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Abstract: Although seed quality and quantity, as well as reproductive performance are important life
history stages of plants, little is known about the reproductive responses of trees to environmental
changes such as increased anthropogenic deposition of nitrogen (N) and phosphorus (P). Dioecious
plants are good models with which to test the environmental impact on female or male reproductive
responses individually. We analysed effects of different long-term nutritional availability on the
reproductive performance of two dioecious species (Taxus baccata L. and Juniperus communis L.)
characterised by different life histories. By using pot experiments with vegetatively propagated
plants grown in different fertilisation conditions, we observed an increase in plant growth and
strobili production but a decrease in seed efficiency. Seeds produced by fertilised plants had greater
seed mass. Fertiliser addition did not change C or N content nor the C/N ratio of T. baccata seeds,
but increased N content and the N /P ratio; however, it did lower the C/N ratio in J. communis.
Fertilisation did not change the metabolite profile in T. baccata but 18 metabolites were changed
in J. communis. The study revealed new links between species life history, environmental changes,
and reproduction. The findings imply that future environmental conditions may alter both seed
productivity, and quality, as well as plant reproductive behaviour.

Keywords: seed mass; seeds metabolome; seed size; English yew; common juniper; nutritional
availability; nitrogen deposition; resource allocation

1. Introduction

Seed recruitment is a primary factor determining the long-term dynamics of plant
population in a changing environment; however, seed quality is also an important factor.
The term “seed quality” describes the overall value of a seed lot based on many features,
and is determined by genetic background and the environmental conditions of the mother
plant during seed development [1]. The maternal plant allocates available resources to
growth, defence, or reproduction [2], and, therefore, the resources available in the maternal
environment can have a great impact not only on the quantity but mainly on the quality
of seeds produced. The quality of the seeds is usually described by their weight and size,
storability, vigour, germinability, concentration and nitrogen (N) content, as well as the
development of the embryo.

Seed size is considered to be an important evolutionary trait that affects the repro-
ductive success of many plant species, and variation in seed size is an important area of
plant ecology [3]. Seed size can directly affect the processes of germination and seedling re-
cruitment, and further impact plant performance under different environmental conditions.
Smaller seeds generally germinate faster; however, although larger seeds germinate more
slowly, their germination success is often higher than that of small seeds [4,5]. The weight
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and size of seeds are directly related to nutritional reserves; thus larger seeds can accu-
mulate more resources available for seedling growth [6]. Moreover, seed N concentration
(percentage N per unit seed mass) and N content (total N mass per seed) have been singled
out as key proxies for seed quality, and a higher N content was positively related to the
fitness, establishment, and survival of seedlings [7,8].

Reproductive output is also altered by climate and environmental changes (nutritional
availability) and many studies have shown that temperature and rainfall can influence
reproductive performance [9]. Many studies have shown that the environment has changed
greatly due to the deposition of anthropogenic N, phosphorus (P), and other minerals
in the soil and forest stands [10]. N deposition has increased since the 1900s, having
already doubled since then, and is projected to double again by 2050 [11]. Although N is
an essential plant nutrient and is described as a limiting factor, many terrestrial ecosystems
have adapted to conditions of low N and P availability. However, plant ecosystems,
including forests, are currently subjected to global changes, which have greatly modified
the biogeochemical cycles of carbon (C), N, and P [11-14]. Airborne N input differs
between ecosystems and it is estimated to be between 8-9 kg /ha/year [12]. These rapid
global changes can pose a significant threat to plant species; thus, elevated N as well as P
deposition negatively affect plant biodiversity and ecosystem functioning [12]. However,
N supplies in forest stands also have a positive impact; thus, N deposition has led to an
increase of aboveground biomass of forest trees [15], including rapid foliar growth [16]
and seed production [17]. N is an important nutrient stored in seeds, but calcium (Ca),
potassium (K), and magnesium (Mg) are also sequestered within mature seeds and can
fulfil regulatory roles (e.g., osmoregulation, cell extension, and cell wall stabilisation) [18].

Although the environmental maternal effect on seed weight is important [19], there
is a lack of knowledge about the environmental impact of different long-term nutritional
availability on female reproductive potential and seed production; thus, available research
shows contradicting data on the impact of N availability on female reproductive traits
(mainly seed production [7,20,21]). Even though N-fertilisation increases seed production,
it can also decrease seedling emergence and survival [20,21]. Moreover, negative impacts
of high nutritional resource availability on male reproductive features are reported; thus,
male individuals grown in an environment of rich fertiliser availability produced a large
quantity, but lower quality, of pollen grains [22,23]. Unfortunately, female reproductive
features have received less attention in the plant sciences than vegetative ones, except for
seed size and weight [3].

Resource allocation in seeds is described as the economy of seeds, and is important
for different stages of regeneration and needs to be considered in the larger context of
recruitment processes [24]. The seed size-number trade-off is well understood as a major
dimension of trait variation; however, other functional relationships between vegetative
and seed traits are needed to integrate seed traits into their function, such as dispersal,
persistence, germination timing, and seedling establishment [3]. Dioecious species are
good models for studying environmental impacts on reproductive features. Males produce
pollen grains and females produce seeds, and each process can be analysed without the
influence of the other.

Many dioecious species are characterised by the presence of sexual dimorphism,
which leads to spatial segregation between the sexes [25]. Moreover, they are particularly
vulnerable to the effects of climate and environmental changes [26,27]. Most prior research
analysed the impacts of environmental changes concerning dioecious plant growth, biomass
allocation, and seedling survival, but the long-term impact on the reproductive success of
plants has rarely been studied [28-32]. Thus, for many woody species, there is still a lack of
a molecular sex marker, and the plant sex can be described only by reproductive structures
generated on the shoots [33,34]. The only way to study the environmental impacts for
female or male plants is, therefore, to use individuals produced by vegetative reproduction
(rooted shoots) grown under similar conditions. This allows us to minimise the impacts of
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different genotypes on the observed plant traits, and to more precisely describe and test
the effect of an experimental factor.

Taxus baccata L. and Juniperus communis L. are examples of dioecious plants characterised
by different life-history strategies. T. baccata prefers rich habitats [35], while J. communis is
a pioneering species found in sandy soil [36]. Both species are wind-pollinated, dioecious
species, with male and female strobili growing on separate plants [35,36], and they have
different phenological patterns. T. baccata plants produce seeds within a one-year cycle
with the base of the strobila developing in the autumn of the previous year, whereas in
J. communis the seed-producing cycle lasts up to three years [35,37]. These species are char-
acterised by gender-related ecological differences between the sexes within species [38-42],
and population decline [37,43,44]. Thus, female plants of both species allocate resources for
growth, defence, and seeds, but not pollen production, and can be great models to test the
impact of long-term different nutritional availability on the female reproductive responses.

Our research sought to determine the impacts of the availability of environmental nu-
trition on the reproductive success of female plants of two dioecious species (Taxus baccata L.
and Juniperus communis L.) presenting different life histories and distinct phenological pat-
terns when grown in long-term pot experimental conditions under two different nutritional
regimes. For our study, we used rooted plants of both species, and plants produced from
the same maternal origin were grown under two conditions—fertilised and non-fertilised.
Therefore, the environmental effects on the reproductive outcomes were analysed from a
more integrated perspective, in which we analysed the time required for plants to mature
and to produce mature seeds, as well as many other quantitative and qualitative aspects of
seed production. Within this study, we investigated the impacts of nutritional availability
(fertilised (high N and P) vs. non-fertilised (low N and P)) on: (1) timing of plant maturity,
(2) efficiency of seed production, (3) seed quality as described by seed weight, embryo
development, and morphometric features, (4) timing of aril/cone maturity, and (5) content
of macronutrients and GC-MS metabolite profile.

