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Abstract: Forests fulfill important ecological functions by sustaining nutrient cycles and providing
habitats for a multitude of organisms. They further deliver ecosystem services such as carbon
storage, protection from erosion, and wood as an important commodity. Trees have to cope in their
environment with a multitude of natural and anthropogenic forms of stress. Resilience and resistance
mechanisms to biotic and abiotic stresses are of special importance for long-lived tree species. Since
trees exist for many decades or even centuries on the same spot, they have to acclimate their growth
and reproduction to constantly changing atmospheric and pedospheric conditions. In this special
issue, we invited contributions addressing the physiological responses of forest trees to a wide array
of different stress factors. Among the eighteen papers published, seventeen covered drought or salt
stress as major environmental cues, highlighting the relevance of this topic in times of climate change.
Only one paper studied cold stress [1]. The dominance of drought and salt stress studies underpins
the need to understand tree responses to these environmental threats from the molecular to the
ecophysiological level. The papers contributing to this Special Issue cover these scientific aspects
in different areas of the globe and encompass conifers as well as broadleaf tree species. In addition,
two studies deal with bamboo (Phyllostachys sp., [1,2]). Bamboo, although botanically belonging to
grasses, was included because its ecological functions and applications are similar to those of trees.

1. Drought Has Multifaceted Consequences That Impede Tree Performance

Several studies in this issue addressed traits of conifers experiencing large variations in
environmental growth conditions. Fotelli et al. [3] assessed the physiological plasticity of Aleppo pine
(Pinus halepensis), an important species in the Mediterranean area, to cope with seasonal changes in
environmental conditions, especially summer drought. They found that Aleppo pine is an isohydric
species, displaying a drought avoidance strategy. However, Lin et al. [4], using Pinus massoniana, showed
significant acclimatory changes in needle carbohydrates after long-term exclusion of precipitation.
This finding supports an induction of tolerance mechanisms (instead of avoidance) to prevent excessive
water loss. Fan et al. [5] studied the physiology of Pinus koraiensis, a keystone species of temperate
mountain forests, along an altitudinal gradient in China, where precipitation was among the strongest
drivers for sapling growth. Interestingly, the saplings showed better growth in mixed than in pure
Pinus koraiensis forests, suggesting facilitation effects, which obviously were not overruled by other
fluctuating environmental constraints. Along similar lines, Magh et al. [6] investigated nitrogen
nutrition of European beech (Fagus sylvatica) in pure and mixed stands with silver fir (Abies alba).
Fir needles contained less N than beech leaves, which may dampen the competition for nitrogen in
mixed stands. When soil N was low, beech benefited from the interaction with fir but not at high soil
N. Together, these studies highlight the importance of distinguishing different evolutionary strategies
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coping with divergent nutrient and water availability and underpin that the responses of trees are
context dependent.

A major issue of growing concern is the spread of pathogens in stressed forests. Therefore, the
paper of Terhonen et al. [7] is particularly timely. They reported that water-deficient spruce (Picea abies)
shows stronger disease symptoms and stronger growth suppression when exposed to Heterobasidion
species than well-watered plants. It is, thus, urgently required to develop protective measures against
forest pests.

Sudden tree death is a significant threat in many areas of the world [8]. The most likely reasons
for sudden tree death are carbohydrate depletion or hydraulic failure. Here, Eckert et al. [9] provide an
overview on how hardwoods acclimate their hydraulic system to cope with environmental stresses.
They explain the production of basic wood structures, focusing mainly on molecular regulation,
and compile information on how these structures are influenced to maintain water flow under
environmental constraints. Their review is of interest for researchers who wish to obtain a glimpse
into the complex regulation of wood production. Sun et al. [10] add an ecological perspective to this
important topic. They studied ecophysiological markers such as ring width, δ13C isotope ratios for
water availability, and intrinsic water use efficiency in the wood of poplar (Populus simonii) to find
early bio-indicators for trees that would succumb in the future. In a fragile ecosystem of the northern
Chinese shelterbelt, they classified trees as dead, dying, and not affected. They report that already
almost two decades before death, tree rings become smaller and δ13C higher, suggesting that these
traits can be used as earlier warning symptoms. Based on such traits, it is hoped that future genetic
studies can develop markers that may allow the selection of resistant trees for reforestation programs
in areas with strong tree decline.

2. Salinity and Combined Stresses: From Soil Amendment to Redox Balance

Salinity causes osmotic stress and, in this regard, some similarities with drought stress exist [11].
However, salinity also acts via ionic stress and, therefore, drought and salt responses are only partly
overlapping [12]. Salt stressed plants often exhibit enhanced concentrations of reactive oxygen species
(ROS) [13]. An overabundance of ROS, which cannot be compensated by antioxidative systems,
leads to damage symptoms such as chlorophyll degradation, membrane leakage, and eventually
necrosis [13]. Some examples for salt damage symptoms at the tissue and organelle levels are also
demonstrated in this Special Issue [14,15]. Since soil degradation with enhanced salinization is an
increasing problem, identification of salt-tolerant plant species and measures to enhance the resistance
of crops and horticultural plants are urgently needed. In this Special Issue, several papers are devoted
to improving salt tolerance.

Geng et al. [16] present a study on Osmanthus fragans (sweet olive), an ornamental plant, which
has important commercial applications (e.g., for perfume production). They showed that moderate
doses of γ-radiation of seeds have a long-lasting effect on the salt tolerance of seedlings that went
along with a generally enhanced level of antioxidative enzyme activities and reduced superoxide
accumulation. Under approximately 80 mM salt, the injury index of non-treated seedlings was twice
that of γ-radiated ones, suggesting that the vitality of this horticultural species can be enhanced to
cope with moderate salt stress. Further studies are required to elucidate how γ-radiation leads to this
interesting effect.

Hornbeam (Carpinus turczaninowii) is known for its beautiful autumn colors and fine-textured
wood. Zhou et al. [15,17] systematically tested the performance of this tree species as well as its
European counterpart Carpinus betulus under moderate salt stress (up to 85 mM). They found that
antioxidant systems of the European species collapsed after about 1 month and that of the Asian
species after about 2 months in the presence of low salinity levels (30 to 50 mM). The plants showed
distinct damage symptoms under these conditions, supporting the conclusion that both species are
relatively salt sensitive. This finding calls for further research because C. turczaninowii is relatively
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drought tolerant, suggesting that the genetic basis for drought and salt tolerance diverged in this
species, making it an interesting model to dissect drought and salt adaptation.

Soil amendments with hydrogels have a great potential to enhance plant performance under
osmotic and ionic stress [18]. In this Special Issue, Li et al. [19] tested synthetic hydrogels and
glucomannan-based biopolymer additions to salinized or dehydrated soils, in which Metasequoia
glyptostroboides (dawn redwood) was grown. While the effects of hydrogels on growth rescue were
moderate for single stress factors, all tested compounds had positive effects when drought and salinity
occurred together, indicating that the performance of redwood, which is an endangered species, can be
improved by retention of salt ions and better water provision.

Chemical treatments can also improve salt tolerance. Here, Rao et al. [20] showed that pre-exposure
of Populus euphratica to salicylic acid (0.4 mM) enhanced the performance of plants under subsequent
massive salt stress (300 mM). The beneficial effect was concentration dependent and disappeared in
plants exposed to 1 mM salicylic acid. In another study, Robinia pseudoacacia seeds or seedlings were
treated with 24-epibrassinolide (a brassinosteroid) and subsequently exhibited enhanced antioxidative
protection and enhanced salt tolerance [14]. To obtain deeper insights into the signal transduction
pathway activated by stress, the TCP15 transcription factor (TEOSINTE BRANCHED1, CYCLOIDEA,
and PROLIFERATION CELL FACTOR) was isolated from Fraxinus mandshurica (Mandchurian ash) [21].
TCP15 transient overexpression activated many downstream responses, for example, transcripts
encoding antioxidative proteins and hormonal signals [21]. Along similar lines, Yuan et al. [22] tested
the response of glutaredoxin SRGRX1 of rubber (Hevea brasiliensis) to a large array of different hormones
and stresses. Glutaredoxins are important modulators of the cellular redox state. The rubber SRGRX1
was quickly activated by ROS as well as by abscisic acid (ABA) and salicylic acid, indicating the need
for redox regulation under stress [22]. These results underpin the importance of plant hormones for
activating defense systems and the need for a better understanding of signaling pathways. However,
for practical applications, the trees from current laboratory studies have to be transferred to the field
and tested for the stability of the modified traits under natural conditions. A recent example for
ABA-related transgenic trees shows that this may lead to unexpected results and novel insights into
tree acclimation to their fluctuating environment [23].

3. Conclusions and Outlook

Overall, this issue covers an impressive range of trees species and their response to salinity or
drought at different scales from ecophysiology to molecular mechanisms. We hope that efforts such as
the current Special Issue can be used to identify similarities and divergences of stress responses, because
in-depth knowledge on basal stress pathways can be exploited to develop protection strategies for trees
on salt- or drought-affected soils. Furthermore, the distinctive responses of evolutionary stress-adapted
tree species hold great promise for implementing specific protection measures in important crop trees.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Wood, also designated as secondary xylem, is the major structure that gives trees and
other woody plants stability for upright growth and maintains the water supply from the roots to
all other plant tissues. Over recent decades, our understanding of the cellular processes of wood
formation (xylogenesis) has substantially increased. Plants as sessile organisms face a multitude of
abiotic stresses, e.g., heat, drought, salinity and limiting nutrient availability that require them to
adjust their wood structure to maintain stability and water conductivity. Because of global climate
change, more drastic and sudden changes in temperature and longer periods without precipitation
are expected to impact tree productivity in the near future. Thus, it is essential to understand the
process of wood formation in trees under stress. Many traits, such as vessel frequency and size,
fiber thickness and density change in response to different environmental stimuli. Here, we provide
an overview of our current understanding of how abiotic stress factors affect wood formation on the
molecular level focussing on the genes that have been identified in these processes.

Keywords: wood formation; abiotic stress; nutrition; gene regulation; tree

1. Introduction: The Xylem Keeps the Stream of Life Flowing

The main function of the xylem besides granting plant stability is to ensure long-distance water
transport driven by water transpiration from the leaves to the atmosphere [1,2]. Therefore, xylem vessels
are connected to each other in order to form a large conduit system throughout the plant. During vessel
formation, the cell wall between two adjacent vessel cells is degraded to build a continuum. A measure
for the water transport capacity within the xylem is xylem hydraulic conductance, which is, among other
factors, determined by the size of the xylem vessels. Vessels with higher diameter facilitate faster water
transport, thereby resulting in a higher hydraulic conductance. The volumetric flow rate is proportional
to the fourth power of the vessel radius according to the Hagen-Poiseuille law [3,4]. Thus, a small
reduction in vessel lumen already results in a large reduction of hydraulic conductivity. A severe
danger for plant viability is a disruption of this water flow, called embolism, which primarily occurs at
the bordered pits [5,6]. When the conduits are filled with air or vapor instead of xylem sap, cavitation
stops further water flux. This process is considered as one of the most life-threatening phenomena for
plants [3,7]. Cavitation results in non-functional water conduits, which leads to a reduction in hydraulic
conductivity and stomatal closure, thereby reduced photosynthetic activity, which finally can lead to
the plant´s death [5,8]. It is therefore crucial for plants to develop mechanisms to prevent cavitation
by modulating their xylem structure. The major adjustment is to form vessels with smaller diameter
to reduce the risk of cavitation. An additional mechanism is to increase vessel stability, achieved
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by increasing vessel cell wall thickness [9]. As a result, vessel lumina decrease [9]. To counteract
the reduction in hydraulic conductivity per vessel plants can increase the number of vessels in their
xylem [9–11]. In this review, we will summarize the current knowledge on the molecular regulation of
xylem acclimation in angiosperms with the focus on Populus species and identify knowledge gaps.

