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SUMMARY

Orchid mycorrhiza (OM) represents an unusual symbiosis between plants and fungi because in all orchid

species carbon is provided to the host plant by the mycorrhizal fungus at least during the early stages of

orchid development, named a protocorm. In addition to carbon, orchid mycorrhizal fungi provide the host

plant with essential nutrients such as phosphorus and nitrogen. In mycorrhizal protocorms, nutrients trans-

fer occurs in plant cells colonized by the intracellular fungal coils, or pelotons. Whereas the transfer of these

vital nutrients to the orchid protocorm in the OM symbiosis has been already investigated, there is currently

no information on the transfer of sulfur (S). Here, we used ultra-high spatial resolution secondary ion mass

spectrometry (SIMS) as well as targeted gene expression studies and laser microdissection to decipher S

metabolism and transfer in the model system formed by the Mediterranean orchid Serapias vomeracea and

the mycorrhizal fungus Tulasnella calospora. We revealed that the fungal partner is actively involved in S

supply to the host plant, and expression of plant and fungal genes involved in S uptake and metabolism,

both in the symbiotic and asymbiotic partners, suggest that S transfer most likely occurs as reduced organic

forms. Thus, this study provides original information about the regulation of S metabolism in OM proto-

corms, adding a piece of the puzzle on the nutritional framework in OM symbiosis.

Keywords: sulfur metabolism, orchid mycorrhiza, Tulasnella, Serapias vomeracea, gene expression, stable

isotope tracer.

INTRODUCTION

Sulfur (S) is an essential macronutrient for all organisms,

but conversion of inorganic to organic S compounds is pri-

marily dependent on sulfate uptake and reduction in pho-

tosynthetic organisms and microorganisms (Takahashi

et al., 2011). Sulfur is involved in multiple metabolic pro-

cesses where it serves many functions as a structural con-

stituent of amino acids (cysteine and methionine),

coenzymes (S-adenosyl-methionine), prosthetic groups

(iron–sulfur cluster), vitamins (biotin and thiamin), the anti-

oxidant glutathione, sulfolipids, and secondary metabolites

(Kopriva et al., 2019).

In green plants, S is the fourth most important nutrient

element after nitrogen, phosphorus, and potassium, and S

deficiency affects plant growth, plant performance, and yield

(Hell, 1997; Zenda et al., 2021). For these reasons, S uptake

and metabolism in plants have been extensively investigated

(Kopriva et al., 2019; Li et al., 2020; Narayan et al., 2022).

Plants take up inorganic S from the soil mainly in the

form of sulfate, which is then transferred to the shoot and

reduced in the chloroplasts through the reductive sulfate

assimilation pathway.

Uptake and internal transport of sulfate in plants, includ-

ing translocation between different cell compartments, occurs
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via sulfate transporters of the SULTR family (Li et al., 2020;

Takahashi, 2019). SULTR is a multigene family of sulfate/H+

co-transporters, and different categories of SULTR genes

have been proposed according to their coding sequence

homology, biochemical properties, and functions (Takahashi

et al., 2011). In Arabidopsis, the two high-affinity sulfate trans-

porters SULTR1.1 and SULTR1.2 are major players in sulfate

absorption from the soil and are mainly located in root hairs

and epidermal root cells (Takahashi et al., 2000), whereas the

SULTR2.1 isoform seems responsible of translocation from

roots to shoots. An additional role as a S sensor has been pro-

posed for the SULTR1.2 transporter (Takahashi, 2019; Zheng

et al., 2014). Inside the plant cells, transporters of the SULTR3

family may directly mediate sulfate import into the chloro-

plasts, where sulfate is reduced (Cao et al., 2013; Chen

et al., 2019). Sulfate can be stored in the vacuole, and sulfate

transporters of the SULTR 4 group seem to be responsible for

sulfate efflux from this organelle under S deficiency (Takaha-

shi, 2019; Takahashi et al., 2011).

Sulfur incorporation into biomolecules requires reduc-

tion of inorganic sulfate to sulfide. In plants, the reductive

sulfate assimilation pathway starts with the ATP-

dependent activation of sulfate to adenosine 50-
phosphosulfate (APS), followed by reduction to sulfite via

an APS reductase, and then to sulfide. Condensation of

sulfide with O-acetylserine (OAS) leads to the formation of

the amino acid cysteine, which is either used directly in

protein biosynthesis or for the synthesis of the amino acid

methionine, of the redox control molecule glutathione, and

of the methyl group donor S-adenosylmethionine (SAM).

Starting from APS, the plant sulfate assimilation pathway

bifurcates into two pathways: one is the reductive pathway

described above, whereas the other involves an APS

kinase and leads to the biosynthesis of 30-
phosphoadenosine 50-phosphosulfate (PAPS), which

serves as sulfate donor for sulfation of peptides, hor-

mones, and secondary metabolites crucial for oxidative

stress responses (Chan et al., 2019; Kopriva et al., 2012).

In nature, most plants form symbioses with mycorrhi-

zal fungi that assist them with mineral nutrition (Balestrini

& Lumini, 2018; Bucher et al., 2014; Genre et al., 2020). Dif-

ferent types of mycorrhizal fungi can be distinguished

(arbuscular, ecto, ericoid, and orchid mycorrhizal fungi),

depending on the morphology of their association with the

host plant (Smith & Read, 2008).

Thanks to their extraradical mycelium, mycorrhizal

fungi play a pivotal role in the acquisition of mineral nutri-

ents because their hyphae can explore large volumes of

soil and extend into soil micropores that the plant roots

cannot reach, thus gaining access to essential nutrients

that may be unavailable to the plant (Smith & Read, 2008).

Mineral nutrients absorbed by mycorrhizal fungal hyphae

are translocated to the plant root, where they are released

to the host cell across specialized interfaces (Balestrini &

Bonfante, 2005, 2014) and normally exchanged with

photosynthesis-derived carbon. The uptake of phosphorus

and nitrogen and their transfer to the mycorrhizal host

plant have been extensively investigated (Bucher et al.,

2014; Casieri et al., 2013), whereas much less is known

about S uptake by mycorrhizal fungi and transfer to the

host plant (Giovannetti et al., 2014).

Fungi can absorb inorganic S as sulfate through sul-

fate permeases belonging to the SulP family, although

alternative S sources can be also exploited (Linder, 2018;

Traynor et al., 2019). Mansouri-Bauly et al. (2006) identified

two sulfate transporters in the ectomycorrhizal fungus Lac-

caria bicolor, but data on other mycorrhizal fungi are

scanty and S metabolism in fungi in general has been

investigated in a limited number of species (Piłsyk & Pas-

zewski, 2009). Fungi can assimilate S through a reductive

sulfate assimilation pathway slightly different from the one

described in plants. After transport into the cell, sulfate is

reduced to APS, which is then phosphorylated by an APS

kinase to form PAPS. A PAPS reductase then releases sul-

fite from PAPS, which is reduced to sulfide by a sulfite

reductase (Traynor et al., 2019). In fungi, the reductive sul-

fate assimilation pathway is therefore linear and includes

PAPS as an intermediate.

Sulfur transfer to the host plant by mycorrhizal fungi

has been investigated in arbuscular mycorrhiza, by far the

most common and best studied mycorrhizal symbiosis.

Arbuscular mycorrhizal colonization substantially improved

the S status of the host in many plant species, especially

under low-sulfate conditions (Allen & Shachar-Hill, 2009;

Casieri et al., 2012; Sieh et al., 2013; Wu et al., 2018). By

using 35S-labeled sulfate, Allen and Shachar-Hill (2009) dem-

onstrated sulfate uptake by the fungus and transfer to the

mycorrhizal roots. Following mycorrhizal colonization, the

SULTR1;1 and SULTR1;2 homologs from Medicago trunca-

tula and Lotus japonicus were found to be expressed in cor-

tical cells containing fungal arbuscules (Giovannetti et al.,

2014), which are the site of nutrient exchange in arbuscular

mycorrhiza. This finding suggests that, in arbuscular mycor-

rhiza, S is transferred to the plant cells mainly in the form of

sulfate, although organic S forms may also be translocated

(Allen & Shachar-Hill, 2009).

