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Orchids and arbuscular mycorrhiza (AM) plants evolved independently and have

different structures and fungal partners, but they both facilitate nutrient uptake.

Orchidmycorrhiza (OM) supports orchid seed germination, but unlike AM, its role

in disease resistance of mature plants is largely unknown. Here, we examined

whether OM induces systemic disease resistance against a necrotrophic

pathogen in a similar fashion to AM. We investigated the priming effect of

mycorrhizal fungi inoculation on resistance of a terrestrial orchid, Bletilla

striata, to soft rot caused by Dickeya fangzhongdai. We found that root

colonization by a compatible OM fungus primed B. striata seedlings and

induced systemic resistance against the infection. Transcriptome analysis

showed that priming was mediated by the downregulation of jasmonate and

ethylene pathways and that these pathways are upregulated once infection

occurs. Comparison with the reported transcriptome of AM fungus–colonized

rice leaves revealed similar mechanisms in B. striata and in rice. These findings

highlight a novel aspect of commonality between OM and AM plants in terms of

induced systemic resistance.
KEYWORDS

Bletilla striata, defense priming, Dickeya fangzhongdai, induced systemic resistance
(ISR), mycorrhizal fungi, necrotrophic pathogen, orchids
Highlights
• Unlike arbuscular mycorrhizal (AM) plants, our knowledge of orchid mycorrhizal

fungus ability to induce systemic resistance is limited. Orchid mycorrhiza evolves

independently from AM plants but retains common components for the regulation
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of symbiosis at molecular levels (Miura et al., Mol. Plant

Microbe Interact., 2018). Thus, we are aiming to explore

this commonality between the two in terms of their impact

on the host plant defense response against pathogens. This

study elaborates the positive correlation between Bletilla

striata root colonization by mycorrhizal fungus and

induced systemic resistance against a necrotrophic

pathogen, Dickeya fangzhongdai (Pectobacteriaceae). The

magnitude of systemic resistance is determined by the

compatibility with mycorrhizal fungus itself. Also,

comparative transcriptomic results shows that priming by

T. calospora involves upregulation of jasmonate, and

ethylene, which is commonly known to occur in AM

plants. Our findings contribute to a better understanding

of mycorrhiza contribution to induced systemic resistance

in orchids as well as its molecular basis. This work is

important because not only orchid mycorrhiza is

understudied but also the understanding of induced

systemic resistance in orchids may give clues to the

mechanisms of the evolution of orchid mycorrhiza and its

impact on survival against diseases.
Introduction

Mycorrhiza is one of the oldest symbioses, in which plant roots

are colonized by fungi forming a specialized structure inside or

outside root cells where nutrient uptake and transfer occur (Smith

and Read, 2008). The most common type of mycorrhiza, arbuscular

mycorrhiza (AM), is found in almost 80% of flowering plants

(Brundrett and Tedersoo, 2018) and appeared in the rooting

system at the latest during the Carboniferous (Strullu-Derrien

et al., 2018). During mycorrhizal colonization, AM fungi transfer

nitrogen, phosphate and water to the host plants (Parniske, 2008;

Kakouridis et al., 2022). In return, plants provide carbon

compounds to the fungi. The extent of each of these physiological

functions often differs among mycorrhizal types and plant species.

On the basis of these differences, several other mycorrhizal types are

distinguished, including ectomycorrhiza, orchid mycorrhiza (OM),

and ericoid mycorrhiza. OM is unique in that the fungal structures

formed inside orchid cells are transient and are gradually degraded;

this phenomenon is most prominent during early seed germination

(Selosse et al., 2017). Mycorrhizal associations in orchids are

obligatory during early germination, although in green, leafy

species their extent decreases with time due to the plants’

autotrophic nature (Cameron et al., 2008; Girlanda et al., 2011;

Wang et al., 2023).

Orchidaceae have evolved endomycorrhizas with Basidiomycota

or occasionally Ascomycota (Fracchia et al., 2016). The dominant

group, Rhizoctonia-like fungi, includes three main genera—

Ceratobasidium, Sebacina/Serendipita, and Tulasnella (Smith and

Read, 2008)—while some lower taxa of subfamily Epidendroideae

are sometimes associated with ectomycorrhizal fungi (Bidartondo

et al., 2004; McKendrick et al., 2004; Zahn et al., 2023) or even wood-

rotting, mushroom-forming fungi (Umata et al., 2013). Both OM and
tiers in Plant Science 02
AM are involved in nitrogen, carbon, and phosphate transfer

(Cameron et al., 2007, 2008; Kuga et al., 2014; Fochi et al., 2016)

and have common integral molecular mechanisms (Miura et al.,

2018). It was recently discovered that gibberellin inhibits both OM

and AM colonization, but it inhibits seed germination only in orchids

(Miura et al., 2024). These findings further encourage the exploration

of the commonalities between OM and AM, including

ecophysiological aspects such as disease resistance.

