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ABSTRACT

Physcomitrium eurystomum Sendtn. is a very rare European ephemeral funaroid moss. The entire European
population of this species is considered threatened and it is red-listed in many regions and countries. In addition
to being recognized as threatened and included in nature conservation legislation, it also requires active protec-
tion measures. This study aims to contribute to effective conservation practices for P. eurystomum. Different con-
servation physiology tests were carried out to propagate this species to achieve a reliable procedure for biomass
production and the potential reintroduction of germplasm. Ex situ tests, both in vitro and ex vitro, were carried
out to determine the optimal method for spore production under laboratory conditions, considering that the
spores are the best propagules for the reintroduction of the species. An important outcome of this research is
a deeper understanding of the role of the spore bank of this species for its survival in a variable environment.
Some additional characterizations of the biology of this ephemeral moss species are also discussed, such as the
functioning of the photosynthetic apparatus of the vegetative vs. sexual phases to clarify the transition to the
reproductive phase. It is proposed that both types of sporophytes be used in conservation practices due to viable
spore bank self-sustainability in rapidly changing environmental conditions.
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1 Introduction

Bryophytes, like other organisms, are vulnerable to rapid environmental changes, and as they are
adapted to specific microhabitats, their populations can easily decline. While red lists highlight such
entities, the biological features of rare and threatened species often remain obscure and unknown.
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Recently, the emerging scientific field of conservation physiology has led to a new approach to conservation
science and practice. It involves conducting studies and tests in both field and laboratory conditions to
develop effective recovery measures for target species, thus increasing their survival potential. Such a
concept has emerged over the last two decades [1] and is now widely accepted. More recently, this
concept has driven ex situ conservation, also in bryophytes [2–4]. This approach has documented the
important features of some rare and threatened species. For example, in Sabovljevi�c et al. [5], the authors
found spore dormancy and strategies for its disruption in the brackish water liverwort Riella helicophylla
(Bory et Mont.) Mont. In addition, it was also discovered that the salty grassland species Entosthodon
hungaricus (Boros) Loeske is indifferent to salt, thriving in such sites due to its low competition with
other mosses from such habitats [6]. Laboratory experiments have facilitated methodological
improvements and provided new insights into the biology of these species and also growth optimization
for some rare and threatened bryophyte species (e.g., Entosthodon pulchellus (H. Philib.) Brugues [7],
Pterygoneurum sibiricum Otnyukova [8] and Hennediella heimii (Hedw.) R. H. Zander [9]).

Physcomitrium eurystomum Sendtn. is a riparian funaroid moss species with a temperate distribution,
mainly in Europe and Asia, but it is also recorded out of its main range. It is an ephemeral species that
occurs on muddy soils along streams and the margins of lakes with fluctuating water levels [10,11]. This
acrocarpous moss with an annual shuttle life strategy, rapid life span, and frequent formation of
sporophytes often appears twice a year in favorable sites during the wet seasons (i.e., spring and autumn)
when the muddy banks of water bodies are affected by flooding and general water mirror fluctuations.
Interestingly, the spores of the species can be found in sediments more than 100 years old, which remain
dormant until optimal conditions occur in the habitat and serve as a spore bank [12].

It has been confirmed that P. eurystomum has an allopolyploid origin [13–16], resulting from a
hybridization event between the two early divergent lineages of the Physcomitrium-Physcomitrella
complex, with the ancestral population sizes of these lineages being significantly smaller than their
current population sizes [16].

The overall European population of this species is assessed as threatened with extinction and is
considered vulnerable (VU). Also, within the European Union, the species is red-listed as endangered
(EN) [17]. In Austria, Great Britain and Hungary, the species is also listed nationally as EN and in the
Czech Republic, Estonia, Germany, Slovakia and Switzerland as VU [18]. The species is also localized in
Serbia and is listed as EN [19]. According to Hodgetts & Lockhart [18], the species is considered to be at
some risk of extinction in Belarus, Belgium and the Netherlands, while it has not been observed in
Slovenia since 1910 [20]. There are also some more recent, but rather rare, reports in Europe [21].

