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Abstract: Effects of daily temperature fluctuations that mimic on-site environmental conditions were
tested on seed germination and development in Dracula felix, a native epiphytic orchid from the
neotropics. Mature seeds collected from a native population lost their viability from 60% to 37.78%
and 0% after 8 and 16 weeks., respectively, under 22 £ 2 °C. Seed viability was completely lost
when seeds were maintained at —10 °C in the dark. Less than 50% germination was observed in D.
felix seed across all treatments. Seed germinated regardless of the light or temperature treatment.
However, significant improvement in germination was observed at 17/22 °C compared to constant
temperature treatments. Early seedling development stages were observed only on 1/2XMS and VW
media at 17 °C or 17 °C/22 °C under a 12 h light photoperiod. Neither germination nor seedling
development were improved by any fungal strain tested using standard symbiotic germination
protocols. Information obtained from this study is critical to ensure the ex-situ conservation of this
and other rare Dracula species under current and future climate change scenarios.
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1. Introduction

The tropical Andes is considered the largest plant biodiversity hotspot in the world [1,2].
The Orchidaceae significantly contributes to the diverse species comprising the Andean
Flora [3], especially epiphytes [4]. In Ecuador, one of the smallest countries in South
America, orchids represent the most diverse plant family with 228 genera and more than
4200 species from which 60% are epiphytic [5,6]. The species richness within this area has
been attributed to environmental, climatological, and geographical factors [5,7,8].

The high diversity and distribution of orchids in Ecuador and worldwide can be
also explained by complex relationships of orchids with their pollinators, mycorrhizal
fungal associates, and host trees in the case of epiphytes [9-13]. Most orchids produce
extremely small ‘dust-like” seeds with undeveloped embryos containing limited nutrients
and carbohydrate reserves [14]. Consequently, these embryos depend on the establishment
of mycorrhizal associations for required nutrients during germination and early seedling
developmental stages [15,16]. Adult plants may maintain their initial fungal associations,
form new ones, or they may abandon their fungal associates altogether relying entirely on
photosynthesis as a source of carbon [13,16].

The degree of specificity for their mycorrhizal associate(s) throughout their life varies
depending on the orchid species. Common or generalist species usually associate with a
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great diversity of fungal species [12]. Other orchid species appear to be specialists relying
on a specific fungus or a narrow fungal grouping [12]. Rare orchids often have a distribution
restricted to unique habitats and rely on specific pollinators [12]. Orchid rarity has not
been related to mycobiont specificity as they can associate with a narrow or wide group of
mycobionts [17].

Until recently, little was known about the identity and diversity of mycorrhizal fungi
in orchids native to Ecuador. Novotna et al. [18] documented high fungal diversity in roots
of epiphytic species from southern Ecuador. Similarly, Herrera et al. [19] reported consid-
erable diversity among mycorrhizal associates assignable to one family (Tulasnellaceae)
among common and rare orchid species alike. While documenting these mycorrhizal fungi
is of considerable interest and importance, safeguarding these fungal associates in cryop-
reservation should also be carried out to ensure that the fungi critical to seed germination
processes are available for long-term conservation projects (e.g., symbiotic germination).
Considering that orchid habitats are under siege in Ecuador and throughout the world, the
distinct possibility exists that some mycorrhizal associates will no longer persist in situ un-
less appropriate steps are taken to conserve these important biotic agents. For rare orchids,
in particular, the absence or elimination of the primary fungal associates needed to spawn
spontaneous seedlings may make their long-term conservation more challenging [12,13].
This would place an additional burden on conservationists to seek other methods aimed at
recovery through artificial propagation (e.g., asymbiotic germination)

Dracula is a genus found in the Cloud Forest region of the tropical Andes in Colombia,
Ecuador, and Peru extending north into Mexico [20]. It belongs to the most diverse subtribe
of orchids from the Neotropics, Pleurothallidinae, which contains 15-20% of the species in
the Orchidaceae [20,21]. Dracula species are epiphytes with the greatest diversity found in
the Andean wet forest of Colombia and Ecuador [20]. More than 45 Dracula species have
been reported to occur in Ecuador alone [5]. The distribution of Dracula species has shown
very high frequencies of endemism with some restricted to three or fewer locations [22].
Dracula felix (Luer) Luer, the subject of this study, is a native epiphytic herb occurring in the
montane primary cloud forests of the tropical Andes from Southwest Colombia to Central
Ecuador [23,24]. It produces massive numbers of small cup-shaped flowers that last up
to 10 days (Figure 1) and require insect pollination for seed set [24,25]. The labellum, as
in other Dracula species, is quite unique in that it has a distal, expanded concave segment
that mimics the gills of an inverted mushroom [23]. Attracted by the labellum shape and
some mushroom fragrance compounds, tiny flies (Family Drosophilidae) visit and likely
pollinate the flowers [23-25].

To the best of our knowledge, there is no published information regarding fungal
isolation from Dracula species growing in their native populations, and no information on
this species’ propagation from seed. However, a fungus isolated from a mature D. felix
plant growing ex situ was used to test its ability to improve germination of six orchid
species from the subtribe Pleurothallidinae. The putative fungal symbiont, which was not
identified, supported significantly higher germination percentages than asymbiotically
geminated seed; however, seedling development was not observed [26].

Effects of light, temperature and nutrient availability on seed germination and seedling
development have been reported for many orchid species [27]. Responses to these environ-
mental factors vary between orchid species. Light has been reported to inhibit germination
in terrestrial [15] and epiphytic orchids [28]. Constant temperatures usually have been se-
lected for in vitro seed germination in epiphytes. However, this is not a condition typically
encountered in nature. Therefore, alternating temperature regimes that simulate natural
habitat condition should be tested to obtain a better understanding of the developmental
responses to this factor [29].
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Figure 1. Flower of Dracula felix (Luer) Luer. Photo by Luis Baquero. Scale bar = 1 cm.

