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Abstract

Orchids are highly evolved plants with complex pollination strategies. Different species may have different reproductive strat-
egies, related to their evolutionary and ecological context. Pollination in Chilean species have almost not been studied, and
could have consequences for conservation and propagation programs. Seed germination of the terrestrial orchids Chloraea
crispa and C. gavilu, both endemic to Chile, was evaluated under different reproductive strategies. Plants of the two species
were collected in the field and at flowering, plants were subjected to four reproductive strategies: autonogamy, geitonogamy,
xenogamy and interspecific crossing. For each reproductive strategy, six flowers per plant were selected, hand-pollinated and
covered with fine mesh to avoid natural pollination and the percentage of fertilized capsules was assessed afterward. Four
capsules were randomly selected per treatment for the germination experiment. Asymbiotic seed germination was carried
out on Malmgren modified terrestrial orchid medium (MM) and Tomato culture medium (MT), without mycorrhizal fungi.
Capsule formation and seed production occurred in all treatments but reproductive strategies did significantly impact ger-
mination in both species. We found differences in seed development depending on the culture medium used, with C. crispa
reaching shoot stage and C. gavilu the rhizoid stage after 8 weeks. The highest germination percentages were obtained with
geitonogamy and MT medium for both species. The two Chloraea species achieved seed germination in the interspecific
crossing strategy, indicating potential hybridization of the species may occur. These results contribute to understanding the
ecology of Chilean orchids and could be essential for managing, propagation, conservation and restoration programs in the
future.
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1 Introduction

Most species survive and reproduce only by interacting
with other species, and the evolution of biodiversity seems
to intimately depend on the evolution of these interactions
(Thompson 1987). In fact, both pollination by animals and
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mycorrhizal symbioses with fungi are considered pivotal
drivers in the diversification of flowering plants (Waterman
and Bidartondo 2008; Waterman et al. 2011). In nature, pol-
lination can occur by different means and follow different
strategies. Some species can reproduce through autogamy
(with pollen from the same flower falling on the stigma),
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geitonogamy (with pollen from different flowers of the same
plant), xenogamy (pollen from a flower belonging to a dif-
ferent individual of the same species), and even outcrossing
between individuals of different related species that can pro-
duce viable hybrid offspring. The Orchidaceae (the orchid
family) is one of the most diverse among flowering plants
(Christenhusz and Byng 2016). Their pollination is a very
complex part of their biology with very distinct flowers and
intricate ecological interactions with their pollinators (Barth
2019). Almost all orchids (97%) require animals for effective
pollen transfer (Heywood et al. 2007; Darren et al. 2017),
typically having exclusive relationships with pollinators
(Adam et al. 2014; Phillips et al. 2017). These are usually
bees, wasps, and flies, but many orchids also utilize moths,
butterflies, fungus gnats, or birds to cross-pollinate their
flowers. Orchids are renowned for their enormous diversity
of pollination mechanisms and unusually high occurrence
of non-rewarding flowers compared to other plant families
(Jersdkova et al. 2006). Using maximum parsimony analysis
of orchid phylogenies, Bateman et al. (2003) suggested that
orchids originated from a nectar-less ancestor that offered
pollen as a reward.

Of the many hypotheses that has been proposed to explain
the evolution and/or the persistence of floral deceive strat-
egies, cross-pollination is the one that has received most
theoretical and empirical support (Borrds and Cursach
2021). However, the benefits of cross-pollination, i.e. higher
seed quality and a more resource-efficient pollen transport,
depend on the abundance of pollinators (Borras and Cursach
2021). When pollinator visit rate drops under a given thresh-
old in deceiving orchids, low seed output could overcome
the benefits mentioned above. In such ecological context,
natural selection could favor rewards for pollinators and/or
autogamy (Jersdkova et al. 2006). Deception has the advan-
tage of reducing inbreeding due to the tendency of pollinator
of visiting less flowers per inflorescence of a given individ-
ual, resulting in fewer visits and, therefore, less reproductive
success (Borras and Cursach 2021). Nectariferous orchid
species, on the other hand, are usually more attractive and
receive more visits per individual, risking inbreeding depres-
sion (Jersakova et al. 2006).