Two distinct defense responses occur upon pathogen infection:

an early, local response at the infection site and a systemic response

at distal sites (David et al., 2019); the latter includes systemic

acquired resistance (SAR) (Ross, 1966) and induced systemic

resistance (ISR) (van Peer et al., 1990; Wei et al., 1991). Systemic

acquired resistance occurs when pathogens directly infect leaves

and involves mainly salicylic acid, whereas ISR is induced by

beneficial microbes (bacteria, endophytic fungi, and mycorrhiza)

interacting with roots and involves jasmonate and ethylene (Vlot

et al., 2021). During ISR, the plant enters an alert state called

priming, allowing enhanced resistance once infection occurs,

mainly against necrotrophic pathogens (Pieterse et al., 2014).

Primed plants often show no visible changes before infection;

thus, ISR is best studied in plants challenged with pathogens,

which allows changes at the cellular level between non-primed

and primed plants to be compared. Due to the diversity of microbes

interacting with roots, the molecular mechanisms of ISR are more

diverse than those of SAR because different microbe species induce

the accumulation of different signaling compounds (Haney et al.,

2018; Dreischhoff et al., 2020). ISR induced by an AM fungus in

Medicago truncatula increases the defense response against

Xanthomonas campestris (Liu et al., 2007), whereas Solanum

lycopersicum has a similar response against Fusarium oxysporum

(Wang et al., 2022a). Almost all types of pathogens attack orchids,

including bacteria (Keith et al., 2005; Suharjo et al., 2014;

Khamtham and Akarapisan, 2019), fungi (Silva and Pereira, 2007;

Lopes et al., 2009; Srivastava et al., 2018; Suwannarach et al., 2018),

and viruses (Fogell et al., 2019; Tsai et al., 2022). Very little is known

about ISR in orchids; to the best of our knowledge, only two studies

have reported the occurrence of ISR and its role in alleviating soft

rot (Wu et al., 2011; Ye et al., 2019). Thus, enhancing our

knowledge on ISR in orchids will give clues on the consequences

of evolving mycorrhizal association.

On the basis of the arguments that colonization by AM fungi

primes host defense responses against pathogens (Marquez et al.,

2018) and major molecular components of AM symbiosis signaling

are also present in OM (Miura et al., 2018), here we hypothesized

that colonization by OM fungi (OMF) also causes ISR in orchids

just as in AM plants. We used a necrotrophic, pectinolytic Gram-

negative bacterium known to cause leaf soft rot in orchids (Cating

and Palmateer, 2011; Joko et al., 2014; Wei et al., 2021). As

recommended by Eck and co-workers (Eck et al., 2022), we also

investigated the relationship between mycorrhizal colonization rate

and ISR. We focused on a generalist orchid species, Bletilla striata

(Orchidaceae, tribe Arethuseae), because it is relatively easy to grow

and it associates with OMF from different genera (Zettler et al.,

2001; Yamamoto et al., 2017; Miura et al., 2019). Using two OMF

species previously reported to associate with B. striata (Miura et al.,
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2019; Fuji et al., 2020) we evaluated ISR and its molecular regulation

in leaves through transcriptomic analysis.
Materials and methods

Plant and fungal materials

Bletilla striata Rchb.f. ‘Murasakishikibu’ plants were purchased

from a local nursery in Japan (Yamamoto et al., 2017). For seed

production, flowers were self-pollinated and allowed to set seeds for

6 months (until dehiscence). Seeds were randomly picked from

capsules harvested between 2017 and 2020. In a pathogen

inoculation assay, aside from B. striata, Arabidopsis thaliana (L.)

Heynh. ecotype Columbia (Col-0) andNicotiana benthamiana were

also used.

Our earlier studies showed that several strains of Tulasnella and

Serendipita vermifera form OM associations with B. striata during

seed germination (Yamamoto et al., 2017; Miura et al., 2019; Fuji

et al., 2020). Among those fungi, we chose T. calospora (Boud.) Juel

MAFF305805 (coded as T.cal05) and S. vermifera (Oberw.) P.

Roberts MAFF305830 (coded as S.ver30).
Symbiotic seed germination

In symbiotic seed germination, S. vermifera and T. calospora

were cultured in agar (1.5 g/L) containing 2.5 g/L oatmeal (Becton

Dickinson, Sparks, MD, USA) until maximum hyphal growth.

Bletilla striata seeds were surface-sterilized in 3 mL of 5% NaOCl

containing 5 μL Tween-80 for 2 min and were sown directly on top

of the mycelia. The plates were incubated at 25°C for 2 weeks.
Asymbiotic seed germination and direct
root inoculation of OMF

In asymbiotic seed germination, B. striata seeds were surface-

sterilized as above and sown on solid half-strength Murashige–

Skoog (MS) medium supplemented with 20 g/L sucrose, 20 g/L

banana homogenate, 1 g/L tryptone, 3 g/L activated charcoal, MS

vitamin mixture (pH 5.8), and 0.8 g/mL agar. Seedlings were grown

for 8 weeks until formation of true leaves and roots. For the first

subculture, the plantlets were transferred into half-strength P668

medium (Phytotech Labs, Lenexa, KS, USA) supplemented with 20

g/L sucrose, 0.1 g/L tryptone, 0.2 mg/L naphthalene acetic acid, 0.5

mg/L 6-benzylaminopurine, MS vitamin mixture (pH 5.8), and 0.8

g/mL agar for another 6–8 weeks. Seedlings with at least two true

leaves and new roots longer than 2 cm were transferred into small

pots filled with a mixture of akadama soil, kanuma soil, and

vermiculite (4:4:1 volume ratio) under a 16 h light/8 h dark

photoperiod at 25°C for another 2 weeks for hardening

(Supplementary Figure 1). S. vermifera and T. calospora were

cultured in YEPG liquid medium containing 3 g/L yeast extract, 3

g/L peptone, and 20 g/L glucose for 4 weeks until sufficient mycelial

growth. The mycelial mass was harvested and homogenized in
Frontiers in Plant Science 03
distilled water (4 mL/g mycelial mass) using a homogenizer (Nissei,

