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Abstract

1.

Nitrate is a well-known regulator of several processes in plants, including seed
germination. It generally induces germination, but its effect is species-specific,
and germination of some species is even inhibited. It is not clear what drives these

differences.

. Nevertheless, it is striking that the germination of initially mycoheterotrophic or-

chids is generally inhibited by nitrate, indicating that this may be an adaptive trait
allowing the seeds to detect sites with low nutrient availability, favourable for
mycoheterotrophic plants. Whether this unusual negative response to nitrate is a

general feature of mycoheterotrophic plant germination remains unknown.

. We focused on the family Ericaceae, which contains lineages that are either fully

or initially mycoheterotrophic together with autotrophic ones, and we tested the

germination response of selected species to nitrate.

. We found high variability in the germination responses even within members of

this family. Fully and initially mycoheterotrophic species reacted more negatively
to nitrate compared to autotrophic species. However, the species responses to
nitrate also strongly correlated with seed dimensions. As a control, we also tested
responses to another common nitrogen form, ammonium ion, but these showed
little or no correlations with the tested predictors indicating that the observed

germination responses are specific to nitrate.

. Two factors may be responsible for the negative response of mycoheterotrophic

species of both Ericaceae and orchids to nitrate: seed size and the mode of car-
bon acquisition (mycoheterotrophy); nevertheless, both factors are closely linked.
Thus, mycoheterotrophic plants in general, which nearly all produce tiny dust

seeds, are likely to be negatively affected by nitrate.

KEYWORDS
ammonium, carbon acquisition mode, Ericaceae, mycoheterotrophy, nitrate, nitrogen, seed
anatomy
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1 | INTRODUCTION

Nitrogen is one of the most important nutrients for plants usually
taken up fromthe soil. Most of the soil nitrogen is bound in soil organic
matter, which is not directly accessible to plants. The activity of soil
microorganisms and inputs from external sources produces readily
accessible forms of soil nitrogen. These include nitrate, ammonium
and some small organic molecules (Farzadfar et al., 2021). Nitrate
is regarded to be the most important form of nitrogen for plants
growing in aerobic soils (Glass, 2009; Maathuis, 2009). However,
nitrogen is also a key nutrient for other organisms what creates a
strong competition for nitrate between different soil organisms
(Kuzyakov & Xu, 2013). Thus, plants must possess efficient mecha-
nisms for its uptake and sensing. To date, two nitrate receptors have
been identified: NRT1.1 nitrate transporter (Ho et al., 2009) and the
transcription factor NIN-like protein 7 (Liu et al., 2022). The ability to
sense soil nitrate allows plants to redirect root growth to sites with
higher nitrate concentrations (Krouk et al., 2010; Liu et al., 2020) and
also to time seed germination so that the plant emerges in a site
with adequate nitrate abundance (Alboresi et al., 2005; Duermeyer
et al., 2018). This can be used by seeds of some plants to detect gaps
in vegetation where nitrate is not taken up by roots of other plant
competitors (Pons, 1989).

However, nitrate does not stimulate the germination of seeds
in all plants. While the majority of species studied up to date are
stimulated, some are insensitive, and germination of others is even
inhibited (Boudell & Stromberg, 2015; Figura et al., 2020; Luna
& Moreno, 2009; Ponert et al., 2013). It is not clear what drives
these differences. Studies investigating autotrophic plants have
concluded that the germination response to nitrate seems to be
independent of both phylogenetic relationships and ecological re-
quirements (Boudell & Stromberg, 2015; Luna & Moreno, 2009).
Up to date, five eudicot autotrophic species whose germi-
nation is inhibited by nitrate have been identified (Boudell &
Stromberg, 2015; Luna & Moreno, 2009). However, these results
need to be interpreted with caution because (i) nitrate was ap-
plied as KNO,, thus providing also potassium; (ii) the KNO, solu-
tion treatments were compared with distilled water, which may
have adverse effects due to its low osmolarity; and (iii) the nitrate
concentrations tested (20-75 mM) were far exceeding those natu-
rally occurring in soil solutions (usually far below 1 mM; see Figura
et al., 2020).