After successful pollination, orchid seeds, which are very
small and lack the reserve structures (endosperm) typical of
other seeds (Heywood et al. 2007; Ruiz et al. 2008; Takao
et al. 2012; Dearnaley et al. 2016), are usually dispersed
by the wind. Their germination depends on mycorrhizal
fungi present in the soil, as seeds lack reserves for embryo
growth and rely on these fungi to obtain essential nutrients
and carbon compounds that compensate for the absence of
an endosperm (Warcup 1973; Mitchell 1989; Rasmussen
1995; Leake 2004). In laboratory conditions, specific cul-
ture media, such as Malmgren modified terrestrial orchid
medium (MM), can be used to mimic the nutrients obtained
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from the fungi and achieve asymbiotic germination of
orchid seeds (Pereira et al. 2015, 2017; Quiroz et al. 2017;
Romero et al. 2017; Castillo-Novales et al. 2022). In fact,
this method can result in high germination rates in some
species (Pereira et al. 2015). However, other species have
low asymbiotic germination, but this likely due to low seed
viability (Castillo-Novales et al. 2022; Jeldes-Cajas et al.
2024). Asymbiotic germination is preferred in laboratory
conditions due to some practical advantages to symbiotic
methods such as: (i) less contamination, (ii) easier evalua-
tion of seed development, and (iii) it does not require previ-
ous isolation and culture of the mycorrhizal fungi (Johnson
et al. 2007; Pereira et al. 2017). However, some species may
increase their germination inoculating the seeds with spe-
cific fungal strains (Herrera et al. 2017; Jeldes-Cajas et al.
2024). Orchid seed development progresses through defined
stages, from ungerminated seeds to the emergence of shoots
with initial leaves (Miyoshi and Mii 1995; Yamazaki and
Miyoshi 2006). These developmental stages provide a stand-
ardized framework to compare germination efficiency and
growth across methods and media.

Chloraea Lindl. is a genus of terrestrial orchids exclu-
sively found in South America (Correa 1969), encompassing
the majority of Chilean species (Novoa et al. 2015; Fuentes
2023). Within this genus, C. crispa and C. gavilu stand out
for their high ornamental value and potential as cut flowers
(Pereira et al. 2017). Several studies have been conducted to
understand their propagation methods through symbiotic and
asymbiotic germination (Dixon 1991; Steinfort et al. 2010;
Fracchia et al. 2014; Pereira et al. 2014; Atala et al. 2015;
Castillo-Novales et al. 2022). However, viability and germi-
nation in seeds produced by distinct reproductive strategies
have not been previously documented. It has been described
that the fruiting rate of species of the genus Chloraea by
natural pollination is usually relatively low (Lehnebach and
Riveros 2003; Humafia et al. 2008), as reproductive suc-
cess is pollen-limited which has been attributed to the poor
fidelity (Beardsell et al. 1986) and the habitat preferences
of pollinators (Johnson and Bond 1992). By significantly
increasing the number of capsules formed per plant through
hand pollination, it is reaffirmed that capsule production is
limited by pollinators and is not limited by the cost of cap-
sule production and nutrient availability (Janzen et al. 1980;
Schemske 1980; Ackerman 1989; Calvo 1990a,b, 1993;
Calvo and Horvitz 1990; Berry and Calvo 1991; Christensen
1992; Rodriguez-Robles et al. 1992; Bartareau 1994).

In the present study, we evaluated asymbiotic seed ger-
mination of two terrestrial orchid species endemic to Chile,
C. crispa and C. gavilu, subjected to different reproductive
strategies, namely: autogamy, geitonogamy, xenogamy, and
inter-specific outcrossing. By integrating pollination biol-
ogy and seed germination analyses, this work aims to con-
tribute to the understanding of orchid ecology and support
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conservation, propagation, and restoration efforts for these
species.