Despite the large number of orchids species described for Ecuador, research on in vitro
seed germination and subsequent protocorm and seedling development remains scanty [30].
An understanding of how environmental factors affect seed germination and seedling
development, as well as the degree of specificity and dependency of the orchid for certain
fungi species, need to be experimentally evaluated for orchids that are at a high risk
of extinction. Such information will be critical to using asymbiotic and symbiotic seed
culture as effective strategies for conservation of native orchid species from Ecuador [16,31].
Consequently, the main goal of this study was to develop effective protocols to produce
orchid plants for their use in restoration and conservation projects. The objectives of the
present study were to: (1) evaluate the effects of photoperiod, medium composition, and
temperature regimes on asymbiotic seed germination and seedling development in D. felix;
(2) document the morphological development from seed to the mature seedling stage; and
(3) screen putative mycorrhizal fungi isolated from native Ecuadorean orchids roots for
their ability to promote symbiotic seed germination and seedling development.

2. Materials and Methods
2.1. Sample Collection Permits

To comply with regulations to legally collect native orchid species in Ecuador, permits
to collect and transport native flora for research purposes including DNA analysis were
obtained from the Ministerio del Ambient del Ecuador (MAE) with the institutional support
of the Insitituto Nacional de Biodiversidad (INABIO), through a contract (Contrato Marco
MAE-DNB-CM-2016-0045) of this research institution with MAE. Orchid seeds were im-
ported into the United States under USDA / APHIS permit number P37-16-0-5568. A permit
to Move Live Plant Pest, Noxious Weeds, and Soil (P526P-19-02945) was also obtained from
the US Department of Agriculture (USDA) to import fungal mycelia to the USA.
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2.2. Seed Collection

Fieldwork in the Northern Tropical Andes of Ecuador was conducted in September
2018 to obtain mature seed capsules from a native population of Dracula felix (Luer) Luer.
Two plants bearing closed and recently open mature capsules were located on the roadside
from Quito to Nanegalito (0°01'22.79” N 78°39/10.87” W, 1809 m.a.s.1.), Pichincha Province,
Ecuador. Capsules were placed in paper bags before being transported to the laboratory.
Seeds were removed from the capsules and stored in loosely capped glass vials over CaSO4
contained in a Falcon 50 mL tube at 22 &+ 2 °C in the dark until shipping to the in vitro
culture laboratory located at the University of Florida, Gainesville, FL, USA. Seeds were
cold stored at —10 °C in the dark until used for experimentation. Some vials were stored at
22 £ 2 °Cin the dark.

2.3. Seed Size and Weight

Seed weight and size were estimated as follows: three samples of dry seed, taken from
the cold storage, were weighted on an ultra-microbalance (Model No. XP2U Mettler-Toledo
LLC, Columbus, OH, USA). Each dry seed sample was placed in a 1.5 mL microtube. Water
was added to hydrate and suspend the seeds in the solution to facilitate counting over a
black cloth using a stereomicroscope. Estimated dry seed weight was obtained by dividing
the weight by the number of seeds in each sample. Seed size measurements were made
using the microscope software, Q Capture Pro 6.0. The estimated number of seed per
unit weight (mg) was used to calculate the solution volume required to deliver uniform
40 uL aliquots each containing ca. 60 sterile seeds to ensure similar numbers of seeds per
sub replicate.

2.4. Seed Viability Testing

A seed viability test using triphenyl tetrazolium chloride (TTC) staining was per-
formed immediately after removing seeds from capsules in Ecuador. Once seed vials
arrived at the Laboratory in the University of Florida, and samples were taken to test for
seed viability before and after 8 weeks under cold storage conditions. Seeds maintained
at 22 + 2 °C in the dark were also tested for viability using TTC. A 10% sucrose solution
was used to precondition ca. 2 mg of dry seed contained in 1.5 mL micro-tubes. After 24 h
at 22 & 2 °C in the preconditioning treatment, the solution was removed, and seeds were
rinsed twice with deionized distilled (dd) water. One ml of 1% (w/v) TTC solution was
added and the microtubes were incubated in the dark at 36 °C for 24 h. The TTC solution
was removed and replaced with deionized distilled (dd) water, then the vials were stored
at 4 °C to avoid embryo discoloration, until conducting the visual evaluation of viability
using a light microscope. Seeds with rose-red stained embryos were considered viable,
while white embryos were recorded as non-viable [32,33].

