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RESUMO

Orchids are a key functional group in forest environments that require
obligate symbiosis with mycorrhizal fungi at least during the early
stages of development. The present study investigated whether
Cattleya intermedia derived from asymbiotic in vitro propagation
establishes symbiosis with mycorrhizal fungi after translocation to the
wild, and whether this relationship varies along the vertical gradient
of phorophytes. Fungi were isolated from plant roots four years after
translocation to the trunk and canopy of phorophytes in a subtropical
forest in Brazil. The orchid—fungus specificity pattern observed in
translocated seedlings and adult plants resembled those reported in the
literature for wild seedlings and adult individuals of species in the same
environment, revealing the presence of C. intermedia mycorrhizal fungi
(CiMF) and non-CiMF endophytes of various morphotypes. Isolated
CiMF promoted seed germination and in vitro seedling development,
with 14 isolates obtained from orchids translocated to the canopy
and eight from those on the trunk. Plants in symbiosis with canopy-
derived CiMF produced a greater number of leaves compared to those
associated with trunk-derived CiMF. Phylogenetic analysis of ITS (Internal
Transcribed Spacer) region sequences indicated that CiMF belong to
Tulasnellaceae, with 21 isolates identified as Tulasnella amonilioides,
a species also found in symbiosis with wild C. intermedia in this
environment. The prospecting of compatible mycorrhizal fungi enabled
the isolation of new strains, effective for the symbiotic propagation of
orchids and contributing to the conservation of C. intermedia.

Keywords: conservation; mycorrhiza; Orchidaceae; ex situ propagation;
forest regeneration.

As orquideas constituem um grupo funcional chave em ambientes
florestais que, para se estabelecer, fazem simbiose obrigatéria com
fungos micorrizicos, pelo menos nos primeiros estadios de vida.
Este estudo investigou se Cattleya intermedia provinda de propagagao
assimbiotica in vitro estabelece simbiose com fungos micorrizicos apos
translocagdo a natureza e se essa relagdo varia no gradiente vertical dos
fordfitos. Os fungos foram isolados de raizes das plantas quatro anos apds
a translocagdo ao fuste e a copa de fordfitos em floresta subtropical no
Brasil. O padrdo de especificidade fungo-orquidea nas plantas jovens e
plantas adultas translocadas assemelhou-se ao descrito na literatura para
plantas jovens e plantas adultas selvagens da espécie neste ambiente,
revelando a presenga de fungos micorrizicos de C. intermedia (FMCi) e
de endofitos ndo FMCi de diferentes morfotipos. Os isolados de FMCi
promoveram a germinagdo e o desenvolvimento de plantas jovens in vitro,
sendo 14 espécimes oriundos de orquideas translocadas a copa e oito de
orquideas do fuste. Plantas em simbiose com FMCi da copa apresentaram
maior numero de folhas em comparagdo as associadas aos FMCi do
fuste. A analise filogenética das sequéncias da regido Internal Transcribed
Spacer (ITS) mostrou que os FMCi pertencem a Tulasnellaceae, sendo 21
isolados identificados como Tulasnella amonilioides, espécie também
associada a plantas selvagens de C. intermedia naquele ambiente.
A prospecgdo de fungos micorrizicos compativeis possibilitou a obtengdo
de novos isolados eficientes para a propagagao simbidtica de orquideas,
contribuindo para a conservagao de C. intermedia.

Palavras-chave: conservagdo; micorriza; Orchidaceae; propagagao ex
situ; regeneracgdo florestal.
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Introduction

One of the key characteristics of orchids is the production of fruits
containing thousands of minute seeds, referred to as “dust seeds,” which
consist of an undifferentiated embryo enclosed by a membranous seed
coat, lacking an endosperm (Lee and Yeung, 2023). Under natural
conditions, the carbon source required for seed germination in early
development is derived from a symbiotic association between the em-
bryonic cells and mycobionts, during which orchids exhibit a myco-
heterotrophic phase (Zhao et al., 2024). The hyphae of mycobionts that
form orchid mycorrhizae create intracellular coils - known as pelotons
-within the embryos, basal cells of protocorms, roots, and rhizomes
of adult plants (Zahn et al,, 2023), thereby distinguishing them from
fortuitous orchid endophytes (Rasmussen et al., 2015). These pelotons
are degraded within plant cells by enzymes produced by the host tissue,
allowing the absorption of nutrients and water for plant metabolism
(Zhao et al., 2024).

However, orchid mycorrhizal fungi are not equally compatible
with all orchid species (Phillips et al., 2020), nor do they remain the
same throughout the orchids life cycle (Qin et al.,, 2021; Freestone
etal., 2024), resulting in various patterns of mycobiont-orchid specific-
ity as proposed by Rasmussen et al. (2015). Environmental factors such
as substrate quality, orchid presence and density, as well as the local
microclimate also influence in the distribution and abundance of my-
cobionts in natural habitats (Li et al., 2021). Given that compatible my-
corrhizal fungi are essential for seed germination and initial growth,
their presence is critical to the distribution of orchids in their habitats
(Rasmussen et al., 2015; Zhao et al., 2021). In addition to mycobiont
association, microenvironmental conditions such as substrate pH and
moisture where the seeds settle also significantly impact the establish-
ment of the orchids (Pecoraro et al., 2021).