2 Materials and methods

Sample collection and controlled pollination Individuals of
Chloraea crispa Lindl. and C. gavilu Lidl. were collected
from natural populations located in Central-South Chile dur-
ing spring 2019. C. crispa was collected in the Pedregal sec-
tor (37°19'50.25" S, 72°15'9.42" W) and C. gavilu was col-
lected close to Yumbel city (36°59'54.93" S, 72°34'24.10"
W), both located in the Bio-Bio region. Plants were sampled
when the floral stalk was visible, but with barely evident
floral buds and were then transferred to 3000 cc pots and
put in a greenhouse at Universidad de Concepcién, Campus
Los Angeles, Los Angeles, Chile (37°27'46" S, 72°21'40"
W). Upon flowering, we randomly assigned plants to one
of the following pollination treatments representing differ-
ent reproductive strategies; autogamy (pollen from the same
flower), geitonogamy (pollen from a different flower of the
same plant), xenogamy (pollen from a flower of a different
individual), and interspecific crossing (pollen from a flower
of an individual of the other species). For each species, we
used 4 plants per treatment (16 plants in total per species). In
each plant, we manipulated and followed 6 flowers that, after
manual pollination, were covered with a thin plastic mesh to
avoid interaction with natural pollinators. After the capsule
started forming, we removed the mesh to avoid affecting
capsule development. Pollination was conducted by manu-
ally extracting pollinia and then carefully placing them in
the stigma of the corresponding flower, depending on the
pollination treatment. 28 days after pollination we evalu-
ated the percentage of capsules formed. Four out the total
capsules formed in each individual were randomly selected
and seed were collected before dehiscence. Capsules were
dried in the laboratory at room temperature and their weight
was registered in a digital scale (RADWAG AS-220/C/2).
Seeds contained in each capsule were then weighted and
then kept at 4 °C for later use in the germination experiment
(see below).

Asymbiotic germination Two culture media were used for
the asymbiotic germination of orchid seeds; Malmgren
Modified Terrestrial Orchid Medium (MM, Malmgren 1996)
and Culture Medium Tomato (MT, Barbery and Molares
2014) (Table 1). The seeds used were obtained from the
different pollination treatments described in the previous
paragraph. Both culture media were sterilized at 121 °C
and 1 atm for 20 min in an autoclave and pH was set to
5.8. Four Petri dishes were used per treatment. In each Petri
dish, we placed approximately 200 seeds resulting from each
pollination treatments, which were previously superficially

Table 1 Comparative composition of culture media used for orchid
seed germination: Malmgren's modified terrestrial orchid medium
(MM) and modified tomato culture medium (MT) (modified from

Jeldes-Cajas et al. 2024)

MM MT
Macronutrients (mg/L)
KH,PO, 75
Ca;(POy), 75
MgSO, 97.69
Na, EDTA—2 H,0 75
Micronutrients (mg/L)
MnSO,—H,0 1.54
FeSO,—7 H,0 27.8
Others (mg/L)
Ripe tomato (pulp) 150,000
Yeast extract 1000
Pineapple powder 20,000
D-Biotin 0.05
Casein, enzymatic hydrolyzate 400
Folic acid 0.5
Glycine (free base) 2
Pyridoxine 5
Myo-Inositol 100
Nicotinic acid (free acid) 5
Thiamine 10 1200
Sucrose 10,000 15,000
Sulfate streptomycin
Agar 7000 10,000
Activated charcoal (plant based) 1000
Deionized water (mL) 1000 1000

sterilized following previously described protocols (Batty
and Brundett 2001; Pereira et al. 2015, 2017). After sterili-
zation, seeds were then put at 24 + 1 °C in the dark for two
weeks and later put in 16/8 h light/dark cycles for six more
weeks. Germination percentage was determined by counting
the number of germinated seeds relative to the total number
of viable seeds. The criteria for seed germination followed
Yamazaki and Miyoshi (2006), and corresponded to the time
at which the embryo emerged from the seed coat.

Data analysis The software Statistica 7.0 (StatSoft Inc.,
Tulsa, OK, USA) was used for the statistical analyses. The
Shapiro—Wilk test was used to evaluate the normality of the
data distribution. The percentage of formed capsuled was
analyzed using a proportion (z) test. A one-way ANOVA
with pollination treatment as a fixed factor was used to deter-
mine differences in capsule and seed weight between treat-
ments, followed by an a posteriori Tukey Test. For capsule
weight, data was normalized using square root. Germination
was analysis likewise using a two-way ANOVA and Tukey
test. In this case, pollination treatment and culture media
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were used as factors. We did not compare between orchid
species and they were analyzed separately.