2. Anatomy and Molecular Biology of Wood Formation

2.1. What Makes the Stem?

Growth depends on the presence of cells, which are able to undergo division and differentiation
processes. These cells are designated as stem cells [12]. In plants, four layers of stem cell harboring
tissues are present: the root apical meristem, the shoot apical meristem, the vascular meristem (cambium)
and the cork cambium. While the apical meristems are primarily responsible for longitudinal growth,
which is not within the scope of this review, they also contribute to radial growth to a certain extent
during primary growth. During primary growth of the stem, the stem cell layer deriving from the shoot
apical meristem is designated as pro-cambium, which gives rise to the proto-xylem [13]. The procambial
cells divide asymmetrically either into proto-phloem or proto-xylem precursor cells. Proto-phloem
precursor cells further differentiate into sieve elements, phloem fibers, phloem parenchyma cells and
companion cells, while proto-xylem precursor cells further diversify into xylem vessels, xylem fibers
and ray parenchyma cells. The wood generated by the activity of the pro-cambium is designated as
proto-xylem. An excellent overview on wood formation during primary growth has been published
by Furuta and colleagues [14].

Wood is produced from the activity of vascular cambium that is composed of meristematic initials,
which either differentiate to either phloem or xylem precursor cells. Xylem precursor cells further
diversify into vessels, fibers and parenchyma cells in order to build up the xylem in angiosperms
(Figure 1).

Figure 1. Cross-section of a 3 month old poplar stem illustrating the different steps of wood formation.
Cross-section has been stained with Phloroglucinol/HCl. Purple color indicates lignification. Bar = 50 μm.

Secondary growth is what makes up the girth of the stem by generating the majority of the
wood. The correct botanical denomination of this secondary wood is meta-xylem. It is also comprised
of the three major components, vessels, fibers and parenchyma cells formed by the activity of the
cambium. It should be noted that vessels are often surrounded by small living cells, the paratracheal
parenchyma, which has important functions in the transport of compounds for example in Populus
tremula x tremuloides, Fraxinus excelsior and Acer pseudoplatanus [15].

A major difference between the proto- and meta-xylem is the deposition of the secondary cell wall
(SCW) compounds leading to structural differences: the SCW of proto-xylem vessels is build up in a
helical shape, which allows for continuous growth as the SCW can be elongated during longitudinal
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growth [16]. The SCW of meta-xylem is deposited directly onto the primary cell wall resulting in a
rigid structure around the vessel that is no longer able to expand.

The SCW is a complex structure, which is primarily composed of cellulose, hemicelluloses and
lignin with addition of pectin and cell wall proteins. The composition of the SCW varies within
the plant kingdom, e.g., in angiosperms SCWs contain 40%–50% cellulose, 20%–30% hemicelluloses
and 25%–30% lignin [17]. Cellulose is a linear homopolymer of β-1,4-linked D-anhydroglucose
molecules forming cellulose chains of varying length. These cellulose chains are then connected via
Van-der-Waals interactions and hydrogen-bonds to form cellulose micro fibrils [18]. In contrast to
cellulose, hemicellulose is chemically complex, consisting of polysaccharide heteropolymers of hexose
and pentose sugars with a β-1,4-linked backbone of xyloglucans, xylans, mannans and glucomannans
with a vast variety of side chains [19]. The main function of hemicellulose is the interconnection of
cellulose micro fibrils and lignin [20]. Lignin provides rigidness and recalcitrance to the cell wall,
with strong impact on wood properties by adding extra strength and water impermeability [21].
Lignin is built up by three phenylpropanoid compounds, also designated as monolignols: coniferyl
alcohol (G), sinapyl alcohol (S) and p-coumaryl alcohol (H) [22] with G and S subunits being the main
building blocks for lignin in angiosperms [23,24]. The combination of these monolignols via radical
coupling constitutes a complex polymer, the composition of which varies with developmental and
environmental stimuli. Interestingly, the lignin composition is also specific for different cell types, e.g.,
the lignin in fibers differs significantly from those of vessel elements as it shows a higher content of
S-subunits [25].

Wood formation is, thus, characterized by a succession of four major steps, including cell division,
cell expansion (elongation and radial enlargement), cell wall thickening (involving biosynthesis and
deposition of cellulose, hemicelluloses, lignin and cell wall proteins), and finally programmed cell
death [26].

2.2. Molecular Mechanism of Wood Formation

Our understanding of the molecular mechanisms of xylogenesis has massively increased in the last
two decades. Several detailed reviews about the molecular mechanisms of wood formation have been
published [13,16,26,27]. Here, we will shortly summarize the main aspects important for understanding
the impact of environmental stimuli that alter wood formation (Figure 2). Wood formation is tightly
controlled by two classes of transcription factors (TFs), namely the NAC family and the MYB family.
Using Arabidopsis thaliana as a model system, several members of these two TF families have been
shown to work in a hierarchical manner to regulate the transcription of genes necessary for wood
formation [26]. The first level master switches all belong to the class of NAC TFs and their activation
is crucial for the cell identity of wood cells. For example, SND1, NST1 and NST2 are responsible for
fiber development, while VASCULAR-RELATED NAC DOMAIN 7 (VND7) controls differentiation
of the proto-xylem and VASCULAR-RELATED NAC DOMAIN 6 (VND6) of the meta-xylem [28,29].
Several orthologs of these A. thaliana genes have been identified in Populus trichocarpa (Table 1). It is
somewhat confusing that these master switch TFs are not termed VNDs, as in Arabidopsis but were
named WOOD-related NAC DOMAIN (WND) transcription factors, yet they also belong to the family
of NAC TFs and are closely related to the A. thaliana genes [30]. The expression of these master switches
is modulated by fine-tuning factors like the HD-Zip transcription factors PtrAtHB.11 and PtrATHB.12
or PtrE2FC.1 [31,32]. The master switch WNDs further activate a group of MYB master switch TFs
(PtrMYB2, PtrMYB3, PtrMYB20, PtrMYB21, [33,34]), which either directly regulate the biosynthesis of
cellulose, hemicellulose, and lignin or lead to the activation of down-stream MYC and NAC TFs that
promote or decrease the expression of cell wall biosynthesis genes (Table 1, Figure 2).
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Figure 2. Schematic representation of the molecular mechanisms and gene families leading to xylem
formation and acclimation under various stresses.

Cell wall biosynthesis requires the production of cellulose strands by cellulose synthases (CesA),
which are homologs of prokaryotic celA genes [35] and were firstly characterized in the plant kingdom
in A. thaliana [35]. The CesA proteins are localized across the plasma membrane using intracellular
UDP-glucose to generate cellular strands towards the outside. Meanwhile, a whole CesA gene family
comprised of 18 genes, of which four show xylem specific expression patterns, was discovered in P.
trichocarpa [36,37]. A recent study revealed that during xylem formation, two different types of CesA
complexes are necessary for cell expansion and cell wall thickening in Arabidopsis, indicating that
CesA complex composition is dynamically changing [38]. Since these processes also occur in trees, it is
likely that a similar mechanism is also present in woody plants, although there is no experimental
evidence up to now.

The cell wall of the meta-xylem in trees is heavily lignified. Lignin biosynthesis is a very
complex process starting with aromatic amino acids, mainly phenylalanine [39]. The main classes
of dedicated enzymes required to produce lignin building units are 4-coumarate:CoA ligases
(4CL), caffeic acid O-methyltransferases (COMT), cinnamoyl-CoA reductases (CCR), and cinnamyl
alcohol dehydrogenases (CAD) [22]. Monolignols are transported from the cytosol into the cell
wall [40], where they are polymerized by peroxidases (POD) and laccases (LAC), yielding lignin.
However, only very few monolignol transporters have been identified by now, such as the Arabidopsis
p-coumaryl alcohol transporter AtABCG29 [41,42].

As outlined above hemicelluloses are also very complex molecules. Therefore, it is not surprising
that a variety of enzymes is necessary for their synthesis. These enzymes are summarized as Cellulose
Synthase-Like (CSL) proteins [43], of which 30 have been identified in poplar [37]. Four CSL genes
(PtrCSLA1, PtrCSLA2, PtrCSLA5, PtrCSLD6) are predominantly expressed in the xylem [37].
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This rough overview on the regulatory mechanisms and main processes that are required for the
main cell wall compounds provides only a glimpse into the complexity of the underlying processes.
The composition of wood is important for its further use, e.g., as construction material, where durable
material is necessary and for paper making, where fibers of a certain length are favorable, or for
secondary biofuel production where easily accessible cellulose is needed. Therefore, it is not only
important to know how wood is being produced, but also to understand how wood properties are
changed in response to environmental cues.

3. Abiotic Stresses Affecting Wood Formation

3.1. Drought Severely Changes Xylem Anatomy

Drought has a major impact on wood and wood formation processes. Since the xylem is the
tissue that enables water transport throughout the whole tree, it is pertinent to keep the xylem
architecture intact and to acclimate it to changing water supply to prevent embolism [44,45]. The effects
of drought on xylogenesis have been studied on several angiosperm species over the last decade.
Poplar, in particular, was intensely studied [46,47]. Cambial cell layers are reduced under drought
compared to well-watered plants [10,48]. When growth is still possible under water-limited conditions,
poplars, regardless of whether they originate from dry or moist habitats, show reduced vessel lumina
and an increased number of vessels compared to non-stressed plants (Populus x canescens, [49]; Populus
euphratica, [11]; different Populus nigra genotypes originating from dry and moist areas, [10]), Figure 3).
Moreover, Schreiber and colleagues reported a strong correlation between vessel diameter and cavitation
resistance in five hybrid poplar clones in Alberta, Canada [50]. However, these acclimatory anatomical
changes are not only confined to water-spending trees species like poplar but also to more drought
tolerant species such as oak depending on the level of acclimation (Quercus pubescens > Quercus robur >
Quercus petraea, [51]). The importance of this safety strategy is further corroborated by a study on dead
trees performed in Italian forests [52]. Here, the authors compared the wood anatomy of dead trees to
that of surviving trees of the same age. They found that dead trees had formed wide early vessels and
no vessels with reduced lumen during dry periods in contrast to trees that survived this period [52].

Figure 3. Comparison of non-stressed (A) and drought-stressed (B) xylem tissue of Populus tremula x
tremuloides. B shows vessels with reduced size but increased vessel frequency. v: vessel cells, f: fiber
cells, rp: ray parenchyma. Bar = 50 μm.
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Taken together, these studies suggest that angiosperms have developed a common mechanism to
acclimate their xylem to increasing drought. The xylem, as stated earlier, is formed by vessels and
fibers, with the vessels forming the pipe system that facilitates water transport [26]. Under drought the
plant has to fortify the vessels by thickening the secondary cell wall to prevent cavitation, which results
in a reduced water transportation rate due to diminished vessel lumina [11]. To compensate the loss
in vessel lumen, more vessels are formed to restore the water transportation rate that is necessary
for tree growth (Figure 3). Improving the resistance against drought-induced xylem cavitation is a
crucial acclimation mechanism of plants to dry environments [8,53]. It is notable that these alterations
resemble those of seasonal acclimation of wood to shorter day lengths and cold, which lead to the
formation of tree rings. Tree rings are a result of changes in the activity of xylem building processes [54].
Interestingly, Arend and Fromm observed in 2007 that trees responded to drought with smaller vessel
lumina only during the main growth season but not in fall, when late wood with small lumina was
formed [48]. Still, controlled experiments to disentangle temperature and day lengths effects on wood
anatomy and the impact of drought under these conditions are lacking.