Information on S uptake and transfer to the host plant

in other mycorrhizal types is very limited, and, to our

knowledge, no previous studies have focused on S uptake

and transfer in orchid mycorrhiza (OM). Plants in the Orchi-

daceae, one of the largest families of flowering plants, dis-

play minute seeds lacking storage reserves and an

immature embryo, which need carbon and other nutrients

for germination and development of a unique postembryo-

nic structure called protocorm (Smith & Read, 2008).

Orchid mycorrhiza represents therefore an unusual symbi-

osis because, at least in the early plant developmental

stages, the mycorrhizal fungus transfers organic carbon to
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the host plant in addition to other nutrients (see in Cam-

eron et al., 2006; Kuga et al., 2014; Smith & Read, 2008).

Nutrient transfer in OM has been mainly studied in mycor-

rhizal protocorms, where plant cells colonized by intracel-

lular fungal coils, or pelotons, are considered the site of

nutrients transfer. Kuga et al. (2014) demonstrated 13C and
15N transfer to Spiranthes sinensis protocorms colonized

by the OM fungus Ceratobasidium sp. using secondary ion

mass spectrometry (SIMS). Here, we used SIMS to investi-

gate 34S transfer from an isolate of the OM fungus Tulas-

nella calospora to mycorrhizal protocorms of its host plant

Serapias vomeracea. 13C and 15N transfer were also mea-

sured for comparison. To elucidate the molecular bases of

S uptake and transfer in OM, the expression profile of plant

and fungal genes potentially involved in S metabolism was

investigated in asymbiotic and symbiotic conditions.

RESULTS

Uptake of sulfate and other elements by Tulasnella

calospora and transfer to mycorrhizal protocorms of the

orchid host Serapias vomeracea

Stable isotope tracers above natural abundances were

detected in the intracellular hyphae colonizing mycorrhizal

protocorm cells, as shown in the ratio images of the

tracers r13C, rC15N, and r34S (Figure 1). In particular, the

ratio images showed that the three stable isotopes highly

labeled the peloton hyphae in the colonized protocorm

cells, but not the fungal dead masses (Figure 1f–h). The

average values of 13C, 15N, and 34S tracer in the fungal

hyphae are reported in Table 1. Because the natural abun-

dance is about 1% for 13C, 0.36% for 15N, and 0.4% for 34S,

the expected values of r13C 9 100, rC15N 9 1000, and r34S

9 100 are about 1, 4, and 4, respectively. The significantly

higher average values in the fungal pelotons for all iso-

topes (Table 1) indicate that the fungal hyphae absorbed

the labeled tracers (as 34S-labeled sulfate, 13C-labeled glu-

cose, and 15N-labeled ammonium nitrate) from the agar

medium and translocated them to the orchid protocorm.

In colonized protocorm cells, the plant nuclei showed

contents above natural abundance for all isotopes, with

ratio values that were significantly correlated with the ratio

values of rC15N and r34S measured, within the same cells,

in the fungal hyphae (Figure 2). These results on the host

nuclei indicate that tracers translocated by the fungal

hyphae in the mycorrhizal protocorms were transferred to

the host cell. The stable isotope imaging showed that r34S,

r13C, and rC15N measured in the plant nuclei were higher

than the values of natural abundances not only in the colo-

nized cells but also in uncolonized protocorm cells close to

mycorrhizal cells or in the cortical and meristematic region

(Table 1). In particular, the highest isotopes ratios were

measured in the plant nuclei in the uncolonized cells

next to the colonized cells (Figure 1b–d), with values

significantly higher when compared to those of the other

cells, both uncolonized and colonized (Figure 3). Alto-

gether, these results indicate that stable isotope-labeled

compounds, once transferred from the fungal hypha to the

host cell, were translocated in other protocorm regions.

A significant linear correlation was observed between

different isotope tracers in both the intracellular fungal

hyphae and the plant nuclei of colonized and uncolonized

cells. The strongest correlation, both in the fungal and

plant structures, was between rC15N and r34S (Figure 4).

These results would indicate that compounds containing N

and S were translocated at the same rate, or that N and S

were both present in the same translocated molecule.

Identification and expression of fungal genes involved in S

uptake and assimilation

The complete genome sequence of T. calospora (Kohler

et al., 2015), available on the MycoCosm portal (http://

genome.jgi.doe.gov/Tulca1/Tulca1.home.html), was searched

for fungal genes potentially involved in S uptake and metab-

olism. Specifically, a search using the keyword “sulfate” led

to the identification of protein-coding genes potentially

involved in the transport, transformation, or usage of this ele-

ment (Table 2). Three genes coding for putative sulfate trans-

porters of the SulP family (TcSULP1, TcSULP2, TcSULP3)

were identified, showing homology with sequences of puta-

tive transporters and permeases of other basidiomycetes.

The best BLASTX hits for all three genes were putative sul-

fate anion transporters (Table 2).

These T. calospora genes were found to be differen-

tially expressed in the mycorrhizal symbiosis in a previous

RNAseq experiment (Fochi, Chitarra, et al., 2017). Here, RT-

qPCR were here used to investigate their expression in the

free-living mycelium (FLM), in the fungal mycelium grown

on the substrate next to mycorrhizal protocorms (MYC), and

in the mycelium inside mycorrhizal protocorms (SYMB).

Expression measured by RT-qPCR, with respect to expres-

sion in FLM, is reported in Table S4, and a graphical repre-

sentation is provided in the heatmap in Figure 5. An

opposite expression pattern was revealed for TcSULP2,

whose expression was strongly down-regulated in MYC

samples and up-regulated in SYMB samples, and the other

two TcSULP genes, both up-regulated in MYC samples and

down-regulated in SYMB samples (Figure 5). Five additional

fungal genes known to be involved in the different steps of

the S reductive pathway were selected in the genome of T.

calospora, namely a gene coding for a putative ATP sulfury-

lase (TcATPSul) involved in the production of adenosine 50-
phosphosulfate (APS), two genes coding for putative APS

kinases (TcAphk 1 and TcAphk2), that phosphorylate APS in

30-phosphoadenosine 50-phosphosulfate (PAPS), a putative

PAPS reductase (TcPSRed), that catalyzes the formation of

sulfite ions, and a gene coding for a putative sulfite reduc-

tase involved in the last step of reduction in sulfite to sulfide

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 116, 416–431

418 Silvia De Rose et al.

 1365313x, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16381 by U

niversita D
i T

orino, W
iley O

nline L
ibrary on [04/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://genome.jgi.doe.gov/Tulca1/Tulca1.home.html
http://genome.jgi.doe.gov/Tulca1/Tulca1.home.html


(a) (e)

(b) (f)

(c) (g)

(d) (h)

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 416–431

Sulfur uptake and transfer in orchid mycorrhiza 419

 1365313x, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16381 by U

niversita D
i T

orino, W
iley O

nline L
ibrary on [04/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ions. The transcripts of these genes all showed a similar

expression pattern in the fungal mycelium, with a signifi-

cant down-regulation in MYC samples, with respect to FLM,

and a strong up-regulation in SYMB samples (Table S4 and

Figure 5).

A gene encoding a putative sulfite efflux pump

(TcSul), required for the secretion of sulfite as a reducing

agent, was also selected in the genome of T. calospora as

a gene putatively involved in S transport between partners.

This gene was significantly up-regulated in both the MYC

and SYMB samples, as compared to FLM (Figure 5).