Other studies focused on germination of initially mycohetero-
trophic orchids (monocots), that is, plants that rely in their initial
growth on carbon derived from root-associated mycorrhizal fungi.
They tested addition of low naturally occurring nitrate concentra-
tions (~0.01-2mM) to nutrient solution in vitro, thus eliminating
osmotic effect of distilled water (Figura et al., 2020, 2021; Ponert
et al., 2013). Orchid germination was found to be generally inhibited
by nitrate with clear differences between species—some responding
to extremely low concentrations while others being nearly insen-
sitive (Figura et al., 2020). The differences in responses to nitrate
observed in vitro were related to species ecological preferences

and the soil nitrate content in native sites indicating that the ger-
mination response of initially mycoheterotrophic orchids to nitrate
may be adaptive (Figura et al., 2020). Mycoheterotrophic orchids
generally prefer soils with low available nutrients, and they obtain
nitrogen from symbiotic fungi (Fochi et al., 2017; Li et al., 2022), so
their negative response to nitrate could help their seeds to detect
suitable patches (Figura et al., 2020). However, any other group of
mycoheterotrophic plants have not been tested so it is unknown
whether such a negative response to nitrate is related to mycohet-
erotrophy in general or not. Orchid seeds are not only adapted to
mycoheterotrophic germination, but they also have very reduced
structure including undifferentiated embryo and they lack endo-
sperm (Yeung, 2017). The more negative response of orchids to ni-
trate in comparison to autotrophic plants might therefore also be a
result of a different seed structure.

In this study, we focused on eudicot family Ericaceae which of-
fers unique opportunity to compare responses to nitrate of closely
related autotrophic and mycoheterotrophic species. This family
consists mainly of autotrophic species with fully developed seeds,
but two of its evolutionary lineages have adapted to mycoheterot-
rophy—the subfamily Pyroloideae comprises initially mycohetero-
trophic species (Lallemand et al., 2017; Matsuda et al., 2020) and
the subfamily Monotropoideae which comprises fully mycohetero-
trophic species (Lallemand et al., 2016; Rose et al., 2018). Species
from both of these subfamilies possess reduced dust seeds, similar
to orchid seeds but differing in the presence of a minute endosperm
(Copeland, 1947; Olson, 1980; Pyykko, 1968; Takahashi, 1993).
We therefore decided to analyse germination responses to nitrate
and seed structure of selected species from different lineages of
Ericaceae to identify whether the response to nitrate relates to nu-
tritional mode and seed structure. As a control, we also analysed
responses to ammonium ion to see whether the observed effects

are responses to nitrate itself or to nitrogen in general.

2 | MATERIALS AND METHODS
2.1 | Plant material

We have selected representatives of all four genera of the initially
mycoheterotrophic subfamily Pyroloideae (Chimaphila umbellata,
Moneses uniflora, Orthilia secunda and Pyrola minor), one representative
of the mycoheterotrophic subfamily Monotropoideae (Monotropa
uniflora) and seven species from the autotrophic lineages of Ericaceae
to cover the whole phylogenetic range (Arbutus unedo, Enkianthus
campanulatus, Ledum groenlandicum, Kalmia latifolia, Oxycoccus
macrocarpus, Phyllodoce caerulea and Vaccinium myrtillus) (Table S1). As
controls, we used (i) the well-known experimental model Arabidopsis
thaliana (Brassicaceae), which is known to react positively to nitrate
(Bouguyon et al., 2015; Zhang et al., 1999), and (ii) orchid Dactylorhiza
majalis, which is known to react negatively to nitrate (Figura
et al., 2020, 2021). The effect of nitrate was also tested on the initially
mycoheterotrophic Pyrola rotundifolia from subfamily Pyroloideae, but
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we were unable to obtain enough seeds to perform all experiments
with this species (Table S1). In the species with dry capsules, whole
ripe fruits were collected (Table S2), dried at room temperature and
manually extracted seeds were stored in the dark and dry conditions
at +4°C. In the case of species with berries, the seeds were sown
immediately after manual extraction from the fruits (Table S2).