Taking all of the above into account, we hypothesised that higher nutrition availability
will increase the productivity of female plants. We assumed that in a richer environment,
plants will grow bigger and will be characterised by a higher productivity of female
reproductive structures and seeds. Moreover, plants from fertilised conditions will be
characterised by higher productivity, but the same quality of seeds’, compared to non-
fertilised counterparts. In addition, fertilised plants will reach sexual maturity earlier than
non-fertilised plants, but the time required for developing seeds to mature will be similar.
Both species will exhibit a similar pattern of reproductive response.

2. Results
2.1. Plant Features
2.1.1. Sexual Maturity of Plants

For Taxus baccata, none of the female plants produced ovules in 2013, and more
fertilised than non-fertilised plants produced ovules in 2014 (24%, 6/25, from one to
five ovules vs. 20%, 5/25, from one to four ovules) and 2015 (92%, 23/25, from two to
93 ovules vs. 76%, 19/25, from one to 17 ovules), whereas all plants from both treatment
groups produced ovules in 2016. The number of ovules produced by fertilised plants
in 2016 ranged from 28 to 657, whereas non-fertilised plants produced nine to 89 ovules
(Figure 1a,b).

For Juniperus communis, none of the female plants produced flowers in 2013, more
fertilised than non-fertilised plants produced female flowers in 2014 (23.08%, 6/26 vs.
7.69%, 2/26), 2015 (80.77%, 21/26 vs. 46.15%, 12/26) and 2016 (100% 26/26 vs. 84.61%
22/26), whereas all plants from both treatment groups produced female flowers in 2017
and 2018 (Figure 1c—f).
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Figure 1. Features of Taxus baccata L. (a,b) and Juniperus communis L. (c—f) plants grown in fertilised
(a,c,e) and non-fertilised conditions (b,d,f) within the observation period.

2.1.2. Plants Morphology

For T. baccata, in 2016, fertilised plants were taller (F: 74.95 + 3.26 cm vs. NEF:
58.19 & 3.07, p = 0.001) and produced similar numbers of shoots (F: 40.85 & 3.38 vs. NF:
32.50 & 2.69, p = 0.102) but shoots were longer (F: 9.36 £ 0.48 cm vs. NF: 6.60 & 0.45 cm,
p < 0.001) when compared with non-fertilised plants. Fertiliser availability had also affected
main shoot diameter: fertilised plants were 11.93 £ 0.45 mm whereas non-fertilised were
9.12 £ 042 mm (p < 0.001).

For J. communis, in 2017, matured fertilised plants were taller (114.71 & 2.92 cm vs.
99.73 £2.92, p < 0.001); however, in 2018, there was no statistically significant differ-
ence in height between fertilised and non-fertilised plants (F: 130.10 &£ 4.13 cm and NF:
122.96 + 4.22, p = 0.238), but fertilised plants had larger diameter (F: 24.39 & 0.79 mm vs.
NF: 18.50 £ 0.79, p < 0.001) and had longer shoots (located in the middle of the main stem:
F:21.23 £ 1.28 vs. NF: 12.78 & 1.28, p < 0.001).

2.2. Quantitative Features of Female Plant Reproductive Response
2.2.1. Number of Generative Structures

In Taxus baccata, in total, fertilised plants produced 4879 strobili in March 2016,
of which 1843 were still present as developing ovules in June, resulting in a collection
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of 656 arils, whereas non-fertilised plants produced 1449 strobili, 868 ovules, and 517 arils.
The mean number of strobili (F: 203.29 4 20.35 vs. NF: 53.67 4 19.19, p < 0.001), the mean
number of ovules (F: 76.79 & 11.17 vs. NF: 32.15 £ 10.54, p = 0.005), but not the mean num-
ber of arils (F: 27.33 £ 4.14 vs. NF: 19.15 £ 3.90, p = 0.16) produced per plant were higher in
fertilised plants when compared with non-fertilised plants. Furthermore, fertilised plants
produced more female strobili (F: 30.50 &= 3.27 vs. NF: 9.84 + 3.08, p < 0.001) but similar
mean number of arils (F: 3.79 &= 0.57 vs. NF: 3.12 £ 0.54, p = 0.40) per 10 cm of total length
of the main shoot compared to non-fertilised plants.

In Juniperus communis, in total, fertilised plants on nine analysed twigs had 6967 strobili
in April 2017, 3137 of which were still present in July 2017 as developing cones, and resulted
in a collection of 2374 matured cones in August 2018, whereas non-fertilised plants pro-
duced 747 strobili, 423 developing cones, and 397 matured cones. The mean number of
strobili produced per 10 cm of twig (F: 13.27 = 1.13 vs. NF: 2.25 £ 0.36, p < 0.0001), as well
as the mean number of developing cones (F: 5.89 £ 0.36 vs. NF: 1.18 £ 0.31, p < 0.0001),
and the mean number of matured cones produced per 10 cm of twig (F: 4.39 £ 0.29 vs. NF:
1.18 £ 0.31, p < 0.0001), were higher in fertilised when compared with non-fertilised plants.

There was no correlation between the number of mature arils or mature cones and
plant height in fertilised plants of both species (Figure 2a,c); however, we observed
that in non-fertilised T. baccata, the number of mature arils increased with plant height
(y = —22.67 +0.7229x, R? = 0.424, p = 0.003, Figure 2a,b), whereas the opposite effect was
observed in . communis (y = —481 — 3.246x, R2 =0.475, p <0.001, Figure 2d).
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Figure 2. Number of Taxus baccata L. mature arils (a,b) and Juniperus communis L. mature cones
(c,d) in relation to plant height (cm) in plants grown in fertilised (green, a,c) and non-fertilised (red,
b,d) conditions.

2.2.2. The Efficiency of Seed Production

In T. baccata, nutritional availability affected seed production efficiency; therefore,
fertilised plants were characterised by a lower efficiency of female strobili developing into
ovules (F: 48.07 &£ 5.90% vs. NF: 62.39 £ 5.61%, p = 0.003) as well as lower efficiency of
ovules developing into arils (F: 45.91 &£ 5.84% vs. NF: 62.39 £ 5.51%, p = 0.046) and strobili
into arils (F: 17.48 & 3.80% vs. NF: 37.18 £ 3.58, p = 0.001) than non-fertilised plants.

In J. communis, nutritional availability affected the efficiency of seed production; thus,
fertilised plants were characterised by a lower efficiency of female strobili development
into developing cones (F: 60.24 + 4.22% vs. NF: 40.69 + 4.48%, p = 0.049) as well as into
matured cones (F: 37.85 £ 2.51% vs. NF: 57.11 & 2.97%, p = 0.001) than non-fertilised plants.
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2.2.3. Timing of Seed Maturation

In T. baccata, nutritional availability impacted the timing of seed maturation (Figure 3a).
Almost 90% of seeds produced by fertilised plants started to produce mature arils around
one month earlier compared to their non-fertilised counterparts in the analysed season.
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Figure 3. Percentage of mature (a) arils of Taxus baccata L. and (b) cones of Juniperus communis L.
collected over time from female plants grown in different nutritional conditions (F—fertilised plants,
green, NF—non-fertilised plants, red), concerning all collected generative structures.