2.5. Seed Sterilant Screening

Sodium hypochlorite (NaOCl) and calcium hypochlorite (Ca(OCl);) solutions were
tested to optimize the seed surface sterilization procedure used in the following ex-
periments. Seeds were sterilized using either 0.3% (v/v), 0.5% (v/v) sodium hypochlo-
rite/ethanol, or 2% Ca(OCl), solutions in a sterile 1.5 mL sterile microtube for either 1, 3, or
5 min. The solutions were prepared by combining 250 or 416 uL 6.0% sodium hypochlorite
(Clorox® bleach, Oakland, CA, USA), 250 pL. 100% ethanol, and 4500 or 4334 mL sterile dd
water, respectively. The calcium hypochlorite solution was prepared by dissolving 307 mg
Ca(OCl); (65% available chlorine) in 10 mL sterile dd water. The solution was filtered
through a sterile Grade 1 Qualitative filter paper (Whatman® Qualitative 1, Cytiva, Bucks,
UK, Cat# 1001-125) immediately before use. After sterilization, solutions were removed
using a sterile pipette with the tip positioned into the bottom of the microtube. Seeds were
then rinsed 3 times for 1 min each with sterile dd water. A treatment control consisted of
no surface sterilization and three rinses for 1 min each with sterile dd water.
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Effects of the seed sterilization on germination percentage were evaluated by sowing
surface sterilized seeds on 1/2 X Strength Murashige & Skoog (PhytoTechnology Laborato-
ries, Shawnee Mission, KS, USA, Cat# M524; [34]) supplemented with 2 g/L sucrose, 8 g/L
TC agar (PhytoTechnology Laboratories, Cat# A175) and 1 g/L activated charcoal. Three
40 pL aliquots of the sterile seed solution were pipetted into 100mm X 15 mm Petri dishes
containing 30 mL medium and distributed uniformly on 3 separate sections using a sterile
inoculating loop. Four Petri dishes per treatment were sealed with one layer of sealing film
(PhytoTechnology Laboratories, Cat# A003) and incubated at 23 °C under a 12 h Light/12 h
Dark photoperiod in a Percival I-35LL incubator (Percival Scientific, Boone, IA, USA) for
4 weeks. Light was provided by cool-white florescent tubes (General Electric, Boston, MA,
USA, F20T12/CW) at 35 uM m 2 s~ ! (PAR).

2.6. Daily Fluctuating Temperature Experiment

Three temperature regimes, 22/17 °C Light/Dark, and two constant temperatures,
22 and 17 °C, were chosen based on the mean annual temperature at the altitude of the
collection site [35] and on the day/night average temperature fluctuations present near
the location where mature capsules of D. felix were collected [36]. Four asymbiotic orchid
seed germination media—(1) Knudson-C (KND-C; PhytoTechnology Laboratories, Cat#
K400 [37]); (2) Vacin and Went Modified Orchid Medium (VW; PhytoTechnology Labora-
tories, Cat# V895 [38]); (3) 1/2 X Strength Murashige & Skoog (1/2 MS; PhytoTechnology
Laboratories, Cat# M524 [34]); and (4) PhytoTechnology Orchid Seed Sowing Medium
(Cat# P723)—were also examined in each temperature treatment for their effectiveness
in promoting seed germination and seedling development of D. felix. To standardize the
concentrations of 2% sucrose, 0.8% agar, and 0.1% activated charcoal across media, all basal
media were modified as follows: 20 g/L sucrose was added to 1/2 MS, 8 g/L TC agar
(PhytoTechnology Laboratories, Cat# A175) to KND-C and 1/2MS, 1 g/L TC agar to VW,
and 1 g/L activated charcoal to KND-C, 1/2 MS, and VW. KND-C and 1/2 MS was adjusted
to pH 5.8. All media were sterilized by autoclaving at 117.7 kPa and 121 °C for 40 min.

To evaluate the effect of light on germination, all temperature regimes and media treat-
ments were tested under both 0/24 h Light/Dark and 12/12 h Light/Dark photoperiods.
Three seed samples weighing ca. 2.1 mg each, contained in sterile 1.5 mL microtubes, were
maintained at 22 &+ 2 °C for at least 4 h after being removed from cold storage. Based on
preliminary screening, seed surface sterilization was performed by adding 700 pL 0.3%
sodium hypochlorite/ethanol solution to each microtube. After 1 min, the solution was
removed by placing the sterile pipette tip into the bottom of the microtube. Seeds were
rinsed three times for one minute each with sterile dd water. After sterilization, seeds
were suspended in dd water to give a solution containing ca. 60 seeds per 40 uL solution.
Within each 100mm X 15 mm Petri dish containing 30 mL of one of the four asymbiotic
seed germination media, three 40 pL aliquots were pipetted and each was dispersed onto
three different locations on the medium surface. The aliquots were distributed uniformly,
using a sterile inoculating loop.

Petri dishes were sealed with one layer of sealing film and incubated under the differ-
ent culture conditions previously described in Percival I-35LL incubators (Percival Scientific,
Boone, IA, USA), and light was provided by cool-white florescent tubes (General Electric
F20T12/CW) at 35 uM m~2 s~ ! (PAR). A complete darkness treatment was provided by
wrapping the Petri dishes in heavy aluminum foil. Petri plates were removed and first
inspected for seed germination after 2 weeks culture. Seed germination and seedling
developmental stages were assessed on a scale of 0—6 (Table 1). Germination and seedling
growth and development were recorded every 2 weeks, using a stereomicroscope. After
6 weeks culture, Petri dishes in the complete darkness treatment were unwrapped from the
aluminum foil and placed under 12 h photoperiod for the remainder of the experiment.
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Table 1. Seed germination and developmental stages of Dracula felix adapted from Stewart and Zettler [39].

Stage Description
0 No germination, viable embryo, testa intact
1 Swollen green embryo, filling the seed coat
2 Continued embryo enlargement, rupture of test (GERMINATION)
3 Embryo is released from the seed coat, Appearance of globular green protocorm.
4 Emergence of leaf primordia, production of rhizoid(s)
5 Elongation of leaf primordia (SEEDLING STAGE)
6 Elongation of the first leaf and further development

2.7. Seedling Development Media Screening

Two commercial orchid maintenance media were tested for their ability to support sur-
vival and further development of D. felix seedlings. The media used were PhytoTechnology
Orchid Maintenance/Replate Medium (Cat# P748) and PhytoTechnology Orchid Multi-
plication Medium (Cat# P793). The asymbiotic seed germination medium VW, on which
a significantly higher percentage of seedlings were observed compared with the other
asymbiotic treatments, was also included in this experiment. Ten seventeen-week-old Stage
5 and 6 seedlings, germinated on either VW or 1/2 MS, were transferred to each Phyto-
tray™ II (Sigma-Aldrich, Burlington, MA, USA, Cat# P-5929) culture vessels containing
125 mL of each medium. The possible carryover effect of the seed germination medium on
seedling development was not evaluated due to the limited number of available seedlings.
Five Phytotray™ vessels per treatment were each sealed with one layer of sealing film
and incubated under 12 h Light/12 h Dark photoperiod at 22/17 °C L/D in a Percival
I-35LL incubator (Percival Scientific, Boone, IA), and light was provided by cool-white
florescent tubes (General Electric F20T12/CW) at 35 uM m~2 s~ ! (PAR). Percent survival
was recorded after 40 weeks.