Even when seeds encounter suitable germination conditions and
associate with compatible fungi, only a small portion succeed in ger-
minating (~30%), reaching the protocorm stage (0.55%) or developing
into seedlings (<0.01%) (Shao et al., 2020). Due to their small size and
high surface-area-to-volume ratio, the protocorm and pre-pseudob-
ulb seedling stages are particularly vulnerable, lacking storage organs.
This vulnerability is exacerbated in epiphytic species, for which water
availability is limited and intermittent (Benzing, 1990). As they grow
and develop photosynthetic tissues, orchids shift to autotrophic me-
tabolism but may maintain mycorrhizal relationships throughout their
lifespan (Yeh et al., 2019; Fernandez et al., 2023).

For endangered orchid species, ex situ conservation tools enable
controlled development of early life stages (Endres Junior et al., 2023).
Plants may be propagated via in vitro germination with symbiotic fun-
gi on culture media (Dixon, 1987) or through asymbiotic techniques
using nutrient-rich media with carbon sources (Murashige and Skoog,
1962). These approaches assist the most vulnerable stages of orchid
ontogeny under laboratory conditions, allowing the production of

healthier plants in greater numbers at a faster rate than it would occur

in the wild. Through acclimatization, these plants gain the ability to
photosynthesize and survive ex vitro conditions (Tikendra et al., 2025).

Orchids propagated in vitro from seeds are valuable for transloca-
tion programs, contributing to recolonization of areas from which they
have been eliminated or enhancing population size and genetic diversi-
ty in existing populations, thereby improving their long-term survival
(IUCN/SSC, 2013). Translocation for conservation purposes bridges in
vitro and in situ strategies, linking theory and practice in conservation
science (Gale et al., 2018). This approach has been applied to the con-
servation of several epiphytic orchid species across different climate
regimes (Wu et al., 2014; Endres Junior et al., 2024; Hsu et al., 2024).
However, the translocation of symbiotically propagated orchids or the
establishment of symbiosis in the field by asymbiotically propagated
plants remains underexplored. Despite recent advances, gaps remain
in the understanding of ecological dynamics behind epiphytic or-
chid-mycobiont relationships (Phillips et al., 2020). Thus, it is recom-
mended that compatible mycorrhizal fungi be present or introduced at
translocation sites (Ramsay and Dixon, 2003).

Cattleya intermedia Grah. is an epiphytic orchid endemic to Brazil
(Van den Berg, 2024), most commonly found in the canopy of its pho-
rophytes (Gongalves and Waechter, 2003). Due to illegal collection and
habitat destruction, the species is listed as vulnerable (VU) in Brazil
and in the state of Rio Grande do Sul (RS), where this present study was
conducted (Menini Neto et al., 2013; Rio Grande do Sul, 2014). A con-
servation initiative for C. intermedia found that individuals propagated
asymbiotically in vitro exhibited greater development (shoot height,
number of leaves, pseudobulbs, and roots) and flowered when trans-
located to the canopy compared to the trunk of phorophytes in the
analysed fragment of the forest in southern Brazil (Endres Junior et al.,
2019; Endres Junior et al., 2024). The wild C. intermedia population
in the area is associated with Tulasnella amonilioides (P.R.M. Almei-
da, N. Van den Berg & A. Gées-Neto) S. Fujimori, J.P. Abe, I. Okane
& Y. Yamaoka (Fujimori et al., 2019), a fungal species first isolated
from the native Brazilian orchids Encyclia dichroma (Lindl.) Schltr.,
Encyclia ghillanyi Pabst, and Brassavola tuberculata Hook., and orig-
inally identified as Epulorhyza amonilioides (Almeida et al., 2014). Tu-
lasnella amonilioides can induce seed germination and promote in vitro
growth of C. intermedia (Endres Jinior et al., 2023). This mycorrhizal
fungus has also been recently identified in other species of the genus,
namely Cattleya bicolor Lindl.,, Cattleya walkeriana Gardner, Cattleya
jongheana (Rchb. £.) Van den Berg (Nogueira et al., 2024), and Cattleya
rupestris (Lindl.) Van den Berg (Almeida et al., 2025).

Considering that environmental factors may vary along the verti-
cal gradient (Kersten, 2010) and influence the distribution of mycor-
rhizal fungi and the establishment of associated plants (Pecoraro et al.,
2021); the critical role of mycorrhizal fungi in orchid population res-
toration and long-term conservation (Gale et al., 2018); the morpho-
metric differences in C. intermedia individuals following translocation
(Endres Junior et al., 2019; Endres Junior et al., 2024); the established
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symbiosis between wild C. intermedia individuals and T. amonilioides
in the forest fragment under study (Endres Jinior et al., 2023); and that
approximately 36% of endophytes isolated from wild C. intermedia are
not orchid mycobionts (Endres Junior et al., 2023), the objectives of
this study were to: evaluate whether asymbiotically propagated in vitro
orchids translocated to the trunk and canopy of phorophytes estab-
lished symbiotic relationships post-translocation; determine whether
the mycobionts found in the translocated plants are the same species as
those associated with wild plants in the study area, following the same
fungus-plant specificity pattern; and assess whether mycorrhization in
the canopy and trunk differs quantitatively. The main hypotheses were:
translocated orchids form associations with mycobionts; the mycor-
rhizal fungi are of the same species (T. amonilioides) as those found in
wild C. intermedia plants from the same environment and follow the
same specificity pattern; and roots of plants translocated to the cano-
py harbour a higher quantity of orchid mycobionts than those on the
trunk, positively influencing the establishment of C. intermedia.