This study aim to assess whether the spores originating from sporophyte capsules obtained under axenic
conditions can serve as viable material for reintroduction and population reinforcement procedures in nature.
Specifically, we investigated the germination percentage of spores at two different developmental stages prior
to the natural opening and release of the capsules, which are characterized by pale and dark coloration despite
there being no morphological differences between them. We address three main questions: (1) Can spores at
different maturity stages achieve successful germination under suboptimal in vitro conditions? (2) Do plants
in the reproductive phase exhibit different photosynthesis and CO2 assimilation rates to maintain the higher
energy costs of sexual reproduction compared to non-reproductive plants? (3) Can leafy gametophores be
used for the successful acclimation of the species ex vitro in an ex situ environment?

2 Materials and Methods

2.1 Plant Material
The plant material of P. eurystomum originated from a population located on the shores of the Bilje lake,

situated in the Baranja Region of Croatia (18.736°E, 45.5901°N, altitude 84 m a.s.l.). The collection took
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place on 23 September 2017, leg. A. Rimac, N. Koletić, N. Vuković, det. A. Rimac (voucher ZA49325).
Lake Bilje is a lowland area between the Drava and Danube rivers. It is a eutrophic oxbow lake, an old
meander of the Drava River, with gently sloping muddy and sandy margins. The total area of the lake is
0.56 km2.

P. eurystomum was found growing in habitats typical for this species, where it was associated with other
bryophytes such as Riccia rhenana Lorb. ex Müll., Physcomitrium patens (Hedw.) Mitt., and Leptobryum
pyriforme (Hedw.) Wilson. It was found in the vegetation of the alliances Nanocyperion W. Koch ex
Libbert 1932 and Phragmition australis W. Koch 1926.

This genotype of P. eurystomum was cultivated in vitro to obtain sufficient biomass for testing in this
study and for ex situ conservation purposes.

2.2 In Vitro Culture Establishment, Growth Conditions and Growth Optimization
Mature sporophyte capsules, separated from the collected specimens and cleaned of residual debris,

were used to establish the axenic in vitro culture of P. eurystomum. The capsules were rinsed in distilled
water and immersed in different concentrations (1%, 3%, 5%, 7%, 10%, 13% and 15%) of sodium
hypochlorite (NaOCl, as commercial bleach Lavax Varikinal, 3.5% of active chlorine) and NaDCC
(sodium dichloroisocyuronate, Sigma Aldrich) solutions at the same concentrations (1%, 3%, 5%, 7%,
10%, 13% and 15%) to determine the optimal concentration of sterilizing agent that would eliminate all
contaminating cohabitants and ensure the avoidance of spore damage. Furthermore, the exposure time of
the sporophyte capsules to each solution was varied (30, 60, 90, 120, 180 and 300 s) in order to achieve
cohabitant-free material prior to spreading them on KNOP basal medium [22] in sterile conditions under
the laminar hood.

Petri dishes containing the spores were maintained under sterile conditions for two months at a constant
temperature of 18 ± 2°C, humidity of 60%–70%, and a long day light regime (16 h light/8 h dark).
Illumination was provided by cool white fluorescent tubes (Tesla Pančevo) with a photon flux density of
40 µmol m−2 s−1. After the spores had germinated and the plantlets developed a primary protonema,
axenic, cohabitant-free plant material was obtained. Growth optimization and micro-propagation of the
plant material followed previously elaborated methods [8,9].

2.3 In Vitro Micro-Propagation and Induction of the Sporophyte Formation
Once the cohabitant-free gametophores (leafy plantlets) of the species were obtained and the most

suitable growth conditions were found, the micro-propagation of P. eurystomum was carried out with the
aim of obtaining sufficient biomass for the experiments. Plant explants were subcultured and propagated
bimonthly on fresh KNOP minimal medium [22], with the pH adjusted to 5.8, prior to autoclaving at
121°C for 45 min. It is important to note that the plant material was derived from multiple micro-
propagated gametophores (clones) that emerged from different spores in order to maintain some genetic
diversity within the tested population. Once sufficient plant biomass was obtained, the plantlets were
placed under a long-day light regime (16 h light/8 h dark) with low light intensity (10 µmol m−2 s−1) to
induce sporophyte formation.