2.2 | Seed disinfection, sowing and cultivation

We used axenic in vitro cultivation system and medium BM-1 (Himedia,
Van Waes & Debergh, 1986) supplemented with O,SgL'1 of activated
charcoal, free from inorganic nitrogen which previously turned out to
be most suitable for axenic cultivation of pyroloids (Figura et al., 2019)
and which we found to be also suitable for autotrophic Ericaceae.
Medium pH was adjusted to 5.8 with NaOH, autoclaved at 144 kPa,
121°C (Tuttnauer 2540 EK-N) for 20min and poured into 5cm plastic
Petri dishes. To test the effect of nitrate and ammonium ions, we
added NaNO, or (NH,),SO,, respectively, before autoclaving so
the final concentration was O, 1, 10 or 100mgL'1 of NO;™ or NH4+,
respectively, in the culture medium. These concentrations correspond
to naturally occurring nitrate concentrations in soil solutions and have
been used in previous studies investigating the effect of nitrate on
mycoheterotrophic seed germination (Figura et al., 2019, 2020, 2021,
Ponert et al., 2013). The seeds were disinfected in 5mL syringes and
sown as suspension of disinfected seeds in sterile deionised water as
described previously (Ponert et al., 2011, 2013). Briefly, seed were
pre-incubated in 70% ethanol, washed three times with deionised
water (conductivity <0.2pm cm™?), treated with 2% H,SO, (or not, see
Table S1) and subsequently with the solution of Ca(OCl), or NaOClI
(we had to use NaOCI in Vaccinium myrtillus because the disinfection
with Ca(OCl), solution was not successful and led to high level of
contaminations), washed three times with sterile deionised water (time
in each disinfectant was optimised for each species, see Table S1) and
sown as a suspension of seeds onto culture medium in Petri dishes.
Ca(OCl), solution was prepared by dissolving 20g chlorinated lime
(Kittfort, Czech Republic) in 100mL deionised water, filtering through
filter paper and adding a drop of Tween 20 following Figura et al. (2019).
This solution was used within 30min after filtering. NaOCI solution
was prepared by diluting of Savo Original (commercially available
‘household bleach’; Unilever CR, Czech Republic) to a final NaOCI
concentration of 9.4gL'1. Seven Petri dishes (replicates) sealed with
air permeable foil (Parafilm M) were prepared for each experimental

variant. The cultures were incubated in the dark at 20°C.

2.3 | Anatomical analysis

Dry seeds of all species were fixed in 4% formaldehyde. Cryosections
(20pm) were prepared on a Shandon cryomicrotome after 24h
incubation of samplesin 2% sucrose solution for cryoprotection. Hand
sections (app. 100pum) were prepared on a Leica hand microtome
(Soukup & Tylova, 2014). Lipids were detected with Sudan Red 7B
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(1h) according to (Brundrett et al., 1991). Proteins were stained with
Ponceau 2R in 2% acetic acid (10 min) and Azur Il (10s) according to
Gutmann et al. (1996). Starch was detected by staining with Lugol's
solution. Sections were mounted in 50% glycerol. An Olympus BX51
microscope (Olympus Corp., Tokyo, Japan) equipped with an Apogee
U4000 digital camera (Apogee Imaging Systems, Inc., Roseville, CA,
USA) was used for observation. For scanning electron microscopy
(SEM), dry seeds were coated with gold (2nm thin layer) in an ion
sputter coater (Bal-Tec SCD 050) and observed with a JEOL JSM-IT
200 microscope.