Material and Methods

Analyses were conducted four years after the translocation of C. inter-
media plants obtained through asymbiotic in vitro seed germination and
plant propagation on MS medium (Murashige and Skoog, 1962) (Fig-
ure 1A; Sasamori et al., 2015). Prior to translocation, the plants had been
acclimatized in the substrate for five months and subsequently main-
tained for 12 months individually tied to pine bark plaques (5 x 10 cm)
(Figure 1B) under controlled laboratory conditions (Endres Junior et al.,
2015). At this stage, individuals were selected for translocation if they
had sprouted, produced at least one pseudobulb, and had healthy roots
free of injury and/or necrosis, firmly attached to the substrate.

The area that received the orchids is protected (29°41’S, 51°06’W,
alt. 16.4 m), located within the urban matrix of the municipality of
Novo Hamburgo, in the state of Rio Grande do Sul (RS), Brazil. The re-
gional climate is subtropical (Cfa, Koppen classification), without a
defined dry season (Alvares et al., 2013). The vegetation is second-
ary, exhibiting features of both the Pampa and Atlantic Forest phy-
togeographical domains (IBGE, 2012), regenerating since the 1990s,
when the conservation unit was established (Novo Hamburgo, 1999).
This area is located within the natural distribution range of the C. in-
termedia in RS and supports a small wild population (~10 individuals;
Endres Junior et al., 2023), characterizing the translocation as a rein-
forcement (IUCN/SSC, 2013). A total of 70 plants were translocated to
the trunks (3.5-4.0 m in height) and 70 to the canopies (6.5-7.0 m) of
17 phorophytes (Figure 1C; Endres Junior et al., 2019). At the time of
this study, 48 plants remained on the trunks (10 had been removed and

12 had died), while all plants in the canopies were still present.

Fungal isolation and cultivation
Seven C. intermedia plants with roots measuring between 20 and
30 cm were selected from the trunks and the canopies of phorophytes
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(Figures 1C and 1D), where each plant was attached to a different pho-
rophyte. One root was collected from each plant, moistened with sterile
distilled water, placed in a sealed plastic bag, labelled, and transported
in an ice-filled thermal container to the laboratory for analysis (Endres
Junior et al., 2023). From each root, two opposite ends were removed,
each forming a 2 cm segment. These segments were rinsed in running
water, surface-sterilized with 70% ethanol for 1 minute, followed by 2%
NaClO for 6 minutes, then rinsed with sterile distilled water. Each seg-
ment was transversely sectioned under a stereomicroscope (Labomed
CZM4), resulting in ten sections containing fungal pelotons within the
cortex (Figures 1E and 1F). The cortical region (Figure 1G) of each
section was excised and transferred to a PDA (potato-dextrose-agar)
medium in 9 cm Petri dishes, with five sections per plate (Figure 1H).
In total, 140 root sections (28 plates) from the plants attached to the
trunks and canopies, where they were cultured in the dark at 25+1°C
and monitored for hyphal growth.

To obtain pure cultures of endophytes, colonies showing differenc-
es in growth rate, colony color, and in the presence and abundance of
aerial hyphae within the same plate were selected taxonomically infor-
mative traits for fungal identification (Airin et al., 2023). This resulted
in 19 isolates from trunk-attached plants and 24 from canopy-attached
plants. A 1 cm? piece from the edge of each fungal colony was trans-
ferred to a new Petri dish containing the same medium (Figure 1I) and

cultivated under the same conditions described above.

Determination of mycorrhizal fungi
associated with Cattleya intermedia

All fungal isolates were tested for their ability to promote in vi-
tro seed germination and plant growth of C. intermedia, in order to
determine which ones corresponded to mycorrhizal fungi of this
species (CiMF). Seeds were obtained from a natural population of
C. intermedia located in the municipality of Portdo, 9.04 km from
the translocation site (29°41°16.02”S, 51°12°9.24”W). 200 mg of seeds
were extracted from mature fruits (Figure 1J). The seeds were sur-
face-sterilized (70% ethanol for 1 minute, 2% NaClO for 10 minutes),
immersed in 50 mL of sterile distilled water, and pipetted into Petri
dishes containing OMA medium (4 g L' oat, 7.5 g L agar, distilled
water, pH adjusted to 5.6) (Dixon, 1987). Each plate was inoculated
with a 1 cm® PDA medium cut from the edge of each fungal iso-
late (Figure 1K). The negative control consisted of seed cultures on
OMA medium without fungal inoculation. The DEJ17 isolate of T.
amonilioides, previously confirmed as a promoter of germination
and early growth of C. intermedia (Endres Junior et al., 2023), was
inoculated in a OMA medium with seeds as the positive symbiotic
control. Seeds were sown in a MS medium (50% of the original mac-
ronutrient formulation, 30 g L' of sucrose) as the positive asymbiotic
control, since this medium had been successfully used for asymbiotic
in vitro culture of C. intermedia (Sasamori et al., 2015; Endres Junior
etal., 2023).