2.8. Symbiotic Seed Culture

Fungal isolation and molecular identification. Active growing roots from juvenile
and adult plants were collected from different orchid native populations in the northern
tropical Andes in Ecuador covering four Provinces, Napo, Pichincha, Carchi, and Imbabura,
during May 2016, July 2017, and August 2018. However, neither juvenile plants nor seedling
stages of D. felix could be found at the primary collection (where seed was obtained);
therefore, subsequent fungal isolation from D. felix roots was not possible. Isolation of root
endophytes from root cortical tissue of different orchid species was performed at IDgen, a
commercial molecular diagnostic laboratory located in Quito, Ecuador. Standard methods
described by Zettler et al. [40] were applied. Briefly, at most, three roots per plant were
collected in the field and transported to the laboratory in darkness within a cooler. Roots
were rinsed with sterile distilled (d) water to remove surface debris (e.g., bark), then surface
sterilized with a 0.4% sodium hypochlorite/ethanol solution, followed by three 1 min
rinses with sterile d water. This solution was prepared by combining 8 mL 5% sodium
hypochlorite (Clorox® bleach), 5 mL 98% ethanol, and 87.0 mL sterile d water.

Roots were cut into 1 cm long segments starting at the tip. Each segment was placed
into a separate sterile Petri dish (100 x 15 mm). Root segments were macerated within
200 pL sterile distilled water using sterile scalpel and forceps to separate the cortical
cells and release fungal pelotons into the water droplet. Warm Fungal Isolation Medium
(FIM) [41] supplemented with 10 mg/L streptomycin sulfate antibiotic was added to the
Petri dish and then gently swirled to uniformly distribute the macerated tissue before
solidification of the medium. After incubation for 24-48 h at 22 + 2 °C, plates were
observed for active hyphal growth emerging from the pelotons using a stereo microscope.
Individual pelotons with hyphal tips were subcultured using a sterile scalpel onto fresh
1/2X Potato Dextrose Agar (PDA, PhytoTechnology Laboratories, Cat# P772). After 24-72 h
of incubation at 22 + 2 °C, hyphal tips alone or pelotons with short hyphal tips were
subcultured in glass culture tubes containing 10 mL 1/2 PDA solidified on a 45° angle. Glass
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tubes were sealed with a layer of sealing film and incubated at 22 4- 2 °C for at least 48 h
and then stored at 4 °C until their transport to the in vitro culture laboratory located at the
University of Florida, Gainesville, FL, USA.

Pure fungal cultures yielding morphological features typical of orchid mycorrhizal
associates, i.e., Rhizoctonia-like fungi [42], were retained for further identification using
molecular techniques. Subcultures for this purpose were grown on 1/2 strength PDA.
Fungi were described to the genus level using Sanger sequencing of the ribosomal DNA
internal transcribed spacer (ITS) sequences. Subcultures of putative mycorrhizal fungi
were transferred to fresh 1/2 PDA plates every 4 months and maintained in the dark at
10 °C. These isolates were subsequently deposited for safekeeping at the UAMH Centre for
Global Microfungal Biodiversity (Toronto, ON, Canada) in cryopreservation and were each
assigned a separate UAMH accession number (Table 2).

Table 2. Putative orchid mycorrhizal fungi isolated from native orchids from Ecuador and from
Florida, USA used to germinate sterile seeds of Dracula felix.

Orchid Mycorrhizal Orchid Species Identification UAMH Accession
Fungus ID Number

LPA1T Lepanthes acarina Luer Tulasnella UAMH 12449
LPA2T Lepanthes acarina Luer Tulasnella UAMH 12450
LPA3T Lepanthes acarina Luer Tulasnella UAMH 12448
CMA4T Campylocentrum sp. Tulasnellaceae UAMH 12451
ER2C Erycina pusilla (L.) N.H. Williams & M.W. Chase Ceratobasidium NA

ER3C Erycina pusilla (L.) N.H. Williams & M.W. Chase Ceratobasidium UAMH 12452
MC1C Macroclinium sp. Ceratobasidium UAMH 12453
MC4C Macroclinium sp. Ceratobasidium UAMH 12454
US266 Spiranthes brevilabris Lyndley Tulasnella calospora UAMH 9824

Symbiotic seed germination. Symbiotic seed germination treatments consisted of one
Tulasnella calospora (Boudier) Juel, strain (University of Alberta Microfungus Herbarium
UAMH 9824) isolated from a primary lateral root of Spiranthes brevilabris in Levy County,
Florida, USA [43] and six fungal strains isolated from roots of juvenile plants collected
from orchid species native to Ecuador (Table 2). Based on the seed germination responses
on asymbiotic media, VW was included as the asymbiotic control treatment. A second
control treatment consisted of Oatmeal Agar (OMA) prepared by adding 2.5 g/L oats
flour and 7 g/L agar TC (PhytoTechnology Laboratories, Cat# A175) without fungal in-
oculation. The medium was sterilized by autoclaving at 117.7 kPa at 121 °C for 40 min.
Approximately 30 mL cooled, but molten sterile OMA was dispensed into each plastic
Petri dish (100 x 15 mm). To facilitate visualization of the hyphae growing on the media, a
triangle-shaped cellophane membrane (BIO-RAD, Cat# 1650922) was placed in the center
of the Petri dish once the medium was solidified. A 1 cm Xx 4 cm black filter paper strip
(Thomas Scientific, Swedesboro, NJ, USA, Cat# 4740C10) was also placed parallel on each
side of the triangle.