To measure seed dimensions, longitudinal sections of seeds
(in a medial plane) were analysed using NIS Elements AR 3.22.15
(Laboratory Imaging, Prague, Czech Republic). We estimated the
total length and width of the seed (including seed coat) and the
length and width of the living part of the seed (embryo plus endo-
sperm, if present; excluding seed coat) and used mean values per
species (n=>5) for further analyses (Table S2).

2.4 | Data analysis

Cultures were observed weekly using a Zeiss Stemi 305
steroeomicroscope (every 3days in the case of A. thaliana which
germinates faster). Because different species germinated at
different times, the total germination rate was counted at the stage
when germination rate did not increase further (see Table S1). To
count germination rate, seeds without embryo or with obviously
undeveloped embryo were excluded and only well-developed seeds
with ruptured testa were considered as germinated seeds following
Figura et al. (2019). Pictures of seedlings were taken with a Canon
EOS 60D equipped with a Canon EF 100mm f/2.8 L macro lens.

Statistical analyses were performed in R software (version 3.6.1;
R Core Team, 2021, n.d.) and the significance level was p<0.05 in
all analyses. The obtained data of germination rates can be analysed
in several different ways, so here we decided to use two alterna-
tive approaches which were used with the same type of data previ-
ously. The first one follows Figura et al. (2021). We treated the four
tested nitrogen concentrations (0, 1, 10, 100mg L’l) as discrete val-
ues and tested the significant differences between the four experi-
mental variants as independent groups separately for each species.
Normality of data was tested using Shapiro-Wilk test (Shapiro &
Wilk, 1965) and homogeneity of variances was tested using Bartlett
test (Bartlett, 1937). Differences between the measurements were
statistically tested with ANOVA, followed by the Tukey-Kramer
test (Kramer, 1956) for homogeneous data with a normal distribu-
tion. Non-homogenous data with normal distribution were treated
with Welch ANOVA (Welch, 1951) followed by the Games-Howell
post hoc test (Toothaker, 1993). Data which did not have normal
distribution were analysed using the Kruskal-Wallis test (Kruskal &
Wallis, 1952), followed by pairwise comparisons using Wilcoxon's
rank-sum test (Table S3).

As the above-mentioned approach treating the tested nitrogen
concentrations as discrete values do not allow rigorous comparison
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between species, we used another approach treating nitrogen concen-
tration as a continuous variable further. This second approach mostly
follows Figura et al. (2020) and allows us to characterise the strength
of nitrogen effect on germination rate of respective species (as spec-
ified below), to compare the species responses between and to test
differences in responses to nitrogen between groups of species. The
relationship between the proportion of germinated seeds and the ni-
trogen content in medium was modelled separately for each species
using a generalised linear model (GLM) with quasi-binomial structure
of errors and logit link function, as implemented in R software (version
3.6.1; R Core Team, 2021). To compare these modelled species-specific
responses to nitrogen between, we used two further approaches to
characterise the relationship between the concentration of nitro-
gen and the germination rate with a single number for each species.
(Table S4). First, we used the models to predict germination rates at
two nitrogen concentrations: 0 and 50mg/L, and we used these values
to calculate the predicted percentual change in germination rate at ni-
trogen concentration 50mg/L compared to germination rate at Omg/L
(similar as in Figura et al., 2020). The second approach was to directly
compare the model parameters characterising the effect of nitrogen
concentration (Table S4). Both statistical approaches reached similar
conclusions. In both cases, the tested species were categorised using
species traits related to seed structure and germination (see Table S4)
and the differences in the predicted percentual change in germination
rate and the model parameters between the categories of species
were tested with the Wilcoxon test (Table S4, category ‘autotrophic_
dust’ contains only two values so it had to be omitted from the sta-
tistical comparisons). Classification of seeds as ‘dust seeds’ was based
on their size and followed that of Martin (1946). We included also the
category of fruit type because the seeds from berries are likely to be
dispersed endozoochorously which might cause a different regulation
of their dormancy.