3.2. Drought Leads to Major Transcriptional Remodelling

The molecular mechanism behind the reduction of vessel volume and cell wall strengthening
has not yet been unravelled. One important tool to tackle this question is the analysis of wood
transcriptomes to identify key genes in this acclimation processes. Wildhagen and colleagues (2018)
found an altered expression of genes involved in cell wall polysaccharide biosynthesis (e.g., xyloglucan
endotransglucosylase/hydrolases, UDP-XYL synthase 6, expansin A) in three poplar genotypes.
This finding suggests that denser wood under drought is achieved by regulation of cellulose and
hemicellulose biosynthesis; notably the lignin content was unaltered [10]. These changes unexpectedly
resulted in a higher saccharification potential of wood formed under drought compared to wood
of well-irrigated poplars [10]. If these changes were also responsible for the reduction in vessel
volume has not been clarified yet. Vessel expansion depends on the activity of potassium (K+) uptake
transporters (e.g., PtrKUP1) and outward rectifying K+ channels (e.g., PTORK) [55]. In agreement
with a high requirement for K+ to regulate turgor pressure, the cambium contains the highest K+

concentrations [56]. Furthermore, KUPs show seasonal regulation with high expression levels in
wood [57]. Since drought limits K+ acquisition from the soil [58], it is possible that changes in the
osmotic control influence vessel size. However, this suggestion is currently speculative as an impact of
drought on K+ channel transcription levels has only been reported for an ortholog of the Arabidopsis
KUP2 which is positively correlated with fiber lumen under drought in P. nigra [10]. In addition,
the concentration of soluble non-structural carbohydrates, sucrose in particular, has a major impact
on vessel expansion. It has been shown that sucrose accumulation in the cambium correlates with
cambial activity and cell expansion phase during xylogenesis in Populus x canadensis Mönch ‘I-214’ [59].
Interestingly, transgenic Populus tremula x alba suppressing the expression of the vacuolar sucrose
efflux transporter PtaSUT4, are more susceptible to moderate drought compared to wild type plants.
This suggests that sucrose also plays an important role in drought acclimation in addition to seasonal
wood formation [60].

In addition to its influence on wood anatomy, drought has also major impact on the genes
putatively involved cell wall biosynthesis. For instance, in P. trichocarpa, 119 genes related to cell
wall organization, carbohydrate metabolism, and lipid metabolism were significantly differentially
expressed. Among these genes four master switch regulators (PtrWND1, PtrWND1B, PtrWND2A,
PtrWND2B) which are orthologs of the Arabidopsis ANAC043 (Table 1), as well as the secondary
level regulators PtrMYB2, PtrMYB21 and Potri.009G061500 (an ortholog of Arabidopsis AtMYB83,
Table 1) were downregulated [61], indicating major changes in the transcription of cell wall biosynthesis
genes. Additionally, 29 laccases-encoding genes were also found to be differentially regulated [61].
Except for one laccase all other laccases were downregulated under drought [61]. These findings
corroborate major changes in cell wall composition, though biochemical analyses were not conducted.
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It is clear that the supply with energy and precursors of cell wall components, especially carbohydrates,
has to be sustained under drought since earlier studies showed strong correlations between growth
and cambial carbohydrate concentrations [62]. However, transcriptome analyses also identified
many genes involved in lipid metabolism [10,61]. There is now accumulating evidence for the
role lipids in SCW formation: metabolomic and transcriptomic analyses revealed links between
decreasing concentrations of sterols and fatty acids with increasing transcript levels of genes involved
in β-oxidation and the glyoxylate cycle required for the production of carbohydrate precursors for
SCW [63,64]. Transcriptome analysis of Eucalyptus xylem revealed a putative UDP-glucose:sterol
glucosyltransferase, which produces sitosterol-cellodextrin. This molecule serves as a primer the
elongation of β-1,4-glucan strands by the cellulose synthases [63,65]. These lipoglucan primers are
discussed as being responsible for elongation by a special CesA isoform [66], forming a possible indirect
link to channel carbon from lipids towards cellulose.

Other players, whose role in regulating drought acclimation has not yet been understood, are micro
RNAs (miRNAs), which are widely known to function as regulatory molecules in gene expression
under stress conditions [67,68]. A recent study identified five up- and seven down-regulated miRNAs
in P. trichocarpa under drought stress, which in total regulate 72 targets according to degradome analysis.
Among these were four UDP-glucosyl transferases, which transfer sugars to target molecules and have
been shown to build up β-1,4-glucan from UDP-activated glucose [69,70].

It is important to mention that trees can recover from xylem embolism to a certain extent.
To re-establish the water flow in the xylem it is necessary to refill the vessels [45]. Although this
process is not yet fully understood, there is substantial evidence that paratracheal parenchyma cells
also designated as vessel-associated cells (VACs) play an important role in this process [71]. As stated
earlier, VACs are living cells surrounding the xylem vessels, which makes them ideal candidates to
facilitate the refilling process [15]. To refill the vessels with water, a change in the osmotic gradient
between VACs and vessel cells is indispensable. The most important osmotic compound in this
regard is most likely sucrose [72]. Experimental evidence has been provided by mimicking xylem
embolism in P. trichocarpa [72], which resulted in enhanced expression of α-amylases (PtrAMY1,
PtrAMY2, PtrAMY3) leading to a reduction in starch content in the VACs [72]. Simultaneously, the
expression of sucrose transporters (PtrSUT2a and PtrSUT2b) as well as aquaporins (PtrPIP1.2, PtrPIP1.4,
PtrPIP1.5, PtrPIP2.2) was upregulated. These findings support that upon xylem embolism, starch is
degraded to sucrose, which is transported from the VACs to the vessel cells leading to enhanced
water uptake of the vessel cells via aquaporins. Upregulation of aquaporins of the PIP1 and PIP2
family in VACs has been observed in several tree species (P. trichocarpa [72–74], Populus x ‘Okanese’ [75],
Juglas regia [76]), substantiating the hypothesis of VAC-mediated refilling of vessels upon embolism.
It is still under discussion as to whether the VACs store sufficient carbohydrates for this process or if
they are replenished by carbohydrate export from the phloem during embolism recovery [77].

3.3. Phytohormones Mediate Xylem Changes under Drought

Although transcriptomic studies have strongly enhanced our knowledge on plant drought
responses and growth regulation, they cannot elucidate the underlying signals. In this regard
phytohormones such as cytokinins, auxin, abscisic acid (ABA) and many others play crucial roles.
The major plant hormone mediating drought stress is ABA [78,79]. Although drought has drastic
effects on xylem formation, it is still unclear if ABA plays a direct role in regulating wood formation
process. Circumstantial evidence suggests a role of ABA in fall for late wood formation because the
concentration of ABA in the cambium increases in fall when cells with small lumina and thick cell walls
are produced [80]. Reduction of stem radial growth under drought stress is accompanied by a strong
increase in cambial ABA concentrations [81]. Therefore, ABA might play a negative role in secondary
xylem development similar to that found for its function regulating bud dormancy [82], but no direct
evidence on cellular or molecular level has been reported so far. An alternative suggestion was that
enhanced ABA concentrations in fall might influence stomatal aperture, thereby leading to a decline
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in carbon fixation and consequently in a reduction in stem growth [83]. It is also possible that ABA
interacts with the activity of auxin inhibited xylem initiation [84]. To understand the effect of ABA on
wood formation in different environments it is necessary to get more insight on the molecular basis of
wood formation and to identify the genes in ABA signaling which may affect the regulation of wood
cell development. The first evidence for this idea was found in Arabidopsis, where ABA-dependent
upregulation of the vessel specific master switch genes VND2, VND4 and VND6 was observed resulting
in enhanced xylem differentiation [85].

Another important class of phytohormones involved in drought acclimation are cytokinins,
trans-zeatin, kinetin and 6-benzylaminopurine in particular. Cytokinins are generally referred to
as growth promoting phytohormones by initiating cell division (reviewed by [86]). Together with
ethylene and auxin, cytokinins regulate cambial activity. In poplar, overexpression of the Arabidopsis
CYTOKININ OXIDASE 2, an enzyme involved in cytokinin catabolism, resulted in non-detectable levels
of the cytokinin trans-zeatin and its storage form zeatin-O-glucoside and lead to a reduced number of
cambial cells, resulting in impaired wood formation [87]. Moreover, cytokinin activity was high in
primary meristems supporting its function in early wood formation processes [88] and reduced in the
cambial zone of drought stressed poplar, indicating a regulatory function of cytokinins under drought
stress [89]. There is now increasing evidence that cytokinins interact with jasmonic acid. A reverse
genetic approach showed that application of 10 μM methyl-jasmonic acid promotes xylem development
in Arabidopsis roots [90]. In addition, exogenous application of jasmonic acid reduces the cytokinin
responses in regard to xylem formation. A follow-up study provided evidence that drought stress
also induces xylem development by increasing jasmonic acid responses and diminishing cytokinin
responses [91]. These results imply that cytokinin activity is a negative regulator of xylem development
under drought stress while jasmonic acid promotes xylogenesis. The molecular mechanism how
cytokinins mediate xylem development is not yet fully understood, but it was shown that external
application of 50 ng/mL kinetin downregulates the expression of the vessel specific master switch genes
VND6 and VND7, which are important for proto- and meta-xylem differentiation [28]. Cytokinins are
known to induce cell wall loosening expansion genes [92,93]. Application of 6-benzylaminopurine has
a negative effect on cell wall thickness [94]. These findings corroborate the function of cytokinins as
negative regulators of secondary xylem, yet there is still plenty of research necessary to identify the
role of specific cytokinins in these processes.

Cytokinin levels in plants are affected by nitrogen supply and are implicated in stress responses
mboxciteB95-forests-465031,B96-forests-465031. It is possible that they also mediate nitrogen effects in
wood. Under nitrogen starvation, wood properties resemble those of wood produced under drought
with smaller vessel lumina and thicker fiber cell walls [97]. Under these conditions, secondary cell
wall related transcription factors, like members of MYB, bHLH, WRKY and WD40 gene families,
are up-regulated, leading to increased cell wall formation [97–99]. In contrast, under high nitrogen
availability the secondary cell walls of fibers and vessels are thinner and the vessel lumina are
expanded [97,99,100].

Notably, changes in nitrogen supply affected ABA and JA [101], which are known to mediate stress
responses. Synergistic effects of drought stress and nitrogen availability, which both influence wood
formation [101–105] have been noted [106–108]. For example, when water and nitrogen are sufficiently
available, water supply increases nitrogen uptake, leading to larger vessel lumina and in turn to
higher susceptibility to drought stress [109–111]. SCW-related genes are not suppressed by drought
under high nitrogen supply, only under nitrogen limitation [112]. Consequently, water and nitrogen
deprivation has a negative synergistic effect on secondary growth compared to either limitation
alone [112,113]. These examples show that drought stress impacts on xylem development at different
levels, clearly as an osmotic stress as demonstrated by PEG studies but also via its influence on tree
nutrition. To generate or select more drought-resistant trees, it will be necessary to disentangle the
complex hormonal network with emphasis on the mechanism of phytohormone accumulation, the
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transition of active to inactive forms and the turnover to identify the key mechanisms how water
limitation affects xylem anatomy and cell wall composition.