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.61 | €2698 | 2026



Endres Junior, D. et al.

Figure 1 - Stages developed from orchid propagation to the collection of root samples with fungi. (A) In vitro plants prior to acclimatization, (B) cultivation of
orchids on pine bark plaques, (C) seven phorophytes supporting the orchids selected for root mycorrhization analysis from trunk and canopy strata, (D) plant with
root selected for mycorrhizal sampling, (E, F) root tips cut to obtain ten cross sections containing pelotons, (G, H) cortical region containing pelotons removed from
the cross section for culturing in Petri dishes, (I) 1 cm*® medium plugs with distinct colonies transferred to fresh PDA medium for fungal isolation, (J) seeds obtained
from C. intermedia fruits from the study area, (K) seeds pipetted onto OMA medium inoculated with 1 cm® of PDA medium containing the fungal isolates.
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Six plates were prepared for each treatment, sealed with plastic
wrap, and maintained at 26+1°C, with a 12:12 h light:dark photo-
period and an irradiance of 100 pumol m™ s'. Isolates were clas-
sified as CiMF if they promoted seed germination (testa rupture)
and developed the protocorm stage (rhizoids and promeristem)
and the seedling stage (true leaves and roots) (Endres Junior et al.,
2023), as determined over a 90-day monitoring period following
germination. Fungi that did not meet these criteria were considered
non-mycorrhizal for C. intermedia (non-CiMF). The percentages
of CiMF and non-CiMF per phorophyte stratum were calculated
based on the ratio of the absolute number of isolates in each cate-
gory compared with the total number of isolates obtained. To assess
whether the mycobiont-orchid relationship pattern of the translo-
cated individuals matched that of the wild C. intermedia plants in
the same environment, the CiMF and non-CiMF percentages ob-
tained in this study were compared with the data reported by En-
dres Junior et al. (2023).

Evaluation of germination, growth index, and morphometric
development of Cattleya intermedia in symbiosis

From the selected CiMF isolates according to the criteria de-
scribed in the previous section, 12 isolates of distinct origin were se-
lected (five trunk-attached plants and seven canopy-attached plants,
with no repetition of individual plant or phorophyte) to quantita-
tively evaluate in vitro seed germination and the growth index of C.
intermedia, 90 days after sowing. The assessments also included the
positive symbiotic and asymbiotic control treatments. Seed viabili-
ty, germination percentage, and growth index were evaluated under
a dissecting microscope, following the method described by Endres
Junior et al. (2023). Seeds
tained a distinct, rounded, and hyaline embryo. Viability percentage

were considered viable when they con-

(Vp) was calculated as Equation 1:

Vp = (Nvs x 100) / Nts oy
Where:

Nvs: the number of viable seeds;

Nts: the total number of seeds per dish.

Plant development stages were classified on the following scale,
from 0 to 5: stage 0=no germination; stage 1=testa rupture by en-
largement of the embryo (i.e., germination); stage 2=production
of rhizoids; stage 3=appearance of promeristem, multiple rhizoids;
stage 4=appearance of the first true leaf (from this stage on, the
plants are defined as seedlings); stage 5=formation of a second true
leaf and root system. The germination percentage (Gp) was calcu-
lated as Equation 2:

Gp = (NGi x 100) / Nvs (2)

Where:
NGi: the number of germinated individuals (stages 1-5);

Nvs: the number of viable seeds.
The growth index was calculated as Equation 3:
GI=(N1+N2+N3+N4+N5x5)/(NO+N1+N2+N3+N4+N5) (3)

Where:
NO: the number of seeds at stage 0;
NI: the number of plants at stage 1, and so forth.

Plants with two or more leaves and true roots were cultivated in
flasks (200 mL volume) containing 30 mL of the culture medium (OMA
for plants from symbiotic cultures with 12 isolates and the symbiotic
control isolate; modified MS medium for asymbiotic control plants),
totaling 45 plants per treatment (five plants per flask). One year after
sowing, the plants were individually evaluated for shoot height (cm),
length of the longest root (cm), number of leaves and roots, and fresh

mass (mg) (Endres Junior et al., 2023).

