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Abstract: In the present study, we examined the utility of proline usage as a biochemical indicator of
metabolicchangescausedbyclimatechange(meantemperatureandprecipitation)duringseeddevelopment
of two Acer species differing in desiccation tolerance: Norway maple (Acer platanoides L.—desiccation
tolerant—orthodox) and sycamore (Acer pseudoplatanus L.—desiccation sensitive—recalcitrant). In plants,
proline is an element of the antioxidant system, which has a role in response to water loss and high
temperatures. Our study considered whether proline could be treated as an indicator of tree seed viability,
crucial for genetic resources conservation. Proline content was measured biweekly in developing seeds
(between 11 and 23 weeks after flowering) collected in consecutive years (2017, 2018, and 2019). We showed
that proline concentrations in recalcitrant seeds were positively correlated with mean two-week temperature.
In contrast, in orthodox seeds no such relationship was found. Proline content proved to be sensitive to
thermal-moisture conditions changes, which makes it a promising biochemical marker of seed desiccation
tolerance in different climatic conditions.
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1. Introduction

The process of seed development occurs in several different stages, such as the development of
seed tissues, storage reserve accumulation, and maturation drying [1]. The seed is a very important
phase in the plant life cycle, and seeds, similar to other plant organs, deteriorate under unfavorable
conditions, such as water deficits, excessive heat or cold, and salinity [2,3]. The regulatory redox
signaling network in plant cells detects every metabolic imbalance and modulates a response, which
results in quick adaptation to the rapidly changing environmental conditions and production of
high-quality seeds [4]. Previous experiments indicate that redox-state regulation takes place during
seed development and can be closely linked with maintenance of seed viability during long-term
storage [5–8].

Desiccation is required at the maturation stage of seed development (Figure 1), inducing a
dormancy state in which seeds enter a state of quiescence until a favorable environment is found and
germination is induced [9,10]. Seeds differ in desiccation tolerance, and these differences occur within
families and genera, e.g., maple (Acer). The acquisition of desiccation tolerance of Norway maple
(A. platanoides L.) seeds is an adaptive strategy that facilitates survival in unfavorable environmental
conditions, which is a characteristic of the orthodox seed category. The water content of recalcitrant

Forests 2020, 11, 1362; doi:10.3390/f11121362 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0001-6053-482X
https://orcid.org/0000-0002-7913-3716
https://orcid.org/0000-0002-4297-5741
https://orcid.org/0000-0003-2710-4638
http://dx.doi.org/10.3390/f11121362
http://www.mdpi.com/journal/forests
https://www.mdpi.com/1999-4907/11/12/1362?type=check_update&version=3


Forests 2020, 11, 1362 2 of 11

sycamore (A. pseudoplatanus L.) seeds remains high throughout their development until germination,
and these seeds cannot be stored for long periods of time [11,12].

Figure 1. Subsequent phases that occurs in seeds. Inside the ring, developmental processes from
fertilization through morphogenesis, maturation to germination are shown. Outside the ring,
physiological aspects accompanying the seed development are shown in relation to desiccation
tolerance (italic) and dormancy (bold). Arrows indicate each moment of seed development
as it occurs, e.g., accumulation of reserves, axe and cotyledon drying, transcription de novo,
and reserves mobilization.

Changing environmental conditions may disturb redox homeostasis via the induction of an
excessive accumulation and decreased elimination of reactive oxygen species (ROS), e.g., OH−,
H2O2, and O2