3.4. Salt Severely Affects Wood Formation

Survival and productivity of trees are affected by salt through different processes, mainly related
to osmotic stress, nutritional imbalances or ion toxicity [114,115]. High salt concentration within the
plant itself can be toxic, resulting in the inhibition of many physiological and biochemical processes.
Saline environments restrict the ability of plant to take up water and, therefore, reduce plant growth [116].
Uptake of salt facilitates water uptake and has been identified as a tolerance mechanism in poplars,
P. euphratica in particular, which are acclimated to salt deserts [117]. Hence, the xylem originating
from salinity affected meristem also exhibits modifications in its anatomical and chemical aspects [118].
It has been shown that salt stressed poplars have a reduced number of cell layers in cambial zone
compared to control plants, indicating growth reduction [119]. Similar to drought-stressed poplars,
vessel lumina of salt-exposed trees are reduced [119,120] and the vessel frequency is increased [121].
The sensitivity of these anatomical alterations to salt exposure depends on the salt-sensitivity of
the species. For example, the salt-sensitive poplar species P. x canescens reacts strongly to moderate
NaCl levels, while the salt-tolerant P. euphratica shows diminished cambial activity and decreased
vessel lumina only after long-term exposure to higher salinity levels, i.e., 150 mM NaCl [120,121].
Among other reasons, diminished nutrient supply, in particular lower calcium and potassium supply
caused decreased xylem radial growth under salt stress [119].

Salinity impairs the tree water status and may increase tension in the water-conducting system,
promoting cavitation and subsequently, embolisms [118]. However, trees can reinforce the wall strength
of conducting cells so as to prevent against vessel collapse under osmotic stress [122]. This phenomenon
is also found in poplar vessel cell walls, which show a significant increase in strength when exposed to
salinity [120]. Furthermore, increased vessel frequencies can at least partly compensate negative effects
on hydraulic efficiency [121]. Cell wall reinforcement under salt stress goes along with drastic alterations
in major wood compounds such as cellulose, hemicelluloses, and lignin [121]. The transcriptional
changes found under these conditions were opposite to those found during tension wood formation in
poplar [121]. Therefore, the type of wood developed under salinity was termed “pressure wood” [121].

Since the anatomical changes in secondary xylem under salt and drought stress might be of similar
nature, the question arises if there are similar hormones involved in these processes. The activity of
the vascular cambium largely determines the rate of wood formation and is strictly controlled by the
interplay of several phytohormones [123]. Early studies demonstrate that a concentration gradient of
auxin across the cambial zone regulates cell division and expansion of the xylem elements [124–126].
Osmotic stress in plants is known to influence auxin transport [127]. Using an auxin responsive
reporter gene construct (GH3:GUS), an impact of salt on auxin activity was shown in poplar wood [128].
Associated with wood alteration, free-auxin levels decrease in developing xylem under salt stress.
In contrast to salt susceptible grey poplar (P. x canescens), the salt tolerant P. euphratica shows only
little reduction in auxin and moreover, an increase in indole-3-acetic acid-amido conjugates, which can
be used as a source of auxin [120]. Overexpression of auxin amidohydrolase (ILL3) from poplar in
Arabidopsis rendered the plants more salt tolerant [120], indicating an important function of auxin
in salt acclimation. The signaling pathways show how auxin and other plant hormones affect gene
regulation remains elusive.

Recent transcriptome comparisons of salt treated and non-stressed eucalypt trees uncovered
responses of a large number of transcription factors (TFs) including members of the MYB TF family [129]
to salt. Upregulation genes encoding transcription factors (EgrMYB20, EgrMYB47 and EgrMYB36)
involved as master switches in secondary xylem development were observed in several eucalyptus
genotypes tested, in particular under the higher (125 mM) salt treatment [130]. BplMYB46, a MYB gene
from Betula platyphylla (birch), has also been reported to be involved in both abiotic stress tolerance and
secondary wall biosynthesis [131]. BplMYB46 is predominantly expressed in stems and its expression
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is induced by NaCl [131]. In BplMYB46 overexpressing lines a positive effect on lignin and cellulose
content but a negative effect on hemicellulose content was found. Correspondingly, the expression of
genes related to lignin and cellulose biosynthesis (phenylalanine ammonia lyase (PAL), caffeoyl-CoA
O-methyltransferase (CCoAOMT), 4-coumarate-coa ligase (4CL), POD, Laccase (LAC), cinnamoyl-CoA
reductase (CCR), cellulose synthase (CesA) was significantly upregulated, and that of genes related
to hemicellulose biosynthesis (e.g., fragile fiber (FRA) and irregular xylem (IRX)) was significantly
down-regulated in BplMYB46 overexpressing lines. Hence, BplMYB46 functions in linking stress
responses and cell wall properties [131]. Further functional analyses by forward and reverse genetic
approaches are required to understand the acclimatory responses of trees to salt stress in more detail.
While a number of candidate genes has already been studied for their involvement in enhancing salt
tolerance in leaves or roots [47], systematic genetic studies targeting at enhanced xylem salt resistance
are lacking.

4. Conclusions

Trees respond to environmental stress factors like drought and salt with the adjustment of xylem
formation primarily to maintain the hydraulic function of the wood. These responses are strongly
affected by nutrients, especially by major cations (K+, Ca2+) and by nitrogen availability. Interestingly,
the anatomical changes in response to different environmental cues are quite similar and characterized
by a reduction in xylem vessel lumina and fortification of secondary cell walls in vessels and fibers.
However, the molecular regulations that act between the initial stimulus and the output, i.e., modified
wood, are just poorly understood. It has become apparent that phytohormones play a crucial role
in mediating those stress stimuli by modulating xylogenesis related genes like the NAC and MYB
master switch regulators, which lead to stress specific gene transcription. Yet, this review shows
that our picture of the processes leading to wood acclimation is far from being complete. In order
to put the puzzle together, it will be important to not only continue investigating specific stimulus
responses, but also to integrate the information of all processes to get a complete picture of wood
stress acclimation. Transcriptome analyses helped us a lot in getting a better picture of the processes
during stress acclimation, yet they mostly focus on gene clusters build by GO term or KEGG analyses.
It will be crucial to exploit this powerful resource more in-depth in the future to get to the key
genes involved in those regulatory mechanisms. Identification and functional characterization of
candidate genes improving stress tolerance and/or growth under nutrient-limiting conditions will
promote the generation of new genotypes either by improving trees by genetic engineering or by smart
breeding. Significant advances have been made over recent years to build up an effective toolbox
for the characterization of candidate genes, especially in poplar. While overexpression of candidate
genes has been well established for years, the generation of loss-of-function mutants has always been
difficult. However, recent advances in the CRISPR/Cas9 technology have provided researchers with a
powerful tool to investigate gene function and to generate genetically modified trees.
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Abstract: A better understanding of the response of plant growth to elevational gradients may shed
light on how plants respond to environmental variation and on the physiological mechanisms
underlying these responses. This study analyzed whole plant growth and physiological and
morphological properties of needles in young Pinus koraiensis Sieb. et Zucc. trees at thirteen points
along an elevational gradient ranging from 750 to 1350 m above sea level (a.s.l.) at the end of a growing
season on Changbai Mountain in northeastern China. Sampling and analyses indicated the following;
(1) many needle properties of P. koraiensis varied with forest type along the elevational gradient
though some needle properties (e.g., intrinsic water use efficiency, concentration of chlorophyll,
and leaf mass per area) did not change with elevation and forest types; (2) growth was significantly
influenced by both forest type and elevation and growth of saplings in P. koraiensis and mixed
broadleaved forests was greater than that in evergreen forests and increased with elevation in both
forest types; (3) in P. koraiensis and mixed broadleaved forests, there were significant correlations
between growth properties and light saturation point, leaf water potential, mean within-crown
humidity, annual precipitation, cumulative temperature (≥5 ◦C), within-crown air temperature,
and atmospheric pressure; while in evergreen forests, the leaf C, leaf P content, net rate of light
saturation in photosynthesis, water content of soil, within-crown humidity, annual precipitation,
cumulative temperature (≥5 ◦C), within-crown air temperature, and total soil P content displayed
a significant relationship with plant growth. These results may help illuminate how P. koraiensis
responds to environmental variation and evaluate the adaptive potential of Pinus koraiensis to climate
change. Data presented here could also contribute to the more accurate estimation of carbon stocks in
this area and to refinement of a plant trait database.

Keywords: elevation gradient; forest type; growth; leaf properties; Pinus koraiensis Sieb. et Zucc.

1. Introduction

Variation in biomass accumulation, biomass allocation, and leaf physiological and morphological
responses to elevational gradients may reflect adaptations of plants to environmental variation and
indicate potential responses to future climatic variability. Ecologists and biogeographers have long
been aware of the value of elevational gradients for understanding how plants respond to changes in
macroclimate [1]. Elevation affects environmental factors, such as temperature [2], precipitation [3],
partial carbon dioxide (CO2) pressure [4], and ultraviolet (UV) irradiance [5] over long periods of
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time. Hence, elevational gradients can serve as powerful case studies for understanding longer-term,
larger-scale plant responses to environmental changes as a complement to controlled experiments [6,7].

Changes in temperature, precipitation, partial CO2 pressure and UV irradiance affect biomass
accumulation [8], biomass allocation [9], photosynthetic leaf characteristics [10,11], plant water
status [12], chlorophyll concentrations in leaves [13], leaf mass per area [14], and leaf nutrients [15]
along elevational gradients. Annual biomass accumulation reflects the growth of plants directly.
Biomass allocation tends to optimize allocation to components where resources are the most limited.
For example, plants growing in nutrient-poor soils may preferentially allocate biomass to roots: where
light is a limiting factor, biomass preferentially accrues to leaves [16]. Photosynthesis is one of the
most important physiological parameters for all aspects of plant growth [17,18]. Many indices quantify
processes related to photosynthesis. The apparent quantum yield (AQY, mol·mol−1) may indicate
weak light utilization efficiency [19]. The light saturation point (LSP, μmol·m−2·s−1) measures the
ability of a plant to adapt to strong light [20,21]. The net rate of light saturation in photosynthesis
(Asat, μmol CO2·m−2·s−1) indicates maximum photosynthetic potential [22]. Stomatal conductance
(Cond, mol H2O·m−2·s−1) is related to both carbon fixation and leaf transpiration [23]. Intrinsic
water use efficiency (iWUE, μmol CO2·mmol−1 H2O), calculated as Pn/Cond, is reported to stimulate
tree growth in some high elevational areas [24]. Many studies have shown that the spectral water
band index (WI) can be used to predict plant water status: leaf water potential [25]. Composition
and concentration of chlorophyll influence the photosynthetic capacity of leaves [26]. Leaf mass per
area (LMA, g·m−2) is a measure of the light harvesting surface for a given amount of dry matter
investment, also closely related to plant growth [27]. On the other hand, leaf nutrients are important
to plant ecophysiological processes; for example, relative and absolute leaf nitrogen content are
highly correlated with plant photosynthetic capacity [28]. Therefore, responses of photosynthetic
characteristics, water relations, chlorophyll concentrations, leaf mass per area, and leaf nutrient levels
to elevational gradients may reflect responses and adaptations of plants to environmental variation.