In J. communis, too, nutritional availability impacted the timing of cone maturation
(Figure 3b). In 2018, approximately 50% of cones were matured in both groups in Au-
gust 2018; however, fertilised cones matured earlier; thus, in September 2018, 93.2%
(2212/2374) of fertilised cones were already mature compared to 88.4% (351/397) for
their non-fertilised counterparts.

2.3. Qualitative Features of Female Plant Reproductive Responses
2.3.1. Seed Weight and Size

In Taxus baccata, nutrient availability impacted the weight of the seed, as fertilised
plants produced heavier seeds (F: 55.55 £ 0.34 mg, range: 18.7-83.10 mg) compared to non-
fertilised plants (NF: 51.73 £ 0.36 mg, range: 15.60-75.40 mg, p < 0.001). Additionally, mor-
phological parameters such as curved seed length (F: 6.50 £ 0.014 mm, range: 5.32-7.66 mm
vs. NF: 6.30 &£ 0.022 mm, 4.53-7.86, p < 0.001) and curved seed width (F: 4.50 & 0.010 mm
vs. NF: 4.37 + 0.009 mm, p < 0.001) and projected seed area (F: 22.44 4 0.088 mm? vs. NF:
20.85 + 0.110 mm?, p < 0.001) were higher in seeds from fertilised plants.

In Juniperus communis, the weight of individual seeds ranged from 4 to 27.0 mg.
Fertiliser availability impacted the weight of the seeds, as fertilised plants produced heavier
seeds (F: 14.42 & 0.18 mg, range: 6.1-26.90 mg) compared to non-fertilised plants (NF:
13.25 & 0.16 mg, 4.0-21.10 mg, p < 0.001). Morphological parameters such as curved seed
length (F: 4.92 £ 0.03 mm, range: 2.53-6.26 mm vs. NF: 4.51 &+ 0.022 mm, 3.07-5.9, p < 0.001)
and projected seed area (F: 9.62 £ 0.089 mm? vs. NF: 8.57 + 0.074 mm?, p < 0.001) were
higher in seeds from fertilised plants; however, fertiliser availability did not impact curved
seed width (F: 2.68 £ 0.019 mm vs. NF: 2.65 £ 0.018 mm, p = 0.25).

We observed the impact of genotype (p < 0.001) and the interaction between genotype
and fertilisation treatment (p < 0.001) on the weight and morphological parameters of seeds,
and seeds from fertilised plants had higher mean values in each case. Correlations between
the weight and morphological features of seeds were observed in both species, regardless
of the treatment group (Figure 4a,b).
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2.3.2. Empty Seeds—Embryo Development

In 2017, in total 1903 mature cones were collected from J. communis plants. We observed
up to five seeds produced per cone; however, only one cone produced five seeds in F plants,
compared to none in NF plants. Furthermore, in F plants we observed 14 cones with four
seeds, but only one cone in NF plants. Fertiliser did not affect the mean number of seeds
per cone, thus the similar proportion of cones had three (F: 53.0% [901/1701] vs. NF: 54.10%
[106/196]), two (F: 36.4% [619/1701] vs. NF: 38.3% [75/196]) or one (F: [166/1701] vs. NF:
[14/196]) seed(s) in cones collected from plants from both treatment groups.

Seed viability was described for 973 seeds collected in 2017 using the X-ray method
(Figure 5a—d). Fertiliser availability did not affect the presence of embryo development
thus a similar ratio of seeds with a properly developed embryo was observed in both
treatment groups (F: 72.38% [401/554] vs. NF: 77.56% [325/419], p = 0.07). There was also a
similar proportion of empty seeds (F: 25.63% [142/554], NF: 23.43% [86/419], and seeds
with a non-properly developed embryo (F: 1.99% [11/554], NF: 1.91% [8/419]) in both
treatment groups.

(b)

(c)

Figure 5. Juniperus communis L. dry seeds were analysed using the X-ray method for assessing
viability. (a) X-ray film after analysis; (b) non-viable seed, with not properly developed embryo;
(c) viable seed, a properly developed embryo with undamaged seed coat; (d) empty seed, coat
without embryo.
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2.3.3. Macronutrient Contents and Carbon-to-Nitrogen Ratio in Seeds

In T. baccata, application of fertiliser did not affect C content (F: 60.27 £ 0.32 vs. NF:
59.62 £ 0.32% dry mass, p = 0.18), N content (F: 1.38 & 0.06 vs. NF: 1.30 = 0.06% dry mass,
p = 0.36) or C/N ratio (F: 44.28 £ 1.83 vs. NF: 46.07 & 1.83, p = 0.50) nor N/P ratio (F:
5.33 £ 0.29 vs. 5.27 £ 0.29, p > 0.5). Fertiliser availability did not affect concentration (g/kg)
of Mg (F: 1.596 + 0.099 vs. NF: 1.419 £ 0.099, p = 0.24) and P (F: 2.501 + 0.127 vs. NF:
2.495 £ 0.13, p = 0.97), but caused an increase of K (F: 2.750 £ 0.100 vs. NF: 2.374 4+ 0.100,
p = 0.028), and a decrease of Ca (F: 0.641 = 0.069 vs. NF: 0.882 & 0.689, p = 0.038) in fertilised
T. baccata seeds.

In J. communis, application of fertiliser did not affect C content (F: 51.44 & 0.25 vs. NF:
50.72 & 0.23% dry mass, p = 0.055), but resulted in an increase in N content (F: 2.19 & 0.06
vs. NF: 1.50 &= 0.05% dry mass, p < 0.001) and a decreased C/N ratio (F: 23.56 £ 0.93 vs. NF:
34.03 + 0.85, p < 0.001) as well as an increase of N/P ratio (F: 7.03 &£ 0.02 vs. 5.83 & 0.16,
p <0.001) in J. communis seeds. Fertiliser availability did not affect concentration (g/kg)
of Mg (F: 1.596 £ 0.099 vs. NF: 1.419 % 0.099, p = 0.24), but caused an increase in P (F:
3.222 £ 0.110 vs. NF: 2.548 4 0.110, p = 0.003) and K (F: 7.391 & 0.379 vs. NF: 5.517 + 0.379,
p =0.008), and a decrease in Ca (F: 2.452 + 0.583 vs. NF: 4.561 + 0.583, p = 0.033) in fertilised
J. communis seeds.

2.3.4. Metabolite Profile in Seeds

Seeds of fertilised and non-fertilised plants were randomly selected to investigate the
impact of the environment on metabolite profile in relation to seed quality. A nontargeted
metabolomics strategy GC/MC was used to detect primary metabolites. Stable intensities
were detected for the internal standards in each sample. Quality control (QC) samples
clustered together in the centre of the PCA scores. All of this suggests that the data ac-
quisition was reproducible and robust. Overall, we extracted 194 metabolites from the
matrix via GC-MS (Supplementary Table S1). We performed unsupervised PCA and Partial
Least Squares-Discriminant Analysis (PLS-DA) to determine the variations in metabolites
between different treatments individually for each species. PC1 and PC2 explained 55.6%
and in J. communis 57.4% of the total variation in T. baccata and |. communis, respectively,
and a clear separation between the treatment groups was observed only for |. communis
(Figure 6a,d). Analysis by PLS-DA explained approximately 50% of the total variation; how-
ever, the treatment groups were also separate (Figure 6b,e). To identify potential variables,
we screened the differential metabolites by comparing the fold change (—1.1 < FC > 1.1),
p-value (<0.05), and variable importance in projection (VIP) score (>1) of the metabolites in
each pair of comparisons (Table 1, Figure 6¢,f).