•− [4,5]. ROS molecules cause damage via lipid peroxidation, enzyme inactivation,
and disruption of protein, carbohydrate, and DNA structures, which inhibit germination and further
plant development [13]. Plant cells have developed special mechanisms to prevent changes in ROS
levels. One of these mechanisms involves the accumulation of osmolytes, such as proline, which
protect cells against stress-induced damage via osmotic adjustments [14]. Proline accumulation is
an intracellular signal that is connected with water loss prevention mechanisms and other adaptive
responses in higher plants [2]. This amino acid accumulates during conditions of drought, high salinity,
heavy metals, and biotic stresses [15]. Proline reduces oxidative damage to the lipid membranes [16]
and stabilizes these structures, which enables seed germination [17]. Proline also plays an important
role in ROS removal [15,18] by acting as a chaperone to improve protein stability and integrity, including
antioxidant enzymes [19]. Protein activity is subsequently increased, which facilitates the capacity to
withstand environmental stresses [20]. The metabolism of proline is associated with electron transfer
between mitochondria and chloroplasts, and therefore, proline influences the redox state of these
organelles [21]. Furthermore, the evident differences in protein thiol levels between the seed tissues
of Norway maple and sycamore reflect the distinct metabolic states of these two genetically related
species [6,22]. Protein thiol levels in Norway maple embryonic axes decrease after desiccation tolerance
acquisition, which suggests that oxidation of these proteins is related to metabolic quiescence of the
seed [23]. This sort of relationship was not observed in sycamore desiccation-sensitive seeds, whose
embryos remain metabolically active during drying, as is reflected by protein thiol levels during the
development of the embryonic axes of sycamore seeds [22,24,25]. Thiol-disulfide transitions play an



Forests 2020, 11, 1362 3 of 11

important role in cell signaling by control of catalytic activities, regulatory switches, and protective
mechanisms [26]. However, redox processes may participate in metabolic regulation in maturing
seeds [27]. Oxidation of protein thiol to disulfides is connected with desiccation tolerance acquisition of
Norway maple seeds, and in the case of sycamore seeds metabolic processes leads to energy substrate
exhaustion [22].

The loss of seed viability in trees due to changing environmental conditions and meteorological
phenomena, such as drought and high temperatures, is not completely understood as a process because
of its complex character, which consists of molecular, physiological [28], and phenological changes,
such as mast-seeding desynchronization [29] or bloom timing [30]. Climate change affects a range
of species and the reproduction of trees, and it may have long-term consequences, such as reducing
species dispersion and the acquisition of new habitats [29]. Many studies have confirmed the impact of
climate change on tree species ranges or phenological events [31]. Therefore, there is an indisputable
need to protect forest reproductive material via collection and storage for species conservation and to
maintain the continuity of renewals in commercial forests [29,32].

The study of desiccation tolerance during seed development is fundamental to determine optimal
seed storage conditions and prevent quality loss [1]. However, some issues of forest tree stress
biology, such as how climate change affects the basic molecular mechanisms of tree seed vitality during
development, are not known. Although the redox-state regulation system in plant tissues is quite
well characterized [13,33,34], there are no thorough investigations on how climate change affects the
biochemical modulation of different processes such desiccation tolerance acquisition during seed
development. Therefore, the development of a fast-acting, universal, and unambiguous marker of seed
desiccation tolerance in trees would be useful to assess the quality of seeds collected from different
climatic conditions, and to assure successful storage [35].

The present study explored the changes of proline levels in embryonic axes and cotyledons of an
orthodox (Acer platanoides L.) and a recalcitrant (Acer pseudoplatanus L.) species in response to increased
temperatures and decreased precipitation during seed development. Our results confirm differences in
desiccation tolerance occurring within the same tree genus, which is important for the economic use
of their seeds. The development of a fast and unambiguous marker of desiccation tolerance in seeds
will allow the identification of high-quality forest gene resources before storage and, by that means,
to preserve them in the face of a rapidly changing climate.

2. Materials and Methods

2.1. Plant Materials Collection

The seeds were collected from single trees of Norway maple and sycamore growing in the Kórnik
Arboretum (Western Poland). Seeds were collected at 2-week intervals beginning 11 weeks after
flowering (WAF) for sycamore and 14 WAF for Norway maple in the years 2017, 2018, and 2019
(Table 1). We indicated an approximate measure of WAF based on peak flowering dates, observed on
our source trees. After harvest, the seeds were transferred immediately to the laboratory in sealed
plastic bags. The determination of seed water content (WC, fresh weight basis) and analysis of proline
levels were performed on the day of seed collection.

Table 1. Dates of flowering of Norway maple and sycamore maple in this study.