Selection and gene expression analysis of plant transcripts

putatively involved in S uptake and assimilation

RT-qPCR was also performed on plant genes involved in S

uptake, transport, and assimilation. The genome sequence

of S. vomeracea is currently unavailable, and genes of

interest were therefore selected from the RNA-Seq data

Figure 1. Secondary ion mass spectrometry imaging of a symbiotic protocorm of Serapias vomeracea associated with Tulasnella calospora. 13C-glucose,
15NH4

15NO3, and Mg34SO4 were added only to extraradical hyphae and incubated for 6 days. Isotopograph of 12C14N (a,e), 13C/12C (b,f), 12C15N/12C14N (c,g), and
34S/32S (d,h).

(a-d) Uncolonized cortical cells next to colonized region.

(e-h), Colonized cell with a fungal peloton and a dead fungal mass from previous colonization. DFM, dead fungal mass; N, plant nucleus; P, peloton. The lowest

color indexes are the value of the natural abundance of each isotope. Bars, 20 lm.

Table 1 13C, 15N, and 34S tracer values of Serapias vomeracea protocorm symbiotically germinated with Tulasnella calospora (6 days
labeling)

Fungal pelotons

Plant nuclei

Colonized cells

Uncolonized cells

All
Cortical next to the
colonized region

Cortical and
meristem

Number of images 30 18 4 4 26
13C/12C 9 100 2.26 � 0.50 1.48 � 0.10 1.76 � 0.12 1.48 � 0.08 1.52 � 0.14
12C15N/12C14N 9 1000 322.35 � 97.80 78.31 � 12.03 148.63 � 13.54 77.88 � 10.25 89.06 � 28.10
34S/32S 9 100 68.39 � 16.18 18.33 � 1.47 23.66 � 1.54 16.40 � 1.10 18.56 � 2.59

An aqueous mixture of tracers (1% 13C-glucose, 0.2% 15NH415NO3, 0.1% Mg34SO4) was added to the external hyphae and incubated for
6 days.
r13C, 13C/12C; rC15N, 12C15N/12C15N; r34S, 34S/32S. The expected values used in this study for the natural abundance of the isotopes (13C, 1%;
15N, 0.36%; 34S, 4%): r13C 9 100 = c. 1; rC15N 9 1000 = c. 4; r34S 9 100 = c. 4.
Average � SD.
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Figure 2. Scatter plots and Pearson’s correlation coefficient showing the relationship between the isotope ratios measured in the fungal peloton hyphae and in

the plant nucleus of the same colonized protocorm cell of Serapias vomeracea.

(a) 13C/12C 9 100.

(b) 12C15N/12C14N 9 1000.

(c) 34S/32S 9 100. n = 18. Pearson’s coefficient correlation, both side: *, P < 0.05; **, P < 0.01.
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obtained by Fochi, Chitarra, et al. (2017) for this species

and from a cDNA library obtained by 454 GS-FLX Titanium

pyrosequencing (Perotto et al., 2014). Nine S. vomeracea

sequences annotated as sulfate transporters (Table 3) were

compared with sulfate transporters already described in

the literature. Phylogenetic analysis (Figure 6) showed

that six S. vomeracea sequences (SvST2, SvST4, SvST5,

SvST6, SvST7, and SvST8) clustered with Group 3 plant

sulfate transporters (SULTR 3) together with several

sequences from other orchids, one sequence (SvST3) with

Group 1 SULTRs and two sequences (SvST1, SvST9) with

Group 4 SULTRs.

As compared to asymbiotic protocorms, analysis

of the transcript expression profiles in the mycorrhizal

protocorms (Table S5 and Figure 6) showed strong up-

regulation of the S. vomeracea sulfate transporters identi-

fied as Group 3 SULTRs by phylogenetic analysis

(Figure 6a), except for SvST4 that was not significantly reg-

ulated. SvST3, a sulfate transporter clustering with Group

1 SULTRs, reported to be localized on the plasma mem-

brane (Kopriva et al., 2016, 2019), showed no significant dif-

ferences in gene expression between symbiotic and

asymbiotic protocorms (Table S5 and Figure 6b). SvST9,

one of the two sulfate transporters clustering in Group 4

SULTRs, reported to be efflux transporters on the tonoplast

(Takahashi, 2019), was strongly up-regulated in symbiotic

conditions, the other one (SvST1) being not differentially

regulated (Table S5 and Figure 6b).

(a) (b) (c)

Figure 3. SIMS ROI analysis plant nuclei in a symbiotic protocorm of Serapias vomeracea associated with Tulasnella calospora. All isotope ratios of plant nuclei

in meristematic cells (PN), colonized cells (PN col), and uncolonized cells next to colonized region (PN UCnCol) were higher than the natural abundances and

reveal accumulation of elements of fungal origin. Among them, PN UCnCol shows highest elevations of all tracers. Tukey–Kramer multiple comparison, the dif-

ferent letters indicate statistical difference between the samples. (a) 13C/12C 9 100. (b) 12C15N/12C14N 9 1000. (c) 34S/32S 9 100.
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Figure 4. Scatter plots and Pearson’s correlation coefficient showing the relationship between different isotope ratios measured in the same structure, either

fungal peloton hyphae or plant nuclei, in Serapias vomeracea protocorm cells colonized by Tulasnella calospora.

(a) 13C/12C 9 100 and 12C15N/12C14N 9 1000.

(b) 13C/12C 9 100 and 34S/32S 9 100.

(c) 12C15N/12C14N and 34S/32S 9 1000. ●, pelotons; □, plant nuclei. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Seven plant genes showing homology with enzymes

involved in the reductive sulfate assimilation pathway or in

the sulfation of secondary metabolites (Table 3) were fur-

ther identified in the available S. vomeracea transcrip-

tomes (Fochi, Chitarra, et al., 2017; Perotto et al., 2014).

Gene expression analysis (Table S5 and Figure 6b)

revealed that none of the plant genes involved in the sul-

fate reductive assimilation pathway was significantly regu-

lated in symbiosis, whereas the sulfotrasferase gene

SvSTRF, putatively involved in the sulfation of secondary

metabolites, was strongly up-regulated in mycorrhizal pro-

tocorms (Table S5 and Figure 6b).

Laser microdissection (LMD) and gene expression in

mycorrhizal protocorms

To investigate cell-type specific expression of plant and

fungal genes potentially involved in sulfate uptake, trans-

port, and assimilation, about 1300 protocorm cells either

Table 2 List of the T. calospora sequences analyzed in this work

ID Sequencea
Sequence
name Best Blastx hit Accession

%
similarity

E-
value

20 907 TcSULP1 Sulfate anion transporter [Dichomitus squalens] XP_007370085.1 60.19% 0.0
20 008 TcSULP2 Sulfate anion transporter [Rhizoctonia solani] XP_043176186.1 63.24% 0.0
215 409 TcSULP3 Sulfate anion transporter [Rhizoctonia solani] XP_043183174.1 58.79% 0.0
14 111 TcATPSUL ATP sulfurylase [Fomitiporia mediterranea] XP_007266540.1 80.00% 0.0
75 899 TcAphK1 Adenylylsulfate kinase [Dichomitus squalens] XP_007361681.1 78.89% 2e�113

33 232 TcAphK2 Adenylylsulfate kinase [Dichomitus squalens] XP_007361681.1 87.84% 1e�40

241 285 TcPsRed Phosphoadenylyl-sulfate reductase [Trametes versicolor] XP_008035525.1 64.88% 3e�108

65 027 TcSR Assimilatory sulfite reductase [Fomitiporia mediterranea] XP_007268242.1 52.88% 0.0
20 203 TcSul Plasma membrane sulfite pump involved in sulfite

metabolism [Pleurotus ostreatus]
XP_036630505.1 37.06% 4e�90

aProtein ID from https://mycocosm.jgi.doe.gov.