In T. baccata, we did not identify differential metabolites among the 194 present within
the sample. Only one metabolite, ribose-5-phosphate (p = 0.04), could be considered
significantly different (based on p-value), but it could not be classified as a differential
metabolite according to other values.

In J. communis, we identified 18 differential metabolites among the 194 present within
the sample (Table 1, Figures 6 and 7). Fertilised plants had a higher accumulation of some
metabolites (e.g., asparagine (dehydrated), pyroglutamic acid, L-aspartic acid, glucosamine,
L-serine, L-5-oxoproline) as well as a lower amount of others (e.g., erythrose, stearic acid)
(Supplementary Figures S1 and S2). Moreover, several pathways were impacted in fertilised
plant seeds (Figure 7b, Supplementary Table S2).
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Figure 6. Results of the metabolome data analysis. (a,d) Principal Component Analysis scores—
plot between the selected Principal Components (PC), and (b,e) Partial Least Squares-Discriminant
Analysis (PLS-DA)—plot between the selected Principal Components (PC) showing separation
between fertilised and non-fertilised dry seeds collected from Taxus baccata L. and Juniperus communis
L. plants, grown in fertilised (green) and non-fertilised (red) conditions. The explained variances are
shown in brackets; (c,f) VIP scores showing the top 20 important metabolites that contribute the most
to the PLS-DA plots of seeds. Colours in the variable importance in projection plot represent relative
intensities, where red and blue symbolise higher and lower values, respectively.



Int. . Mol. Sci. 2022, 23, 3187 11 0f 25

Table 1. Differential metabolites between Juniperus communis L. seeds produced by plants grown in
fertilised (F) and non-fertilised (NF) conditions.

Compound Log2 (FC F/NF) ! p-Value VIP Value 2
Asparagine (-dehydrated) 4.54 0.016 1.608
Pyroglutamic acid 4.04 0.016 1.611
L-Aspartic acid 3.61 0.045 1.493
Glucosamine 3.46 0.010 1.643
L-Serine 3.24 0.014 1.623
L-5-Oxoproline 2.89 0.026 1.579
Trans-4-Hydroxy-L-proline 2.70 0.027 1.553
Phenylalanine 2.50 0.027 1.581
N-a-Acetyl lysine 2.03 0.040 1.512
Xylose —1.03 0.041 1.507
4-Hydroxybenzoic acid —1.21 0.009 1.646
Sucrose —1.28 0.033 1.532
D-(—)-Ribose —1.40 0.041 1.504
4-Hydroxyphenylacetic acid —1.44 0.009 1.652
Stearic acid —2.03 0.027 1.555
D-Lyxose —-2.23 0.027 1.554
D-(—)-Arabinose —2.24 0.027 1.560
Erythrose —2.95 0.032 1.539

1 Fold change of different metabolites between F and NF dry seeds is reported as Log2 (FC F/NF). ? VIP value—
weighted sum of squares of the PLS weight, which indicates the importance of the variable to the whole model.
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Figure 7. Results of the metabolome data analysis of dry seeds collected from Juniperus communis
L. plants grown in fertilised (green) and non-fertilised (red) conditions. (a) The clustering result is
shown as a heatmap (distance measure using correlation, and clustering algorithm using ward.D);
colours represent metabolite relative intensities with red and green symbolising the highest and
lowest values, respectively. (b) Metabolic pathway analysis plot created using MetaboAnalyst. Plot
depicts several metabolic pathway alternations induced by long-term fertiliser availability. The x-axis
represents the pathway impact value computed from pathway topological analysis, and the y-axis is
the —log of the p-value obtained from pathway enrichment analysis. The pathways that were most
significantly changed are characterised by both a high —log(p) value and a high impact value (top
right region).
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3. Discussion

Five interesting insights can be derived from our study. First, the response of repro-
ductive output to the changed environment (higher nutritional availability) did not differ
between species according to their life history, resulted in more numerous production of
female reproductive structures, and was accompanied by higher vegetative growth. Sec-
ond, the higher productivity of female flowers (strobili) was accompanied by a higher total
number of seeds, but also by a lower efficiency of seed production. Third, the environment
impacted both production (seed-set and fruit-set) and quality of seeds; thus, fewer seeds
produced by plants did not mean a higher seed mass. Fourth, species life history is related
to the reproductive response to fertilisation of dioecious woody plants. Fifth, environment
rather than genotype impacted the timing of plant and seed maturation, and plants can
enhance seed quality by increasing the time needed for seeds to mature.

The life cycle of flowering plants can be considered as a succession of distinct growth
phases (e.g., vegetative and reproductive phases) that are triggered and modulated by both
environmental and endogenous stimuli, and are under the control of a complex genetic
network [45]. Juvenile-to-adult phase transition indicates that the plant has acquired repro-
ductive competence. Moreover, the principle of allocations suggests that increased nutrient
allocation to reproduction will result in costs such as reduced growth and survival [2]. We
observed that the fertilised plants had allocated available resources for vegetative growth;
thus, fertilised plants of both species were taller, had a wider diameter of the main shoot,
and had longer branches than non-fertilised ones. Resource availability impacted the time
of plant maturity; thus, a higher proportion of fertilised plants reached sexual maturity ear-
lier and produced strobili in both species. However, this phenomenon was more noticeable
in the case of the pioneer species J. communis. The proportion of mature plants was approxi-
mately twice that of non-matured ones. This is true especially for pioneer species, because a
plant that reproduces early would succeed in the colonisation of new habitats if individuals
produce offspring before their accidental death [46]. Fertilised plants of T. baccata produced
a higher mean number of strobili (4 x higher) and ovules (2 x), but a similar number of arils
per plant (F: 27 vs. NF: 19); however, fertilised . communis plants were characterised by a
higher number of strobili (6 x), developing cones (5x), and matured cones produced per
10 cm of branches (3.7 x) compared to non-fertilised ones. Our results are framed within the
theory of costs of reproduction, thus there is a trade-off at the physiological level of resource
allocation to vegetative growth, reproduction, or defence [2] (Figure 8). These point to
the presence of different strategies for resource allocation in T. baccata and J. communis.
Non-fertilised individuals of a T. baccata allocated more to reproduction, such that only
two times fewer mature arils were accompanied by a ~40% decrease of vegetative growth,
whereas pioneer J. communis produced five times fewer cones, accompanied by only a 30%
decrease in vegetative growth. These differences can also result from the different times
needed for seed development in the two species [26,35].
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Seeds are “genetic time capsules” provided by the mother plant and assigned to
ensure plant fitness. Upon fertilisation, seed development and maturation are fundamental
processes controlled by the genetic make-up of the mother plant, but also influenced by the
environment it experiences. Therefore, the main female plant function is to produce seeds
that will be able to germinate and produce viable seedlings, so that both the quantity and
the quality of seeds should be examined simultaneously. In our study, fertilisation increased
the total number of seeds, and thus more cones were produced by fertilised plants of both
species. Moreover, fertilisation did not affect the mean number of seeds produced per cone
for J. communis as well as embryo development; thus, a similar proportion of properly
developed embryos was noted during X-ray scanning in both treatment groups (~70%). Our
results are in agreement with the results of a long-term N fertilisation study related to the
reproductive ecology of red oaks, in which N addition also increased acorn production (up
to nine-fold) [43]. However, when success in seed production was taken into account in our
study, fertilised plants of both species lost the competition with non-fertilised plants. Non-
fertilised plants were characterised by a higher ratio of strobili that developed into seeds.
Plants commonly produce more ovules than seeds, and environmental conditions as well as
pollen availability can alter the reproductive success of plants by ovule attrition [44]. Taking
this into consideration, we kept plants in the same environmental conditions and kept
female plants close to male plants (in a 1:1 ratio) to ensure a high probability of pollination
and fertilisation. This suggests that, although in a rich environment, female plants invest
more into production of numerous flowers, while the efficiency of seed development and
seed production is related to factors other than just nutritional availability and pollen
availability [47]. Moreover, our earlier studies showed that fertilised female plants of both
species are characterised by higher photosynthetic activity [38,48] and higher biomass [39]
than their non-fertilised counterparts. These observations indicate that the allocation
of plant resources to seed production is a reasonable/controlled investment of resource
allocation; thus, in a non-fertilised environment, when the plant has already invested part
of the available resource for female reproductive structure development, the necessary
resources were provided by the plant (at the cost of vegetative growth or resource allocation)
to ensure development of seeds [47]. All of the above suggests that plants have evolved
mechanisms of compensation of cost of reproduction, and this mechanism can be switched
on after flower production but before embryo/seed development, and results in abortion
of female reproductive structures just shortly before or after ovule fertilisation.