Year
Flowering Date

Norway Maple Sycamore Maple

2017 24 April 1 May
2018 15 April 22 April
2019 5 April 12 April
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According to previous findings that the analysis of whole seeds at the biochemical level gives
complete and unambiguous results, during these experiments we used seed embryonic axes and
cotyledons separately. Axes showed greater sorption properties than cotyledons and are more prone
to different oxidative changes [7].

2.2. Proline Extraction and Determination

Proline extraction to determine the concentrations was made according to a modified method
Petronia Carillo and Yves Gibon [36]. Proline was extracted using a cold extraction procedure by
mixing 20–50 mg fresh weight of embryonic axes (pools of 20 individuals in every sample) or cotyledon
(pools of 5 individuals in every sample) aliquots separately with 0.4–1 mL of ethanol: water (40:60 v/v).
The resulting mixture was left overnight a 4 ◦C and then centrifuged at 14,000× g (5 min).

Proline solutions ranging from 0.04 to 1 mM diluted in the same medium as the one used for
extraction. The reaction mix (1% (w/v) ninhydrin in 60% (v/v) acetic acid and 20% (v/v) ethanol)
was added to the sample aliquots and to the standards and measurements were performed at 520 nm.
Proline concentration was determined based on the standard curve.

Data are presented as the means of three samples from each collection date,± SD (standard deviation).

2.3. Water Content Determination

Fresh weights of embryonic axes (pools of 10 individuals in every sample) and cotyledons (pools
of 5 individuals in every sample) were measured separately. Subsequently, samples were desiccated
for 24 h at 100 ◦C and after that, the dry weight was measured. To determine seed WC, seed dry weight
was subtracted from seed fresh weight. Data are presented as means of the three samples from each
collection date ±SD.

2.4. Meteorology Data

Temperature and precipitation were obtained from the Institute of Meteorology and Water
Management, Poznan Department, Kórnik Station (52◦14′40.9′′ N 17◦06′03.3′′ E).

2.5. Statistical Analysis

The effects of stage of maturity (WAF) and embryo parts (embryonic axis and cotyledon) on proline
and water content in each experimental year were evaluated using a linear model. A one-way ANOVA
was used to tests significant differences between mean values. Pairwise comparisons between
treatments we performed using Duncan’s multiple range test at p ≤ 0.05. Data were tested for
ANOVA assumption violation with Shapiro-Wilk and Levene’s tests. Percentage data (water content)
were transformed using the Bliss equation.

Non-parametric Spearman correlations were calculated for proline content, water content,
and climate parameters as assumption of data normality was violated. For correlation, proline
content and the WAF non-linear estimator were calculated. Data were analyzed using R software [37].
For correlation calculations and visualization, the correlation package was used [38].

3. Results and Discussion

We confirmed that the orthodox seeds of Norway maple and recalcitrant seeds of sycamore
responded to environmental conditions, such as biweekly mean temperature and biweekly mean
precipitation (Figures 2–5). The water content of embryonic axes in Norway maple seeds decreased
in 2017, and the proline content gradually increased, reaching a maximum at 18 WAF, when the
temperature reached its maximum, then significantly decreased at 22 WAF when precipitation
simultaneously decreased (Figures 2, 3A and 4A). A statistically significant decrease in proline content
occurred at 20 WAF in 2018 (Figure 3B). In 2019, the proline content of Norway maple embryonic axes
decreased significantly at 22 WAF (Figure 3C) when the water content reached a minimal level (Figure 4).
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Similarly to the Norway maple, differences in proline content in seed embryonic axes of sycamores
were statistically significant for every year of observations (Figure 3A’–C’). However, a significant
correlation between proline levels and thermal-moisture conditions was found in recalcitrant seeds of
sycamore only (Figure 5). Proline content in sycamore correlated moderately positively with biweekly
mean temperature in both embryonic axes (0.62) and cotyledons (0.34), but negatively correlated with
biweekly mean precipitation in embryonic axes (−0.34) (Figure 5C).

Figure 2. Weekly mean temperature (solid line) and mean precipitation (dashed line) during flowering
and seed maturation in each experimental year. Seed samples for proline analyses were collected in
weeks marked with symbols (�) for Sycamore and (4) for Norway maple.

