulated 
genes for the cold stress response were low-temperature-induced 65 kDa protein, REI1 homolog 2-like (REIL2), C-repeat 
binding factor 1 (CBF1), and beta-amylase 2 [73-75]. Upregulated genes have functions in drought tolerance, such as 
protein aspartic protease in guard cell 2-like [76], in the regulation of ion homeostasis, such as metal-nicotianamine 
transporter YSLs and RAP2-11 [77-78], and in waterlogged tolerance, such as NAC transcription factor 47 [79] (Figure 
6b). Moreover, the expression of ERF012-like, also named DREB26, has been shown to be regulated under stressful 
environments [80] (Figure 6b). The cell wall structure plays a significant role in the plant defense response against 
various pathogens and plant tolerance to various abiotic stresses [11]. Figure 6b shows that Y1M treatment increased 
the expression of genes coding proteins involved in cell wall synthesis, such as cellulose synthase-like protein D4, and 
in cell wall lignification, such as laccases and lignin-forming anionic peroxidase-like [81-82]. Moreover, Y1M activated 
the expression of transcription factors that are implicated in the regulation of the secondary cell wall, including MYB26, 
MYB46-like, MYB52, and NAC domain-containing protein 43-like (NAC043) [83-86] (Figure 6b).

4. Discussion
Soft rot disease caused by E. chrysanthemi infection has become a significant disease that causes severe losses in 

Phalaenopsis production [36]. Cold stress exerts a significant physiological impact on tropical crops. Pseudomonas spp. 
produces a wide variety of biologically active compounds, which may act as plant defense stimulators [87]. Beneficial 
microbes produce various metabolites to elicit a comprehensive response in plant cells to alter plant growth activity. 
Among them, altered hormone homeostasis and perception in the targeted plants are important factors in plant growth-
promoting events mediated by microorganisms [88]. In this study, we characterized the effect of Y1M, a metabolite of P. 
aeruginosa strain Y1 with strong metal chelating activity, on plant growth to show that Y1M increased the antioxidant 
activity and lignin contents in treated Phalaenopsis tissues, simultaneously inducing tolerance toward cold stress 
tolerance and disease resistance against bacterial soft rot in orchid plants. In addition, Y1M applications increased 
protein accumulation, including antioxidant enzymes, such as CAT and APX, PR genes, such as PR-2 and PR-3, and JA 
biosynthesis genes, such as LOX1. JA signaling is an important regulator required for ISR that is triggered by beneficial 
soil microbes [89]; furthermore, this signaling pathway has a role in the regulation of plant tolerance to abiotic stress 
[90]. Our transcriptome study further substantiates the involvement of JA signaling in Y1M-induced plant growth and 
stress tolerance. In this study, Y1M treatments activated Phalaenopsis genes with annotated functions involved in JA 
biosynthesis, including 4CLL5, DAD1, and LOX1.5 [50-52], JA signaling transduction such as MYC2 [53], and JA-
mediated defense response such as ERF5-like [55]. Consistent with these findings, upregulated genes are also involved 
in induced disease resistance, including FLS2, RGA proteins, and various PR proteins [64, 66-67]. Additional evidence 
for the involvement of JA signaling in Y1M-activated Phalaenopsis orchids showed that upregulated transcription 
included MAPK4 expression, whose role in induced disease resistance against necrotrophic pathogens is mediated by 
JA signaling [54]. These results suggest that induced disease resistance mediated by JA signaling contributes to disease 
resistance against bacterial soft rot in Phalaenopsis orchids, and metabolites of P. aeruginosa strain Y1 are a potent 
inducer of the JA signaling pathway.