Furthermore, we analysed the relationship between the pre-
dicted percentual change in germination rate and seed dimensions.
We used only the predicted change in germination rate, in this case
because it got very similar results with direct comparison of the
model parameters characterising the effect of nitrogen. For seed di-
mensions, we used mean values per species. We calculated Person's
correlation coefficients (r) and coefficients of determination for lin-
ear regression (R?). We analysed not only all species together but we
also performed separate analyses for autotrophic and mycohetero-
trophic species. However, the number of species was low for correct
interpretation of these separate analyses, especially in mycohetero-

trophic species (only 5 species tested).

3 | RESULTS
3.1 | Anatomical observations
The seeds of all the initially mycoheterotrophic and

mycoheterotrophic species (Dactylorhiza majalis, Monotropa uniflora
and all Pyroloids) contain undifferentiated, globular embryos,

while the seeds of all autotrophic species have embryos with well-
defined cotyledons (Figure 1; Figures S1 and S2). Endosperm was
lacking in Dactylorhiza majalis, but visible in all other species. All
autotrophic species of Ericaceae (Enkianthus campanulatus, Arbutus
unedo, Kalmia latifolia, Ledum groenlandicum, Oxycoccus macrocarpus,
Phyllodoce caerulea and Vaccinium myrtillus) had a thick multilayered
endosperm of variable thickness. Initially mycoheterotrophic
(Chimaphila umbellata, Moneses uniflora, Orthilia secunda, Pyrola
minor) and mycoheterotrophic (Monotropa uniflora) representatives
of Ericaceae had endosperm consisting of few cells surrounding the
globular embryo. The mature seed of Arabidopsis thaliana contained
a single-cell endosperm layer (Figure 1), as the endosperm is partially
absorbed by the growing embryo during the final phase of seed
development (see also Verma et al., 2022).

Histochemical detections identified abundant storage lipids and
proteins in all analysed seeds (Figures S3 and S4). None of the seeds
showed a positive reaction to starch with Lugol's solution (Figures S3
and S4). Seeds of mycoheterotrophic species were generally smaller
than those of autotrophic species (Figure S5). The similar but weaker
difference was also significant for groups of species with different
fruit types (Figure S5). The germination of all autotrophic plants was
bipolar, and these plants developed soon after germination two well-
developed cotyledons as well as roots (Figure S6). The germination
of all initially mycoheterotrophic and mycoheterotrophic species
was unipolar, resulting in the development of a protocorm that later

formed roots or shoots (Figure S6).