A seed sample weighting 7 mg was removed from cold storage, divided equally in
three sterile microtubes and maintained at 22 & 2 °C for at least 4 h before sterilization.
Seed surface sterilization was performed using the same procedure as the daily temperature
experiment. After sterilization, a 40 pL aliquot containing ca. 60 seeds each was placed onto
the surface of each of the three black sterile filter paper strips. A1 x 1 x 0.5 cm® 1/2 PDA
block containing actively growing fungal mycelia from each isolate was added to a Petri
dish on the center of the membrane (one isolate per Petri dish). The PDA block was cut from
the edges of each 10-day-old Tulasnella or 2-day-old Ceratobasidium culture. Petri dishes
were sealed with one layer of sealing film and incubated under either a 0/24 h or 12/12 h
Light/Dark photoperiod at 22/17 °C Light/Dark in a Percival I-35LL growth chamber
(Percival Scientific, Boone, IA. Light was provided by cool white florescent tubes (General
Electric F20T12/CW) at 35 uM m~2 s~ ! (PAR). Half of the plates were wrapped in heavy
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aluminum foil to provide complete darkness. Germination and seedling development
stages (Table 1) were recorded after 3- and 6-weeks culture.

2.9. Experimental Design and Statistical Analysis

Treatment effects were evaluated using a completely randomized experimental design.
Each factor or combination of factors consisted of 7 replicates with 3 sub-replicates. The
experimental unit consisted of a Petri dish containing 30 mL solidified culture medium with
three areas or filter paper strips positioned on the surface of the medium and ca. the same
number of seeds on the surface of each strip. Numbers of seeds in each developmental stage
were recorded at each data collection time (every 2 weeks). Experiments were performed
once due to rapid loss of seed viability and the limitation to conduct multiple collections
on site.

Data were analyzed using a multifactor ANOVA. Percent data were arcsine trans-
formed to normalized variance. Mean separation was assessed using Tukey’s Methods at
o = 0.05 significant level. Statistical analysis was completed using JMP Pro15 software (SAS
Institute Inc., Cary, NC, USA). The time-to-event data, in this case time from sowing to
germination (Stage 2), were analyzed using the survival analysis package in R studio 3.2.5.
A Kaplan-Meier estimator was used to estimate the survival functions. A Cox proportional
hazards regression model was used to evaluate the effects of more than two different
covariates that can be either categorical or continuous, through their impact on the hazard
function that described the germination event.

3. Results
3.1. Seed Viability Testing

Dracula felix seed exhibited 66.10% viability (TTC staining of viable embryos) after
being removed from mature dehisced capsules. The viability of seeds maintained dry over
CaSOy desiccant at 22 + 2 °C in the dark displayed reduced viability to 37.78% and 0%
after 8 and 16 weeks, respectively. Low temperature storage also negatively affected seed
viability as nonviable seeds were observed after 8 weeks under these conditions.

3.2. Seed Sterilant Screening

Seed surface sterilization was achieved with all sterilization treatments; no visual
bacterial or fungal contamination was observed in any treatment except in the control (no
sterilization), where 25% of the plates were discarded due to visual contamination. The
germination percentage was significantly increased compared to the control treatments
after seeds were sterilized with 2% Ca(OCl), for 3 or 5 min. Seeds sterilized with either
0.3% or 0.5% NaOCl/ethanol solutions for 1 min also geminated at higher percentages than
the control. However, sterilization times longer than 1 min in NaOCl/ethanol solutions
significantly reduced germination percentage (Figure 2). Although no significant differences
on germination percentages were observed between 2% Ca(OCl), for 5 min and 0.3% NaOCl
for 1 min, more and larger protocorms were observed when seeds were sterilized with the
NaOCl solution. Therefore, exposure of seed to 0.3% NaOCl for one minute was chosen as
the standard protocol for surface sterilization of D. felix seeds.

3.3. Asymbiotic Seed Germination and Seedling Development

Stages of the morphological development from seed to the early seedling were doc-
umented for D. felix (Figure 3a—k). Small seeds with a length of 182.54 &+ 5.42 um and
65.51 &+ 0.87 um width, weighting from 0.13-0.19 ug, were observed. All seeds contained
an embryo, which was easy to distinguish after the sterilization process (Figure 3a). As
seeds imbibed embryos started to swell and slightly changed color. Under a 12 h Light/12h
Dark photoperiod, imbibed embryos developed a light green color (Figure 3b). Rupture of
the seed coat was observed (germination, Figure 3c) by week 2.
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Figure 2. Effects of seed surface sterilization treatments (Control: no sterilization; 2% Ca(OCl);: 2%
calcium hypochlorite; 0.3% and 0.5% NaOCI: Sodium hypochlorite/Ethanol solution for 1, 3, and
5 min on germination of Dracula felix seeds incubated under 12 h Light/12 h Dark at 23 °C for 4 weeks.
Histobars with the same letter are not significantly different (x = 0.05).