Figure 5. Heat map representation of the fungal transcript levels with a hierarchical clustering in MYC and SYMB samples. Expression levels are reported as

fold change (FLM used as reference) and are colored green for low intensities (down-regulation) and red for high intensities (up-regulation). In order: adenylyl-

sulfate kinase (TcAphK1), phosphoadenylyl-sulfate reductase (TcPsRed), adenylylsulfate kinase (TcAphK2), ATP sulfurylase (TcATPSUL), sulfite reductase (TcSR),

sulfate transporter (TcSULP2), sulfite efflux pump (TcSul), and sulfate transporters (TcSULP1 and TcSULP3). Asterisks indicate significant differences (P < 0.05)

compared with the control (FLM) as inferred by the Pairwise Fixed Reallocation Randomization Test© performed by using REST©.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 116, 416–431
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with or without visible fungal pelotons were collected by

LMD for each of the three biological replicates and used

for RNA extraction and One-Step RT-PCR. RNA samples

were amplified by RT-PCR using primers specific for the T.

calospora elongation factor TcEF-1a, to detect the presence

of the fungus in the LMD collected cells (Figure 7). Absence

of an amplified product in the RT minus reactions excluded

genomic DNA contamination (not shown). No differences

in plant gene expression were observed between the two

microdissected cell-type populations but, unfortunately,

transcripts corresponding to the fungal housekeeping gene

TcEF-1a could be amplified in samples of LMD plant cells

that did not contain visible fungal coils. The amplification

of fungal transcripts in apparently uncolonized cells may

be due to the fact that small pelotons, either very young or

already collapsed, may go undetected in some cortical

cells during microdissection. This difficulty in the collection

of specific cell types was already reported for orchid

mycorrhizal roots by Fochi, Falla, et al. (2017). To avoid

presenting a biased data, only results from colonized cells

have been presented here. The successful amplification of

TcSULP2, TcATPSul, TcAphK1, TcAphK2, TcSR, and TcSul

transcripts in at least two replicates of the colonized proto-

corm cells agreed with the expression in symbiosis

revealed by the RT-qPCR analysis. The two sulfate perme-

ases TcSULP1 and TcSULP3, which appeared to be down-

regulated in the whole protocorms by RT-qPCR, could not

be amplified in any of the RNA samples from colonized

LMD cells, thus suggesting a low level of transcripts in the

symbiotic stage. The only discrepancy with the quantitative

data on the protocorms (Figure 5 and Table S4) was for

TcPsRed. This result could be mainly due to differences in

the RNA extraction protocols and amplification method

(One-Step RT-PCR vs RT-qPCR). Additionally, since RT-PCR

has been performed on RNA extracted from subpopula-

tions of intracellular fungal coils, we cannot exclude that

TcPsRed might be exclusively expressed in intercellular

hyphae inside the protocorms, or in a specific step of fun-

gal coil development. The latter hypothesis would explain

the absence of transcripts in some of the colonized cell

Table 3 List of the S. vomeracea sequences analyzed in the current work

ID Sequence
Sequence
name Best Blastx hit Accession

%
similarity

E-
Value

R2_C16339b SvST1 Probable sulfate transporter 4.2 [Phalaenopsis
equestris]

XP_020585462.1 87.76% 4e�50

R2_Rep_C202b SvST2 Probable sulfate transporter 3.4 [Dendrobium
catenatum]

XP_020699429.1 75.86% 4e�36

R2_Rep_C5242b SvST3 Sulfate transporter 1.3-like [Phoenix dactylifera] XP_008780888.2 79.67% 2e�97

R2_C13484b SvST4 Sulfate transporter 3.1 [Dendrobium catenatum] XP_020699282.1 69.47% 3e�37

TRINITY_DN68835_c1_g2_i1a SvST5 Probable sulfate transporter 3.4[Dendrobium
catenatum]

XP_020699429.1 82.89% 2e�80

TRINITY_DN63650_c0_g1_i1a SvST6 Probable sulfate transporter 3.4 [Phoenix dactylifera] XP_008793448.1 71.23% 7e�164

TRINITY_DN63650_c0_g2_i1a SvST7 Probable sulfate transporter 3.4 [Dendrobium
catenatum]

XP_020690822.1 77.39% 2e�53

TRINITY_DN76349_c3_g11_i1a SvST8 Probable sulfate transporter 3.4 [Dendrobium
catenatum]

XP_020699429.1 72.22% 2e�52

TRINITY_DN63650_c0_g4_i1a SvST9 Probable sulfate transporter 3.3 [Phalaenopsis
equestris]

XP_020585326.1 46.55% 1e�28

TRINITY_DN69207_c1_g1_i1a SvATPSul ATP sulfurylase 1, chloroplastic [Phalaenopsis
equestris]

XP_020586112.1 87.04% 0.0

TRINITY_DN70992_c0_g1_i2 SvAPSKin2 Adenylyl-sulfate kinase 3 [Dendrobium catenatum] XP_020689777.1 73.61% 2e�142

TRINITY_DN58139_c0_g1_i1 SvAPSRed1 50-adenylylsulfate reductase 3, chloroplastic
[Dendrobium catenatum]

XP_020699460.1 77.51% 0.0

TRINITY_DN76001_c0_g1_i1 SvSR2 Sulfite reductase [ferredoxin], chloroplastic
[Dendrobium catenatum]

XP_020698352.1 88.21% 0.0

TRINITY_DN74740_c3_g1_i1 SvSTRF Flavonol 3-sulfotransferase-like [Phalaenopsis
equestris]

XP_020575587.1 62.12% 1e�110

R2_C9449b SvAPSRed2 50-adenylylsulfate reductase-like 3 [Phalaenopsis
equestris]

XP_020581002.1 61.62% 1e�77

R2_C11840b SvAPSRed3 50-adenylylsulfate reductase-like 5 [Phalaenopsis
equestris]

XP_020574787.1 63.33% 8e�60

R2_Rep_C7777b SvSR1 Sulfite reductase 1 [ferredoxin], chloroplastic
[Dendrobium catenatum]

XP_028554576.1 80.26% 1e�34

aFrom RNA-seq by Illumina HiSeq2000 (Fochi, Chitarra, et al., 2017).
bFrom cDNA library by 454 GS-FLX Titanium pyrosequencing (Perotto et al., 2014).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 416–431
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replicates also observed for other fungal transcripts. By

using primer sets designed for plant transcripts, RT-PCR

with specific primers for the S. vomeracea housekeeping

gene (the elongation factor SvEF-1a) yielded an amplified

fragment of the expected size in all RNA samples (Figure 7).

Sulfate transporters SvST2, SvST3, SvST5, SvST6, SvST7,

and SvST9 showed amplification in at least two of the

three biological replicates (Figure 7), while SvST1 did not

show amplification in any of the samples (not shown).

Most transcripts corresponding to plant genes involved

in S assimilation (SvSR1, SvSR2, SvATPSul, SvAPSKin2,

SvAPSRed1, SvSTRF) appeared not significantly up-

regulated in RT-qPCR (Figure 6b and Table S5), but they

could be detected in colonized cells.

DISCUSSION

Mycorrhizal fungi can assist plants in the uptake of macro-

nutrients essential for their metabolism and growth, and a

role in S uptake, especially under low-sulfate conditions,

has been demonstrate in the ubiquitous arbuscular mycor-

rhizal fungi (Allen & Shachar-Hill, 2009; Giovannetti

et al., 2014; Ma et al., 2022; Sieh et al., 2013; Wu

et al. 2018). The role of ectomycorrhizal fungi in S nutrition

has not been extensively investigated, but they are

(a) (b)

Figure 6. Phylogenetic analyses of plant sulfate transporters and gene expression on plant sulfur metabolism genes.

(a) Phylogenetic analysis of sequences putatively coding for S. vomeracea sulfate transporters (SvST1, SvST2, SvST3, SvST4, SvST5, SvST6, SvST7, SvST8, and

SvST9) as a bootstrap consensus tree. Only bootstrap values >50% are showed.