The proline content in cotyledons for both species increased gradually during development
then decreased primarily in the last week or last two weeks of observations (Figure S1). Statistically
significant decreases occurred in Norway maples in 2017 at 22 WAF (Figure 3A) and 2018 at 24 WAF
(Figure 3B) and in sycamore in 2017 at 19 WAF (Figure 3A’), 2018 at 21 WAF (Figure 3B’) and 2019 at
19 WAF (Figure 3C’). The cotyledons of the examined species were more resistant to thermal-moisture
conditions (Figure 5). We observed a significant positive correlation with mean temperature in
sycamore but no significant negative correlation with mean precipitation (Figure 5D). Cotyledons of
Norway maple showed no correlation in any tested parameter (Figure 5B). There was no significant
correlation between seed moisture content and proline concentration in either tested species.

Figure 3. Cont.
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Figure 3. Proline content in subsequent weeks after flowering (WAF) in embryonic axes and cotyledons
in Norway maple seeds collected in 2017 (A), 2018 (B), and (C) 2019, and sycamore seeds collected
in 2017 (A’), 2018 (B’), and 2019 (C’). Results represent the means of three samples ± SD. Means not
sharing the same letter (upper or lower case) are significantly different (Duncan test, p < 0.05).

Figure 4. Cont.
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Figure 4. Water content in subsequent WAF in embryonic axes and cotyledons in Norway maple
seeds collected in years 2017 (A), 2018 (B), and (C) 2019, and in sycamore seeds collected in 2017 (A’),
2018 (B’), and 2019 (C’). Results represent the means of tree samples ±SD. Means not sharing the same
letter (upper or lower case) are significantly different (Duncan test, p < 0.05).

Figure 5. Correlations of proline content with tested parameters: biweekly mean temperature, water
content, and biweekly mean precipitation for embryonic axes (A) and cotyledons (B) of Norway maple
seeds, and embryonic axes (C) and cotyledons (D) of sycamore seeds. Columns marked “*” show
significant correlation at p-value ≤ 0.05. Data are the means of three samples, ± SD.

The presented correlations indicate the main difference in seed desiccation tolerance between
orthodox and recalcitrant seeds. Specifically, during development, orthodox seeds acquire the ability
to withstand water loss and survive under extreme environmental conditions [34]. Before the water
content decreases at approximately the 18th week after flowering (WAF), the orthodox seeds of
Norway maple acquire water stress tolerance, which facilitates seed storage in a dry state under control
conditions [5,39,40]. It is an effect of some intracellular modifications, such as the accumulation of lipids
and starches, which improve cell mechanical resilience. The water content limit in orthodox seeds is
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<7% (dry weight), but recalcitrant seeds can be desiccated from 0.20 to 0.3 g H2O g−1 dry weight [41].
Recalcitrant seeds remain sensitive to desiccation and low temperatures during development and after
shedding. Constant increase in protein thiols during the development of sycamore embryonic axes
indicates that recalcitrant seeds are not able to shut down their metabolism during drying, which
may lead to substrate exhaustion [12,24]. Therefore, these seeds may lose viability during long-term
storage [42]. In contrast, protein thiols decreased in desiccating Norway maple seeds immediately
after desiccation tolerance acquisition [6]. We noticed increases in proline content in recalcitrant
seeds of sycamore in response to higher temperatures and lower precipitation, which confirms that
these trees mitigated these environmental stress conditions with higher proline content in their seeds.
Proline levels in both species were the highest in 2019, when the precipitation during seed collection
between 11 and 24 WAF was noticeably lower than the other two years (Figure 2). The years of
2017, 2018, and 2019 were warmer than the average of the 1979–2019 reference period, but only
in 2019 was mean precipitation lower than the average of the reference period (Figure S2 and S3).
The production of intracellular proline as a means to respond to the increasing ROS levels may be
connected with mechanisms of water loss prevention in seeds deprived of the ability to survive under
extreme environmental conditions [17]. To better understand the correlation between proline content
and current climate conditions, a long-term experiment should be performed.