3 Results

In all pollination treatments, plants of both species formed
capsules (Fig. 1). Autogamy, geitonogamy, and interspecific
crosses resulted in 100% of flowers maturing into capsules.
In contrast, xenogamy led to slightly lower capsule forma-
tion; however, this difference was not statistically significant
compared to the other treatments (p >0.05). All comparisons
were performed within each species, and no statistical com-
parisons were made between C. crispa and C. gavilu.
There were significant differences between pollination
treatments in capsule and seed mass for both species (F(7,
24)=17.58, p<0.0001 in all cases). Tukey's post hoc test
shows that the xenogamy and autogamy treatments resulted
in a higher capsule mass compared to geitonogamy and
interspecific crossing for C. crispa (Table 2, p <0.05). In
this species, seed mass per capsule was significantly higher
in xenogamy than in the other treatments, which did not

I C. crispa
[ C. gavilu

80 A -
60 A

40 4

20 1

0 T T

Geitonogamy Xenogamy

% of formed capsules

Autogamy Interspecific

crossing

Pollination treatment

Fig. 1 Formed capsules (% respect to total flowers) in Chloraea
crispa and C. gavilu subjected to four different pollination treatments
(n=06 plants per treatment)

statistically differ between them (Table 2, p>0.05). In
C. gavilu xenogamy and autogamy seed mass did not dif-
fer between them (Table 2, p <0.05), but was statistically
above to geitonogamy, which was also similar to Interspe-
cific crossing (Table 2, p> 0.05).

In vitro germination percentages was significantly
affected by pollination treatments in both orchid species
(Fig. 2, F(3, 24)=23.26, p<0.0001). Additionally, there
were differences in germination between the two used
culture media, only in C. crispa (Fig. 2, F(1, 24)=50.19,
p<0.0001). Overall, germination surpassed 50% in most
cases for C. crispa, especially using MT, and were close
to 10-20% in C. gavilu (Fig. 2). In C. crispa, the highest
germination (close to 80%) was reached in geitonogamy
using MT, and the lowest in interspecific crossing with MM
(Fig. 2). On the other hand, for C. gavilu, regardless of the
culture medium, the highest germination percentages, close
to 20%, were observed in geitonogamy and interspecific
crosses, while autogamy resulted in the lowest germination
(below 10%) and was significantly different than the other
treatments (Fig. 2, p <0.05).

The embryos development showed similar results in C.
crispa using both culture media (MT and MM). In these
media seeds reached stage 2 (germination) after 2 weeks in
all the pollination treatments (Table 3). After 8 weeks, shoot
stage was reached only in autogamy, xenogamy and interspe-
cific crossing (Table 3). In C. gavilu, we obtained different
results when using MT or MM. After 4 weeks, stage 2 was
reached using MT in geitonogamy, xenogamy and interspe-
cific crossing, and only in xenogamy and interspecific cross-
ing using MM (Table 3), in autogamy only reached stage
2 after 6 weeks on both media. Depending on the culture
media, rhizoid stage we reached in embryos after 6-8 weeks
in xenogamy and interspecific crossing (Table 3).

4 Discussion

Orchids are renowned for their remarkable ecological
diversity, a result of various adaptations aimed at achiev-
ing optimal vegetative and reproductive strategies in a
given environment. However, survival can be constrained
by the normal functioning of ecological interactions, such as

Table 2 Capsule and seed

- - Autogamy Geitonogamy Xenogamy Interspecific crossing
mass (g) in Chloraea crispa
and C. gavilu subjected to four C. crispa  Capsule mass (g) 0.807+0.995* 0.378+£0.661°  0.920+0.150* 0.506+0.612"
gfiigfgiﬁigg“emmems Seed mass (2)  0.313+0.032° 0.248+0.017° 0.416+0.054° 0.282+0.023"
C. gavilu Capsule mass (g) 0.046+0.005° 0.057+0.004%®° 0.065+0.005* 0.061 +0.009*
Seed mass (g) 0.030£0.002*  0.012+0.004°  0.031£0.003* 0.019+0.004°