(b) Heat map representation of the plant transcript levels with a hierarchical clustering in symbiotic protocorms. Expression levels are reported as Fold Change

(asymbiotic protocorms used as reference) and are colored green for low intensities (down-regulation) and red for high intensities (up-regulation). SvST8,

SvST6, SvST9, and SvST7 (sulfate transporters), SvSTRF (sulfotrasferase), SvST5 and SvST2 (sulfate transporters), SvAPSKin2 (adenylylsulfate kinase), SvST3

(sulfate transporter), SvAPSRed3 (50-adenylylsulfate reductase), SvST4 and SvST1 (sulfate transporters), SvSR1 (sulfite reductase), SvATPSul (ATP sulfurylase),

SvSR2 (sulfite reductase), SvAPSRed2 and SvAPSRed1 (50-adenylylsulfate reductases). Asterisks indicate significant differences (P < 0.05) compared with the

control (ASYMB) as inferred by the Pairwise Fixed Reallocation Randomization Test© performed by using by REST©.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 116, 416–431
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suggested to contribute to the regulation of sulfate uptake

by the host (Mansouri-Bauly et al., 2006).

Here, we showed that an orchid mycorrhizal fungus in

the genus Tulasnella can assist protocorms of the host

plant Serapias vomeracea not only in C and N nutrition, as

already demonstrated in other orchid species (see in Kuga

et al., 2014; Smith & Read, 2008), but also in S nutrition.

Compounds labeled with stable isotopes (34S-sulfate, 13C-

glucose and 15N- ammonium nitrate) were taken up by the

external mycelium of T. calospora and translocated to the

mycorrhizal protocorms via the fungal hyphae. Intracellular

fungal hyphae accumulated high amounts of stable iso-

topes, whereas collapsed fungal masses were not labeled

in our study. This is likely because they were already non-

functional in nutrient transport when labeling was applied

to the external medium, as fungal pelotons in mycorrhizal

protocorm cells undergo a rapid turnover culminating in

hyphal degeneration and collapse (Uetake et al., 1992).

Labeling of plant nuclei indicate that, inside the mycorrhi-

zal protocorms, labelled compounds were transferred from

the intracellular hyphae to the host cells and further allo-

cated to the uncolonized cells and the meristem. Interest-

ingly, plant nuclei in uncolonized cells next to the

colonized region accumulated more stable isotopes than

nuclei in peloton harboring cells, suggesting a higher cellu-

lar activity than the colonization events, such as reported

in pathogenic infections and arbuscular mycorrhizal coloni-

zation (Balestrini et al., 1992; Deslandes & Rivas, 2011). In

which chemical form these stable isotopes reach the

neighboring cells once they are transferred from the fungal

pelotons to the colonized cells, and by which route (sym-

plastic or apoplastic), remains to be elucidated.

The T. calospora sulfate permease TcSULP1 may be

involved in the uptake of sulfate from the substrate, as it

was significantly up-regulated in the fungal mycelium out-

side the mycorrhizal protocorms and down-regulated

inside the orchid protocorms. A similar trend was also

found for TcSULP3, although gene regulation was signifi-

cant only inside the protocorm. In addition to mycorrhizal

fungi, some fungal endophytes can improve the host plant

nutritional status (Baron & Rigobelo, 2022). The genus Ser-

endipita (Serendipitaceae, Basidiomycetes) is intriguing

because it harbors well-established fungal endophytes but

also species forming orchid mycorrhiza (Oktalira et al.,

2021). Serendipita indica is a well-characterized endophyte

that displays nutrient transportation abilities (Card et al.,

2016). This fungal endophyte enhances S uptake in maize

plants thanks to the activity of a high-affinity sulfate trans-

porter SiSulT (Narayan et al., 2021). Knockdown strains

lacking SiSulT failed to support plant growth under low-

sulfate conditions, demonstrating the importance of this

fungal transporter (Narayan et al., 2021). The importance

of the two T. calospora sulfate transporters TcSULP1 and

TcSULP3 in assisting the orchid host in S uptake remains

to be established.

Plant roots acquire S directly from soil in the form of

sulfate, thanks to sulfate transporters belonging to Group

1, represented in Arabidopsis by SULTR1;1 and SULTR 1;2

(a) (b)

Figure 7. One-Step RT-PCR of laser microdissected mycorrhizal cells from S. vomeracea protocorms using fungal (a) and plant (b) primers. Numbers (1), (2),

and (3) correspond to the three biological replicates, while (�) correspond to the negative control. In (a), tested genes: TcEF-1a (elongation factor), TcSULP2 (sul-

fate transporter), TcATPSUL (ATP sulfurylase), TcAphK1 and TcAphK2 (adenylylsulfate kinases), TcSR (sulfite reductase), and TcSul (sulfite efflux pump). In (b),

tested genes: SvEF-1a (elongation factor), sulfate transporters (SvST2, SvST3, SvST5, SvST6, SvST7 and SvST9), SvSR1 and SvSR2 (sulfite reductase), SvATP-

Sul (ATP sulfurylase), SvAPSKin2 (adenylylsulfate kinase), SvAPSRed1 (50-adenylylsulfate reductase), and SvSTRF (sulfotrasferase).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 416–431
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(Takahashi et al., 2000). In symbiotic plant–fungus interac-

tions, nutrients taken up from the substrate by the external

fungal hyphae are translocated to the host, where they are

released across specialized plant–fungus interfaces (Ivanov

et al., 2019). In arbuscular mycorrhizal Lotus japonicus, the

LjSULTR1;2 promoter was activated in cortical root cells

containing arbuscules, the highly branched intracellular

fungal structures typical of this symbiosis, suggesting

that S is transferred as sulfate from the fungus to the host

plant across the plant-derived periarbuscular membrane

(Giovannetti et al., 2014). Translocation of S to the respec-

tive host plants in the form of sulfate has been also sug-

gested for the ectomycorrhizal fungus Laccaria laccata

(Mansouri-Bauly et al., 2006) and the fungal endophyte

S. indica (Narayan et al., 2021).

The form of S translocated to the plant in orchid

mycorrhiza is currently unknown, but results of transcrip-

tomic experiments in this study suggest that S is at least in

part translocated as an organosulfur compound. In particu-

lar, the strong activation of the sulfate reductive assimila-

tion pathway in the fungus T. calospora when inside the

mycorrhizal protocorm, together with the lack of a signifi-

cant induction of the reductive assimilation pathway in the

orchid host when in symbiosis, suggest that at least part of

S is taken up as sulfate from the substrate and reduced by

the fungus before S translocation to the plant.

The genome sequence of S. vomeracea is not cur-

rently available and the set of plant genes tested in this

study as being involved in sulfate uptake and metabolism

likely provides an incomplete picture of S metabolism in

this orchid species. However, transcripts were selected

from transcriptomic experiments on mycorrhizal proto-

corms, ensuring that genes expressed in symbiosis should

be represented in the tested gene set. This was confirmed

by LMD experiments, where most of the plant genes ana-

lyzed could be revealed in at least two of the three biologi-

cal replicates. It was therefore intriguing and consistent

with the hypothesis of organosulfur compounds being

transferred to the plant, that the only Group 1 sulfate trans-

porter identified (SvST3) was slightly but not significantly

induced in mycorrhizal protocorms, as tested by RT-qPCR.

Interestingly, SIMS data indicate a very strong linear

correlation between 15N and 34S labeling in both the intra-

cellular fungal hyphae and the plant nuclei. The most likely

explanation of these results is that organic compound(s)

containing both N and S, like the S-amino acids cysteine

and methionine, are translocated from the fungus to the

plant, although we cannot exclude the possibility that sep-

arate compounds containing either N or S are translocated

to the host at the same rate and/or that separately trans-

ferred N and S are used inside the same molecule formed

in the host cell. Although sulfate seems to be the main S

compound translocated in arbuscular mycorrhiza, the S-

amino acids cysteine and methionine were also suggested

to be released from arbuscular mycorrhizal fungi to plant

roots (Allen & Shachar-Hill, 2009).