2.4 Characterization of Sporogenesis
Once the sex organs and sporophytes had formed, the number of capsules emerging from a single moss

patch, the number of spores per capsule and the spore diameter were determined. To determine the spore
parameters, aliquots of spore suspensions from randomly selected capsules were prepared by crushing
urns and dispersing the spores in Eppendorf tubes containing sterile distilled water.

Aliquots for the assessment of the number of spores per capsule were prepared by crushing one capsule
in an Eppendorf tube containing 100 µL of sterile distilled water. The number of spores per capsule was
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determined by counting the spores in a 0.1 µL portion of the suspension using conventional light microscopy
(Leica DMLS, Santa Clara, CA, USA) and extrapolating the count to the entire sample. Seven capsules
(aliquots) with seven subsamples each (49 observations in total) were used to determine the average
number of spores per capsule.

The spore diameter was determined by mixing the remaining aliquots (increased randomization) and
measuring the diameter of individual spores using a Nikon ECLIPSE Si stereomicroscope (Nikon, Tokyo,
Japan) and Bresser MikroCamLab II software for microscopic imaging at 10× magnification with a
sample size of 30 spores.

2.5 Spore Germination Assays
In the axenically-grown moss patches, the fully developed, mature capsules were either pale or dark.

Both sporophytes looked mature, i.e., they appeared to be full of spores and their calyptra had detached
from the capsule, when spore germination of both types was evaluated. The spore germination assays
consisted of two experimental groups with sporophytes of different colors in order to test which one was
more suitable for axenic/xenic propagation of the species and whether the spores were germinable and
mature enough for dispersal at any level of sporophyte maturity. In conservation practice, it is of great
importance whether the spores can adapt, germinate and survive to an acceptable extent when dispersed
under more variable natural conditions.

In order to test the hypothesis that spores at different stages of maturity achieve successful germination
under suboptimal in vitro conditions, aliquots of spores were prepared by crushing two sporophyte capsules
per experimental group in 1600 µL of sterile distilled water each. Spore sowing was performed in six petri
dishes per experimental group, and 50 µL of the aliquot were dispersed in a thin film on the KNOP minimal
growth medium. This ensured the optimum spore density and number of spores per petri dish so that they
could be counted upon germination over time. The total number of spores observed per experimental
group was 1010 and 1029 for the experimental groups with pale and dark capsules, respectively. The
spores were grown under the same controlled conditions as previously described (see plant material
section). Spore germination was assessed every 4 days through nine time intervals by counting the
germinated spores using a Leica MZ stereomicroscope (Leica MZ 7.5 Bi-Optic Inc. Santa Clara, CA,
USA). It is important to note that the first measurements (first time interval) were taken three days after
the start of spore germination (when the first germinated spore was detected). A spore was considered to
be germinated once the initial deformation of the spore exine by the emerging protonemal filament was
observed, and the germination assays were conducted until the emergence of the first gametophore buds
of the protonemata.

2.6 Measurements of Chlorophyll Fluorescence
The experiment consisted of three experimental groups, the control group (gametophytes without

developed sex organs or sporophytes) and the moss patches with predominantly pale and dark sporophyte
capsules (explained in the section on spore germination assays). In order to test the hypothesis that in the
reproductive phase plants exhibit different rates of photosynthesis and CO2 assimilation to maintain the
higher energy cost of sexual reproduction compared to non-reproductive plants, various parameters
describing the functioning of the photosynthetic apparatus of the moss were assessed.

Chlorophyll a fluorescence was measured using a FluorCam 800 MF instrument (Photon Systems
Instruments Ltd., Brno, Czech Republic). The measurements were performed on well-hydrated, dark-
adapted samples (for 10 min) using a saturating flash of light (2000 μmol m−2 s−1) for 1 s. Several
parameters were measured, including the maximum quantum yield of photosystem II (QY max), which
was determined using the Fv/Fm ratio calculated as (Fm–F0)/Fm, where F0 represents the ground
fluorescence in the dark-adapted state and Fm represents the maximum fluorescence during a saturating
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radiation pulse in the dark-adapted state. Photochemical quenching (Qp), non-photochemical quenching
(NPQ), peak fluorescence (Fp) and the fluorescence decrease ratio (Rfd) were also measured. Two areas
(one per phylloid) were measured on four gametophytes (one per petri dish), resulting in a total of
8 measurements per experimental group.