In addition to playing a significant role in the regulation of induced disease resistance, a previous study showed 
the functional role of JA in the regulation of cold stress tolerance by affecting the expression of the CBF transcription 
factor [91]. JA also induces the expression of CBF1 to regulate the acclimation to freezing stress in Arabidopsis [15]. JA 
signaling exerts a positive effect on abiotic stress tolerance through manipulation of the ROS scavenging system in plant 
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cells [92]. Consistent with previous studies, treatment with Y1M enhanced the cold stress tolerance in Phalaenopsis 
orchids and activated the expression of the CBF1 gene, a cold stress-inducible protein, LTI65R and EIL2, a regulator 
of leaf development under cold stress [73]. Moreover, biochemical and transcriptional evidence suggested that Y1M 
treatment increased the antioxidant activity in Phalaenopsis orchids. A study has shown that exogenous JA induced 
long-lasting resistance against bacterial soft rot in calla lily [93]; moreover, antioxidant activity is correlated with 
disease resistance against bacterial soft rot in potato [94]. Therefore, metabolites produced by P. aeruginosa strain Y1 
induce cold stress tolerance, and disease resistance against bacterial soft rot coincides with JA action in Phalaenopsis 
orchids.

Metabolites of P. aeruginosa strain Y1 increased the expression of MAPK4, a component of the protein 
phosphorylation pathway involved in plant immunity activated by Rboh-dependent ROS synthesis [95]. The ability to 
sensitively regulate the ROS balance under various adverse environmental factors is positively correlated with plant 
viability [1]. Transcriptome findings showed a group of upregulated genes with annotated functions associated with the 
regulation of ROS homeostasis and components of the miRNA408 regulatory pathway, a regulatory pathway implicated 
in physiological regulation under iron deficiency [48, 96]. Plant cells responding to metal deficiency could induce the 
accumulation of ROS and JA accumulation [97-98]. Our results demonstrated the metal chelating activity of Y1M. 
Hence, it is evident that treatment with Y1M induced an iron deficiency response to activate ROS and JA signaling 
in the treated cells. More evidence showing the involvement of the miRNA regulatory pathway in the Y1M-induced 
defense response showed that increased expression of AGO4 was detected in the orchid transcriptome treated with Y1M. 
In tobacco cells, AGO4 plays a role in disease resistance against F. brachygibbosum infection through the regulation of 
JA signaling [49]. Hence, our results suggest that metabolites of P. aeruginosa strain Y1 are able to activate the miRNA 
regulatory pathway and cellular pathways mediated by ROS and JA signals to regulate growth activity under cold stress 
and bacterial infection in Phalaenopsis orchids.

Metabolite phenylpropanoid metabolism plays a significant role in plant defense against biotic and abiotic 
stresses [99]. The function of cell wall strengthening by deposition of lignin, a derivative product of phenylpropanoid 
metabolism, in abiotic and biotic stress tolerance has been proven [100-101]. Y1M treatment increased the enzyme 
activity of PAL, an important enzyme catalyzing the synthesis of precursors for phytoalexins and lignin [102]. 
Furthermore, the lignin contents were increased in response to Y1M treatment in this orchid plant. Transcriptome results 
identified genes coding for proteins involved in the modification of the cell architecture, such as laccases, cellulose, 
and peroxidase, and transcription factors involved in the regulation of biosynthesis of the secondary cell wall, such as 
MYB26, MYB52-like, MYB46-like and NAC043 [83, 85-86, 103]. The role of JA in lignification of the cell wall has 
been demonstrated; under wounding stress, JA can derepress transcriptional suppression of lignin synthesis genes and 
trigger lignin deposition [104]. MYB26 and NAC043 are involved in the regulation of secondary cell wall development 
in anther dehiscence [83, 86]. In addition, JA signaling functions in controlling the anther dehiscence process [105]. 
Evidence from this study suggests that the resulting phenotypes related to cold stress tolerance and disease resistance in 
the Y1M-treated plants were correlated with cell wall strengthening mediated by JA signaling.

In conclusion, metal chelating activity associated with metabolites of P. aeruginosa strain Y1 may trigger iron 
deficiency-like responses to activate JA signaling, antioxidant activity, and cell wall strengthening to increase the 
resistance to cold stress and bacterial soft rot in Phalaenopsis orchids.
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