Specific cysteine (or methionine) membrane trans-

porters have been described in fungi, such as the high-affinity

cysteine importer Yct1 in yeast (Kaur & Bachhawat, 2007), but

it is unclear whether similar specific transporters exist in

plants or whether a less specific transport of S-amino acids

occurs through general amino acid permeases (Gigolashvili &

Kopriva, 2014). Plants possess a high number of amino acid

transporters, many of them potentially capable of transport-

ing cysteine, at least in vitro (Lee et al., 2014).

Previous work on orchid mycorrhiza showed that

plant amino acid transporters are strongly up-regulated in

mycorrhizal orchid protocorms, as compared to asymbiotic

conditions (Fochi, Chitarra, et al., 2017; Miura et al., 2018).

These transporters have been suggested to be responsible

for the uptake of nitrogen released by the fungus in the

form of amino acids (Dearnaley & Cameron, 2017; Fochi,

Chitarra, et al., 2017). Notably, transcripts coding for two

general amino acids permease (AAPs) and a Lysine Histi-

dine Transporter 1 (LHT1) accumulated specifically in

S. vomeracea cells containing viable fungal coils of

T. calospora (Fochi, Falla, et al., 2017). The AAPs transport

a broad spectrum of amino acids (Yang et al., 2020), and it

is therefore possible that they may facilitate S-amino acids

uptake across the plant–fungus intracellular interface. On

the other hand, S-amino acids may also be metabolized in

the fungal cells to form tripeptides that can be then trans-

ported by plant oligopeptides transporters. Cysteine is

involved in the formation of the tripeptide glutathione, and

some members of the oligopeptide transporter (OPT) fam-

ily indeed transport this compound (Cagnac et al., 2004;

Zhang et al., 2016). Interestingly, many plant OPTs were

found to be very strongly induced in mycorrhizal orchid

protocorms (Fochi, Chitarra, et al., 2017; Miura et al., 2018),

but their specificity and role remain to be established.

Most S. vomeracea Group 3 sulfate transporters were

found to be strongly up-regulated in mycorrhizal proto-

corms, as compared to asymbiotic protocorms. In Arabi-

dopsis, all five members of Group 3 sulfate transporters

have been suggested to be redundantly involved in sulfate

uptake across the envelope membrane of chloroplasts, the

main site for sulfate reduction in plants (Takahashi

et al., 2011), based on the SULTR3 localization on the chlo-

roplast membrane (Chen et al., 2019) and decreased chlo-

roplast sulfate uptake in single knockout mutants (Cao

et al., 2013). If orchids receive S from the symbiotic fungal

partner in an already reduced organic form, as suggested

by the results of SIMS and transcriptomic experiments,

reduction of sulfate in the plastids would be unnecessary,

and plastid transporters would be expected to be down-

regulated. However, other reports on Group 3 transporters

suggest that members of this large group of sulfate trans-

porters have variable subcellular localization and

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 116, 416–431
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functional roles (Takahashi, 2019). For example, SULTR3;5

is a plasma membrane protein expressed in the root vascu-

lature of Arabidopsis, where is thought to aid SULTR2;1 in

root-to-shoot sulfate translocation (Kataoka et al., 2004).

Members of the SULTR3 family are also expressed in Ara-

bidopsis seeds, where they are suggested to be involved in

the distribution of sulfate and S metabolites during seed

development (Zuber et al., 2010). Intriguingly, the Arabi-

dopsis SULTR3;3 ortholog in Oryza sativa did not show

transporting abilities in vitro, and mutation of the corre-

sponding gene altered the accumulation of phosphate and

sulfate in rice seedlings (Zhao et al., 2016), thus revealing

unexpected interactions between P and S assimilation

pathways in plants (Sacchi & Nocito, 2019). Thus, the roles

of SULTR3 subfamily members are variable and may

depend on localization, plant species, and/or development

stage. Their strong up-regulation in orchid mycorrhizal proto-

corms requires therefore further investigations.

To summarize, we have demonstrated that mycorrhizal

protocorms of the terrestrial orchid S. vomeracea are

assisted in S nutrition by their symbiotic fungal partner

T. calospora, as labeled 34S could be translocated from the

substrate to the protocorm cells via the fungal hyphae. As

previously suggested for N (Fochi, Chitarra, et al., 2017), we

suggest that S may be also transferred to the plant in a

reduced organic form, such as an amino acid or a small

peptide such as glutathione. Reduction of sulfate and

nitrate is an energy demanding process that normally

occurs in the chloroplasts of photosynthetic plants. In this

respect, translocation of molecules containing already

reduced N and S could be an advantage for achlorophyllous

orchid protocorms, that rely completely on the fungal sym-

biont for their energy supply in the form of organic carbon,

a strategy termed mycoheterotrophy (Hynson et al., 2013).

It would be therefore interesting to investigate S metabo-

lism in fully photosynthetic adult orchid stages, where the

role of the mycorrhizal fungus in nutrient uptake is largely

unknown. Recent studies suggest that many photosynthetic

meadow orchid species, like S. vomeracea, acquire organic

compounds from their associated fungi throughout their

entire life cycle, though being simultaneously photosyn-

thetic (Gebauer et al., 2016; Schiebold et al., 2017; St€ockel

et al., 2014). This observation, together with the finding that

most adult orchid species, including S. vomeracea, acquire

N from their fungal partner (Liebel et al., 2010), suggests

that organic N forms are also taken up by adult orchids. Up-

regulation of some amino acid transporters in mycorrhizal

roots of adult Oeceoclades maculata (Valadares et al., 2020)

and Limodorum abortivum (Valadares et al., 2021) provides

further support to the hypothesis of translocation of organic

N forms in adult orchids. We have currently no information

of S translocation in adult S. vomeracea plants because our

work focused on the early stages of this orchid species.

However, a situation in adult plants like the one suggested

for N could be speculated also for S and deserves to be fur-

ther investigated.

Research on S metabolism in plants has been mainly

focused on S uptake and primary metabolism, whereas

less attention has been paid to the PAPS branch of sulfate

assimilation and the synthesis of sulfated compounds,

despite their crucial roles in stress defense and signaling

(Chan et al., 2019; Kopriva et al., 2012). Sulfotransferases

(STRF) are involved in the transfer of the functional

sulfo group to hydroxylated substrates using PAPS as the

sulfate donor, and the S. vomeracea STRF significantly up-

regulated in the mycorrhizal protocorms may be involved in

the synthesis of S-containing secondary metabolites. We

have currently no information on the nature and role of sul-

fated compounds in S. vomeracea and metabolomic investi-

gations are ongoing, but it is worth noting that S compounds

can play special roles in some orchid species. For example,

the spider orchid Caladenia crebra produces sulfurous phero-

mone mimics to attract its male wasp pollinator (Bohman

et al., 2017).

Our study provides a glimpse on S metabolism in

mycorrhizal protocorms and poses intriguing questions on

the strategies that orchids evolved to obtain reduced forms

of essential nutrients from the fungus, at least during the

achlorophyllous stages. Although the molecular mecha-

nisms that regulate S sensing and homeostasis are far for

being understood in plants (Li et al., 2020; Ristova &

Kopriva, 2022), a further step in the understanding of the

orchid- fungus interactions would be the identification of

the mechanisms that regulate fungal S uptake and transfer

to the plant in symbiosis.

MATERIALS AND METHODS

Gene expression analyses and laser microdissection

Growth of free-living mycelium

The fungal isolate used in this study was originally isolated from
mycorrhizal roots of the terrestrial orchid Serapias vomeracea
grown in meadows in Northern Italy (Girlanda et al., 2011) and
deposited in the mycological collection of the University of Turin
(MUT) with the accession number MUT 4178. To confirm the iden-
tity of this Tulasnella sp. isolate, genomic DNA was extracted for
Internal transcribed spacer (ITS) sequencing. The mycelium was
grown in 2% malt extract liquid medium at 25°C in the dark in
250 ml flasks under continuous stirring. Once the mycelium
reached 2 cm in diameter, it was collected by using sterilized
tweezers and stored at �20°C.

To obtain actively growing mycelium for symbiotic orchid
seed germination, the fungal isolate was grown on 2% malt
extract agar (MEA) at 25°C in the dark for 10 days.