Osaka, Japan). A 2-mL aliquot of the mycelial suspension was

inoculated beneath each seedling.
Visualization and quantification of OMF
colonization in protocorms and roots

Root colonization is defined as the presence of pelotons, both

intact and degraded (Yamamoto et al., 2017). Protocorms and roots

were fixed in 70% ethanol and cleared in 5% KOH at 90°C for 1 h

(Peterson et al., 2004). To evaluate colonization, the protocorms

were stained with 5% black ink (Sheaffer, Fort Madison, IA, USA) in

5% acetic acid for 10 min (Vierheilig et al., 1998). Protocorms were

photographed under a light microscope (BX53; Olympus, Tokyo,

Japan) equipped with a digital camera (DP27; Olympus). By using

ImageJ v.1.53a, pelotons present in protocorms were counted with

the multipoint tool and root colonization was measured with the

segmented line tool. Root colonization was quantified as described:

each piece of root was divided into imaginary 1-mm segments. Each

segment was further divided horizontally into four subsegments,

especially the middle part by the vascular bundle. The ratio of

cortical colonization within each segment was scored as 0 (no OMF

colonization on either side), 0.25 (one-quarter of the segment is

colonized), 0.5 (only one side is fully colonized), 0.75 (three-

quarters of the segment is colonized), or 1 (both sides are

colonized). The colonization rate (CR) for a single root was

calculated through the colonization index (CI) using the following

equations:

CR = CI � 100%  with CI

=
0:25o n0:25 + 0:5o n0:5 + 0:75o n0:75 +o n1

o n0 +o n0:25 +o n0:5 +o n0:75 +o n1
 ,

where i is a positive integer from 0 to 4, ni/4 is the number of

segments colonized at a particular level, andN is the total number of

segments in one root. This index can vary from 0 to 1. The final CR

of a seedling was then expressed as the arithmetic average value of

CR obtained from all roots. The detailed method is available at

Zenodo (https://doi.org/10.5281/zenodo.10464582).
Pathogen inoculation

Erwinia chrysanthemi MAFF311045, which was isolated from

Phalaenopsis (Suharjo et al., 2014), was cultured in Luria–Bertani

(LB) medium overnight. Bacterial suspension at several

concentrations and OD600 = 0.0025 was mixed with 0.01%

Tween-20 (10:1 volume ratio). Two leaves per seedling of B.

striata, A. thaliana, and N. benthamiana were used. For each leaf,

one small drop (3 μL) was placed on the syringe-wounded adaxial

surface. During infection, high humidity was maintained by

flooding the planting tray with water and covering the plantlets

with a moist plastic lid. Symptoms were observed and leaf samples

were collected 3 days after inoculation. Infected leaves (diameter 4

mm) were excised at the site of initial infection and macerated in 1
frontiersin.org
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mL liquid selective enhancement medium containing 3.75 g/L

MgSO4·7H2O, 1 g/L (NH4)2SO4, 1 g/L K2HPO4, 0.2 mL/L 5N

NaOH, and 1.7 g/L pectin at pH 7.2 (Wako Pure Chemicals,

Osaka, Japan) for 24 h at 28°C (Hélias et al., 2012). Because of

the ability of this pathogen to produce indigoidine (Lee and Yu,

2006; Alič et al., 2019; Wei et al., 2021), we used a selective nutrient

agar medium containing crystal violet, 70 mg/mL glutamine, and 4

mg/mL MnCl2·2H2O at pH 6.5–6.8. Plates were incubated at 28°C

for 1 day and bluish colonies were selected for counting.
Leaf symptoms, indicators of
photosynthetic damage, and
peroxide content

To visualize the necrotic area, leaves were immediately placed

into 0.05% trypan blue, stained at 37°C overnight, and destained in

absolute ethanol for another night. To visualize peroxide

distribution around the infected area, infected leaf samples were

directly incubated in 1 mg/mL diaminobenzidine at 37°C overnight

in the dark. The leaves were fully decolorized in several changes of

70% ethanol at 70°C for 1 h and stored in 30% glycerol

until observation.

Photosynthetic quantum yield was measured with a miniPPM-

300 photosynthesis meter (EARS, Wageningen, Netherlands) after

dark preconditioning for at least 30 min. Subsequently, individual

leaves were weighed, and chlorophyll was extracted with 1 mL of

dimethyl sulfoxide per leaf overnight. Quantification of total

chlorophyll content was based on extract absorbance at 649 and

665 nm and an equation suggested by (Wellburn, 1994). The values

expressed in μg/mL solvent were converted into μg/g leaf

fresh weight.