-
Stage 0

Stage 5

Figure 3. Asymbiotic seed germination and early seedling development of Dracula felix. (a) Stage 0.
(b) Stage 1: Imbibed seeds (arrows). (c) Stage 2: Germination. (d) Stage 3: Globular protocorms.
(e) Stage 4: Protocorms with leaf primordia (Ip). (f) Stage 5: Protocorms with elongated leaf primordia.
(g) Stage 6: Seedlings with first leaf (fl). (h) White protocorms. (i) Protocorm-like body. (j) Stage 6:
Seedlings with two leaves after 17 weeks culture. (k) Seedling development after 16 weeks. Scale
bars = 500 um (a—j) and 5 mm (k).
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Low germination percentages were observed in D. felix as less than 50% seed ger-
mination was recorded across all treatments. To evaluate main and interaction effects
of the treatments (photoperiod, temperature, and media) on D. felix seed germination, a
Cox proportional regression model that included all 2- and 3-way interactions was fitted.
Significant main effects and two-way interactions were observed (medium-temperature,
medium-photoperiod). The adjusted hazard ratio used to compare the two photoperiods
was 1.02 (95% CI 0.88-1.18), indicating that there were no significant differences in germi-
nation percentages between them (Figure 4). The associated p-value = 0.027 of the hazard
ratios (1.17, 95% CI 1.02-1.35) comparing germination percentages over time between 17 °C
vs. 17/22 °C indicated a significant improvement in gemination for seeds incubated at
17/22 °C over 17 °C adjusting for all other covariates (Figure 4). The interaction effect of
temperature and photoperiod was not significant. Regardless of photoperiod, no significant
differences on germination were detected between seeds incubated at 22 °C and 17 °C in
any medium (Figure 5).

HAZARD RATIO
Temperature }K’; o Reference .
22C 1.07 1
(N=11817) (0.93-1.23) = 0.356
17/22C 117 ; E
(N=11534) (1.02-1.35) —— 0.027
Photoperiod 2\72‘1 7260) Reference »
Light 1.02 ;
(I3=17228) (0.88-1.18) '—I—' 0.812
Medium \(/f\\;\i8732) Reference &
KND-C 0.65 = -
(N=8745)  (0.55-0.77) <0.001
112MS 1.11 ;
(N=8851)  (0.96 - 1.28) + 0.145
P723 139 i -
(N=8180)  (1.20-1.60) —B—— <0.001
# Events: 9265, Global p-value (Log-Rank): 1.3456e-112 i :
AIC: 190298.59; Concordance Index: 0.58 08 08 1 12 14 186

Figure 4. Hazard ratios of the adjusted main effects from a Cox proportional regression model that
included two- and three-way interaction effect on seed germination of Dracula. felix.

Medium -+ VW -+ KND-C -+ 1/2MS —+ P723

Temperature: 17 °C | | Temperature: 22 °C I | Temperature: 17/22 °C
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o
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Figure 5. Cumulative proportion of germinated seeds of Dracula felix sown on different asymbiotic
medium types and incubated at different temperatures. Curves with the same letters are not sig-
nificantly different according to a multiple pair wise comparison log-rank test with a Bonferroni
correction to adjust p-values at o« = 0.05 significance level.
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The positive effect on germination of incubating seeds at alternating daily tempera-
tures (17/22 °C) compared with a constant 17 °C was significant when seeds were sown
on P723 or KND-C (Figure 5). Significant lower germination percentages were observed
in seeds cultured in KND-C compared to the other media in both photoperiods and all
temperatures across all times (Figures 5 and 6). A significant improvement in germination
was observed when seeds were sown on P723 compared with the other medium treatments,
regardless of the photoperiod (Figure 6). No significant differences in germination rates
between VW and 1/2 MS were detected in both photoperiods (Figure 6) or any of the
temperature treatments, except at 17 °C, where higher germination rates were observed in
seeds sown on 1/2 MS compared to VW (Figure 5).

Medium ~+ VW -+ KND-C -+ 1/2MS -+ P723

Photoperiod: 24h-Dark / Oh-Light | I Photoperiod: 12h-Dark / 12h-Light

0.4
= fuapEeeE i S ¥
_-o_ .I—'_________---_I ________ A
- _ |  F---a
g 0.3 ISEAE ————.‘"—‘-‘-‘-‘-‘-‘-*‘ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ - b
— N I 1% —'—'—'—'l.-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_1 b
g R PR |
0 I - o = G v e A A A 1
?, 0.2 1 e — + C
2 it P
i =
=
£ 011
=]
0 p < 0.0001 p < 0.0001

0.0 —

28 56 84 12 0 28 56 84 112

Time (Days)

Figure 6. Cumulative proportion of germinated seeds of Dracula felix sown on different asymbiotic
medium types and incubated at different photoperiods. Curves with same letters are not significantly
different according to a multiple pair wise comparison log-rank test with a Bonferroni correction to
adjust p-values at « = 0.05 significance level.

There were no significant increases in germination percentages after 42 d of culture be-
tween any treatments. The highest germination (36.7%) of D. felix was observed when seeds
were sown on P723 and incubated at 17/22 °C (Figure 5). Green globular protocorms, few
with short rhizoids, were observed in all treatments by week 4 (Figures 3d and 7), except in
KND-C, where Stage 3 protocorms remained achlorophyllous during the whole experiment.

Protocorms with the beginning of leaf primordia (Stage 4, Figure 3e) were observed at
week 6 and 8 only on 1/2 MS and VW with significantly higher percentages under 12 h Light
compared with 24 h Dark photoperiod in all temperatures (Figure 8). By week 8, few Stage
4 protocorms developed on P723 at 17/22 °C in plates incubated under complete darkness
for 6 weeks at the beginning of the experiment; however, no further developmental stage
was supported on P723 under any of the experimental conditions (Figures 8 and 9). Several
Stage 4 and 5 protocorms became white and developed into irregular ovoid shapes in all
treatments (Figure 3h). Protocorms like bodies were observed on VW plates (Figure 3i).
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Figure 8. Comparative effects of photoperiod, temperature, and asymbiotic medium type on seed
germination and early seedling development of Dracula felix after 6- and 8-weeks culture. Shaded
areas indicate treatments that were maintained at 24 h Dark/0 h Light photoperiod for an initial
6-week period. Histobars with the same letter are not significantly different (x = 0.05).