The primeval forest on Changbai Mountain is a well preserved temperate mountain forest
ecosystem in northeast China [29]. This region is at the ecological limit of many species which are
thus very sensitive to climatic changes but also has experienced climate warming during the past
50 years [30]. Hence, Changbai Mountain has become an important area for study and conservation
in China. The Changbai Mountain ecosystem has characteristics typical of montane forests at similar
ranges of elevation. At elevations from 750 to 1100 m, Pinus koraiensis and mixed broadleaved forests
(PBMF) are dominated by Pinus koraiensis Sieb. et Zucc., Tilia amurensis Rupr., Populus davidiana Dode,
and Betula platyphylla Suk. From 1100 to 1700 m, evergreen coniferous forests (ECF) are dominated by
Larix olgensis Henry, Picea jezoensis Carr., and Abies nephrolepis (Trautv.) Maxim., but Pinus koraiensis is
also present. Between 1700 and 1950 m, Betula ermanii is the dominant species. Beyond this elevation
and up to 2691 m, the landscape consists of tundra [31,32]. The incline in the topography has made
this region an ideal place for studying the ecophysiology of alpine trees along an elevational gradient.

Pinus koraiensis is one of the three major five-needle pines in the northern hemisphere, and is the
most abundant coniferous species in the Changbai Mountain landscape [33]. It plays an important
role in maintaining biodiversity and providing ecosystem services in East Asia. This native pine
is also an economically valuable species because of its edible pine nuts and high-quality wood
products [34]. The essential oil of Pinus koraiensis needles contains properties valuable in treating high
cholesterol and colorectal cancer [35,36]. In recent decades, extreme freezing, forest fires, pests,
and diseases caused by extreme weather events and overutilization have degraded the natural
Pinus koraiensis forest, so considerable efforts have been made to preserve Pinus koraiensis [37,38].
Studies of Pinus koraiensis saplings report that natural regeneration of Pinus koraiensis, considered to be
shade tolerant, takes place even under dense canopies, where young plants may survive under such
conditions for 10 to 20 years [39]. Long-term survival and establishment of forests are often associated
with the young trees’ leaf properties in the understory [40]. To date, no research has dealt with growth
and needle property responses to an elevational gradient in wild Pinus koraiensis saplings.
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To explore these relationships, Pinus koraiensis saplings of the same age and under the same light
condition (represented by canopy openness) were sampled along an elevational gradient from 750
to 1350 m a.s.l. by 50 m increments on Changbai Mountain (above 1350 m a.s.l., few Pinus koraiensis
saplings were found). We focused on three subjects: (1) needle properties of young Pinus koraiensis trees
across an elevational gradient in two forest types; (2) effects of elevation on growth of Pinus koraiensis
in two forest types; and (3) needle characteristics, soil properties, and atmospheric indices that
may influence the growth of Pinus koraiensis in two forest types. Results of this study may help in
illuminating how Pinus koraiensis saplings respond to environmental variation and which physiological
and morphological mechanisms are at work.

2. Materials and Methods

2.1. Study Area

The sampling area of this study was on the north slope of the Changbai Mountain Natural
Reserve (42◦25′–42◦09′, 128◦04′–128◦55′) in Jilin Province, northeastern China. The study transected
the Pinus koraiensis distribution (750–1350 m a.s.l.) and crossed two vegetation types (PBMF
and ECF) free from anthropogenic disturbance. The climate is a continental monsoon type with
long, cold winters; hot, rainy summers; mean annual precipitation (RIA) of 644.25–820.89 mm;
and cumulative temperature (≥5 ◦C, ACT5) of 1682.26 to 2388.28 ◦C [41]. The mean within-crown
temperatures (WCT) decreased by 0.68 ◦C and the mean within-crown levels of humidity (WCH)
increased by 0.93% with each 100 m increase in elevation during the growing season [32] (Table 1).
Soil properties are summarized in Table 2.

Table 1. General description of plots at various elevations on Changbai Mountain.

Elevation
(m)

Type of
Forests

Slope
Aspect

Slope (◦)
WCT #

(◦C)
ACT5 ##

(◦C)
RIA ##
(mm)

WCH #
(%)

Pair (kPa)

750 PBMF N <10 15.55 2388.28 644.25 77.17 91.80 ± 0.07
800 PBMF N <10 15.21 2329.44 658.97 77.63 90.60 ± 0.02
850 PBMF N <10 14.87 2270.61 673.69 78.10 90.75 ± 0.11
900 PBMF N <10 14.53 2211.77 688.41 78.56 90.88 ± 0.03
950 PBMF N <10 14.19 2152.94 703.13 79.03 90.78 ± 0.02

1000 PBMF N <10 13.85 2094.10 717.85 79.49 90.03 ± 0.06
1050 PBMF N <10 13.51 2035.27 732.57 79.96 89.05 ± 0.02
1100 ECF N <10 13.17 1976.43 747.29 80.42 88.49 ± 0.01
1150 ECF N <10 12.83 1917.60 762.01 80.89 87.85 ± 0.04
1200 ECF N <10 12.49 1858.76 776.73 81.35 88.02 ± 0.04
1250 ECF N <10 12.15 1799.93 791.45 81.82 86.99 ± 0.09
1300 ECF N <10 11.81 1741.09 806.17 82.28 86.94 ± 0.04
1350 ECF N <10 11.47 1682.26 820.89 82.75 85.81 ± 0.01

Note: PBMF = Pinus koraiensis and mixed broadleaved forests, ECF = evergreen coniferous forests,
WCT = within-crown air temperature, WCH = within-crown relative humidity, RIA = annual precipitation,
ACT5 = cumulative temperature (≥5 ◦C), Pair = atmospheric pressure, # data from [28], ## data from [41].

Table 2. General description of soil properties at various elevations on Changbai Mountain.

Elevation (m) N Soil (%) C Soil (%) P Soil (%) pH WC Soil (%)

750 0.2148 ± 0.0389 de 5.8475 ± 0.4568 ab 0.3492 ± 0.0258 a 5.4492 ± 0.1319 c 27.7338 ± 1.6653 a
800 0.0674 ± 0.0017 a 4.8923 ± 0.4933 a 0.3008 ± 0.0114 a 5.2173 ± 0.0715 bc 43.3591 ± 1.3379 c
850 0.1046 ± 0.0098 ab 6.0790 ± 1.0523 ab 0.3005 ± 0.0072 a 5.5433 ± 0.2471 c 47.1886 ± 3.1609 b
900 0.1624 ± 0.0203 bcd 4.1960 ± 0.9026 a 0.3228 ± 0.0241 a 5.1678 ± 0.0570 abc 50.7534 ± 0.6221 a
950 0.2551 ± 0.0271 e 8.1750 ± 0.5909 b 0.3264 ± 0.0181 a 5.0633 ± 0.0840 ab 47.9172 ± 2.2047 b

1000 0.1691 ± 0.0115 cd 4.7742 ± 0.2660 a 0.2957 ± 0.0109 a 5.2323 ± 0.0293 bc 50.7662 ± 0.3353 c
1050 0.1154 ± 0.0047 abc 3.6204 ± 1.2684 a 0.3159 ± 0.0104 a 4.8427 ± 0.0378 a 50.5732 ± 0.4940 b
1100 0.1343 ± 0.0063 CD 2.4571 ± 0.1983 AB 0.2519 ± 0.0103 BC 5.1591 ± 0.0367 D 32.8224 ± 4.0644 D
1150 0.0919 ± 0.0027 A 2.2594 ± 0.6608 AB 0.2327 ± 0.0041 AB 4.9967 ± 0.0194 C 33.0481 ± 2.5072 AB
1200 0.1107 ± 0.0038 B 3.9636 ± 0.1945 CD 0.2419 ± 0.0044 BC 4.8632 ± 0.0620 B 31.4864 ± 1.7371 BC
1250 0.1199 ± 0.0024 BC 4.8995 ± 0.1732 D 0.1951 ± 0.0261 A 4.5588 ± 0.0385 A 40.8705 ± 4.3609 C
1300 0.0868 ± 0.0067 A 1.5724 ± 0.2830 A 0.2733 ± 0.0130 BC 4.9167 ± 0.0254 BC 51.0298 ± 0.5400 C
1350 0.1500 ± 0.0113 D 3.3030 ± 0.5744 BC 0.2794 ± 0.0118 C 4.9364 ± 0.0037 BC 44.5513 ± 1.0680 A

Note: For each elevation, the sample size was 5. Significant differences among elevations are denoted by lowercase
letters in PBMF (Pinus koraiensis Sieb. et Zucc. and mixed broadleaved forests) and uppercase letters in ECF
(evergreen coniferous forests) (both at the p < 0.05 level).
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2.2. Plant Materials

Five healthy Pinus koraiensis saplings (n = 5; N = 65; >300 m apart from each other at each elevation)
up to 97 ± 30 cm in height, without any evident damage or deformed shape, at seemingly the same age
(35 years ± 5) were selected randomly as sample trees in the understory of this natural forest at each
elevation from 750 to 1350 m at thirteen 50 m intervals of the transect. All saplings were located under
a closed canopy layer with approximately the same light conditions. Tree height, basal stem diameter,
crown length (S–N), crown width (E–W), and canopy openness were recorded and are summarized in
Table 3.

Table 3. Information at each elevation of plants sampled.

Elevation
(m)

Height (cm) BSD (cm) Height/BSD
Crown

Length (cm)
Crown

Width (cm)
Canopy

Openness (%)

750 99.21 ± 4.79 1.79 ± 0.12 56.03 ± 2.90 ns 95.00 ± 8.34 86.40 ± 10.33 77.93 ± 1.05 ns
800 97.82 ± 4.69 1.84 ± 0.10 53.28 ± 1.74 ns 95.60 ± 9.57 85.20 ± 8.06 76.93 ± 1.09 ns
850 97.72 ± 5.13 1.85 ± 0.11 52.82 ± 0.84 ns 95.00 ± 9.99 84.60 ± 10.08 78.77 ± 0.57 ns
900 95.73 ± 3.20 1.83 ± 0.14 53.08 ± 2.51 ns 93.60 ± 9.24 83.60 ± 7.54 76.82 ± 0.68 ns
950 99.36 ± 4.35 1.80 ± 0.11 55.72 ± 2.43 ns 97.00 ± 9.32 86.60 ± 9.63 78.83 ± 0.80 ns
1000 99.89 ± 3.43 1.85 ± 0.13 54.82 ± 3.03 ns 98.00 ± 10.26 85.80 ± 9.65 77.86 ± 0.51 ns
1050 98.46 ± 4.85 1.79 ± 0.15 55.98 ± 3.30 ns 108.20 ± 9.48 95.20 ± 10.28 78.28 ± 1.08 NS
1100 97.96 ± 4.48 1.83 ± 0.13 54.12 ± 2.21 ns 84.40 ± 4.55 73.80 ± 4.85 79.36 ± 0.72 NS
1150 98.36 ± 3.62 1.82 ± 0.14 54.82 ± 2.79 ns 94.20 ± 9.93 86.40 ± 9.56 78.28 ± 0.87 NS
1200 99.50 ± 4.55 1.82 ± 0.13 55.13 ± 2.16 ns 97.40 ± 9.35 85.20 ± 10.51 77.56 ± 0.57 NS
1250 97.30 ± 5.17 1.82 ± 0.14 54.04 ± 2.02 ns 97.40 ± 9.52 84.40 ± 10.37 78.49 ± 1.08 NS
1300 94.04 ± 4.10 1.90 ± 0.13 50.11 ± 2.36 ns 94.80 ± 9.56 85.60 ± 9.14 78.71 ± 0.98 NS
1350 97.85 ± 5.37 1.79 ± 0.12 54.77 ± 1.22 ns 96.00 ± 9.36 83.40 ± 8.13 77.56 ± 1.18 ns

Note: BSD = basal stem diameter. Lowercase letters ns mean not statistically significant in PBMF (Pinus koraiensis
and mixed broadleaved forests) and uppercase letters NS mean not statistically significant in ECF (evergreen
coniferous forests) (both at the p < 0.05 level). Sample size at each elevation was 5.