2.7 Acclimation of P. Eurystomum
When a sufficient biomass of the in vitro propagated gametophytes was obtained, their acclimation

followed. The mosses propagated in axenic cultures were placed on a substrate material collected in the
vicinity of Lake Dajićko on Golija Mountain, W. Serbia (May 2021), closely resembling the species’
natural substrate. They were kept shaded and saturated with water every fourth day. The acclimation test
for the leafy gametophores for xenic ex situ propagation took place in the open environment of the
Institute of Botany and Botanical Garden Jevremovac, Belgrade, Serbia.

2.8 Statistical Analysis
The entire statistical analysis was performed using the R programming language (v. 4.3.1) [23].

Different types of statistical analysis were used depending on the experiment and data obtained. In the
case of the spore germination assays, binomial logistic regression [24] was used to predict the probability
of germination using two categorical predictors and their interaction (sporophyte capsule appearance and
time expressed as a time category). This method was used because the germination data follow a
binomial distribution, since spores, just like seeds in angiosperms, can either germinate or not [25]. After
the logistic regression was implemented, estimated marginal means (EMMs) were calculated using the
emmeans function from the emmeans R package (version 1.8.9; http://cran.r-project.org/
package=emmeans, accessed on 09 May 2024). Pairwise comparisons were then performed using contrast
tests with the Benjamini-Hochberg p-value adjustment method, employing the contrast function from the
same R package.

Different types of analyses were used for the data obtained from the chlorophyll a fluorescence
measurements compared to the germination data. Firstly, a preliminary data exploration was conducted in
order to determine the appropriate analysis method using the Levene test to assess the homogeneity of
variance and the Shapiro–Wilk normality test to determine whether the data followed a normal
distribution. The results showed that not all experimental groups followed a normal distribution and that
the homogeneity of variance was violated across the groups. Consequently, a non-parametric Kruskal-
Wallis test was used for the comparisons of the experimental groups, followed by a Dunn test for
multiple comparisons with the Benjamini-Hochberg p-value adjustment method. The significance level
(α) was set at 0.05.

3 Results

3.1 In Vitro Sporogenesis Characterization
After subcultivation on KNOP minimal media (Fig. 1A) under low light intensity (10 µmol m−2 s−1),

sporophytes of varying morphological appearance emerged. Two months after subculturing, pale capsules
appeared, while it took four months for the dark capsules to emerge (Fig. 1B), both containing viable
spores with no morphological distinctions (Fig. 1C). We consider pale capsules of yellowish to light
brown coloration as almost mature sporophytes, although morphologically they are fully developed.
These spores participate in the spore-bank and retain their viability. These sporophytes did not continue
to develop further but changed coloration to dark brown over time, possibly due to the accumulation of
secondary metabolites and loss of photosynthetic ability. The number of sporophytes per moss patch
originating from a single starting explant varied between 1 and 14 after 60 days. The spores of this
species, derived from in vitro cultivation, displayed a brown-yellowish color with spinose-papillose
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ornamentation (Fig. 1B). The measured spore diameter varied between 27.41 and 36.2 µm (min-max values)
with an average spore size of 32.13 ± 0.35 µm (mean ± standard error). The average number of spores per
capsule was also determined, ranging between 10,286 and 13,857 spores (min-max values), with an average
of 12,245 ± 498 spores per capsule (mean ± standard error).

3.2 Effects of Sporophyte Developmental Stage on Spore Germinability
Both individual factors (time frame and developmental stage of the sporophyte) had a significant effect

on the predicted spore germination (i.e., germinability) of P. eurystomum (p < 0.001) grown under axenic
laboratory conditions. However, no significant interactions between time (expressed as a time category)
and developmental stage were statistically supported (Table 1), suggesting that developmental stage does
not modify the effect of time on predicted spore germination (germinability). This absence of any
interaction suggests that time and developmental stage influence spore germination independently, with
no multiplicative or combined effects.