For RNA extraction, a mycelial plug with a diameter of 6 mm
was transferred onto a sterilized cellulose membrane placed in
9 cm Petri dishes on top of solid oat agar (OA) medium (0.3% oat
flour, 1% agar), as described by Schumann et al. (2013). After
15 days of growth in the dark at 25°C, this free-living mycelium
(FLM) was collected with a spatula, immediately frozen in liquid
nitrogen, and stored at �80°C.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 416–431

Sulfur uptake and transfer in orchid mycorrhiza 427

 1365313x, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16381 by U

niversita D
i T

orino, W
iley O

nline L
ibrary on [04/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Tulasnella genomic DNA extraction and ITS region

sequencing

Genomic DNA from fungal mycelium grown in liquid medium was
extracted using DNeasy� Plant Mini Kit (Qiagen, Valencia, CA,
USA) following the protocol with some modifications. Total geno-
mic DNA was quantified using spectrophotometry (NanoDrop
1000; BioRad Laboratories, Hercules, CA, USA) and a PCR reaction
with ITS1 and ITS4 primers (White et al., 1990) was carried out. The
amplification reaction was performed with BIORAD thermocycler
with the following protocol: incubation at 95°C for 3 min, 35 cycles
at 95°C for 30 sec, 54°C for 30 sec, and 72 °C for 45 sec, followed by
extension at 72°C for 7 min. The resulting ITS amplicon was puri-
fied with The Wizard� SV Gel and PCR Clean-Up System (Promega,
Madison, WI, USA) and sent to the Sequencing Service of the
Ludwig-Maximilians-Universit€at (LMU) in Munich (Germany) for
sequencing. The ITS sequence was analyzed by BLASTn and iden-
tity of MUT 4178 isolate as Tulasnella calospora was confirmed.

Symbiotic and asymbiotic seed germination of Serapias

vomeracea

Serapias vomeracea (BURM.) BRIQ. seeds were obtained from
mature capsules collected from plants grown in the locality of
Cairo Montenotte (SV) during spring 2019. To obtain symbiotic
protocorms, the mycelium of the mycorrhizal fungus T. calospora
(MUT 4178 isolate) and S. vomeracea seeds were co-inoculated in
9 cm Petri dishes as described in Perotto et al. (2014). Briefly,
orchid seeds were surface sterilized in a solution of 1% sodium
hypochlorite and 0.1% Tween-20 for 20 min under shaking, fol-
lowed by three 5-minute rinses in sterile distilled water to remove
residues of the sterilization solution. Seeds were re-suspended in
sterile water and dropped on autoclaved cellulose membrane
positioned on solid OA medium (0.3% oat flour, 1% agar) in 9 cm
Petri dishes. In the center of each Petri dish, a plug (6 mm diame-
ter) of actively growing T. calospora mycelium was placed, and
plates were incubated at 23°C in full darkness for 45 days.

Asymbiotic protocorms were obtained by directly placing
surface-sterilized S. vomeracea seeds on modified BM1 culture
medium (Van Waes & Debergh, 1986) at 23°C in darkness for
90 days (Fochi, Chitarra, et al., 2017), with pH adjusted to 5.8. The
fungal mycelium grown on the cellulose membrane next to the
protocorms (MYC sample), symbiotic and asymbiotic protocorms
were collected, immediately frozen in liquid nitrogen, and stored
at �80°C for RNA extraction.

Gene identification and primer design

Identification of fungal genes coding for proteins putatively
involved in sulfur (S) uptake, transfer and assimilation was per-
formed using the T. calospora genome database on the Joint
Genome Institute (JGI) fungal genome portal MycoCosm (http://
genome.jgi.doe.gov/Tulca1/Tulca1.home.htm).

Selection of plant sequences coding for proteins potentially
involved in S uptake, transfer and assimilation was performed
using the RNA-Seq database obtained in the study of Fochi, Chit-
arra, et al. (2017) and a cDNA library obtained with a 454 GS-FLX
Titanium pyrosequencing described in Perotto et al. (2014). Phylo-
genetic analysis of protein sequences putatively encoding for S
transporters was performed through MEGAX software v. 11
including 62 sequences retrieved in NCBI Protein database and
described as plant sulfate transporters (Table S1). A tree was gen-
erated using maximum likelihood (ML) method, by setting JTT
model as substitution model and 500 bootstrap iterations.

PRIMER3PLUS (http://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi) was used to design specific primers for fungal and

plant genes involved in S uptake and metabolism and their specificity
was tested in silico using the tool PRIMER BLAST (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/) and through PCR experiments on
DNA extracted from and T. calospora mycelium and S. vomeracea
symbiotic protocorms.

RNA extraction and RT-qPCR

RNA extraction for RT-qPCR was conducted following the method
of Chang et al. (1993) from symbiotic (SYMB) and asymbiotic
(ASYMB) S. vomeracea protocorms as well as from T. calospora
free-living mycelium (FLM) and mycelium grown on the cellulose
membrane next to the mycorrhizal protocorms (MYC).

Before RNA quantification using the NanoDrop 1000, Turbo
DNA-free TM reagent (Ambion, Austin, TX, USA) was used to
remove genomic DNA according to the manufacturer’s instruc-
tions. Absence of genomic DNA was checked through One-Step
RT-PCR kit (Qiagen) using primers specific for fungal and plant
housekeeping genes (see Table S2 and S3). cDNA synthesis was
obtained using the SuperScriptII Reverse Transcriptase (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), starting from
approximately 500 ng of total RNA for each sample, following the
manufacturer’s instructions. At the end of the reaction, cDNA was
diluted 1:10 for quantitative gene expression analysis, performed
using a Rotor-Gene Q (Qiagen) instrument. Reactions were carried
out in a final volume of 15 ll with 7.5 ll of Rotor-Gene SYBR�
Green Master Mix, 5.5 ll of a mix of forward and reverse primers
(prepared by adding 16 ll of each primer at 10 lM stock concentra-
tion to 168 ll of water) and 2 ll of cDNA. The RT-qPCR cycling pro-
gram consisted of a 10 min/55°C RT step, 10 min/95°C holding step
followed by 40 cycles of two steps (15 sec/95°C and 1 min/60°C).

Expression of target transcripts was quantified after normali-
zation to the reference genes, that is, the fungal and plant elonga-
tion factor (EF) genes TcEF-1a and SvEF-1a, respectively, using the
2�DDCT method (Livak & Schmittgen, 2001). Gene expression data
were calculated as expression ratios. All reactions were performed
with three biological and two technical replicates.

Laser microdissection and RT-PCR

To prepare tissue sections for laser microdissection (LMD), symbi-
otic protocorms were treated with Farmer’s fixative (absolute etha-
nol/glacial acetic acid 3:1) and maintained at 4°C overnight;
samples were successively dehydrated and embedded in paraffin
as described in Fochi, Falla, et al., 2017, 12-lm thick sections were
prepared using a rotational microtome and placed on Leica RNase-
free PEN foil slides (Leica Microsystems) with ddH2O filtered with a
0.2 lm filter. Slides were dried on a 40°C warming plate, stored at
4°C and used within 1 day. Before LMD cutting, the slides with the
sections were submerged in Neoclear for 8–10 min, rinsed in 100%
ethanol for 1 min, and then air-dried. A Leica LMD 6500 LMD sys-
tem (Leica Microsystems, Inc., Germany) was used, in which the
slides without paraffin were placed face-down on the microscope
and cells containing visible fungal coils and uncolonized cells were
collected in 0.5 ml tubes. Three biological replicates were prepared,
in each of which approximately 1200–1300 cells were pooled. Every
pool was eluted to a final volume of 50 ll with Pico Pure extraction
buffer and RNA was extracted with Pico Pure kit (Life Technologies,
Carlsbad, CA, USA) following the protocol with some modifications
(i.e., DNAse treatment was not done ion column). RNA was treated
with Turbo DNA free (Ambion, Austin, TX, USA), according to the
manufacturer’s instructions.