The total peroxide content of leaves was measured by luminol

chemiluminescence catalyzed by Co2+ (Pérez and Rubio, 2006).

Samples were frozen in liquid nitrogen, ground in 0.5 mL

5% trichloroacetic acid, and centrifuged at 13,000 rpm and 4°C

for 10 min. The supernatant was supplemented with 5%

polyvinylpyrrolidone and diluted 100-fold with water. An aliquot

of the diluted extract (20 μL) was added to 1 mL of diluted luminol–

cobalt mixture (1 g/L luminol and 0.7 g/L CoCl2·6H2O in carbonate

buffer pH 10.2, incubated for at least 1 h, and diluted 10-fold before

use). Chemiluminescence was measured 5 s after the addition of

luminol in a Gene Light GL-220 luminometer (Microtec Nition,

Chiba, Japan). The values were expressed as log10 (relative light

unit)/g fresh weight.
RNA extraction and RNA-sequencing

Aside from control, only T. calospora-colonized seedlings,

regardless of their infection status, were used for RNA extraction

and sequencing. Each replicate contained materials collected from

at least five individuals. Total leaf RNA was extracted using a Total

RNA Extraction Kit (Plant) (RBC Bioscience, Taipei, Taiwan)

according to the manufacturer’s protocol. Residual genomic DNA

was removed with RNase-free DNase I (Toyobo, Osaka, Japan). The
Frontiers in Plant Science 04
quality and quantity of the total RNA were checked using a Qubit

RNA HS Assay Kit and Qubit 2.0 Fluorometer (Thermo Fisher

Scientific, Waltham, MA, USA). RNA-seq library construction from

the total RNA using an MGIEasy RNA Directional Library Prep Set

(MGI, Shenzhen, China) and sequencing with strand-specific and

paired-end reads (150 bp) using the DNBSEQ-T7RS sequencing

platform were performed by Genome-Lead Co. (Takamatsu,

Kagawa, Japan).
Transcriptome analysis

The obtained raw reads were filtered using Fastp v.0.23.2 (Chen

et al., 2018) to remove low-quality reads (<Q30) and adapter

sequences. Reads were mapped to de novo assembled transcript

sequences (Miura et al., 2018) using Bowtie2 v.2.5.2 (Langmead and

Salzberg, 2012) (Supplementary Table 1). Differentially expressed

genes (DEGs) were analyzed using the edgeR package. Library size

was corrected using the trimmed mean of M value method and

fitted using the glmTreat (filtered at logFC 1.5) (Smyth et al., 2018).

Gene Ontology (GO) enrichment was analyzed in the topGO

package (Alexa and Rahnenfuhrer, 2023) using the elim

parameter and Fisher exact test, and the p-values were adjusted

with the Benjamini–Hochberg method. The false discovery rate

(FDR) threshold was set at 0.05. Genes of B. striata orthologous to

rice genes were identified using SonicParanoid (Cosentino and

Iwasaki, 2019) with default parameters. The rice genome

assembly (Os-Nipponbare-Reference-IRGSP-1.0; Kawahara et al.,

2013) were retr ieved from Ensembl Plants (ht tps : / /

plants.ensembl.org/index.html). Additional genes involved in

jasmonate, ethylene biosynthesis, and phosphate metabolism were

retrieved from rice transcriptomic data (Campo and San Segundo,

2020) and used as queries for local TBLASTX against B. striata

genome assembly. Only B. striata genes with an E-value less than

10−5 were selected. The whole TBLASTX process was conducted in

Genetyx v.15 software (Genetyx, Tokyo, Japan). For visualization, a

heatmap was generated in the RStudio v.4.1.2 package

Complexheatmap (Gu et al., 2016), and an UpSet plot was

generated manually using CorelDRAW 2021 v.23.1.0.389 (Alludo,

Ottawa, ON, Canada).
Statistical analysis

For protocorm symbiotic cell count, root colonization rate, D.

fangzhongdai titer, photosynthetic quantum yield, chlorophyll

content, and peroxide content data, whenever the data did not

meet the normality assumption, logarithmic data transformation

was used to enable analyses with parametric tests according to the

corresponding data skewness. The statistical analyses were

conducted in RStudio v.4.1.2 with Student’s t-test, ANOVA, or a

Kruskal–Wallis test. To investigate whether the relationship

between D. fangzhongdai titer and root colonization rate among

individual seedlings with leaf soft rot is linked to OMF identity, we

used a generalized linear mixed model (GLMM) for negative

binomial implemented in the lmerTest package (Kuznetsova et al.,
frontiersin.org
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2017). Considering the possibility of different responses among

individuals and infection occurrence, experimental batches and

individual seedlings were used as a random factor and OMF

identity and colonization rate were used as fixed factors. The final

syntax was constructed without the interaction between OMF

colonization rate and identity to produce, the most maximal yet

parsimonious model: glmer.nb (colony-forming unit [CFU] count ~

colonization rate + OMF identity + [1| experimental batch/

treatment]). To determine the importance of OMF colonization

rate and OMF identity in determining CFU count, the model.sel

function of the MuMIn package (Bartoń, 2023) was applied to the

constructed GLMM. The omitted factor with the largest change in

the corrected Akaike information criterion value was regarded as

the most important fixed factor.
Results

Tulasnella calospora and S. vermifera
colonize B. striata roots with similar
symbiotic affinity in protocorms