Phylogenetic characterization of mycorrhizal
fungi associated with Cattleya intermedia

Portions of mycelium of the 22 CiMF isolates were obtained from
pure cultures (eight from trunk-attached plants and 14 from canopy-at-
tached plants) were used for DNA extraction, amplification, and sequenc-
ing. Total DNA was extracted using the modified protocol of Gées-Ne-
to et al. (2005). The nuclear ribosomal region (nuc-r) comprising the
internal transcribed spacers (ITS1 and ITS2) and the 5.8S gene (ITS:
ITS1+5.8S+ITS2) was amplified by a PCR (Polymerase Chain Reaction)
using the primer pair ITSSF/ITS6R (Dentinger et al., 2010). DNA frag-
ments were stained with the SYBR™ Safe DNA Gel Stain and subjected to
horizontal electrophoresis on 2% agarose gel using a loading buffer. Posi-
tive results were identified as single, homogeneous bands under UV light.
Sequencing was performed by Macrogen Inc. (Geumcheon-gu, Korea).

The generated sequences were manually curated using Geneious
v9. Sequences obtained in this study were aligned using MAFFT v7 and
manually verified in MEGA v7 along with others retrieved from Gen-
Bank. The alignment and resulting phylogenetic tree were deposited
in the Harvard Dataverse (Endres Junior et al., 2025). All phylogenetic
analyses were performed on the CIPRES Science Gateway. Maximum
Likelihood (ML) analyses were conducted using RAXML 8.2.9. The data-
set construction followed Endres Jinior et al. (2023), incorporating a
broad set of sequences, including recently published species from Brazil
(e.g. Freitas et al,, 2020; Arifin et al.,, 2021; Arifin et al., 2022; Crous et al.,,
2023). The ITS sequences obtained from wild C. intermedia plants in the
same study area, first reported by Endres Junior et al. (2023), were also
included. The phylogenetic tree was edited using the Toytree Python li-
brary and Inkscape® (Eaton, 2020).
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Statistical analyses

Data were subjected to the Shapiro-Wilk normality test, where
germination rates (%) and the growth index of in vitro propagated in-
dividuals were compared among treatments using ANOVA, followed
by Tukey’s test. Student’s t-test for independent samples was used to
compare germination and growth index values between individuals
symbiotically propagated with fungal isolates obtained from the two
phorophyte strata. The morphometric data of in vitro propagated
plants were compared among treatments using the Kruskal-Wallis
test, followed by the Student-Newman-Keuls test. Mean morphomet-
ric values between plants propagated with fungi from the trunk and
canopy, as well as those propagated with the DEJ17 and MS controls,
were compared using the Mann-Whitney test. All analyses were per-
formed using the SPSS software version 28, with statistical signifi-

cance set at 5%.

Results
Isolation, cultivation, and
phylogenetic characterization of fungi

A total of 19 and 24 fungal isolates were obtained from the
roots of C. intermedia growing on the trunks and canopies of
8 (42.1%) and
14 (58.3%) were identified as CiMF (compatible mycorrhizal

fungi), capable of promoting seed germination and initial plant

phorophytes, respectively. Out of these samples,

growth. The information regarding the 22 CiMF isolates is present-
ed in Table 1. The ITS region sequences of the 22 CiMF isolates were
used in phylogenetic analyses, resulting in a final alignment com-
prising 192 specimens and 1,274 base pairs. In the Maximum Like-
lihood (ML) analysis, the RAXML bootstopping criterion indicated
that 250 pseudoreplicates were sufficient to estimate branch support
(BS), and the final optimization likelihood was -InL=23,947.94.

Table 1 - Fungal isolates obtained from the roots of Cattleya intermedia plants translocated to the trunk and canopy of phorophytes in a forest fragment,

identified based on GenBank sequences.

e S ™ S

DEJ54* Trunk Tulasnella sp.
DEJ40 Trunk 3A Tulasnella amonilioides
DEJ41 Trunk 3B Tulasnella amonilioides
DEJ43 Trunk 4A Tulasnella amonilioides
DEJ42 Trunk 4B Tulasnella amonilioides
DEJ44 Trunk 6A Tulasnella amonilioides
DEJ45 Trunk 7A Tul lla ilioid,
DEJ46 Trunk 7B Tulasnella amonilioides
DEJ49 Canopy 1A Tulasnell ilioid,
DEJ50 Canopy 1B Tulasnella amonilioides
DEJ48 Canopy 2A Tulasnella a ilioid
DEJ52 Canopy 2B Tulasnella amonilioides
DEJ57 Canopy 3A Tulasnella amonilioides
DEJ58 Canopy 3B Tulasnella amonilioides
DEJ59 Canopy 4A Tulasnella amonilioides
DEJ60 Canopy 4B Tulasnella amonilioides
DEJ65 Canopy 5A Tulasnella amonilioides
DEJ61 Canopy 5B Tulasnella amonilioides
DEJ62 Canopy 5B1 Tulasnella amonilioides
DEJ63 Canopy 6A Tulasnella amonilioides
DEJ64 Canopy 6B Tulasnella amonilioides
DEJ34 Canopy 7B Tulasnella amonilioides

Tulasnella sp. strain DerIV_ 97pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 98pc
Epulorhiza amonilioides strain tiro34_ 99pc
Epulorhiza amonilioides strain orob32_ 97pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza amonilioides strain orob32_ 97pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza_amonilioides_Serrant9_ 98pc
Epulorhiza_amonilioides_Serrant9_ 99pc
Epulorhiza amonilioides strain orob32_ 98pc

*Isolates in bold were selected for in vitro germination and growth tests; **numbers represent individual roots, and letters represent the two segments of each root.
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The majority of CiMF isolates (95.5%) were identified as T. amonilioi-
des. The only isolate not closely related to T. amonilioides was DE]54,
which was recovered as a sister lineage to an undescribed Tulasnella
species in Brazil (Figure 2).