Different letters indicate statistically significant differences between pollination treatments (Tukey test

p<0.05)
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Fig.2 In vitro seed germination in C. crispa (A) and C. gavilu (B)
after 8 weeks. n=4 Petri dishes per treatment

plant-pollinator and plant-mycorrhiza relationships. These
interactions, typically species-specific, render orchids highly
vulnerable to disturbances in the ecosystem (Wells 1981).
This study assessed reproductive capability through dif-
ferent strategies: autogamy, geitonogamy, xenogamy, and

interspecific crossing. It was observed that both species
formed capsules in all reproductive treatments. For both spe-
cies, three of the four reproductive strategies tested (auto-
gamy, geitonogamy, and interspecific crossing) obtained a
percentage of 100% fruiting, suggesting that capsule forma-
tion does not seem to be limited by pollination treatment in
these species. This contrasts with the results obtained by
Humaiia et al. (2008) in which, when evaluating different
pollination treatments, they found that four species of the
genus Chloraea, including C. crispa, did not form capsules
by autogamy. Although the frequency of autogamy as a
reproductive strategy within floras usually increases toward
geographic extremes, as the spectrum of potential pollina-
tors declines (Hagerup 1952; Kevan 1972; Strathdee and
Bale 1998), autogamy has been reported for certain orchid
species (Catling 1990), but it is usually morphologically
prevented by the herkogamous structure of flowers (Proc-
tor et al. 1996), so it only seems to be possible through
hand-pollination.

However, seed mass and capsule mass does seem to
be limited by pollination treatment. The most noteworthy
results were observed in xenogamous pollination, for both
C. crispa and C. gavilu, where the highest capsule weight
and seed weight were recorded (Table 2), for this reproduc-
tive strategy a lower percentage of capsules were formed but
they were of higher mass compared to the rest of capsules.
Consequently, producing a few capsules containing only sev-
eral thousand seeds may be considered an effective strategy
to conserve plant resources (Gregg 1991). On the contrary,
the rest of the treatments produced lower mass capsules and
lower seed mass. These findings align with Lehnebach and
Riveros. (2003) observations, where manual pollination in
C. lamellata increased the percentage of formed capsules,
although the number of viable seeds produced was low, sug-
gesting that the reproductive success of orchid does not only
depend on the supply of pollen, but is related to the amount
of resources that can be made available for fruit production.

Table 3 Highest developmental

Species Treatments 2 weeks 4 weeks 6 weeks 8 weeks
stage of seeds/embryos
observed in C. crispa and MT MM MT MM MT MM MT MM
C. gavilu subjected to four
pollination treatments and using C. crispa Autogamy 2 2 3 3 4 4 4 5
two culture media Geitonogamy 2 2 3 3 4 4 4 4
Xenogamy 2 2 3 3 4 4 5 5
Interspecific crossing 2 2 3 3 4 4 5 5
C. gavilu Autogamy 1 1 1 1 2 3 3 3
Geitonogamy 1 1 2 1 3 2 3 3
Xenogamy 2 2 3 3 3 4 3 4
Interspecific crossing 2 2 3 3 4 4 4 4

Developmental stages: / pre germination stage, 2 Germination stage. Embryo emerges from the seed coat.
3 Protocorm stage, 4 Rhizoid stage, 5 shoot stage. Developmental stages modified form Yamazaki and

Miyoshi (2006)

@ Springer



59 Page 6 of 8

G. Pereira et al.

This is crucial in terrestrial orchids, as artificially increasing
fruit set can significantly impact individual fecundity and
future growth (Snow and Whigham 1989; Ackerman and
Montalvo 1990).