3.2 | Effects of inorganic nitrogen

All species tested germinated successfully, but even the germina-
tion rate on medium without inorganic nitrogen varied significantly
between species, spanning from less than 0.5% in Monotropa uni-
flora to almost 100% in Oxycoccus macrocarpus (Figure 2; Figures S7
and S8). The effects of nitrate and ammonium ions on germination
rate varied between species from inhibition to stimulation (Table S4;
Figure 2; Figures S7 and S8) and the effects also frequently differed
even within the same plant species (Table S4; Figure 2; Figure S8).
Both species used as controls reacted to nitrate as expected, that
is, germination of Arabidopsis thaliana was stimulated (Figure 2;
Figure S8) and that of Dactylorhiza majalis was inhibited (Figure 2;
Figure S8). Within the Ericaceae, germination of all initially mycohet-
erotrophic and mycoheterotrophic species was inhibited by nitrate,
while the response of autotrophic species varied from a weak inhibi-
tion to stimulation (Table S4; Figure 2; Figures S7 and S8). Thus, we
compared the modelled species responses to nitrate (GLM) between
these groups of species and we found this difference being highly
significant, regardless of whether the predicted changes in germina-
tion rate or the model parameters were used (Figure 3; Figure S9).
Interestingly, the difference between species with different fruit
types was not significant (Figure 3; Figure S9). We further attempted
to separate the autotrophic species into two groups according to
seed size (large/dust). However, only two species were available
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FIGURE 1 Seed anatomy of all studied species. Enkianthus campanulatus (a), Arbutus unedo (b), Kalmia latifolia (c), Ledum groenlandicum (d), Oxycoccus
macrocarpus (e), Phyllodoce caerulea (f), Vaccinium myrtillus (g), Chimaphila umbellata (h), Moneses uniflora (i), Orthilia secunda (j), Pyrola minor (k), Monotropa
uniflora (1), Dactylorhiza majalis (m), Arabidopsis thaliana (n). Cryosections (a, ¢, d, f, h-n), hand sections (b, e, g), bright-field (a-n), scale bars=100um (a-n).
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FIGURE 3 Comparison of modelled species responses to inorganic nitrogen between groups of species. Predictions were based on
generalised linear models (GLM) with quasi-binomial structure of errors and logit link function (Figure S1). MH—mycoheterotrophic
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group of ‘autotrophic dust’ in (c) and (f), so this was excluded from statistical comparison. (a, d) Differences between autotrophic and
mycoheterotrophic taxa; (b, e) differences between species with dry fruits and with berries; (c, f) the group of autotrophic plant from (a), (d)

was further subdivided into species with dust seeds and larger seeds.

from the group of autotrophic species with dust seeds, so this cat-
egory could not be included in the statistical analyses, but interest-
ingly, the responses of these species were more or less intermediate
between the other two categories (Figure 3; Figure S9).

The modelled response of Ericaceae to ammonium ion showed no
significant difference between the tested species groups (Figure 3;
Figure S9). However, it should be noted that the germination of the
fully mycoheterotrophic Monotropa uniflora responded slightly pos-
itively to ammonium ion, with the highest germination rates ever
reported for this species in the presence of high concentrations
of ammonium ion (9.2%; Figure 2; Figure S8). The general trend of
differences in responses to ammonium ion between the groups of
mycoheterotrophic and autotrophic species was opposite to the dif-
ference in response to nitrate (Figure 3; Figure S9).

Analyses of the relationships between seed dimensions and the
modelled species responses to nitrate showed a strong positive cor-
relation in the case of nitrate, but a relatively weak negative correla-
tion in the case of ammonium ion (Figure 4). When the autotrophic
and mycoheterotrophic species were analysed separately, we found
a positive correlation for nitrate in the case of autotrophic plants, es-
pecially in the dimensions of the living part of the seed (Figure S10).

In other cases, correlations were less evident, although it should be

noted that the number of species analysed was low (Figure S10).