Although seed germination under a 24 h Dark photoperiod was not affected, seeds
cultured under complete darkness for an initial 6-week period developed more slowly
into seedlings compared with seeds incubated under a constant 12 h Dark/12 h Light
photoperiod. Significantly lower percentages of Stage 5 and 6 seedlings were observed on
plates incubated in the dark for 6 weeks in all treatments that support these stages across
week 8 to 16 (Figures 8 and 9). Less than 30% of germinated seeds developed into more
advanced seedlings stages.
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Figure 9. Comparative effects of photoperiod, temperature, and asymbiotic medium type on seed
germination and early seedling development of Dracula felix after 10-, 12-, and 16-weeks culture.
Shaded areas indicate treatments that were maintained at 24 h Dark/0 h Light photoperiod for an
initial 6-week period. Histobars with the same letter are not significantly different (x = 0.05).

By week 10, seedlings with elongated leaf primordia (Stage 5, 3f) were observed only
in plates incubated under a 12 h Light photoperiod, on VW at 17 °C and 17/22 °C. A
significantly lower percentage of Stage 5 seedlings were produced also in 1/2 MS at 22 °C
compared with VW at the other temperatures (Figure 9).

No Stage 5 seedlings were observed in plates that were incubated for 6 weeks under
complete darkness at week 16 (Figure 9). Formation of the first leaf and further development
(Stage 6, Figure 3g,j) was only observed when seeds were sown either on VW or 1/2MS at
17 °C or 17 °C/22 °C under a 12 h Light photoperiod. Stage 6 seedling development was
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not observed at 22 °C in any treatment (Figure 9). VW and P793 did not support advance
seedling development as all seedlings died after 40 weeks culture. All (100%) seedlings
survived on P748 (Figure 3k) with seedling slowly developing new leaves and roots.

3.4. Symbiotic Seed Germination

Germination percentages were not improved by co-culturing D. felix seed with any
of the fungal strains screened in this study. Seeds germinated even in the control (OMA
with no fungal inoculation) with no significant differences being observed among all
treatments after 6 weeks (Figure 10). However, seeds germinated faster on the asymbiotic
control medium (VW) as significant higher germination percentages were observed on VW
compared with other treatments after 3 weeks culture. In addition, only green imbibed
and germinated embryos (Figure 3c) were observed in all treatments, except on VW which
supported further seedling development.

30

[T CONTROL
B LPAIT
25 | | I LPazT
B LPA3T
E= cmar
Il ER2C
20 - B ER3C
B mc1c
Mc4C
[-=-] us2es
. vw

15 -

10 -

Germination (%)

WEEK 3 WEEK 6

Figure 10. Effects of different putative mycorrhizal fungi on seed germination percentages of Dracula
felix after 3- and 6-weeks culture. Histobars with the same letter are not significantly different
(x =0.05).

4. Discussion

The conservation of endangered and rare orchid species from the Neotropics requires
determination of the critical environmental conditions affecting in vitro seed germination
and seedling development as well as the understanding of the relationship with their
fungal associates throughout their life cycle. Unfortunately, little or no information is
available for rare epiphytic orchids from this region such as species within the genus
Dracula. This study represents the first report of the successful in vitro seed germination and
seedling development of D. felix collected from a native population in the northern Andes
in Ecuador. Stages of morphological development from seed to seedling development were
also documented for the first time for this orchid species.

Orchid seed is known to be the smallest of most plant species [44]. Reported range
sizes varies from 100 to 6000 um [14,45]. Our results show that D. felix seeds (length
182.5 £ 5.4 um and width 65.5 £ 0.9) fall within the very small seed size category (100-200
in um length) described by Barthlott et al. [45]. Some orchid seeds weigh as little as
0.0001 mg [44]. In our study, weight was estimated using dry seeds (0.13-0.19 pg), therefore
itis not possible to compare with other reports, as water content could represent a significant
part of the total weight [46].
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TTC staining has been used as one of the most reliable techniques to estimate viability
of orchid seeds that can be used for propagation or conservation [32,33]. TTC is especially
useful when seeds lose their viability within short periods of time and exhibit reduced or
delayed germination. In the case of D. felix seeds, maximum seed germination occurred
at 6 weeks whereas viability was significantly reduced after only 8 weeks regardless of
the temperature storage conditions. Thus, seeds appear to be sensitive to desiccation and
cold temperatures which has implications for their long-term storage via seed banks [47].
Before conclusions can be drawn, however, it is critical to test more desiccants and storage
temperature with a wider sample collection of seed capsules to standardize procedures for
their preservation that will ensure the maintenance of their viability over time [46].

Sterilization procedures are used mainly to remove bacterial and/or fungal con-
taminants from orchid seed surfaces that may interfere or compete with seed on media
containing high nutrient levels [15,27,48]. Sodium hypochlorite (NaClO) and calcium
hypochlorite (Ca(OCl);) solutions have been used as common sterilant solutions for orchid
seeds [48]. The sensitivity of orchid embryos to damage in concentrated sterilant solutions
and prolonged exposure varies with species [27]; therefore, different concentrations and
exposure time were tested in this study to determine a protocol that allows effective seed
sterilization of D. felix seeds without negatively affecting germination percentages.