Seed size is described as a potential quality marker of seedling vigour; thus, heavier
seeds are often used for seedling production [49], although this is not always the case [50].
Moreover, it is assumed that when resources are scarce, plants produce heavier seeds [51];
however, both increases and decreases in seed mass have been observed under stressful
conditions [5]. In our study, female fertilised plants produced more seeds that were
heavier and bigger than non-fertilised counterparts. However, inconsistency within the
data distribution of seeds” morphometric features and a shift between fertilised and non-
fertilised plants was observed; thus, longer seeds were frequently observed in fertilised
T. baccata (3.1%), whereas in J. communis, longer seeds were produced by non-fertilised
plants (8.6%). We observed an increase in seed weight in fertilised conditions (T. baccata—by
7.38%, ]. communis—by 8.8%) although numerous seeds were produced. However, it is
hard to compare the obtained results with other studies because similar previous research
was done mostly on annual and perennial plants, not woody plants [21]. N addition in
the maternal environment increased seed production of Potentilla tanacetifolia by 148%;
however, it significantly decreased seed weight at the same time. Our studies are in
agreement with those performed on Pinus pinaster seeds [5], where seed weight similarly
decreased as the environmental conditions became more stressful. Although heavier seeds
potentially equate with more resources available to seedlings, heavier seeds of English
yew do not always germinate better, and produce seedlings with better vigour than lighter
ones. Additionally, as previously suggested, heavier seeds may contain an inhibitor of
seed germination [52]. Recent studies also show that there is a problem of germinability
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of |. communis in which efficiency of seed germination is very low, but there is lack of
information regarding seed weight or size [53,54].

Fertilisation did not impact C, N, Mg, and P contents or C/N ratio in T. baccata plants;
however, in the pioneer species |. communis, an increase in N (by 60%) and P (by 30%)
content as well as a decrease in C/N ratio (by 44%) was observed, but C and Mg contents
did not change. Moreover, higher nutritional availability, in the same manner, shifts the
content of K (increase) and Ca (decrease) in T. baccata and J. communis seeds. Higher doses
of fertiliser could lead to an increase in soil acidification and, thus, a lower uptake of Ca
from the soil was observed. However, soil acidification should also be related to a decrease
in K, P and Mg [12], which was not true in our studies.

Recent studies have shown a negative effect of climate warming and atmospheric
deposition on the viability of J. communis, which is also related to impacts on the nutrient
status of the plant [26,55]. In these studies, the C/N ratio ranged between 23.88 and
61.38 in needles. Additionally, our previously published data showed that fertilisation
affected the C/N ratio in needles, with fertilised females having a C/N ratio that was
half that of non-fertilised plants [41]. ]. communis are characterised by different C/N
ratios between needles and seeds; thus, fertilised plants produced seeds with a higher
C/N ratio compared to needles, whereas non-fertilised had a lower C/N ratio. Moreover,
differences in resource availability did not result into changes of the metabolite profile of
T. baccata seeds; however, some of the metabolites were down-regulated and some were
up-regulated in seeds of J. communis. Fertilised ]. communis plants allocate N resources
mainly to amino acids; thus, an at least two-fold increase in asparagine, aspartate, lysine,
phenylalanine, serine and proline was observed. Moreover, we also observed decreases
in many monosaccharides in seeds from fertilised plants. Both an increase of amino
acids and the decrease of carbohydrates are related to N metabolism; thus, carbohydrates
provide a carbon skeleton and energy for N assimilation [56,57]. Moreover, a decrease of
erythrose can point to an increase in aromatic amino acids synthesised via the shikimate
pathway [58]. High contents of N and other macronutrients as well as high levels of N
compounds, together with the high level of proline in seeds, point to the mechanism of
plant detoxification and /or N storage in seeds. N allocated in seeds can be further used
during seed germination and seedling growth [59], which could enhance seedling growth
of a pioneer species in poor environments and soil conditions.

Growth, defence, and reproduction are linked together by a constraining relationship,
and plants need to allocate available resources by compromising between those three main
life history traits [60]. In dioecious plants, many previous reports point to sexual spatial
segregation of both sexes [25,61], which is related to a higher cost of reproduction of female
compared to male plants [2]. Thus, males produce generative structures and pollen grains,
whereas females not only produce flowers, but also invest in the developing embryos, pro-
viding them with reserves and producing features needed for seed dispersal [2]. Therefore,
female plants allocate their resources into vegetative growth, defence, and reproduction;
however, female individuals of long-lived plant species have to compensate for all those
costs not only once per year, but also between years [62—-64]. Different reproductive costs
are the main cause of sexual secondary dimorphism, which was previously observed in
dioecious species [65,66]. This suggests that females of woody plants evolved mechanisms
of efficient allocation of available resources for reproduction, that allows them in (or restricts
them to) habitats where they can best meet the higher cost of reproduction [2]. Therefore,
both seed quantity and quality, related to the fitness of each offspring, are important traits
of the reproductive response of female plants. One of the most fundamental life history
trade-offs is between the size and the number of offspring produced by individuals. Accord-
ing to the first model of resource allocation, the optimal investment per offspring depends
on the relationship between the amount of investment per offspring and offspring fitness.
The authors have concluded that the optimal investment per offspring was independent
of the size of the resource pool available for investment in the offspring [67]. However,
plants invest in not only one but many different resources in seeds, and therefore, seed
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quantity and quality may be influenced by more than one resource. This was inserted
into the multiple resources model, where the optimal balance between size and number of
offspring, which predicts that the optimal allocation will depend on the pool of available
resources [68] and growth conditions [69]. According to the resource allocation theory,
resources directed toward reproduction should balance the cost related to the number of
seeds produced as well as their quality. The optimal size of seeds is related to the optimal
allocation of C and N, which translates into an appropriate C/N ratio in the seeds produced
and appropriate seedling fitness. According to the model, the optimal seed mass C alloca-
tion is positively related to the C/N ratio, because the optimal carbon-based compounds
increase as C/N ratio increases. The optimal investment of N-based compounds, absolute
seed N content, is negatively correlated with the C/N ratio [68]. Therefore, with the optimal
C/N ratio, the C and N contents in seeds should be stable and ensure optimal carbon-
based energy storage compounds, carbohydrates and lipids, as well as optimal levels of
N-based compounds, proteins and amino acids [68]. All changes in C and N content will
be related to changes in seed weight. The life history of the analysed species also points
to different responses to environmental resources; juniper as a pioneer of N-poor habitats
had a strategy for long-term N-storage by females, but T. baccata, preferring richer, late
successional habitats, did not show such an adaptation [7]. These differences between rich-
and poor-habitat species confirmed that J. communis has different strategies of resource
management from those of T. baccata. Differentiated N, P and K contents between treatment
groups of J. communis, but not T. baccata, confirm different strategies of resource storage and
use by female plants, which is in line with other studies [41,70]. Further studies are needed
to describe the impacts of the nutritional status of maternal plants on seed germination and
seedling vigour in relation to different markers of seed quality.