Figure 1: The appearance of Physcomitrium eurystomum explants in vitro (A), with fully developed
sporophytes of different morphological appearance (B) and spores of the species originating from in vitro
propagated plants (C). The bars correspond to a size of 2 mm (A and B) and 50 µm (C)

Table 1: A summary of the binomial logistic regression model that predicts the probability of the germination
of spores originating from sporophytes of different morphological appearance (pale and dark capsules) over
time. The predictors include time (T), developmental stage (D) and their interaction (T × D). Log of odds
(Log-Odds), their 95% confidence intervals (CI) and p-values are given. The numbers in the square brackets
correspond to the time category of the germination assessment

Germination

Predictors Log-Odds CI p

(Intercept) −3.54 *** −3.93–(−3.19) <0.001

T [2] 1.30 *** 0.89–1.74 <0.001

T [3] 1.56 *** 1.16–1.99 <0.001

T [4] 2.25 *** 1.87–2.67 <0.001

T [5] 2.83 *** 2.45–3.24 <0.001

T [6] 3.02 *** 2.65–3.43 <0.001

T [7] 3.14 *** 2.77–3.56 <0.001

T [8] 3.15 *** 2.78–3.56 <0.001

T [9] 3.15 *** 2.78–3.56 <0.001
(Continued)
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The spores originating from the sporophytes of different morphological appearance (pale/dark) began to
germinate at different times. The first germinated spores were observed after 29 and 7 days in the spores from
the pale and dark sporophyte capsules, respectively. In general, the percentage of germination increased over
time in both experimental groups and reached saturation towards the end of the experiment (Fig. 2), with the
spores from the light and dark sporophyte capsules reaching a peak of 8.42% and 40.43%, respectively.

Table 1 (continued)

Germination

Predictors Log-Odds CI p

D [Pale] −1.76 *** −2.84–(−0.90) <0.001

T [2] × D [Pale] −0.96 −2.18–0.32 0.124

T [3] × D [Pale] −1.09 −2.27–0.17 0.074

T [4] × D [Pale] −0.96 −1.97–0.22 0.080

T [5] × D [Pale] −0.97 −1.93–0.16 0.063

T [6] × D [Pale] −0.85 −1.79–0.27 0.098

T [7] × D [Pale] −0.66 −1.58–0.46 0.196

T [8] × D [Pale] −0.24 −1.14–0.87 0.638

T [9] × D [Pale] −0.24 −1.14–0.87 0.638

Observations 18351
Note: ***p < 0.001.

Figure 2: The predicted probability of the germination of P. euristomum spores originating from the pale
(light green) and dark (dark green) sporophyte capsules. The time frame is shown on the x-axis, with the
numbers indicating the number of days elapsed since the sowing of the spores from the pale and dark
sporophyte capsules (the numbers on the left and right, respectively). The data are presented as mean
values, with the error bars indicating the 95% CI. The letters above the bars indicate the statistically
significant differences (p < 0.05) between the experimental groups
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Further observation of germination showed that the spores from the pale-colored sporophyte capsules
exhibited significantly lower germination percentages throughout the experimental timeframe, i.e., for
each time category (p < 0.05) (Fig. 2). Notably, after the eighth time category (i.e., 60 days after sowing)
the spores from the pale capsules exhibited a similar germination percentage to those from the dark-
colored capsules in the second time category (14 days after sowing). It was also evident that the spores
originating from the dark capsules reached the plateau phase of germination earlier than those from the
pale capsules, with the last four or two time categories showing no statistically significant differences
(Fig. 2). The spore germination assays were conducted for nine time categories until the occurrence of
gametophore buds on the protonemata, which was documented for the spores from the pale and dark
sporophyte capsules after 64 and 42 days, respectively.

3.3 Functioning of the Photosynthetic Apparatus in Different Developmental Phases of P. Eurystomum
The maximum quantum yield of photosystem II in the dark-adapted state (QYmax) showed a significant

increase (p < 0.05), indicating that the maximum photosynthetic output was higher in the mosses developing
sporophytes (both the pale and dark capsules bearing moss patches) compared with the control group, i.e.,
those moss patches without developed sporophytes or sexual organs (Fig. 3A). The NPQ values (Fig. 3B)
decreased in the mosses with dark sporophyte capsules compared to the control group (p < 0.05). In
contrast, the NPQ measurements showed no statistically significant differences between the mosses with
pale-colored capsules and the control group, nor between the two groups of mosses with sporophytes.
Furthermore, there were no statistically significant differences among the experimental groups in the data
obtained for qP (Fig. 3C). The stable Rfd values (Fig. 3D) indicated that the vitality of the mosses was
maintained in all the experimental groups. However, a slight but non-significant decrease in Rfd values
was documented in the mosses bearing dark capsules.