The culture medium significantly impacts the in vitro
germination of terrestrial orchids. Specific media formula-
tions play a crucial role in promoting successful germination
and growth, and subsequent acclimatization of terrestrial
orchids (Diantina et al. 2020). There was no major difference
between the culture media for C. gavilu. While, for C. crispa
there were differences between growing media, although MT
achieved a higher germination percentage, probably due to
its higher concentrations of readily assimilable carbohy-
drates (sucrose), vitamins (thiamine), and organic nitrogen
sources (tomato pulp) (Table 1), both media allowed similar
levels of development, meaning that both met the nutritional
requirements necessary for seedling development. An impor-
tant factor is the form and availability of nitrogen in the cul-
ture media. Different media vary in their ability to stimulate
protocorm development because of differences in nitrogen
source and bioavailability (Johnson et al. 2007). Media sup-
plying primarily inorganic nitrogen may limit germination,
since young protocorms exhibit low nitrate reductase activity
during early development (Van Waes and Debergh 1986). By
contrast, organic nitrogen—provided as free amino acids or
complex organic matter—can be taken up directly, bypass-
ing energy-intensive assimilation steps and thus supporting
faster protocorm growth (Malmgren 1992, 1996). Moreo-
ver, because the physiology and nutritional needs of Chilean
orchids remain largely uncharacterized, it is challenging to
determine whether these species require specific nutrients
or precise ratios for optimal development, underscoring the
need for detailed investigations into nitrogen forms, carbon
sources, and micronutrient assimilation.

Although both species have been previously asymbioti-
cally germinated in vitro (Pereira et al. 2017; Quiroz et al.
2017; Romero et al. 2017), this was done only using seeds
produced by random cross-pollination. The germination
percentage for C. gavilu is significantly lower in compari-
son to C. crispa, however, it is in agreement with previ-
ous studies (Pereira et al. 2017). After 16 weeks from the
start of the assay, germination percentages should reach
similar values to those previously described for this spe-
cies, which suggests that C. gavilu has slower development
times under asymbiotic conditions, i.e., in the absence of
its mycorrhizal fungus. Significant differences were noted
in germination percentage for both the pollination strategy
and the culture medium used for both species. According
to our results, the geitonogamy pollination strategy yielded
the best seed germination outcomes for both species across
different growth media. This strategy has been extensively
documented in terrestrial orchids from temperate regions,
regarded as an adaptation to the limited presence of insects
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and/or low rates of insect visitation (Lehnebach and Riv-
eros 2003). It is also considered the initial step towards
mechanical autopolination (Sipes and Tepedino 1995; Gal-
etto et al. 1997; Lehnebach 2003; Lehnebach and Riveros
2003). However, from an evolutionary perspective, geito-
nogamy and autogamy are considered undesirable due to
the low genetic variability it generates (Pérez-Martinez
and Pacheco-Salamanca 2005; Scopece et al. 2014; Duarte
et al. 2021; Zhang et al. 2021). A small error in evolution-
ary chance could lead to the complete elimination of the
species population due to an evolutionary bottleneck in a
scenario of increasing inbreeding and reduced genetic var-
iability (Yun et al. 2020; Lee et al. 2022). In contrast, with
xenogamous pollination or interspecific crossing, genetic
variability is ensured, allowing for the development of
individuals resistant to novel disturbances such as specific
pests or diseases (Pérez-Martinez and Pacheco-Salamanca
2005; Duarte et al. 2021). However, for C. cripa, in auto-
gamy, xenogamy, and interspecific crossing treatments,
the "shoot" stage was achieved, while geitonogamy only
reached the "rhizoid" stage in both culture media. Mean-
while, for C. gavilu, the "rhizoid" stage was reached in
both culture media in xenogamy and interspecific crossing.
In autogamy and geitonogamy treatments, only the "proto-
corm" stage was achieved. Overall, although geitonogamy
had the highest germination percentage for both species, it
was not the reproductive strategy that allowed the greatest
degree of development, indicating slower growth in both
cultures.

In vitro germination of C. crispa and C. gavilu seeds
reveals the significant influence of different reproductive
strategies in terrestrial orchids of the genus Chloraea.
The different reproductive strategies, although not signifi-
cant in the percentage of capsules produced, impact the
quality of the capsules and seed germination. This study
highlights the complexity of reproductive processes and
the need to consider multiple variables when designing
propagation and conservation strategies for species with
complex interactions. Understanding these interactions is
crucial for the conservation, restoration, and cultivation
of orchid species in the future. Further research is needed
to further investigate these mechanisms and their practical
application in the management and conservation of these
plants with high ornamental and ecological value.
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