The analysis of fungus—orchid specificity patterns observed in C.
intermedia plants revealed the presence of both CiMF and non-CiMF
endophytes exhibiting distinct morphotypes (Figures 3A and 3B).
Among the CiMF isolated from translocated plants, which were con-
firmed as mycobionts through in vitro symbiotic propagation tests,
T. amonilioides was predominant, with one additional isolate (DE]J54),
also belonging to Tulasnella (Figure 3A).

Germination, growth index, and morphometric
development of Cattleya intermedia in symbiosis

The average seed viability observed was 60.1%, where all CiMF
isolates increased seed germination percentages compared to the neg-
ative control and were as effective as the positive controls (Z=10.816;
P<0.001) (Table 2). The lowest growth indices (GI) were recorded in
the negative control and in the asymbiotic control (MS), respectively
(Z=79.703; P<0.001). Isolate DEJ44, identified as T. amonilioides, pro-
duced a higher GI than the positive control DEJ17. The GI of plants
propagated with DE]J54, the only isolate not identified at the species
level, did not differ significantly from most GIs of plants propagat-
ed with T. amonilioides, except for DEJ40 and DEJ44 (trunk-associ-
ated plants) and DEJ9 (canopy-associated plant) (Table 2). The ger-
mination rates and GI of plants propagated in symbiosis with CiMF
from trunk-associated orchids did not differ significantly from those
propagated with CiMF from canopy-associated orchids (germination:
t=-0.594; P=0.554; GI: t=0.451; P=0.653).

Shoot height (SH) was greater in plants from asymbiotic positive
control (MS) than in those from the symbiotic positive control (DEJ17)
(U=547.0; P=0.0043) (Figure 4A). Plants propagated with the Tulasnella
isolates DEJ43 (trunk), DEJ49, and DEJ48 (canopy) exhibited lower SH
compared to the symbiotic control DEJ17. In contrast, plants propagat-
ed with isolates DEJ40 and DEJ45 (trunk), DEJ57, DEJ61, and DEJ34
(canopy), showed higher SH than the symbiotic control (Figure 4A).
Plants propagated with DEJ54, DEJ43, DE]J44 (trunk), DEJ49, DEJ48,
DEJ60, and DEJ64 (canopy) showed lower SH than the MS control.
There was no significant difference in SH between plants propagated
with fungi from trunk- and canopy-associated orchids (U=14824.0;
P=0.4219). The number of leaves (NL) in CiMF-propagated plants did
not differ significantly from the controls, except for DEJ54 (Tulasnella
sp.), which had fewer leaves. The controls themselves also did not dif-
fer in NL (U=843.5; P=0.8805) (Figure 4B). NL in plants propagated
with CiMF from trunk-associated orchids was lower than that of plants
propagated with canopy-associated CiMF (U=12887.0; P=0.0050).

Root length (RL) in all CiMF treatments was greater than in
the asymbiotic control (Figure 4C), which was also observed in
the plants grown with the DEJ17 control (U=563.0; P=0.0068).
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Figure 2 - Phylogram of the relationships among Tulasnella isolates and
allied lineages inferred by Maximum Likelihood analysis based on ITS
sequences. The support values for the clades are as follows: black circles
>90%, gray squares >70% and <90%, white diamonds >60% and <70%, and
inverted white triangles >50% and <60%.
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Figure 3 - Pattern of Cattleya intermedia mycorrhizal fungi (T. amonilioides, DE]54, DEJ01) and non-CiMF isolated from translocated (A, left) and wild
(B, left) seedlings and adult plants of C. intermedia and respective proportion of CiMF capable to induce in vitro seed germination and seedling development
(A and B, right).

Table 2 - Germination and growth index (meantstandard deviation) of Cattleya intermedia plants propagated in vitro with mycorrhizal fungal isolates
obtained from plants translocated to the trunk and canopy of phorophytes, and with positive controls (DEJ17 and MS) and negative control (uninoculated
OMA medium)*.

Viable seeds (%) Germination (G%) Growth index (GI) Mean per stratum (%)

DEJ54 331 (50.5) 96.2+1.5 a* 3.940.3 cd
G=97.6
DEJ40 437 259 (59.2) 96.613.4 a 4.4140.2 ab
Trunk DEJ43 584 332 (56.6) 98.1+1.3 a 3.940.3d
DEJ44 496 337 (67.6) 97.0£2.8 a 4.610.1 a
GI=4.2
DEJ45 384 269 (70.3) 98.8f1.5a 4.3+0.3 abed
DEJ49 476 276 (58.0) 97.0t1.3 a 4.5%0.0 ab
DEJ48 493 272 (55.3) 98.5t1.3 a 3.9£0.7 cd G=97.3
DEJ57 481 293 (61.7) 97.8+1.8 a 4.0£0.0 bed
Canopy DEJ60 523 347 (66.0) 98.6%1.7 a 4.310.1 abed
DEJ61 535 329 (61.5) 97.0£2.0 a 4.3+0.2 abed
DEJ64 466 281 (60.4) 97.6%£3.0 a 4.4+0.2 abc GI=4.2
DEJ34 575 351 (61.0) 96.9t1.8 a 4.140.1 bed