Proline is involved in the ascorbate-glutathione (ASC-GSH) cycle and participates in ROS
protection [43,44] by decreasing lipid peroxidation and H2O2 content and increasing the activities of
antioxidative enzymes [45], e.g., ascorbate peroxidase (APX) [46]. Pukacka and Ratajczak [6] reported
that the activity of APX and ASC was similar in seeds of Norway maple and sycamore species before
desiccation, but products of H2O2 detoxification were effectively reduced to the initial form in orthodox
seeds compared to recalcitrant seeds. These results suggest that orthodox seeds are prepared for
water loss before the drying associated with maturation because relatively higher GSH and ACS
contents reduce the intracellular redox environment, which promotes the removal of excess ROS [6,47].
Nowadays, the question is how do plants protect their seeds according to detection of changing
weather conditions, if proline modulates the signal subscribed in seeds via desiccation tolerance?

Previous proteomic studies showed that proline aminopeptidase (PAP) may affect decreases in
intracellular proline levels [48]. Staszak and Pawłowski [10] noted that PAP content gradually increased
during Norway maple seed development and demonstrated an inactivation or biotransformation
of proline by this enzyme. The maximum PAP content occurred at 22 WAF, which coincides with
our observations that proline content decreased at 22 WAF in 2017 and 2019 (Figure 3). The proline
levels observed in our study were approximately consistent with H2O2 levels in Norway maple and
sycamore seeds noted by Ratajczak et al. [22]. These results can reveal the important role of proline in
the removal of excessive ROS molecules A clear peak in H2O2 content in Norway maple seeds was
synchronized between both embryonic axes and cotyledons at the 18th WAF, which corresponds with
the time of desiccation tolerance acquisition [6]. Thus, the change in content of these molecules and
shift to more oxidizing conditions probably functions as a signal for the acquisition of desiccation
tolerance in Acer seeds [49].

Proline accumulates in plant tissues in response to the regulator of plant development, abscisic
acid (ABA), which is a phytohormone that mediates signaling to start the desiccation tolerance
program in developing seeds [50]. Pinfield et al. [51] and Dickie et al. [25] demonstrated that the peak
endogenous levels of ABA occurred on approximately the 100th day after flowering (DAF; corresponds
to 14 WAF) in sycamore seeds and on approximately the 140th DAF (20 WAF) in Norway maple seeds.
These observations are partially supported by our results because proline levels in Norway maple
embryonic axes reached a maximum at approximately 20 WAF (Figure 3A,C). However, maximal
levels of proline occurred at approximately 17 WAF in sycamore (Figure 3A’–C’). The time at which
ABA and proline achieve maximum levels likely coincides with the acquisition of desiccation tolerance,
which indicates the role of proline in this process [25,52,53].
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4. Conclusions

Seed developmental processes in the Northern Hemisphere are related to desiccation tolerance,
which is one of the mechanisms that protects seeds from germination in adverse conditions. As a result
of climate change, mean temperature and water availability are major factors affecting seed metabolism.
Understanding how these changes influence seed physiology and acquisition of desiccation tolerance
may be crucial for protecting the genetic resources of forest species. These changes may be reflected
in seed storability. Proline is herein indicated as a promising biochemical indicator for monitoring
changes that occur during seed development. Proline content depends on changes in thermal-moisture
conditions, especially in recalcitrant seeds. However, to establish proline as an indicator of high-quality
seeds suitable for storage, further research should be conducted.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/12/1362/s1,
Figure S1: Correlation between proline content an week after flowering in embryonic axes of Norway maple
(A); Sycamore maple (A’) and cotyledons of Norway maple (B); Sycamore maple (B’), Figure S2: Anomalies in
monthly average precipitation in years 2017, 2018 and 2019 in Kórnik in relation with reference period 1979–2019.
Data obtained from meteorological station at experiment site in Kórnik, Poland, Figure S3: Anomalies in monthly
average temperature in years 2017, 2018 and 2019 in Kórnik in relation with reference period 1979–2019. Data
obtained from meteorological station at experiment site in Kórnik, Poland.
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