2.3. Canopy Openness

Understory light conditions were measured by hemispheric photography. Canopy openness was
defined as the fraction of open sky in a hemisphere, visible from a point beneath the canopy [42].
A camera (Nikon Coolpix 950 with FC-E8 fisheye; Nikon Corp., Tokyo, Japan) was leveled and oriented
above each sapling and then pictures were taken with its fisheye lens. The photographs were analyzed
using the Adobe Photoshop® (San Jose, CA, USA) software to calculate the ratio of the canopy area to
the entire sky area as a measure of canopy openness [43]. The pictures were taken during the morning
on the same day as the photosynthetic measurements.

2.4. Soil Properties

Soils near each sapling were collected with soil corers (6 soil cores for each sapling). Organic
and mineral layers of each core were separated and then the organic layer was screened. After the
stones and plant residues were set aside, the organic layer of each sapling was thoroughly mixed
and spread on shallow aluminum trays, and then air-dried. Next, the air-dried samples were finely
ground and homogenized for the nutrient determination. Soil pH (pH soil) was determined from a
deionized water-based saturated paste extract. The total soil carbon content (C soil) was determined
by a simplified colorimetric method [44]. The soil total nitrogen content (N soil) was determined
by the semimicro Kjeldahl method [45]. Total soil phosphorus content (P soil) was determined by a
colorimetric method [46]. Soil water content (WC soil) is defined as the dry weight divided by the wet
weight of the soil.

2.5. Needle Gas Exchange

Because we used saplings, that photosynthesis could be measured without cutting any branches
from trees. We also decided to take needle samples at the end of the growing season in 2014,
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as suggested by Shi et al. [47]. Photosynthetic light response curves for each young tree were obtained
from fully expanded, mature, and visibly healthy one-year-old needles. Five young trees were
measured on clear and sunny days at each elevation. Determinations were taken in situ with a
portable photosynthetic system (LI 6400, Li-Cor, Lincoln, NE, USA) with a built-in red-blue light source
(LI-6400-02B). Measurements were taken from low to high elevations of CO2 levels maintained at
380 m·mol·mol−1, temperature at 25 ± 1 ◦C, water vapor within leaf chamber at 21 ± 1 m·mol·mol−1,
and a constant flow rate at 500 mL·min−1.

A pre-experiment was conducted to determine the saturation light intensity. Before measurements
for the light response curves, needles were given a dose of photosynthetically active radiation (PAR) of
1000 μmol·m−2·s−1 (approximately equal to the saturation light intensity) for at least 10 min in the
chamber until CO2 uptake was steady-state, where steady-state in practice means that CO2 uptake
shows no systematic increase or decrease (±2%) over a 5 min period. This is important to ensure a
steady-state activation of Rubisco. Measurements were taken at 14 different light levels (2100, 1800,
1500, 1200, 900, 600, 400, 200, 150, 100, 50, 20, 10, and 0 μmol·m−2·s−1) and recorded automatically.
The minimum waiting time was 90 s and the maximum 120 s at each light level. After the measurements,
projected areas of measured needles were determined with a scanner using leaf area analysis software.
Since the needles are three-sided, the red-blue light illuminated the largest needle side. All rates of gas
exchange were based on the projected needle area. Predicted nonlinear light response curves were
constructed and fit the observations well (R2 > 0.99). Last, we calculated the photosynthetic parameters
(AQY, LSP, Asat, WUE, and Cond) from the light response curve data. According to the relationship
between PPFD and Pn, light-response curves of Pinus koraiensis at different elevations were fitted by a
nonlinear model [48]:

P(I) = α
1 − 2βI − βγI2 + (γ+ β)Ic

(1 + γI)2

2.6. Needle Chlorophyll Concentration

The five groups of one-year-old needles mentioned earlier were used to determine the difference
in the amount of needle chlorophyll. The chlorophyll from these fresh needles was extracted with an
80% (v/v) acetone solution by grinding and centrifuging methods and their concentrations quantified,
using a 722 spectrometer (the 3rd Analytical Instrument Company of Shanghai, Shanghai, China).
The amounts of chlorophyll a (Chl a, mg·g−1), chlorophyll b (Chl b, mg·g−1), and total chlorophyll
(Chl, mg·g−1) were expressed as the amount of chlorophyll per fresh needle mass. In our calculations,
we used the equation by Arnon [49]:

Chl a = 12.7 × OD663 − 2.69 × OD645; Chl b = 22.9 × OD645 − 4.86 × OD663; Chl
= Chl a + Chl b

where OD645 and OD663 are the optical densities at wavelengths of 645 nm and 662 nm, respectively.

2.7. Needle Morphological Trait

Projected areas of the five groups of one-year-old needles from five saplings at each elevation
were determined. Needles were laid out and scanned separately (CanoScan LiDE 120, Tokyo, Japan),
with a reference object for scale. The total projected needle area for each sapling was calculated with
image processing software (Image J; National Institute of Mental Health, Bethesda, MD, USA) [50].
Then, these needles were oven-dried (75 ◦C, 72 h) to a constant weight to obtain their dry weight and
the LMA (g·m−2) of each sapling was calculated.

2.8. Needle Water Band Index

Thirty one-year-old needles from each of the five similar saplings at each elevation were selected.
They were sampled evenly in five directions, south, east, north, west, and central. Spectral reflectance,
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at wavelengths from 310 to 1130 nm, was measured using a UniSpec Spectral Analysis System
(PP Systems, Haverhill, MA, USA) with a 0.5 mm diameter optical fiber and an internal 5 V halogen
lamp. Last, spectral water band index (WI = R900/R970) was calculated to characterize the plant
water potential [51], where R900 and R970 are spectral reflectance at a wavelength of 900 nm and
970 nm, respectively.

2.9. Growth Properties

We harvested the 65 saplings and divided each into current-year needles, current-year branches,
one-year-old needles, one-year-old branches, stems, and roots after measuring the gas exchange,
chlorophyll concentration, spectral reflectance, and LMA of needles. Biomass samples were oven-dried
(75 ◦C, 72 h) to a constant moisture level to obtain the dry weight of their current-year needle biomass
(CN, g), their current-year branch biomass (CB, g), their one-year-old needle biomass (ON, g), and their
one-year-old branch biomass (OB, g). The current-year needle biomass/total biomass ratio (CNR) and
one-year-old needle biomass/total biomass ratio (ONR) of each sapling were then calculated.

2.10. Needle Nutrients

We finely ground and homogenized the dried one-year-old needles for the nutrient determination.
Leaf C, N, and P content per unit leaf mass were determined by the same methods as the soil.

2.11. Statistical Analyses

Before our analyses, we tested for homogeneity of variances and normality of the data. All data
were found to meet the requirements of the one-way analysis of variance (ANOVA) assumptions.
Differences among means were determined by a Duncan’s test at a significance level of <0.05. ANOVAs
were used to test the effects of elevation on the various variables. Relationships between photosynthetic
parameters, growth parameters, and elevational gradient were determined using a general linear
regression model for each forest type. Pearson’s correlation coefficients were used to detect the
relationships between growth and other variables. Multivariate analysis of variance was used to help
determine whether changes in elevation and forest type had significant effects on growth parameters.
Redundancy analysis was used to identify the relationship between the leaf characteristic parameters,
atmospheric index, soil factors, and growth data using the R vegan software package.

3. Results

3.1. Needle Properties of Young Pinus koraiensis Trees along an Elevational Gradient in Two Different
Forest Types

The AQY increased with elevation in PBMF, i.e., when elevation was below 1100 m (R2 = 0.90,
p < 0.01) and also followed a monotonic trend with respect to elevation in ECF, (R2 = 0.33, p < 0.05)
(Figure 1). The LSP increased with elevation in both PBMF (R2 = 0.90, p < 0.01) and ECF (R2 = 0.84,
p < 0.01) (Figure 1). Area-based Asat was also observed to increase with elevation in PBMF (R2 = 0.78,
p < 0.01) and ECF (R2 = 0.79, p < 0.01) (Figure 1). The results showed no significant differences (p > 0.05)
between iWUE at various elevations in either PBMF or ECF (Figure 1). In addition, Cond increased
with elevation in PBMF (R2 = 0.74, p < 0.01) (Figure 1).

There were no significant differences (p > 0.05) between the average needle Chl a, Chl b and
total needle chlorophyll from various elevations. Taking all elevations into account, Chl a in needles
ranged between 1.02 and 1.08 mg·g−1, Chl b ranged between 0.41 and 0.45 mg·g−1 and total needle
chlorophyll ranged between 1.42 and 1.53 mg·g−1. Chl a, Chl b, and total needle chlorophyll were
observed to be not significantly (p > 0.05) affected by forest type (Figure 2).
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Figure 1. Regression equations of the mean values of apparent quantum yield (AQY), light saturation
point (LSP), light saturation net photosynthetic rate (Asat), intrinsic water use efficiency (iWUE) and
stomatal conductance (Cond) of needles in Pinus koraiensis Sieb. et Zucc. as a function of elevation on
Changbai Mountain. The sample size was 7 for Pinus koraiensis and mixed broadleaved forests (solid
lines) and 6 for evergreen coniferous forests (dotted lines). For each elevation, the sample size was 5.
The abbreviations “ns” and “NS” mean not statistically significant in PBMF (Pinus koraiensis and mixed
broadleaved forests) and ECF (evergreen coniferous forests), respectively (both at the p < 0.05 level).

Figure 2. Mean values of chlorophyll a concentration (Chl a) and chlorophyll b concentration (Chl b) in
needles of Pinus koraiensis at different elevations, Changbai Mountain. The abbreviations “ns” and “NS”
mean not statistically significant in PBMF (Pinus koraiensis and mixed broadleaved forests) and ECF
(evergreen coniferous forests), respectively (both at the p < 0.05 level). For each elevation, the sample
size was 5.

Water band index was greatest at 1100 m (WI = 0.9838 ± 0.0007), and smallest at 1350 m
(WI = 0.9509 ± 0.0378). With increasing elevation, the WI changed frequently (Figure 3).
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Figure 3. Scatter plot of water band index (WI) of needles in Pinus koraiensis at each elevation on
Changbai Mountain. For each elevation, the sample size was 5. Lowercase letters denote significant
differences among elevations in PBMF (Pinus koraiensis and mixed broadleaved forests). Uppercase
letters denote significant differences in ECF (evergreen coniferous forests) (both at the p < 0.05 level).