4 | DISCUSSION

Nitrate is one of the most studied signals breaking seed dormancy.
However, its effects are species-specific and it may not only induce
germination but also repress it (Boudell & Stromberg, 2015; Figura
etal., 2020; Luna & Moreno, 2009; Ponert et al., 2013). Our results
obtained in axenic in vitro cultivation system show high variability
in the germination responses to nitrate even within members of a
single eudicot family, Ericaceae, ranging from stimulation to inhibi-
tion. This may not be surprising, as studies investigating eudicots
indicated that the germination responses to nitrate are likely to
be independent of both phylogenetic relationships and ecological
requirements (Boudell & Stromberg, 2015; Luna & Moreno, 2009).
However, in orchids (monocots), the sensitivity of seeds to ni-
trate is likely adaptive, as indicated by its correlation with spe-
cies pedological requirements (Figura et al., 2020). This could
be explained as a difference between eudicots and monocots.
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However, all orchid species studied are initial mycoheterotrophs
with extremely reduced seeds lacking endosperm, whereas all eu-
dicot species studied up till now are fully autotrophic plants with
normally developed seeds, raising the possibility of another causal
factors. It has been proposed that the inhibitory response of or-
chids to nitrate may be related to their dependence on mycorrhizal
symbiosis and the ability to obtain nitrogen from symbiotic fungi
(Figura et al., 2020). To address this complex situation, we focused
on the family Ericaceae which contains lineages of fully or initially
mycoheterotrophic species together with autotrophic ones. We
modelled the germination responses to nitrate separately for each
species using generalised linear models (GLM), what allows us to
compare species responses between groups of species. We found
that the germination of fully and initially mycoheterotrophic spe-
cies of this family is more negatively affected by nitrate than the
germination of autotrophic species. Whereas autotrophic species
were stimulated by nitrate or insensitive or weakly inhibited, all
fully and initially mycoheterotrophic species were inhibited by ni-
trate and frequently more intensively comparing with autotrophic
species. This is similar to the results obtained with initially myco-
heterotrophic orchids all of which were at least partially inhibited
(Figura et al., 2020). This suggests that the unusually negative ger-
mination response to nitrate observed in these two groups may be
related to mycoheterotrophy or to some associated factors such
as seed structure. Seeds of both above-mentioned mycohetero-
trophic groups, orchids and mycoheterotrophic Ericaceae, are re-
duced to ‘dust seeds’ with tiny globular embryos. Nevertheless,
seeds of Ericaceae have tiny endosperm (e.g. Christoph, 1921,

Figura et al., 2019; Furth, 1920; Olson, 1980; data in this article)
while orchid seeds lack it (Arditti & Ghani, 2000). It is therefore
likely that the absence of endosperm in orchid seeds is not the
cause of their negative reaction to nitrate.

However, it remains unclear whether the more negative re-
sponse of mycoheterotrophic species is due to their mycohet-
erotrophic germination or due to their extremely reduced dust
seeds. Thus, we compared between not only groups of autotro-
phic and mycoheterotrophic species but also two other catego-
ries related to seed size. Some of the studied species produce
berries specialised to endozoochorous dispersal, so we com-
pared them with species-producing dry fruits (Debussche &
Isenmann, 1989; Heinken et al., 2002; Jaroszewicz et al., 2023).
The difference between these groups was not significant, but
all the species strongly inhibited by nitrate were present in cat-
egory of dry fruits. However, this likely stems from the fact that
all mycoheterotrophic species which have been tested have dry
fruits (Eriksson & Kainulainen, 2011). The seeds of mycohet-
erotrophic species are generally much smaller than those of au-
totrophic ones (Leake, 1994) and we found the same difference
within Ericaceae. It could therefore be hypothesised that the size
of seeds may predetermine their response to nitrate. To test this
hypothesis, we performed two types of analyses. First, some auto-
trophic Ericaceae (Kalmia latifolia, Ledum groenlandicum) produce
tiny anemochorous seeds, comparable in size to the dust seeds
of mycoheterotrophs. Despite the fact that they contain embryos
with developed cotyledons, they might also be considered as dust
seeds (e.g. Eriksson & Kainulainen, 2011). When we classified
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these taxa separately from autotrophic species with large seeds
and from mycoheterotrophic species, we found their response to
nitrate being intermediate between these groups. Unfortunately,
we only studied two species from this group (Kalmia latifolia and
Ledum groenlandicum) which does not allow statistical testing of
significances. Thus, we also compared species responses to nitro-
gen with the measured dimensions of their seeds and we found a
strong positive correlation for nitrate while only a weak correla-
tion for ammonium ion. However, because mycoheterotrophic
species which are highly sensitive to nitrate produce the smallest
seeds, it is possible that this relationship is driven by them. Thus,
we further analysed the same relationship separately for autotro-
phic and mycoheterotrophic species. It should be noted that the
number of studied species was relatively low for these separate
analyses, especially in mycoheterotrophic species where the dif-
ferences in seed dimensions are very small, and only the five spe-
cies tested in this paper are not sufficient in number to correctly
identify the correlation. Nevertheless, the available data indicate
that the correlation between species responses to nitrate and
seed dimensions exists also at least within autotrophic species.
Therefore, we cannot exclude the possibility that the seed size
itself predetermines seed response to nitrate.