*Means followed by the same letter in the column do not differ according to Tukey’s test at a 5% significance level.
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Figure 4 - Boxplot of (A) shoot height, (B) number of leaves, (C) length of the longest root, (D) number of roots, and (E) fresh mass of Cattleya intermedia
plants propagated in vitro with Tulasnella isolates obtained from roots of plants translocated to the trunk and canopy of phorophytes. Gray asterisks indicate
significant differences compared to the positive control DEJ17, and black asterisks indicate significant differences compared to the positive control MS,

according to the Student-Newman-Keuls test at a 5% significance level.

Plants propagated with DEJ54, DEJ40 (trunk), and DEJ60 (canopy) ex-
hibited even greater RL than those in the DEJ17 control. There was no
significant difference in RL between plants propagated with trunk-de-
rived and canopy-derived CiMF (U=14444.0; P=0.2315). Root num-

9

ber (RN) was lower in symbiotically propagated plants compared to
the MS control (Figure 4D), including those of the DEJ17 control
(U=408.0; P<0.001). Plants propagated with DEJ43 had lower RN
than those of the DEJ17 control. There was no significant difference
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in RN between plants propagated with CiMF from trunk or canopy
(U=14698.0; P=0.3505).

The fresh mass (FM) of plants propagated with CiMF was simi-
lar to those grown in the positive controls, except for DEJ43, which
produced lower FM than both DEJ17 and MS, and DEJ48, which pro-
duced lower FM than DEJ17 (Figure 4E). There was no significant dif-
ference in FM between plants propagated with CiMF from the trunk
and the canopy (U=15376.0; P=0.8171), nor between the two positive
controls (U=699.0; P=0.1423).

Discussion

Plants obtained through asymbiotic in vitro propagation, acclima-
tized ex vitro (Sasamori et al., 2015) and translocated to a forest frag-
ment established associations with C. intermedia mycorrhizal fungi
(CiMF) as well as with non-CiMF. It is assumed that the transition
from the mycoheterotrophic to the autotrophic stage reduces the de-
pendence of the orchid on mycorrhizal associations via their green
tissues (Chauhan and Attri, 2024). However, the presence of fungal
pelotons (both intact and degraded) in all root segments collected
demonstrates that mycobionts remain important for translocated
C. intermedia individuals even at the autotrophic stage, as previous-
ly observed for wild adult individuals of this species (Endres Junior
et al,, 2023). Although chlorophyllous tissues are perennial in this
species and can be found during different seasons of the year (Endres
Junior et al., 2024), part of the carbon used by photosynthetically ca-
pable orchids comes from mycorrhizal fungi (mixotrophy), as well as
other nutrients essential for plant metabolism (Selosse et al., 2025).
This may be crucial due to the main characteristics of the epiphytic
environment, including intermittent water supply and nutrient avail-
ability limitations (Benzing, 1990).

Cattleya intermedia showed high fungal specificity regarding seed
germination and initial growth in vitro, although the large diversity of
isolates obtained in the laboratory indicates successful colonization
and diversification of relationships established by C. intermedia with
various fungal groups, characterized by their ability to form intracellu-
lar pelotons while not causing necrosis in cortical tissues (Rasmussen
and Rasmussen, 2014). The main entry route for mycorrhizal fungi is
the seed suspensor, although they can colonize plants through epider-
mal cells, protocorm rhizoids (Gao et al., 2023), and roots themselves
(Attri, 2023). Thus, orchids are constantly colonyzed by other non-my-
corrhizal endophytes, whose roles remain poorly understood (Ras-
mussen and Rasmussen, 2014; Rasmussen et al., 2015) but are believed
to be highly diverse and potentially crucial to orchid physiology and
adaptation (Li et al., 2021).

The broad diversity of fungi found in the roots of C. intermedia,
especially considering CiMFE, may be related to the translocation (rein-
forcement) to an area with natural occurrence of the species (IUCN/
SSC, 2013). Observations of translocated plants, wild plants in the
study area, and seeds propagated in vitro allowed for the inference that
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C. intermedia follows the “5” pattern proposed by Rasmussen et al.
(2015). In this pattern, the orchid can germinate with a selection of
mycorrhizal fungi and develop initially, so that a significant portion
of fungi differs at the adult stage, although the initial mycorrhizal
relationship is maintained by the persistence of fungi in the roots of
adult plants. The same specificity pattern observed in wild plants was
recorded in translocated plants, indicating that individuals propagated
in vitro and taken to the nature successfully established their ecological
relationships four years after planting.