RT-PCR reactions were carried out using the One-Step RT-
PCR kit (Qiagen) in a final volume of 10 ll containing 2 ll of 59
buffer, 0.5 ll of 10 mM dNTPs, 0.25 ll of each primer (10 mM),
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0.25 ll of One-Step RT-PCR enzyme mix and 0.5 ll of total RNA
diluted 1:2. Samples were incubated for 30 min at 50°C, followed
by 15 min at 95°C. After this step, amplification reactions were run
for 40 cycles at 94°C for 30 sec, 60°C for 30 sec, and 72°C for
40 sec using the same T. calospora and S. vomeracea specific
primers used for RT-qPCR (Table S2 and S3). DNA contamination
in the RNA samples were checked using primers for the plant
(SvEF-1a) and the fungal (TcEF-1a) housekeeping genes, fol-
lowing the One-Step RT-PCR protocol. PCR products were
visualized after electrophoresis on a 1.5% agarose gel.

Statistical analysis

For statistical assessment of significant differences (P-value ≤0.05)
in gene expression among conditions, REST© Relative expression
software tool (Pfaffl et al., 2002) was used. The mathematical
model used in this software is based on the correction for exact
PCR efficiencies and the mean crossing point deviation between
sample groups and control groups. Subsequently the expression
ratio results of the investigated transcripts were tested for signifi-
cance by a pairwise fixed reallocation randomization test ©.

Stable isotope tracer and high spatial resolution

secondary ion mass spectrometry (SIMS)

Sample preparation and labeling

Seeds of S. vomeracea were surface sterilized in a solution of
a sodium hypochlorite (0.5% available hypochlorite) for 1 min fol-
lowed by three 1-minute rinses in sterile distilled water and germi-
nated symbiotically on 0.3% OA medium with the fungus
T. calospora for 1 month. The stable isotope tracers were provided
to the fungal hyphae by using the same setup described by Kuga
et al. (2014). Briefly, six symbiotically grown protocorms were
transferred on an OA medium disc (5 mm in diameter) placed on
the cap of a 0.5-ml Eppendorf tube overlying OA medium on a
glass slide and kept in a moist Petri dish. 40 days after transfer, the
fungal hyphae had reached the OA medium layer on the glass slide
and 40 ll of an aqueous mixture of D-glucose (U-13C6, 99%; Cam-
bridge Isotope Laboratories Inc., Andover, MA, USA), 15NH4

15NO3

(98%; Cambridge Isotope Laboratories Inc.), and Mg34SO4 (98%,
Shoko science Co., Ltd., Yokohama, Kanagawa, Japan), at final
concentrations of 1, 0.2, and 0.1%, respectively, were added to the
OA medium below the plastic cap, so that only the hyphae that had
reached it could absorb the tracers. All incubation processes and
labeling of the symbiotic protocorms were conducted in the dark at
25°C. 6 days after the isotope tracers had been added to the
hyphae, protocorms were fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde in 50 mM PIPES buffer (piperazine-1,4-bis (2-
ethanesulfonic acid), pH 6.9) for 4 h at room temperature, cut in
half with a sharp razor blade, and then post-fixed with 1% OsO4 in
the buffer for 2 h at room temperature. The fixed materials were
then dehydrated with a graded ethanol series (50, 70, 80, 90, 95,
and 100%). After infiltration with propylene oxide (50% and then
100%), samples were infiltrated and embedded in an epoxy resin
(Embed-ItTM; Polysciences Inc., Warrington, PA, USA), which was
polymerized at 70°C for 5 days. Semithin longitudinal sections
were cut using glass knives and stained with toluidine blue O
(TBO) to obtain structural information by light microscopy.

Isotope imaging of 34S - 13C- 15N-labeled protocorms by

isotope microscopy

For isotope measurements, 1 lm-thick sections were cut, transferred
on a drop of distilled water placed on a silicon (Si) wafer (7 9 7 mm2)
put on a glass slide. The glass slide was placed on a hot plate so that

the resin sections were adhered to the surface of the Si wafer, as
described by Kuga et al. (2014). The sections on Si wafers were coated
with a 70-nm layer of gold to prevent the accumulation of positive
charge generated by the primary beam of the isotope microscope.
The Hokudai isotopemicroscope system (Cameca IMS 1270 equipped
with a stacked CMOS active pixel sensor, SCAPS) was used to visual-
ize isotope distribution in cells, a technique known as isotopography
(Hamasaki et al., 2013; Kuga et al., 2014; Takeda et al., 2019; Sakamoto
et al., 2007; Yurimoto et al., 2003). A Cs+ primary beam of 20 keV was
homogeneously irradiated on the sample surface of c. 100 9 100 lm2

was homogeneously irradiated with a Cs+ primary beam of 20 keV
and a beam current of c. 0.8 nA. Secondary ion images of 12C14N�,
12C15N�, 12C�, 13C�, 32S�, and 34S� spattered from the sample surface
were separated with a large-radius magnetic prism and transferred
onto the SCAPS ion imager using stigmatic ion optics. Exposure
times for each isotopograph were 10, 100, 10, 100, 50, and 150 sec,
respectively. The exit slit was narrowed to prevent 13C13C� and
10B16O� from interferingwith 12C14N�.

Region of interest (ROI) analysis

ImageJ (Fiji, 1.53 t; http://rsbweb.nih.gov/ij/) was used for the pri-
mary image processing and analyses. A set of the isotope images
taken from one image site were aligned and made a ratio image as
follows, for example, two of the 12C images were processed to make
one averaged image, and then 13C/12C ratio images were obtained
by dividing the 13C image by the averaged 12C image (abbreviated as
r13C in this study). 12C15N/12C14N (abbreviated as r15N) and 34S/32S
(abbreviated as r34S) images were produced similarly. 30 colonized
cortical cells and 8 uncolonized cortical and meristematic cells were
subjected to the region of interest (ROI) analysis. Using 12C14N and a
light microscope TBO image, outlines of fungal peloton and host
nucleus were defined using a polygonal selection tool.

Within the exact ROI of correlated r13C, r15N, and r34S
images, the mean intensity, the standard deviation (SD), and the
number of pixels (area) were obtained. The natural abundance of
13C is 1.10% (limestone from a fossil belemnite), with an expected
r13C value of 0.0111. The natural abundance of 15N is 0.366% (N2

gas in the atmosphere), with an expected rC15N value of 0.00367.
The natural abundance of 34S is 4.21% (the Vienna-Canyon Diablo
Troilite), with an expected r32S value of 0.0437. Therefore, in this
study, the values of r13C, rC15N, and r32S were multiplied by 100,
1000, and 100, respectively, so that the tracer isotope presences
were detected if the analyzed values were larger than those of the
natural abundances: 1.10, 3.67, and 4.37, respectively.

The comparisons between host nuclei of colonized and unco-
lonized cells of two protocorm regions were conducted by Tukey–
Kramer test and correlations between hyphae and nuclei within
colonized cells and between isotope ratios were analyzed by Pear-
son’s correlation coefficient.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Table S1. Accession numbers of protein sequences retrieved from
NCBI Protein database and described as plant S transporters used
to generate phylogenetic tree of Serapias vomeracea protein
sequences putatively encoding for S transporters (Figure 6).

Table S2. List of primers to amplify the Tulasnella calospora
genes

Table S3. List of primers to amplify the Serapias vomeracea genes

Table S4. Fold change, standard error values and p-values of sta-
tistical assessment of differences performed by Relative Expres-
sion Software Tool REST© 2009 v. 2.0.13 of T. calospora genes in
MYC and SYMB conditions compared to FLM.

Table S5. Fold change, standard error values and p-values of sta-
tistical assessment of differences performed by Relative Expres-
sion Software Tool REST© 2009 v. 2.0.13 of S. vomeracea genes
in symbiotic conditions compared to asymbiotic.
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