Taken together, two factors may be responsible for the neg-
ative response of mycoheterotrophic species of Ericaceae and
orchids to nitrate: seed size and mode of carbon acquisition (au-
totrophic vs. mycoheterotrophic). To disentangle these effects,
a significantly larger number of species would need to be stud-
ied, including those from other groups of mycoheterotrophic
plants. It would be particularly interesting to include some of a
few mycoheterotrophic species with relatively large seeds (e.g.
Triuridaceae; Suetsugu et al., 2017) or in those with fleshy fruits
(e.g. Suetsugu, 2018). Although we are unable to disentangle the
effects of these two factors, our results allow interesting con-
clusions to be drawn. Both groups of mycoheterotrophic plants
studied up to date respond more negatively to nitrate than other
plants despite their bodies are for yet unknown reasons enriched
by nitrogen (Minasiewicz et al., 2023). As nearly all mycohetero-
trophic plants have tiny dust seeds (Leake, 1994; Merckx, 2013),
it can be expected that germination of nearly all mycoheterotro-
phic species will be negatively affected by nitrate. Indeed, a recent
study by Gomes et al. (2019) showed that tropical mycoheterotro-
phic plants associated with arbuscular mycorrhizal fungi avoided
nitrate-rich patches in the rainforest. It has also been observed
that at least some pyroloids prefer sites with low level of avail-
able nitrogen at maturity (Jacquemyn et al., 2018; Johansson &
Eriksson, 2013). It is, therefore, possible that the inhibitory ef-
fect of nitrate on seed germination evolved convergently in dust
seeded mycoheterotrophs and could allow these plants to find
suitable patches for germination in a similar way to the stimulatory
effect of nitrate on eutrophic species. Unfortunately, no represen-
tatives of any other group of mycoheterotrophic plants have yet
been cultivated in vitro to further test this hypothesis. The unusu-
ally negative germination response of mycoheterotrophic plants

Functional Ecology [ e S

to nitrate may also suggest that seed germination of mycohetero-
trophic plants might be regulated differently from seed germina-
tion of autotrophic plants. It has been observed that germination
of mycoheterotrophic orchids and Pyroloideae is not stimulated
by gibberellins (e.g. Arditti, 1967; Figura et al., 2019; Miura
et al., 2024; Rasmussen, 1995). This may suggest that seed ger-
mination of mycoheterotrophic plants may have more differences
from autotrophic plants. Our results may also have important im-
plications in the context of the global changes of environment.
The concentrations of nitrate in soils are unstable in time (Bfezina
et al.,, 2019) and the changes in agricultural practices combined
with increasing atmospheric nitrate deposition are leading to-
wards increasing nitrate levels in many areas of the world (Engardt
et al., 2017; Rivett et al., 2008; Singer, 2012). It has been proposed
that such an increase in nitrate levels could negatively affect some
orchid populations (Figura et al., 2020), and our results indicate
that also other mycoheterotrophic plants could be negatively af-
fected. However, it should also be noted that we have not inves-
tigated the effects of symbiotic organisms on germination in this
article. It has been shown that mycorrhizal fungi can modulate the
response of orchids to nitrate (Figura et al., 2021), and this remains
to be elucidated in Ericaceae. It would also be interesting to see
if nitrate or the reaction to it can affect mycorrhizal symbiosis in
mycoheterotrophic Ericaceae. In mycoheterotrophic orchids, seed
insensitivity to gibberellins during germination has been shown
to be related to inactivation of gibberellins and thus induction of
mycorrhizal association (Miura et al., 2024). It cannot be ruled out
that a similar mechanism could also operate in the case of nitrate.
However, data on its effect on mycorrhiza of mycoheterotrophic
Ericaceae are lacking.
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