The CiMF associated with the translocated plants belong to Tu-
lasnellaceae, one of the main families of rhizoctonia fungi in orchids
worldwide, both epiphytic and terrestrial plants (Herrera et al., 2017;
Oberwinkler et al., 2017), and are very important for plants from tem-
perate and tropical regions such as Brazil, including the genus Cattleya
Lindl. (Freitas et al., 2020). Furthermore, most CiMF isolates belong to
T. amonilioides, the same species isolated from wild plants in the study
area (Endres Junior et al., 2023). Studies discuss the importance of
proximity to adult plants of the same species, or even other species, for
the availability of individuals in the environment capable of infecting
orchid seeds, thus establishing the symbiosis (Batty et al., 2001; Reiter
and Menz, 2022).

Our results indicate a higher occurrence of Tulasnella in orchids
translocated to the canopy compared to those translocated to the
trunk, explained by the ability of these fungi to occupy specific nich-
es on the phorophytes, due to the structural compartmentalization of
trees, which alters abiotic conditions across different strata (Petrolli
etal,, 2021; Johnson et al., 2023). Orchid mycorrhizal fungi may occur
in nature independently, regardless of the presence of orchids in each
microsite, as they feed on organic matter from various sources in the
environment (Rasmussen and Rasmussen, 2009). Habitat heterogene-
ity also affects the distribution and activity of propagules (Batty et al.,
2001). Thus, Tulasnella lineages likely already occurred in the phoro-
phytes selected for Cattleya intermedia translocation, fulfilling specific
ecological roles. Due to their ability to degrade organic matter, these
organisms may benefit from the greater amount of suspended soil typi-
cally found in the canopy or from the specific abiotic conditions in this
stratum (Kersten, 2010; Endres Junior et al., 2024). Therefore, when the
orchids were translocated into the habitat, their roots were colonized
by both CiMF and non-CiMF fungi, establishing ecological relation-
ships crucial for the success of their translocation (Reiter et al., 2016).
Since the translocated C. intermedia individuals began flowering from
the third year after establishment in situ (Endres Junior et al., 2024),
and since these plants are already in association with CiMF, the next
generation will likely form a self-sustaining population, thus fulfilling
the goals of the translocation (ITUCN/SSC, 2013).

The seed germination and growth index of in vitro plants inoculat-
ed with CiMF isolated from canopy-grown plants were not superior to
those inoculated with fungi from trunk-grown plants. However, in the
subsequent months of symbiotic culture, not only did CiMF obtained
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from translocated plants promote better development compared to the
positive controls (DEJ17 and MS), but the number of leaves in plants
inoculated with canopy-derived CiMF was also higher than those in
symbiosis with trunk-derived CiME. The higher proportion of CiMF
present in the roots of canopy-grown plants, combined with the ability
of these fungi to promote greater leaf development, may lead to greater
success in the establishment of canopy-translocated orchids compared
to those on trunks. This hypothesis is supported by the data from the
first three years of establishment of the individuals in this study, which
show that plants in the canopy stratum exhibited greater vegetative
development and reached reproductive maturity (Endres Junior et al.,
2019; 2024).

Previous studies indicate that C. intermedia plants establish more
successfully and develop more rapidly when translocated to environ-
ments with higher light availability (Endres Jinior et al., 2015), where
they are likely to make better use of the light for the production of
photosynthates. These sugars, in turn, can be utilized by CiMF through
the established symbiotic relationship, closing a cycle in which the can-
opy environment becomes beneficial to the occurrence of fungi, the
orchids, and the symbiosis itself. Research has pointed to the interrela-
tion between certain environmental conditions such as the phorophyte
structure, canopy openness (Kartzinel et al., 2013), substrate quality,
presence of other orchids, and microclimate (Jersakova and Malinova,
2007) — which together form important microsites for orchid recruit-
ment (Reiter and Menz, 2022). Thus, the establishment of new indi-
viduals seems to depend not only on the availability of suitable niches
for the orchids, but also for compatible mycorrhizal fungi, which is a
critical factor for the self-perpetuation of the translocated orchid pop-
ulation (Batty et al., 2001).

Conclusion

The protected area where the orchids were planted, despite con-
sisting of a secondary forest fragment located in an urban matrix and
undergoing regeneration for less than three decades has proven to be
a suitable environment for the conservation of C. intermedia, a spe-
cies that has suffered a significant population decline in Brazil, from its
original endemic status. Our results demonstrate that T. amonilioides
is not only capable of inducing in vitro seed germination but also of
promoting the in vitro development of C. intermedia and generating
healthy plants that can be acclimatized and grown ex vitro. The data
from this study allow us to define the species as mixotrophic in adult-
hood, benefitting highly by its relationship with fungi of the Tulasnel-
laceae, especially T. amonilioides, a fungus that also belongs to a group
known to act as saprotrophs. The fungus-plant specificity pattern was
consistent between wild and translocated plants, showing that the in
vitro propagated individuals successfully rebuilt their ecological re-
lationships four years post-translocation. Thus, this fungus could be
translocated to areas where compatible orchid species are intended to
be introduced in the future, or it could be introduced together with the
C. intermedia, potentially triggering beneficial changes that may also

facilitate the establishment of other orchid species.
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