Differences in LMA among the populations from different elevations were not significant
(p > 0.05), either in PBMF or in ECF. LMA was also observed to be not significantly (p > 0.05) affected
by forest type; mean values were 58.8 and 59.5 g·m−2 in PBMF and ECF, respectively (Figure 4).

Figure 4. Mean values of leaf mass per area (LMA) in Pinus koraiensis at different elevations, Changbai
Mountain. The abbreviations “ns” and “NS” means not statistically significant in PBMF (Pinus koraiensis
and mixed broadleaved forests) and ECF (evergreen coniferous forests), respectively (at the p < 0.05
level). For each elevation, the sample size was 5.

There was a significant difference in Nleaf at different elevations in each forest type. Values
ranged from 1.09% (±0.04) to 1.31% (±0.01) in PBMF and from 1.02% (±0.01) to 1.24% (±0.006) in
ECF (Figure 5). In both PBMF and ECF, Pleaf increased with elevation (R2 = 0.94, p < 0.05 for PBMF,
R2 = 0.44, p < 0.05 for ECF) (Figure 5). The lowest Cleaf (27.73% ± 1.67) occurred at an elevation of
750 m. At an elevation of 1050 m, Cleaf was 45% higher than at 750 m. In ECF, Cleaf increased by 38%
from the lowest to the highest elevation (Figure 5).
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Figure 5. Regression equations of the mean values of total leaf N, total leaf P, and total leaf C content
in Pinus koraiensis as a function of elevation on Changbai Mountain. The sample size was 7 for
Pinus koraiensis and mixed broadleaved forests (solid lines) and 6 for evergreen coniferous forests
(dotted lines). For each elevation, the sample size was 5. Lowercase letters denote significant differences
among elevations in PBMF (Pinus koraiensis and mixed broadleaved forests). Uppercase letters denote
significant differences in ECF (evergreen coniferous forests) (both at the p < 0.05 level).

3.2. Growth Properties of Young Pinus koraiensis Trees along an Elevational Gradient in Two Different
Forest Types

Forest type and elevation had significant effects on the growth properties CN, CB, ON, OB, CNR,
and ONR (Table 4).

Table 4. Results of multivariate ANOVA showing the effects of forest type and elevation on
growth properties.

Total CN CB ON OB CNR ONR

Forest Type Pr(>F) <2.2×10−16 *** 3.2×10−15 *** 7.533×10−13 *** 1.598×10−13 *** 2.516×10−14 *** <2.2×10−16 *** 6.209×10−14 ***
F 39.208 107.150 80.318 87.467 96.466 140.900 92.001

Elevation Pr(>F) 1.805×10−9 *** 4.699×10−15 *** 1.895×10−14 *** 3.697×10−16 *** <2.2×10−16 *** <2.2×10−16 *** 5.336×10−16 ***
F 2.691 19.262 17.976 21.788 120.520 22.425 21.408

Note: CN = biomass of current-year needles, CB = biomass of current-year branches, ON = biomass of one-year-old
needles, OB = biomass of one-year-old branches, CNR = current-year needle biomass/total biomass ratio,
ONR = one-year-old needle biomass/total biomass ratio. *** Correlation is significant at the <0.01 level (two-tailed).
The sample size was 65.
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Our results showed that CN, CB, ON, OB, CNR, and ONR increased significantly with increasing
elevation (R2 = 0.84, p < 0.01; R2 = 0.55, p < 0.05; R2 = 0.66, p < 0.05; R2 = 0.49, p < 0.05; R2 = 0.91, p < 0.01
and R2 = 0.73, p < 0.01, respectively) in PBMF (Figure 6). In ECF, OB, CNR, and ONR also increased
significantly with increasing elevation (R2 = 0.65, p < 0.05) (Figure 6). There were also significantly
higher (p < 0.05) CN, CB, ON, OB, CNR, and ONR values of Pinus koraiensis in PBMF when compared
to the saplings in ECF (Table 5).

Figure 6. Regression equations of biomass of current-year needles (CN), biomass of current-year
branches (CB), biomass of one-year-old needles (ON), biomass of one-year-old branches (OB),
current-year needle biomass/total biomass ratio (CNR), and one-year-old needle biomass/total biomass
ratio (ONR) of Pinus koraiensis at different elevations, Changbai Mountain. The sample size was 7
for Pinus koraiensis and mixed broadleaved forests (solid lines) and 6 for evergreen coniferous forests
(dotted lines). For each elevation, the sample size was 5.

Results of redundancy analysis showed that the needle properties could explain 42.26% of the
differences in growth in PBMF. The first two RDA axes explained 93.05% of the total variance of the
relationship between the growth indices and the needle properties. The first RDA axis primarily
reflected the changing trend of Nleaf, LMA and WI values. The correlation coefficients between these
three factors and the first RDA axis were −0.41, −0.52, and 0.66, respectively. The second RDA axis
primarily reflected the changing trend of Chl a, TC, and LSP, and correlation coefficients with the
sorting axis were −0.39, −0.45, and 0.48. Growth index CN was positively correlated with WI, Chlb,
and TC, and growth index OB was positively correlated with LSP (Figure 7). Correlation analysis
indicated that the growth index CN was positively correlated with Pleaf, Cleaf, LSP, and WI, and the
growth index OB was positively correlated with Pleaf, Cleaf, and LSP (Table 5). These showed that WI
and LSP were factors that significantly affect growth of Pinus koraiensis in PBMF. RDA and correlation
analysis showed that growth of Pinus koraiensis was significantly correlated with Pleaf, Cleaf, and Asat
in ECF (Figure 7, Table 5).
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Figure 7. PBMF-1: RDA analysis between growth and needle properties in Pinus koraiensis and mixed
broadleaved forests; PBMF-2: RDA analysis between growth properties and environmental factors
in Pinus koraiensis and mixed broadleaved forests. ECF-1: RDA analysis between growth and needle
properties in evergreen coniferous forests; ECF-2: RDA analysis between growth properties and
environmental factors in evergreen coniferous forests.

The redundancy analysis of growth properties and environmental factors revealed that
environmental factors could explain 45.11% of growth changes in PBMF, and 97.03% of the total
variance of the relationship between growth and environmental factors was explained. The first sorting
axis primarily reflected the changing trend of WC soil, N soil, and P soil. The correlation coefficients of
these three factors and the first sorting axis were 0.78, −0.35, and −0.21, respectively. The second RDA
axis primarily reflected the changing trend of Pair, RIA, ACT5, WCH, and WCT, and their correlation
coefficients with the RDA axis were 0.72, −0.64, 0.65, −0.65, and 0.65. As can be seen from the RDA
diagram, growth indicator OB was positively correlated with WCH and RIA, and negatively correlated
with ACT5, WCT, and pH soil in PBMF (Figure 7). Correlation analysis also showed that growth index
OB was positively correlated with WCH and RIA, and negatively correlated with WCT, ACT5, and Pair
(Table 6). These results indicate that growth indicators were significantly influenced by WCH, RIA,
WCT, ACT5, and Pair in PBMF; WCT, WCH, ACT5, RIA, WC soil, and P soil were the most relevant
environmental factors limiting the growth of Pinus koraiensis in ECF (Figure 7, Table 6).
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4. Discussion

4.1. Response of Needle Properties to Elevational Gradient in Two Different Forest Types

Differences in photosynthetic characteristics of Pinus koraiensis between high and low elevation
plants have been documented in our study. We showed that AQY, Asat, and LSP increased significantly
with the increase in elevation for both PBMF and ECF. These results indicate that the ability to utilize
weak light, the ability to adapt to strong illumination and maximum photosynthetic potential increase
with elevation in both PBMF and ECF. Further, the AQY and Asat of PBMF are greater than those of
ECF. There was no significant elevational difference in iWUE in either PBMF or ECF, suggesting a
simultaneous decrease in photosynthesis with water deficit-induced lower stomatal conductance along
the elevational gradient in each forest type. The maximum photosynthetic potential in plants at a given
elevation has been variously found to be equal, lower, or higher at higher elevations compared to lower
elevations [52]. A previous study showed that conifer populations from high elevations have evolved
to exhibit higher maximum rates of CO2 assimilation than trees from low elevations [53]. There is
also some previous evidence that photosynthetic capacity decreases with increasing elevation [54,55],
which may be caused by lower activity of Rubisco [52]. These inconsistent results may be explained
by differences in plant material, equipment, elevational range, and conditions [55]. Photosynthesis is
dependent on stomata for its supply of CO2 [56]. It is generally accepted that photosynthesis increases
when the stomata open and decreases when the stomata close [57,58]. However, a study by Farquhar
and Sharkey (1982) [59] provided no evidence of a positive correlation between photosynthesis
and Cond. Our study shows that Asat is affected primarily by stomatal factors in each forest type.
Kumar et al. [60] reported that the Cond displayed some degree of plasticity in response to elevation
and suggested that this could be one of the adaptive features allowing a wider elevational distribution
of plants.

The chlorophyll concentration may be an important nonstomatal factor that affects the
photosynthetic characteristics of plants. Studies have shown steady declines in total chlorophyll
concentrations over an elevational range from 650 m a.s.l. to 1950 m a.s.l. [61]. Chlorophyll degradation
is generally related to stress [62]. With increasing elevation, plants are often exposed to low temperatures,
large diurnal temperature fluctuations, high UV-B radiation, and low partial CO2 pressures: these
conditions are harmful to chlorophyll formation and conducive to chlorophyll degradation, thus serving
as negative factors for plant growth [63,64]. It has also been reported that high elevation populations
tend to have higher leaf chlorophyll concentrations than those from low elevations [65]. Higher
chlorophyll concentrations could increase leaf photosynthetic efficiency as an important protective
strategy for a harsher alpine environment [66]. In our study, the chlorophyll concentration in needles
did not change significantly with increasing elevation in PBMF or ECF, nor was it correlated with AQY,
LSP, and Asat. The elevational disparity may not be large enough to affect the needle chlorophyll
concentration of Pinus koraiensis saplings.

Stomatal closure occurs when water availability is reduced [67]. Stomatal conductance may be a
good indicator of plant water status, but it indicates only a short-term response [68]. The water band
index (WI) can track variation in stomatal aperture [69], so it has utility for predicting components of
plant water status including leaf water potential [25], relative water content [70] and water content as
a percentage of dry mass [71]. The present study shows that WI varied significantly with elevation,
and this result based on the soil moisture content for each forest type at the time of study.

LMA is a widely used index in functional ecology because it is thought to reflect relative
growth and important physiological traits, such as photosynthetic rate. An increase in LMA with
increasing elevation has been generally reported in natural populations of herbs and shrubs [72],
conifers [73], and broadleaved tree species [74,75] and across a wide spectrum of tree taxa reaching
the tree line [76]. LMA was also found to remain constant along narrow elevational gradients [77–79]
or even to decrease [80]. Additionally, earlier studies have suggested that greater photosynthetic
capacity is often related to higher levels of LMA, which is enhanced by ambient irradiance leading
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to facilitated growth [81–83]. Differences in the accumulation of starch or the number of palisade
cell layers [84] are likely to result in inconsistent findings. Plants growing under low irradiance have
thinner leaves, consequently having lower LMA [85]. Here, we found no elevational differences in
LMA, possibly because the plants we sampled spend long periods of time in the understory. This would
be an advantage for the survival of Pinus koraiensis seedlings and saplings [83,86], although further
investigation is needed.