We established an ex vitro growing system for B. striata

seedlings in a common potting mix and cultured OMF in liquid

medium to obtain maximum mycelial growth and facilitate direct
Frontiers in Plant Science 05
root inoculation. We tested the compatibility of B. striata with OMF

candidates by direct root inoculation described in the current study,

and by a symbiotic germination assay established previously (Fuji

et al., 2020). Within 2 weeks, we confirmed the presence of pelotons

in protocorms and roots, which is the primary sign of OM

establishment (Figure 1A, Supplementary Figure 2). In

protocorms, OMF colonization started from the basal part and

was restricted to the lower half until the formation of shoot

primordium (Supplementary Figure 2), as reported earlier (Miura

et al., 2019). In roots, OMF colonization occurred everywhere,

except the quiescent center. The colonization rate was higher for

T. calospora than for S. vermifera in protocorms (Figure 1B) and in

roots (Figure 1C).
Erwinia chrysanthemi MAFF311045 is
synonymous to Dickeya fangzhongdai

Our pathosystem for B. striata was based on a study on orchid

infection by Erwinia species (Wu et al., 2011; Ye et al., 2019). We

chose Erwinia chrysanthemi because of its ability to infect orchids.

The Erwinia genus is rather complex (Samson et al., 2005). Our

phylogenetic tree based on 16S ribosomal RNA sequences of various

species within Pectobacteriaceae assigned the E. chrysanthemi

MAFF311045 to Dickeya fangzhongdai (Supplementary Figure 3).
A

B C

FIGURE 1

Colonization of Bletilla striata by orchid mycorrhizal fungi (OMF). Seedlings were inoculated with the homogenized mycelial suspension of OMF into
soil and incubated for 2 weeks. (A) Root colonization of OMF was visualized by ink staining. Pelotons are visible inside the root cortex as blue dots.
Bar = 400 µm. (B) Average root colonization rate per individual seedling. Symbiotic seed germination was conducted by co-culture with OMF for 2
weeks. (C) Protocorms were subjected to ink staining, and the number of symbiotic cells per protocorm was counted. Red dots indicate mean ±
standard error. ****p< 0.0001, Student’s t-test. S.ver30, Serendipita vermifera; T.cal05, Tulasnella calospora.
frontiersin.org
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Leaf inoculation with this pathogen resulted in a lesion and bacterial

spread throughout the leaf, often causing the leaf to drop, in B. striata,

A. thaliana, and N. benthamiana (Supplementary Figures 4A–C).
Induced systemic resistance is linked to the
degree of OMF colonization

The effects of OMF colonization on ISR against pathogens were

examined in the B. striata–D. fangzhongdai pathosystem. Both S.

vermifera and T. calospora were able to colonize B. striata roots

(Figure 1). Upon D. fangzhongdai infection, lesions on detached

leaves were wider in the presence of OMF colonization than in its

absence (Figure 2A). T. calospora colonization induced the defense

response, as indicated by a reduced D. fangzhongdai titer (Figure 2B).

On the other hand, S. vermifera colonization did not affect resistance

sinceD. fangzhongdai titer was not reduced as in uncolonized seedlings.

To further test the physiological changes associated with the

induction of disease resistance, we assessed the indicators of

photosynthetic damage and peroxide production. Photosynthetic

damage is a general proxy for disease resistance in leaves, and

reactive oxygen species are general inducers of disease resistance (Lu

and Yao, 2018; Li and Kim, 2022). Regardless of lesion size, the necrotic

area was relatively constant, as revealed by trypan blue staining

(Supplementary Figures 4D, E). The photosynthetic quantum yield

was reduced in all infected leaves, but the photosynthetic damage

caused by the infection was significantly smaller when T. calospora

colonized the roots (Figure 3A). Similarly, the decrease in total

chlorophyll content of seedlings caused by D. fangzhongdai infection

was lowest in the presence of T. calospora (Figure 3B). Hydrogen

peroxide was also accumulated in infected leaves (Supplementary

Figure 5A), and its content was significantly higher in OMF-

colonized seedlings (Supplementary Figure 5B). Overall, the ability of

OMF to systemically induce disease resistance in orchids is not

necessarily related to symptom appearance, e.g., lesion size, but
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rather to reduced pathogen proliferation. This is also supported by

the data that both OMF identity and colonization rate strongly affected

ISR (n = 88 plants; p< 0.001; Tables 1, 2, Supplementary Figure 6).
Transcriptome analysis of leaves of B.
striata seedlings inoculated with OMF
and pathogen

The lowest D. fangzhongdai titer and photosynthetic damage in

T. calospora–infected leaves led us to hypothesize that T. calospora

colonization enhances disease resistance by systemically inducing

changes in gene transcription. We analyzed transcriptomes of leaves

upon root inoculation with T. calospora (T treatment), upon leaf

infection by D. fangzhongdai (P treatment), or both (PT treatment).