Total elimination of visible contamination was achieved with all sterilization treat-
ments tested. The sterilization procedure used for D. felix seeds may also function as a
scarification method due to the significant increase in germination percentages when seeds
were sterilized prior to being sown compared with no sterilization (control). It has been
reported that sterilant solutions help to remove suberin from seed integuments, resulting
in enhancement of water imbibition and subsequently, improved germination [15,27,48].
Exposure times longer than 1 min in NaClO/ethanol solutions resulted in a significant
reduction in germination. This reduction was likely due to damage to the embryos, which
was not observed in 2% Ca(OCl), in the exposure times screened. However, by 4 weeks
post sterilization, more numerous and larger protocorms and faster seedling development
were observed when NaClO-based sterilization solutions were used. Delayed germination
could negatively affect further seedling development.

Temperature is an important environmental factor affecting orchid seed germination
and seedling development in situ [16]. However, this factor has been poorly studied for
most species, especially in the epiphytic orchid from the neotropics. Usually, constant
temperatures are used in most in vitro studies. This is likely due to the notion that average
temperatures are constant through the year in the neotropics [49]. Although temperature
decreases as elevation increases in the Andes (decreased rate: 6.5 °C per 1000 m increase
in altitude) [35,50], mean monthly temperatures do not drastically vary throughout the
year; major differences are observed in daily temperature fluctuations [49] and likely affect
orchid seed germination and seedling growth in situ. Therefore, it is critical to examine
temperature effects on orchid seed germination in vitro [29] in tropical as well as temperate
orchids. Results of this in vitro study, in which the temperature regimes occurring in
the area where D. felix seed were simulated, showed that germination of seeds did not
require a specific temperature regime. Basically, seeds germinated in all temperature
regimes, however, with a significant increase under the daily fluctuating temperature
regime compared to 17 °C.

Temperature had a major effect on the transition from the protocorm to the early
seedling stages in D. felix. High constant temperatures, which are not frequently found
in situ, completely inhibited D. felix seedlings development in vitro. Low temperature
during early seedling development stages may be a critical factor for the survival of this
orchid population in situ. This situation is becoming critical as climate change is likely
to increase the average temperature in the Andes [35,50]. More studies, including those
involving the collection of seed from different locations, need to be performed to evaluate
the role of ecotypic differentiation on differences in germination and seedling development
in response to local environmental conditions. Ecotypic differentiation has been screened
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using in vitro culture techniques to simulate common gardens studies. These studies have
demonstrated the advantages of using this technique to explore growth responses to a
wider range of environmental conditions that can be correlated with responses to in situ
conditions [51,52].

Light also affects germination and seedling development in orchids with responses
being species-dependent [15,27]. Inhibitory effects of light on seed germination have
been reported for temperate terrestrial and some epiphytic orchids [28]. Our results
demonstrated that seeds of D. felix were able to germinate in both light and dark conditions
with similar percentages, as has been commonly discussed as being the case for epiphytic
orchids [27,53]. Although light is not a requirement for the in vitro germination of the
D. felix seed, the presence of light during gemination improved seedling development.
The epiphytic microenvironment allows for greater opportunities for the orchid seed to
be exposed to light conditions, thus allowing germination and faster transitions to the
seedling stages.

Differences in nutrient composition of the asymbiotic culture media also affected
germination and seedling development in D. felix. Although D. felix seeds germinated on all
culture media screened with the highest germination rates observed on P723, early seedling
development (Stage 5 and 6) were only supported on VW and 1/2 MS. In other orchid
species (e.g., Cyrtopodium punctatum (L.) Lindl., Dendrophylax lindenii (Lindl.) Bentham ex
Rolfe), the higher percentages of uniform seedlings observed following seed germination
on P723 have been attributed to the organic components present in the medium [28,54].
Orchid protocorms are not able to use nitrates [55], but this does not seem the case for D.
felix where protocorms developed into orchid seedlings in media containing high nitrate
concentrations (VW and 1/2 MS).

Putative mycorrhizal fungi were not isolated from D. felix, as no seedlings, proto-
corms, juvenile plants, or active growing roots from adult individuals were found at the
collection site. Dracula populations consisting of many individuals are not common in
this rare species [20]. This made it even more difficult to find juvenile plants or seedlings.
Rasumssen et al. [16] characterized orchid populations as ‘senile” when conditions are un-
favorable for seedling recruitment. Thus, it is plausible that the D. felix collection site fits
this description perhaps because the site was devoid of mycorrhizal associates needed for
seedling recruitment, or some other factor(s). Fungi, however, were isolated from a variety
of other Ecuadorian species that were also screened for their ability to enhance germination
and seedling development in D. felix. We observed that seeds germinated in the presence of
the fungal isolates displayed germination percentages not being significantly different from
the asymbiotic control treatment. This finding suggests that the fungal isolates tested in our
study were not those that D. felix utilizes in situ. Interestingly, Tulasnella calospora US266 was
also ineffective at facilitating seedling development of D. felix despite the fungus’ ability to
promote gemination and seedling development in a wide range of orchid species [56].

Both specific environmental conditions and perhaps a narrow and specific group
of fungal associates, required for early seedling development, may have contributed to
the relative narrow distribution of Dracula species in situ [12]. However, more studies,
involving more species, need to be completed to confirm this hypothesis. This informa-
tion is critical to obtain for other even rarer Dracula species that may be at high risk of
extinction. Specialized requirements can be challenging to meet to adapt to future changing
environmental conditions. Lack of their understanding can negatively affect restoration
and reintroduction programs [12,16]. Future studies should also include acclimatization of
seedlings and young plants to ex situ environmental conditions that were not tested in this
study due to restrictions of our import permit.
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