4. Materials and Methods
4.1. Species Studied

We focused our study on female plants of two dioecious species: Taxus baccata L.
and Juniperus communis L. var. communis. These species are dioecious, wind-pollinated
coniferous shrubs or trees [35,36]. They are characterised by different habitats: T. baccata
can grow typically on humus and base-rich soils [71], whereas |. communis is a typical shrub
species of poor soil and harsh environments [72].

Macrostrobili (female reproductive organs, female flowers) of T. baccata are 1.5-2.0 mm
long, located singly or in pairs in leaf axils on the underside of shoots, not forming cones,
with a single ovule. From our observation in Poland female strobili develop from late
summer/early autumn of the year before fertilisation, then pollination occurs in March-
April the next year, followed by fertilisation approximately in June/July, and mature seeds
can be collected during late spring—autumn. Seeds are ovoid, smooth and shiny, brown-
yellow, 6-7 x 5 mm at maturity, with a tough seed coat, partly surrounded by a fleshy red
aril, typically 9 x 7 mm which falls with the seed at maturity, with ‘fruit’ ripening in the
first year (after [35]).

Macrostrobili of J. communis are approximately 2 mm and green when young, 5-10 mm
and globose or rather longer than broad, surrounded at the base by minute scale-like bracts,
persisting when mature. A true cone, although the 3-16 scales do not become hard and
woody but remain fleshy, is fused and berry-like, and black with a blue bloom when ripe.
Seeds are elongated, not winged, ovoid, three cornered, and with grooves and resin pockets
over the whole seed, one seed per cone-scale 1-3 (max. 6) seeds per cone, each 4-5 mm
long, embedded in the resinous, mealy pulp and retained within the cone for dispersal.
Female cones ripen during the second or third year [36].

4.2. Experimental Design

The experiment was conducted at the Institute of Dendrology of the Polish Academy of
Sciences in Kérnik, Poland. Rooted shoots (50) of 10 female trees of both species were used
in the experiment. Plants were produced as described in previous publications [24,25,40].
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The experiment was conducted on plants grown under two levels of nutrient conditions
since half of the plants received an application of fertiliser each year from March 2013
to 2017. Osmocote Exact 5-6 M (ICL, Tel Aviv, Israel) fertiliser was applied at the rec-
ommended dose of 6 g/L and the fertilised plants received 0.75 g N (N-NO3;—0.33 g,
N-NHy;—0.42 g), 0.45 g P,0Os5, 0.6 g K,0O, 0.125 g MgO, and microelements (22.5 mg Fe,
3.0 mg Mn, 1.0 mg B, 2.5 mg Cu, 1.0 mg Mo, 0.75 mg Zn) per litre of soil. The control group
of non-fertilised plants was grown without the use of any fertiliser or other supplements.

Each pot was irrigated separately with an automatic irrigation system. As fertilisation
increases the growth of the plant and is related to water availability, plants from both
groups were irrigated with different amounts of water; thus, fertilised plants got 1.25x the
volume of water as non-fertilised plants during irrigation, and plants were watered to keep
a medium level of soil moisture during the whole vegetation season. In March 2013, rooted
cuttings of both species were placed in five-litre pots and then transferred to ten-litre pots
in May 2016. This transfer was done to minimise the negative effect of pot size on plant
growth [46].

Female plants from both species (T. baccata L. [n = 50] and J. communis [n = 52]) without
any visible signs of flowering were randomly selected and tagged from each of the two
groups in March 2013, and subsequently monitored for the presence of female flowers
and seed development. An equal number of plants from the fertilised and non-fertilised
groups and derived from the same parental material were used in the analysis. In 2015, six
individuals of T. baccata were removed from the fertilised group as they were injured by an
early frost. Plants were grown in the presence of male plants of both species to increase the
probability of pollination.

Weather and soil conditions: During the study, measurements of air temperature were
recorded each hour using four EL-USB-2+ data loggers (EasyLog, Inc., Salisbury, UK) and
the amount of precipitation was recorded three times per day (at 6 a.m., 12 a.m., and 6 p.m.).
Monthly maximum and minimum values of air temperature and the sum of precipitation
during the period of seed development were similar to long-term averages in this region of
Poland (Figure 9).

The main soil in pots used at the beginning of the experiments contained following con-
centrations (in g/kg) of elements for T. baccata and |. communis: 36.0 £ 0.9 total C, 2.0 £ 0.4
total N, 0.3 £ 0.06 total P, 0.46 £ 0.05 total Ca, 0.84 £ 0.13 Mg, and 250.0 £ 25.0 mg/kg
Na. Soil samples were analysed by JARS S.A. (Mystowice, Poland) according to the Polish
Committee for Standardization (analysed PKN, 2012, 2009, 2002).

In September 2016, T. baccata soil samples were collected from randomly chosen pots
of non-fertilised and fertilised plants and their chemical composition was analysed. Soil
of fertilised (F) and non-fertilised (NF) plants contained the following concentration (in
g/kg) of the elements, respectively: total C (F: 35.7 & 2.0 and NF: 34.7 £ 2.0), total N
(F: 1.8 + 0.15 and NF: 1.4 + 0.07), C:N ratio (F: 19.4 and NF: 24.2), total P (F: 0.30 + 0.01
and NF: 0.11 + 0.01), total Ca (F: 0.51 £ 0.02 and NF: 0.55 £+ 0.01), Mg (F: 0.33 &+ 0.04
and NF: 0.26 & 0.01), and Na (mg/kg, F: 261.00 & 18.4 and NF: 286.3 & 8.7). Whereas,
J. communis soil samples from randomly chosen pots of non-fertilised and fertilised plants
were collected in September 2017. Soil of fertilised (F) and non-fertilised (NF) plants
contained the following concentration (in g/kg) of the elements, respectively: total C (F:
40.4 £ 1.2 and NF: 42.3 4+ 0.7), total N (F: 1.8 £ 0.12 and NF: 1.7 4 0.06), C:N ratio (F: 22.4
and NF: 25.1), total P (F: 0.39 & 0.05 and NF: 0.15 £ 0.02), total Ca (F: 0.69 £ 0.02 and NF:
0.53 £ 0.06), Mg (F: 0.38 £ 0.04 and NF: 0.33 £ 0.02), and Na (mg/kg, F: 303.67 & 3.84 and
NF: 257.7 4+ 10.6).
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Figure 9. Meteorological conditions during the period of seed development. (a) Monthly maximum
(red) and minimum (green) mean values of air temperature (°C). (b) Monthly mean of the total
precipitation (mm).