Up- and downregulated DEGs were identified by comparisons

among the three treatments (Supplementary Tables 2–4). A heatmap

of DEG clustering showed distinct expression patterns among the

treatments (Figure 4A). A total of 2660 genes in P, 1391 in T, and

1628 in PT seedlings were upregulated, and 2987 in P, 2319 in T, and

857 in PT seedlings were downregulated. Among them, 6 DEGs (4

upregulated and 2 downregulated) were shared among all treatments,

1641 DEGs (397 upregulated and 1244 downregulated) between P

and T, 63 DEGs (45 upregulated and 18 downregulated) between T

and PT, and 5 upregulated DEGs between P and PT (Figure 4A). The

transcriptional profile was less similar between T and PT seedlings

than between P and PT seedlings, as indicated by MDS plot

(Supplementary Figure 7). These data demonstrated that OM

symbiosis greatly affects the leaf transcriptome. Since both T and

PT treatments involved T. calospora colonization, it systemically and

conspicuously altered leaf transcriptional changes before and after D.

fangzhongdai infection.

GO enrichment analysis of biological processes revealed that

terms related to photosynthesis were overrepresented among the

upregulated DEGs in T-treated seedling leaves. The categories of
A B

FIGURE 2

Induced systemic resistance on Bletilla striata leaves upon Dickeya fangzhongdai infection. Leaves of OMF-colonized B striata seedlings were
inoculated with bacterial suspension of D fangzhongdai, and (A) ratio of lesion area to total leaf area and (B) colony-forming unit (CFU) count were
measured 3 days after inoculation. Red dots indicate mean ± standard error. The different letters show that the values are significantly different at p<
0.05 based on Kruskal–Wallis test. −OMF, non-colonized control; S.ver30, Serendipita vermifera; T.cal05, Tulasnella calospora.
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disaccharide metabolic process, tropism, ammonia assimilation

cycle, and innate immune response were also enriched. Among

downregulated DEGs, response to wounding, defense response, and

response to oxidative stress were among the overrepresented terms

(Figure 4B, Supplementary Table 5). In PT-treated seedlings, terms

related to responses to karrikin, inorganic substance, and wounding

were overrepresented among the upregulated DEGs, whereas

photosynthesis, tropism, and ammonia assimilation cycle were

among the overrepresented terms among downregulated DEGs

(Figure 4C, Supplementary Table 6). These results implied that

upon T. calospora colonization probably by increasing primary

metabolism, e.g., photosynthesis and sugar metabolism, and then

resistance was increased upon pathogen infection. Thus, it is worth

noting that there is a potential of growth-defense tradeoff.
Comparisons of expression levels of
phosphate and jasmonate/ethylene
metabolism-related genes in rice and
B. striata

We hypothesized that transcriptional patterns are conserved across

different mycorrhizal types, especially in comparison with those in AM
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plants. To test this hypothesis, we compared our data with the

published data on leaf transcriptional changes in rice (Oryza sativa

ssp. japonica cv. ‘Loto’) inoculated with AM fungus Funneliformis

mosseae (Campo and San Segundo, 2020). The most noticeable

transcriptional changes in rice leaves were in phosphate- and

jasmonate/ethylene metabolism-related genes. Jasmonate and

ethylene are involved in resistance against necrotrophic pathogens

and in ISR (Shoresh et al., 2005; Zhu, 2014). To identify the

orthologous genes by SonicParanoid, we used rice genes as queries

against B. striata de novo assembly (Supplementary Table 7). We also

used local TBLASTX (Supplementary Table 8). The expression of the

identified B. striata orthologs of phosphate metabolism–related genes

did not necessarily mirror changes in the expression of rice genes

(Figure 5A, Supplementary Table 8), but the identified genes involved

in the first steps of jasmonate and ethylene biosynthesis were similarly

downregulated in rice and B. striata, such as phospholipase A1 (PLA1),

lipoxygenase (LOX), allene oxide synthase (AOS), oxophytodienoic

acid reductase (OPR), and S-adenosylmethionine synthase (SAMS)

(Figure 5B, Supplementary Table 8). The expression of these genes was

suppressed in T and P seedlings, but increased in PT seedlings.

We further checked the expression patterns of homologous

jasmonate and ethylene biosynthesis–related genes extracted from

DEG lists (FDR< 0.05) and obtained similar results. The overall
TABLE 1 Results of generalized linear mixed model.

Fixed
effects

Estimate Standard
error

z-
value

p-
value

(Intercept) 0.666351 0.215476 3.092 < 0.01

Colonization
rate

-0.020733 0.004376 -4.738 < 0.001

OMF identity 0.035266 0.00508 6.943 < 0.001
*Significances are highlighted in bold.
Dickeya fangzhongdai titer in leaves is used as the dependent variable.
TABLE 2 Results of model comparison using corrected Akaike
Information Criterion values.