Figure 3: The chlorophyll a fluorescence parameters (dark-adapted samples) of P. eurystomum plants without
(control) and with sporophytes of different morphological appearance (pale and dark capsules). The maximum
quantum yield of photosystem II (A); non-photochemical quenching (B); photochemical quenching (C); and
the fluorescence decline ratio (D). The values are presented as mean ± standard error (SE). The letters
above the bars indicate the statistically significant differences (p < 0.05) between the experimental groups
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3.4 Acclimation of P. Eurystomum Gametophytes
Mature gametophytes were successfully acclimated outside the axenic culture on a suitable substrate

(lakeside sediments), away from direct sunlight, during spring in the ex situ conditions of the Belgrade
Botanical Garden. Media-free moss patches were placed above the substrate, and gametophore
multiplication was achieved. Newly formed shoots were observed (Fig. 4A,B) during the three-month
period (late February–late May 2024) allowing for the accumulation of sufficient biomass for population
strengthening and potential reintroductions. However, with the increase of daily temperatures and the
decrease in air humidity, the visual vitality of the moss seemed to decline until they fully disappeared.
Under these conditions, we were unable to detect any sex organs or sporophytes.

4 Discussion

The in vitro sporogenesis in P. eurystomum seems to have some peculiarities compared to the
sporogenesis documented in nature [10], even though the morphology of the plants seems to be the same.
In general, in vitro sporogenesis is a much rarer event compared to that in nature because the culture
conditions present a stressful environment for the plant, hence sexual organs rarely appear and the
reproduction conditions are difficult to meet [2,3,4]. Furthermore, fertilization success in monocultures is
more likely to occur in monoicous species [26,27]. The spore sizes appear to vary somewhat, which is
not surprising given that they are generally highly variable in the Funariaceae family [15]. In specimens
of P. eurystomum collected from nature they are reported to be 30–40 µm [28], 33–40 µm [29], and
32–46 µm [15]. The observed spore diameter developed in axenic cultures was 32.13 ± 1.93 µm (mean ±
standard deviation) and appears to be at the lower end of the previously reported size ranges, which could
possibly be explained by the stress conditions during axenic cultivation.

Obtaining viable spores of the species grown in axenic cultures has strong conservation implications. It
provides a germplasm of reproductive material that enables rapid propagation of the species, which is of
great importance for obtaining sufficient biomass prior to population strengthening and possible
reintroduction [6]. Although the plants reproduce sexually, there is a high rate of intragametangial self-
fertilization, resulting in completely homozygous sporophytes [27,30,31], and because there is no
crossing-over due to the clonal gametophytes, genetically uniform spores are formed. The spores
originating from in vitro cultures did not express any dormancy or recalcitrance problems, but this cannot
be ruled out for long-term spore storage.

Figure 4: The ex situ growth and propagation of ex vitro vegetative material of Physcomitrium eurystomum
placed on lake sediment substrate and successfully multiplied for a short period at the Institute of Botany and
Botanical Garden Jevremovac, Belgrade, Serbia. Initial moss patch (A) and well spreading moss patch in ex
situ conditions (B)
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There are no previous data on the germination rates of P. eurystomum in vitro or in nature. However, a
similar methodology of germination assays with aliquoting and spore sowing on plant growth media has been
applied to Physcomitrium patens (Hedw.) Mitt., another phylogenetically related species [32–34]. In the case
of P. patens, a higher germination percentage was generally observed, albeit on different growth media, while
a similar timing of germination onset and a similar trend of cumulative germination percentage were
reported. The saturation of the germination curve in P. patens [32] occurs at a similar time as documented
in this study for the spores of P. eurystomum released from the dark sporophyte capsules.