4.3. Plant Morphology and Sexual Maturity

Each year, the growth of female plants was monitored. Plant growth was measured in
December, after annual growth had stopped. Measurements were taken from the top of
the soil to the top of the growth meristem. Moreover, each plant was characterised by the
diameter of the main shoot measured with an electronic vernier caliper (Aimometer) at the
end of the experiment (T. baccata in 2016 and |. communis in 2018).

Plants were observed from 2013 through 2016 (T. baccata) or 2017 (J. communis). Flow-
ering of T. baccata plants occurs in Poland in March each year, and at this time plants were
described by the presence or absence of female flowers, and all branches were checked.
Similarly, we observed the presence or absence of female flowers in J. communis; however,
these plants were monitored in late spring, as flowering of . communis female plants in
Poland occurs at the end of April though into the beginning of May. This was repeated
in summer, due to the high probability of miscounting lateral growth meristem instead
of female flowers during flowering time when counting directly on the shoots without
a microscope. It should be emphasised that in J. communis the mature seed develops
mostly within a three-year cycle [37]; initiation of reproductive buds starts in autumn,
pollination and pollen germination take place the next spring, and subsequently the female
gametophyte starts to develop, followed by fertilisation and ripening of the embryo and
megagametophyte; then, finally, the embryo is mature and ready for dispersal mostly in
the third year. Because of this, plants that in May/June 2016 were characterised by the
presence of at least one developing female gametophyte were classified as being already
sexually mature in 2015. Each year, the ratio of sexually mature individuals was calculated
as the number of individuals with the presence of cones as a proportion of the number of
all individuals.
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4.4. Quantitative and Qualitative Features of Female Plant Reproduction
4.4.1. Number of Female Flowers and Matured Arils/Cones

The efficiency of reproductive efforts of T. baccata female plants was expressed by the
number of female strobili produced and noted in 2016; thus, we observed some losses
of the mature arils caused by animal activity in 2015. For this purpose, we counted the
number of ovules in March 2016, the number of developing arils in June 2016, and the
number of collected mature arils in 2016. Moreover, the number and length of all main
branches as well as the total height of the plants from ground level to the apical meristem
were measured in September 2016.

In J. communis, the observation was made within two seed development cycles: the first
between 2015 and 2017, and the second between 2016 and 2018. Within the first cycle, we
counted all female strobili/initiated cones present on the branches in June 2016 and all
matured cones in September 2017; however, within the second cycle, due to the tall crowns
of fertilised plants, we selected and marked three branches at three levels of the plant’s
main shoot (1 /3,1/, and 3 /4 of total plant height). At the end of April 2017, we counted
all flowers present on the branches and divided them into two groups according to size
and colour, as follows: improperly developed (small and yellowish with brown sac-like
structure) and properly developed (bigger green cones with signs of female gametophyte
development). We counted the number of developing cones monthly from April 2017 to
September 2017 and from March 2018 to December 2018. The quality of collected cones was
described by the presence or absence of damage done by predators or fungi, in accordance
with McCartan and Gosling [73]. Moreover, we measured the total height of the plants from
ground level to the apical meristem in September 2016 and September 2017. In 2018, each
plant was characterised by the diameter of the main shoot measured with an electronic
Vernier calliper (Aimometer), the length of selected branches, and the total height of the
plants from the level of the ground to the apical meristem.

4.4.2. Seed Production and Timing of Arils/Cones Maturation

T. baccata seeds were collected in 2016. The mature aril of T. baccata produces one
seed; therefore, the number of mature arils equals the number of collected seeds. In 2016,
all mature arils present on the T. baccata plants were separately collected in approximately
one-week intervals from July to November 2016. Collected arils were stored at 4 °C and
seeds were collected from them within two weeks. The timing of aril maturation was
described as a percentage of the number of mature arils collected at a given sampling time
in relation to the number of all collected arils.

J. communis seed production was described for 2017 and 2018. Mature cones of
J. communis can have between one and six seeds, and the number of cones does not equal
the number of seeds; therefore, we counted the number of seeds per individual cone from
all cones collected in 2017 and from 30 cones per plant in 2018, and the mean number of
seeds per cone was used to estimate the total number of seeds collected from plants in 2018.
In J. communis, not all non-fertilised plants were sexually mature in 2015; thus, the time of
maturation of J. communis cones was described on the basis of observation of female flowers
produced in 2016, pollinated in 2017 and matured cones in 2018. Cones were classified
as mature in accordance with McCartan and Gosling [73] and collected in approximately
one-week intervals from July to December 2018. Collected cones were stored in room
temperature and seeds were collected from them within two weeks. Similarly, timing of
cone maturation was described as a percentage of number of mature cones collected within
the sampling point in relation to number of all collected cones.

4.4.3. Seed Weight and Morphometrics

To characterise the seed weight of T. baccata and J. communis, all seeds collected from
the same maternal line were pooled together within the treatment group. Seeds were air
dried, and when they contained approximately 10% water content, they were individually
weighed. Each seed extracted from T. baccata matured arils (in 2016) and from J. communis
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matured cones (in 2017) was individually weighted. After weighing, they were individually
analysed using WInSEEDLE™ Analysis system for seeds (Regent Instrument, Québec, QC,
Canada). Therefore, each seed was characterised by the following features: seed mass,
projected area, curved length, curved width, and curvature.

4.4.4. Embryo Development

J. communis L., but not T. baccata L., is characterised by production of numerous empty
seeds; therefore, we analysed the viability of seeds described by the presence of an embryo
only within the J. communis seeds and assumed that all T. baccata seeds contained an embryo.
We selected 977 seeds (557 fertilised and 420 non-fertilised) from all seeds of |. communis
collected in 2017 and analysed them with X-ray. X-ray scanning was performed in Le$ny
Bank Genéw Kostrzyca, Mitkow, Poland, in accordance with Zateski et al. [74]. Seeds were
proceessed individually and information regarding their treatment group and maternal
tree were recorded. The viability of seeds was determined via the X-ray method without
contrast using the FAXITRON-RAY Systems 43588A X-ray machine. Seeds were classified
according to embryo development into three classes: (1) not viable (improperly developed
embryo, Figure 5b), (2) viable (properly developed embryos with undamaged seed coat,
Figure 5c), and (3) empty (lack of embryo, Figure 5d) seeds.

4.4.5. Macronutrients Analysis and Carbon-to-Nitrogen Ratio

Dry seeds collected from 10 plants of both species grown in fertilised and non-fertilised
conditions were used to determine the C/N ratio (1 = 40). Dry ground seeds (4 mg) were
analysed separately from individual samples. C and N content (% of dry mass) was
determined using an elementary analyser (CHNS-/2400 Series II (PerkinElmer, Waltham,
MA, USA). The percentage of P, K, Ca, and Mg in the samples was determined using an
inductively coupled plasma time-of-flight mass spectroscope (ICP-TOF-MS; GBC Scientific
Equipment; Braeside, Australia). Prior to analysis, samples were mineralised in nitric acid.
Calibration was conducted by the external standard method according to the standard
PN-EN ISO 11885:2009 [75].