Model Log likelihood AICc delta

Initial -156.618 326.3 0

Without
“colonization rate”

-170.078 350.9 24.62

Without “OMF identity” -181.193 373.1 46.84
fro
Dickeya fangzhongdai titer in leaves is used as the dependent variable.
A B

FIGURE 3

Photosynthetic damage caused by Dickeya fangzhongdai infection. (A) Photosynthetic quantum yield and (B) total chlorophyll contents were
measured in D fangzhongdai-infected leaves of OMF-colonized Bletilla striata seedlings 3 days after infection and those of healthy uninoculated
seedlings. Red dots indicate mean ± standard error. The different letters show that the values are significantly different at p< 0.05 based on Kruskal–
Wallis test. −OMF, non-colonized control; S.ver30, Serendipita vermifera; T.cal05, Tulasnella calospora.
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results showed that priming suppresses the jasmonate and ethylene

signaling pathways and that leaf infection by pathogen activates

them, confirming the occurrence of ISR in B. striata (Figure 5C,

Supplementary Table 9).
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Discussion

In this study, we demonstrated that a compatible OMF

colonization, T. calospora, systemically induces resistance against
A B

C

FIGURE 4

RNA-seq analysis. Root colonization of Tulasnella calospora in Bletilla striata seedlings was conducted by inoculating the homogenized mycelial
suspension into soil, and then seedlings were cultured for 2 weeks. Leaves of seedlings were infected with Dickeya fangzhongdai by drop
inoculation and harvested 3 days after inoculation. Three biological replicates (each replicate contains leaves collected from different plants) were
used for RNA extraction and sequencing. (A) Heatmap showing fold changes of differentially expressed genes (DEGs) in leaves of seedlings treated
with the pathogen D. fangzhongdai only (P); T. calospora only (T); or both (PT), each compared with non-colonized and uninoculated healthy
control (without T. calospora and D. fangzhongdai). An UpSet plot below the heatmap shows the number of upregulated and downregulated DEGs
attached to bar plots. Connected dots show the treatment sets that share the respective DEGs. The log fold change (logFC) was calculated as log2
[treatment/uncolonized] > |1.5| with FDR< 0.05. (B, C) Heatmaps of the top 10 enriched biological process gene ontology (GO) terms for
upregulated and downregulated DEGs in (B) T treatment and (C) PT treatment. FDR, false discovery rate. All GO terms are listed in Supplementary
Tables 5, 6.
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a necrotrophic pathogen as well as its possible role in defense

priming in orchids (Figure 6). We also showed partial

commonalities between AM and OM plants in aboveground

transcriptomic changes during root colonization.

Mycorrhizal fungi improve host fitness, which varies among

AM fungus–plant pairings (Säle et al., 2021; Cope et al., 2022;

Guigard et al., 2023). The driving factors for the functional diversity

are largely unknown, but plants may simply choose mycorrhizal
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fungi that provide the highest growth with minimal metabolic costs,

which is important for survival. The same applies to orchids, which

underwent rapid diversification in their growth habits during the

Cenozoic (Dearnaley et al., 2012; Chomicki et al., 2015; Xing et al.,

2019). Orchids with the highest demand for mycorrhizal association

during early seed germination prioritize different OMF species as

their partners (Otero et al., 2005; Meng et al., 2019; Pujasatria et al.,

2022). Previously, we showed that B. striata associates with multiple
A B

C

FIGURE 5

Comparative analysis of the expression patterns of phosphate-acquisition and defense hormone–related genes in leaves of arbuscular mycorrhizal
rice (Oryza sativa spp. japonica, cv. Loto; Campo and San Segundo, 2020) and Bletilla striata seedlings treated with the pathogen Dickeya
fangzhongdai only (P); Tulasnella calospora only (T); or both (PT). (A) Heatmap showing fold changes of DEGs involved in phosphate metabolism
and (B) jasmonate and ethylene signaling/metabolism in T. The orthologous genes of B striata were identified by SonicParanoid and TBLASTX.
(C) The expression of jasmonate- and ethylene-related genes of B striata was determined from transcriptomic analysis. The log fold change (logFC)
was calculated as log2[treatment/uncolonized] > |1.5| with FDR< 0.05. See Supplementary Tables 8, 9 for details.
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strains of Tulasnella during seed germination (Yamamoto et al.,

2017; Fuji et al., 2020). It could be assumed that B. striata remains

compatible with an OMF from seed germination until seedling

development and quantified OMF colonization in seedlings with

well-developed roots. Colonization during seed germination and

root colonization was higher for T. calospora than for S. vermifera.

Other Bletilla sister taxa, the members of tribe Arethuseae (e.g.,

Arundina, Pleione, and Coelogyne), are also associated with

Tulasnella, as suggested by metagenomic studies and in vitro

assays (Yukawa et al., 2009; Sathiyadash et al., 2014; Meng et al.,

2019; Qin et al., 2019). These suggest that the convergent evolution

of OM still involves mycorrhizal partner selection, in addition to

molecular-level mechanisms shared with AM plants, such as the

roles of phytohormones and transcriptional regulations (Miura

et al., 2018; Miura et al., 2024).

Dickeya fangzhongdai, as well as Erwinia sensu lato, infects

orchids (Fu et al., 2012; Alič et al., 2019; Ye et al., 2019; Zhou et al.,

2021), Arabidopsis (Kraepiel et al., 2011), and tobacco (Sobiczewski

et al., 2017), resulting in brownish soft necrotic lesions. The lesions,

however, should not be used as the sole proxy of resistance;
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pathogen titer should be added as another criterion, as shown in

this study. In Phalaenopsis, lesions are smaller upon OMF

colonization (Wu et al., 2011). In this study, the lesions were

visually larger upon priming, but D. fangzhongdai titer was

significantly lower. Whether these phenomena were due to the

physiological difference between these orchid species is unknown.