We assume that the change in coloration with maturation was a response to the accumulation of
secondary metabolites as the spores appeared to be morphologically equally developed and capable of
germination. The differences observed in this study are in accordance with the survival strategy of this
species in nature, where not all spores should germinate at the same time, thus avoiding suboptimal
stochastic climate oscillations and where a certain number of un-germinated spores must be maintained in
the spore bank for further suitable growth environmental conditions. It seems that both types of mature
sporophytes (i.e., pale and dark) contribute to the spore bank, as shown by the empirical observations in
this study. The spores originating from the pale capsules seem to have programmed delayed germination
(survival adaptation), but no distinction in their ability to yield fully developed moss gametophores, as
confirmed by laboratory tests. Therefore, both types of capsules should be included in the ex situ
conservation of this ephemeral funaroid species.

There are no previous data on photosynthetic measurements of any kind available for P. eurystomum.
However, studies have included measurements of the maximum quantum yield [35] of dark-adapted
plants in P. patens grown in vitro [36], and the values of light grown samples are similar to the results
obtained in this study.

The reduced heat dissipation assessed by non-photochemical quenching and the increased values of
maximum photosynthetic output in the plants with dark sporophyte capsules, together with the constant
values of photochemical quenching indicate that increased assimilation is required in plants that have
entered the reproductive phase. This is in accordance with the general assumption that reproductive effort
has high energy costs for the organism. A similar phenomenon was also observed in an endangered cycad
species (Zamia portoricensis Urb.), where a higher photosynthetic rate was documented in fertile plants
compared to sterile plants at the canopy level [37]. Numerous other studies have shown that
tracheophytes can also increase photosynthesis during the reproduction phase [38–40]. In P. eurystomum,
the decrease in NPQ suggests that this photo-protective mechanism is less activated in plants with a dark
sporophyte capsule, probably due to a higher maximum photosynthetic output, at constant light intensity.

The observed (albeit non-significant) decrease in the fluorescence decline ratio, a parameter proposed to
quantify plant fitness, in the mosses with dark sporophytes may indicate a possible decrease in fitness that can
be explained by a significant allocation of resources to reproductive tissues at the expense of vegetative
development, widely known as reproductive effort.

Gametophore multiplication under ex situ conditions is highly dependent on the microclimate, but is also
affected by the weather. Spring time was chosen to imitate the natural growth conditions of P. eurystomum.
However, parameters such as frequently changing humidity and light quality seem to play an important role
in the transition to sex organ development and spore production. The preliminary open space test suggests
that cool, humid and shady conditions are favorable for vegetative propagation, but further tests are needed to
discover the triggers for the transition to sexual reproduction under ex situ and ex vitro conditions.

Given the numerous parameters involved in the germination, establishment and survival of this species
in nature, we can assume from these experiments that both types of sporophytes are welcome in conservation
practice. In addition, gametophores can also be used, but only in short seasons when the optimal ecological
conditions (humid and cool periods) are present for an appropriate period of time. However, in accordance
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with climatic and ecological variations, genetic diversity may also play a pivotal role in the survival rate of
this species in its native habitats. Biotic factors and possible hybridization with other funaroid species should
also be considered.

5 Conclusion

The axenic culture of the rare and widely threatened species, P. eurystomum, has been established and
the optimal conditions for its vegetative growth and biomass production have been achieved. Additionally,
light intensity under laboratory conditions seems to be the main trigger for the transition to sexual
reproduction in P. eurystomum. Laboratory produced viable spores can be obtained by sporophyte
induction in vitro, and newly developed spores from both the pale and dark capsules can be used to form
a natural self-sustaining spore bank, as inferred by the laboratory test due to the presence of delayed
germination in some of them. This approach is highly valuable when harvesting sporophytes from the
laboratory, enabling the collection of both pale and dark sporophytes for the transfer of spores to natural
sites. The measurements of the photosynthetic parameters suggest a higher energy cost during the
transition from vegetative to sexual phases as well as higher reproductive effort in those mosses bearing
dark capsules. Although the propagation of P. eurystomum in ex situ conditions by vegetative moss
patches originating from axenic cultures is feasible, further tests are needed to assess both spore and
gametophore dispersal in natural conditions. Certain constraints in conservation practices still remain for
effective species survival action plans: the lack or limited knowledge of the biology of the species,
including hybridization with other funaroid species, the genetic structure of native local and global
populations, the regulation of spore dormancy (induction and elimination), competition with other co-
inhabitants for resources, and other biotic interactions.
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