4.4.6. Metabolites

Recently published extraction protocols [76,77] were followed for preparing samples
for GC-MS analysis. Briefly, the seed sample (200 mg) was weighed and ground into fine
powders in liquid nitrogen. Next, 1 mL of ice-cold methanol: chloroform solution (3:1, v:v)
was added. Samples were then vortexed at 6000 rpm for 15 s (repeated three times), after
that, samples were centrifuged at 15,000 x g for 10 min, and 300 pL of the supernatant from
each sample was transferred to a new vial and vacuum-dried at room temperature.

For derivatisation, 80 uL of 20 mg/mL methoxyamine hydrochloride (dissolved in pyri-
dine) was added to the vial, and the samples were then transferred into an oven and incubated
at 37 °C for 1.5 h. Then, 80 pL of MSTFA (N-methyl-N-(trimethylsilyl)trifluoroacetamide)
was added, followed by incubation at 37 °C for 1 h. Supernatants of all samples were
mixed, vacuum-dried, and derivatised in the same manner to prepare QC samples. 1 uL
of the derived extract from each sample was analysed using a TRACE 1310 GC oven
with TSQ8000 triplequad MS from Thermo Scientific (Waltham, MA, USA) coupled with a
DB-5MS capillary column (30 m x 0.25 mm X 0.25 pm, J&W Scientific, Fossen, CA, USA).
Chromatographic separation conditions in gradient mode were kept as follows: 70 °C
for 2 min, followed by 10 °C/min up to 300 °C, then 300 °C for 10 min. A PTV injector
was used for sample injection with a temperature gradient from 40 to 250 °C, the column
interface was maintained at 250 °C and the source temperature at 250 °C. The ion source
was operated in the m/z range of 50-850 in EI positive mode, the electron energy was set to
70 eV and the carrier gas (He) flow rate was 1.2 mL/min. The mixture of Supelco C7-C40
saturated alkanes standard was run prior to the samples to calculate the retention index of
each feature. The QC samples were run at the start, middle, and end of the analysis (every
5 samples).



Int. J. Mol. Sci. 2022, 23, 3187

21 of 25

Raw MS-data were converted to abf format and analysed using MSDial software
package v. 3.96. To eliminate the retention time (Rt) shift and to determine the retention
indices (RI) for each compound, the alkane series mixture (C-10 to C-36) was injected
into the GC/MS system. Identified artifacts (alkanes, column bleed, plasticisers, MSTFA,
and reagents) were excluded from further analyses. Obtained normalised (using the total
ion current (TIC) approach and LOWESS algorithm) results were then exported to Excel
for pre-formatting and then used for statistical analyses. Analyses were performed by the
Laboratory of Mass Spectrometry, Institute of Bioorganic Chemistry, Polish Academy of
Sciences, Poznan, Poland.

Then, a data matrix containing feature name (identified compound name), sample infor-
mation (four biological replicates per sample), and relative abundance (calculated by peak
area) was prepared and submitted to MetaboAnalyst (https://www.metaboanalyst.ca/,
accessed on 18 September 2021). After this, the data matrix was performed using three
categories of normalisation, including normalisation by median square root data transfor-
mation and auto-scaling via the embedded algorithm of the online data analysis software
MetaboAnalyst. The differential metabolites were screened by parameters including fold
change FC > 12.01, VIP value > 1, and p-value < 0.05. Then, these candidates were marked
for pathway identification to explore their biological roles during seed germination.

4.5. Statistical Analysis

All data collected for T. baccata and J. communis plants were analysed separately for
the species.

Data describing plant morphology were subjected to an analysis of variance (ANOVA)
for height and diameter, as well as for the number of female generative structures (flow-
ers/arils/ovules/cones), with the fertilisation treatment and genotype as fixed effects and
individual plants as a random effect. Correlations between the number of female generative
structures produced per 1 cm plant height were also analysed by the fertilisation treatment.

We described female reproductive effort by quantitative and qualitative parameters.
We used the following quantitative parameters to describe the reproductive effort of female
plants: (1) mean number of female strobili produced per 1 cm of main shoot height, (2) mean
number of matured arils/cones produced per 1 cm of main shoot height, (3) mean number
of matured arils/cones produced per 10 cm of branch length, percentage of developing
arils/cones in relation to (4) the number of produced female flowers, and (5) the number
of flowers produced, as well as (6) mean number of seeds produced per 1 cm of the main
shoot height and (7) seed mass produced per 1 cm of the main shoot height measured at
time of seed collection. As quantitative parameters, we used seed mass, seed morphometric
parameters, and presence of an embryo as well as N, C and C/N ratio, and metabolite
profile. Data describing efficiency of seed production were tested using Student’s t-test after
data were arcsine transformed or chi-square tests for independent data. Data describing
the parameters of seed mass and morphology (seed curved length (SL), seed curved width
(SW) and seed projected area) were statistically analysed using ANOVA, with genotype
and fertilisation treatment as fixed effects.

In addition, data describing metabolome activity were analysed with ANOVA. Data
obtained from the analysis of C/N ratios in seeds were transformed by arcsine and then
subsequently analysed with a Student’s f-test. Correlations between seed parameters were
run using algorithms in R (www.r-project.org, accessed on 16 September 2021) applying
the R studio interface and the ggpairs function from the GGally package [78]. The line plots
and bar plots were generated using the ggplot2 package [79].

Data obtained from GC-MS descriptions of seeds metabolites were also analysed
via Principal Component Analysis, and correlation and pattern analyses were done us-
ing MetaboAnalyst 2.0, a comprehensive tool suite for metabolomic data analysis (http:
/ /metaboanalyst.ca/, accessed on 18 September 2021; [80]), following data logg transfor-
mation and scaling manipulations.
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All presented data represent the mean =+ standard error (1 SE). Means were considered
significantly different at p < 0.05.

5. Conclusions

Although our results come from pot experiments and only from two woody species,
they provide some evidence that future changes in atmospheric deposition and future soil
composition of N, P and other macroelements could influence seed number, size and quality.
By using vegetative-produced plants of species with two different life-histories—T. baccata
as a model plant of rich environments and J. communis as a model of a pioneer species—we
showed different patterns of resource allocation in seeds and different impacts of macronu-
trient deposition in soil on the plants’ reproductive responses. In a rich environment,
T. baccata and |. communis plants produced numerous seeds with higher seed mass; how-
ever, fertilised T. baccata plants had similar proportions of C and N amounts, C/N ratio, and
P and Mg amounts as well as profile of metabolites, whereas fertilised J. communis plants
had higher proportion of C, N, P and K content, lower C/N ratio, and different profiles for
18 metabolites when compared with their non-fertilised counterparts. We observed that by
increasing the investment of time into seed development, T. baccata plants in low-nutrient
environment could produce the same quality of seeds as fertilised plants. Moreover, we
showed that resource availability within the maternal environment is an important factor
that affected the reproductive potential of female plants in long-lived woody species. These
results suggest that seed size is not a seed-neutral feature, and together with C/N ratio and
metabolite profile can be used as marker of seed quality.
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