However, it is worth mentioning that leaf soft rot is usually

unstoppable, causing the preventive way is by cutting the whole

infected leaf because the symptom spreads quickly within days. This

phenomenon is commonly observed in cultivation of various orchid

species (Chi et al., 2022). Regardless, in this study, disease resistance

against necrotrophic pathogens were systemically induced in

orchids colonized by mycorrhizal fungi.

We investigated the potential similarity in ISR between orchids

and AM plants through comparative transcriptomics. Upon root

colonization by mycorrhizal fungi, the host plants alter various

metabolic pathways (Fontana et al., 2009; Jacott et al., 2017;

Goddard et al., 2021; Orine et al., 2022; Li et al., 2023); host

plants increase their primary metabolic activity (nutrient uptake

and remobilization) and temporarily lower the expression of
FIGURE 6

Commonalities in induced systemic resistance (ISR) primed by mycorrhizal fungus colonization in an AM plant (rice) and orchid (Bletilla striata).
Despite structural differences, colonization by AMF and OMF causes priming by regulating the expression of genes related to primary metabolism
(e.g., phosphate metabolism). This is more variable in AM plants than in orchids. However, the expression of genes related to the jasmonate and
ethylene signaling pathways is downregulated in both species. When a necrotrophic pathogen infects the plants, AMF or OMF colonization triggers
ISR in leaves, which increases the expression of genes involved in jasmonate and ethylene signaling pathways and in turn inhibits
pathogen proliferation.
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defense-related genes (Schoenherr et al., 2019; Jing et al., 2022). In

AM plants such as rice, genes associated with phosphate

metabolism and phospholipid biosynthesis are upregulated,

whereas non-phosphate lipids, which are later used in jasmonate

biosynthesis, are downregulated (Campo and San Segundo, 2020).

In Bletilla, the annotations related to phosphate metabolism are

insufficient to conclude whether phosphate metabolism is also

aligned with that of AM plants. Although it is unknown whether

Bletilla does not prioritize phosphate metabolism or its phosphate-

related genes are not differentially expressed, most studies on

nutrient acquisition through OM show that orchids primarily

focus on carbon and nitrogen from OMF (Stöckel et al., 2014;

Fochi et al., 2016; Dearnaley and Cameron, 2017; Zahn et al., 2023).

Inorganic phosphate is also taken up through OMF hyphae

(Cameron et al., 2007; Davis et al., 2022) and its content is

determined by trophic mode (Minasiewicz et al., 2023):

mycoheterotrophic species have the highest phosphorus content,

followed by partial mycoheterotrophic and autotrophic ones.

Assuming that B. striata seedlings used in this study were already

fully autotrophic, it is possible that most phosphate metabolism–

related genes were not dominantly expressed even after plant

colonization by OMF, unlike in AM plants.

On the other hand, after infection, the defense response was

stronger after priming than before it. This is often indicated by an

increase in defense-related gene expression and content of

phytohormones, notably jasmonate and ethylene, which are

involved in ISR and play a major role in defense against

necrotrophic pathogens (Shoresh et al., 2005; Wasternack and

Feussner, 2018). Mycorrhiza-colonized plants typically prioritize

growth and thus allocate less resources to defense responses,

including jasmonate biosynthesis (Huot et al., 2014). Once the

leaf is attacked by a pathogen, jasmonate is readily increased for

defense (Galis et al., 2009). Again, our comparative transcriptome

analysis was still too inconclusive due to the low number of genes

matched with those of rice. However, it was hinted that the

expression pattern could be similar since the genes involved in

the first steps of jasmonate/ethylene biosynthesis were also

downregulated during priming and then upregulated after D.

fangzhongdai infection onset. In turn, D. fangzhongdai titer was

reduced, similar to that in other pathogen infections of AM plants.

Our transcriptional evidence further supports the presence of

defense priming in orchids.

In summary, our study demonstrated that the association

between orchid and mycorrhizal fungi leads to ISR, thus

providing a new clue for commonalities between AM and OM.

As in AM plants, OMF compatibility also reflects the best

colonization. The presence of a particular OMF in a substrate is a

key factor in orchid seedling establishment (Gowland et al., 2013;

Pujasatria et al., 2022) to provide the protocorms with nutrients and

to protect against stress. We also propose that the ISR in B. striata

involves a complex mechanism in which regulation of metabolites,

defense responses, photosynthesis, and oxidative stress responses is

synchronized to reduce D. fangzhongdai proliferation during leaf

soft rot onset. Most AM studies have focused on leaves (Fujita et al.,
Frontiers in Plant Science 11
2022; Wang et al., 2022b), but priming could be more variable in

orchids than in other plants because orchid diseases also occur on

pseudobulbs, rhizomes, and even flowers (Ito and Aragaki, 1977;

Swett and Uchida, 2015; Li et al., 2022). Thus, the priming effects in

orchids are still largely unknown if one takes into account pathogen

trophic modes, latency, and the attacked organs. Further studies are

needed to clarify how the defense responses were activated at the

molecular level, allowing to reveal more commonalities among AM

plants and orchids as well as various types of pathogens.
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