The C leaf and P leaf ranges of needles in Pinus koraiensis were consistent with the results of
previous studies [87]. The range of total nitrogen content in leaves of Pinus koraiensis was also consistent
with that of previous measurements [88]. Significant differences in N leaf were detected in both forest
types, but these responses to elevational gradients varied nonlinearly with increasing elevation, which
was similar to previous studies on spruce [89]. The content of total leaf nitrogen in samples at the
lowest elevation was the highest and the content in the highest elevation was the lowest, because N is
relatively less limiting due to high rates of plant turnover and decomposition as well as abundant N
fixers at low elevations [90]. The increase in P leaf in sampled saplings with increasing elevation in
both forest types may result from leaching of highly weathered soils, as well as chemical processes
that immobilize P within the soils [91]. Our results suggested increased N limitation and decreased P
limitation with increasing elevation, results consistent with studies by Fisher et al. [15]. Additionally,
our elevational variation of leaf photosynthetic characteristics explained the elevational variation of
leaf carbon content well although further research is needed in this area due to our small sample size.

There are striking differences in many leaf traits between sun-exposed and shade leaves, such as
leaf photosynthesis and chlorophyll concentration [92], LMA [93], leaf water potential [94], and leaf
nutrients [95]. Elevational variation observed in this study could be related to changes in sun-exposed
leaves, in shade leaves or in both. As leaves in this study were not differentiated between sun and
shade, we cannot distinguish any effect of type of leaves upon these traits. Future investigations
should account for these potential differences.

4.2. Response of Growth Properties to Elevational Gradient in Two Different Forest Types

Elevational gradient and forest type affect the growth of plants. Studies have shown that growth
does not follow a simple linear trend as a function of elevation. Based on data from a tropical
forest transect in the Peruvian Andes, Girardin et al. [96] demonstrated that net primary productivity
does not vary linearly with elevation. Analyzing data from 2400 trees across a 1650 m elevational
gradient in Kosnipata Valley, Peru, Rapp et al. [97] also found that growth does not show a consistent
trend with elevation within species, although higher-elevation species had lower growth rates than
lower-elevation species. In our study, the absolute annual biomass accumulation (CN, CB, ON, and OB)
of Pinus koraiensis increased with increasing elevation in both PBMF and ECF. However, an inflection
point was observed at the junction of these two forest types; furthermore, the average CN, CB, ON,
and OB in PBMF were significantly higher than those in ECF.

Growth in PBMF increased with increasing elevation within a certain temperature range, a pattern
that may be largely determined by precipitation. Based on data from ring-width chronologies,
Yu et al. [98] found that precipitation in the previous September and the current June is the primary
limiting factor for growth of Pinus koraiensis at low-elevation sites. Higher precipitation in September
results in a greater amount of moisture available in the soil, a condition advantageous to the growth
of Pinus koraiensis in the next year [30]. Precipitation (including that in the previous September and
the June) increases with an increase in elevation [41], which would be the main reason why the
absolute biomass and relative growth rate increase with increasing elevation of PBMF. Wang et al.
(2013) [30] built regression equations to predict the future growth of Pinus koraiensis under future
climate change scenarios. They found that the radial growth of Pinus koraiensis will increase at higher
elevations relative to lower elevations, which is consistent with our findings. Results of redundancy
and correlation analysis indicated that the growth of Pinus koraiensis was significantly affected by
LSP as well as WI, WCH, and RIA in PBMF. This may be because a large part of light used for
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photosynthesis of understory plants comes from the sunflecks. Therefore, plants should have higher
light saturation points to adapt to strong sunflecks that may appear at any time.

When temperatures drop below a threshold value (the threshold value in this study is
ACT5 = 2000 ◦C), growth abruptly slows, even with an increase in precipitation. This is probably
the result of a sudden decline in the rate of metabolism when the temperature is below a certain
range [99], coupled with the decreasing number of growing degree-days [100]. As is generally known,
frost damage to growth increases with increasing elevation [101]. Other studies have shown that the
current July temperature (decreasing with rising elevation) is the main limiting factor for the growth
of Pinus koraiensis, because a decrease in temperature may lead to a delay in the onset of the growth
period and the termination of growth before the end of the normal growing season [30]. In addition,
decreases in temperature along an elevational gradient result in changes of forest type, i.e., from PBMF
to ECF, leading to a variety of stand compositions and developmental stages; soil types [102] and rates
of mineralization of dead organic matter and nutrient cycling [103] may also differ, all of which affect
plant growth. As the result of the interaction of many factors, high elevation saplings (ECF) showed
much more stress in growth when compared with saplings growing at a low elevation (PBMF); hence
the greater growth in PBMF than in ECF.

Within a certain range of low temperatures in ECF, growth increases again with increasing
elevation. The increase in Asat caused by increasing precipitation is a likely explanation for this pattern
and represents an important strategy for plant survival under adverse environmental conditions.
Asat is an important photosynthetic parameter representing maximum photon utilization capacity
in plants; hence, Asat reflects the net assimilation rate [104] and a relatively high photosynthetic rate
would result in a higher growth rate. Our results also showed that there was a significant positive
correlation between plant growth and P soil and P leaf in ECF. According to some reports, P may be
more limiting than N [105]. The amount of phosphorus in the soil is related to the high degree of
weathering of apatite by physical and chemical functions and also related to the chemical process of
fixing phosphorus within the soil. Due to the high rate of regeneration and decomposition by plants
and animals, and the abundant nitrogen-fixing microorganisms present, N is much less a limiting
factor than P in soil. The increase of leaf phosphorus with increasing elevation is another important
reason for the increasing growth in ECF.

Low temperatures may explain why few Pinus koraiensis saplings were found above their
current upper elevational limits (1350 m). At very low temperatures, plants cannot perform normal
physiological activities and cells cannot differentiate properly. Low temperatures there also limit
both the survival and activity of squirrels (Sciurus spp.), which are the primary seed dispersers of
Pinus koraiensis [33] and facilitators of germination of Pinus koraiensis seeds [106].

5. Conclusions

The responses of needle and growth properties to elevational gradients (low elevation to upper
elevational limits) and the possible underlying morphological and physiological mechanisms in natural
young Pinus koraiensis trees were studied for the first time on Changbai Mountain. These responses
and adaptations to elevation are related to forest type. The growth of young Pinus koraiensis trees
increases with rising elevations in each vegetation belt. Redundancy and correlation analysis has
shown that the growth of plants is closely related to the light saturation point, leaf water potential,
mean within-crown humidity, annual precipitation, cumulative temperature (≥5 ◦C), within-crown air
temperature, and atmospheric pressure in Pinus koraiensis and mixed broadleaved forests; in evergreen
forests, the leaf C, leaf P content, net rate of light saturation in photosynthesis, water content of
soil, within-crown humidity, annual precipitation, cumulative temperature (≥5 ◦C), within-crown air
temperature, and total soil P content displayed a significant relationship with growth of Pinus koraiensis.
This study will help us to understand better the ecophysiological processes that may enable young
Pinus koraiensis trees to adapt to varying environments and to evaluate the species’ adaptive potential
in scenarios of climate change, although further studies and demonstrations are needed. These data
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could also provide baseline data for future work on exploring the contribution of young trees to
estimated forest carbon stocks and refining a leaf trait database. Further investigation of these issues is
required before these results can be used in a broader range of species and conditions.

Author Contributions: Conceptualization, Y.F., W.K.M., and Y.C.; Data Curation, Y.F.; Formal Analysis, Y.F.;
Funding Acquisition, Y.C.; Investigation, Y.F. and Y.C.; Methodology, Y.F., W.K.M., and Y.C.; Project administration,
Y.C.; Writing—Original Draft, Y.F.; Writing—Review and Editing, Y.F., W.K.M., and Y.C.

Funding: This research was funded by (the Key Project of National Key Research and Development Plan) grant
number (2017YFC050400101) and (the Program of National Natural Science Foundation of China) grant number
(31670643).

Acknowledgments: We thank Zhen Huang, Junwei Wang, Shuai Liu, Shasha Song, Xian Wu, Yizhi Zhou, and Lei
Yi, for field work assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sundqvist, M.K.; Sanders, N.J.; Wardle, D.A. Community and ecosystem responses to elevational gradients:
Processes, mechanisms, and insights for global change. Ann. Rev. Ecol. Evol. Syst. 2013, 44, 261–280. [CrossRef]

2. Panek, J.A.; Waring, R.H. Stable carbon isotopes as indicators of limitations to forest growth imposed by
climate stress. Ecol. Appl. 1997, 7, 854–863. [CrossRef]

3. Miller, J.M.; Farquhar, G.D. Carbon isotope discrimination by a sequence of eucalyptus species along a
subcontinental rainfall gradient in Australia. Funct. Ecol. 2001, 15, 222–232. [CrossRef]

4. Kouwenberg, L.L.R.; Kürschner, W.M.; Mcelwain, J.C. Stomatal frequency change over altitudinal gradients:
Prospects for paleoaltimetry. Rev. Mineral. Geochem. 2007, 66, 215–241. [CrossRef]

5. Korner, C. Alpine Plant Life: Functional Plant Ecology of High Mountain Ecosystems; Springer: Berlin/Hamburg,
Germany, 1999; p. 1501.

6. Fukami, T.; Wardle, D.A. Long-term ecological dynamics: Reciprocal insights from natural and anthropogenic
gradients. Proc. R. Soc. Lond. B Biol. Sci. 2005, 272, 2105–2115. [CrossRef] [PubMed]

7. Walker, L.R.; Wardle, D.A.; Bardgett, R.D.; Clarkson, B.D. The use of chronosequences in studies of ecological
succession and soil development. J. Ecol. 2010, 98, 725–736. [CrossRef]

8. Malhi, Y.; Silman, M.; Salinas, N.; Bush, M.; Meir, P.; Saatchi, S. Introduction: Elevation gradients in the
tropics: Laboratories for ecosystem ecology and global change research. Glob. Chang. Biol. 2010, 16, 3171–3175.
[CrossRef]

9. Malhi, Y.; Girardin, C.A.; Goldsmith, G.R.; Doughty, C.E.; Salinas, N.; Metcalfe, D.B.; Huaraca, H.W.;
Silvaespejo, J.E.; Del, A.J.; Farfán, A.F. The variation of productivity and its allocation along a tropical
elevation gradient: A whole carbon budget perspective. New Phytol. 2017, 214, 1019–1032. [CrossRef]

10. Terashima, I.; Masuzawa, T.; Ohba, H.; Yokoi, Y. Is photosynthesis suppressed at higher elevations due to
low CO2 pressure? Ecology 1995, 76, 2663–2668. [CrossRef]

11. Wang, Q.; Iio, A.; Tenhunen, J.; Kakubari, Y. Annual and seasonal variations in photosynthetic capacity of
fagus crenata along an elevation gradient in the naeba mountains, Japan. Tree Physiol. 2008, 28, 277–285.
[CrossRef]

12. Körner, C.; Cochrane, P.M. Stomatal responses and water relations of eucalyptus pauciflora in summer along
an elevational gradient. Oecologia 1985, 66, 443–455. [CrossRef] [PubMed]

13. Chen, T.; Zhao, Z.; Zhang, Y.; Qiang, W.; Feng, H.; An, L.; Li, Z. Physiological variations in chloroplasts of
rhodiola coccinea along an altitudinal gradient in tianshan mountain. Acta Physiol. Plant. 2012, 34, 1007–1015.
[CrossRef]

14. Reinhardt, K.; Castanha, C.; Germino, M.J.; Kueppers, L.M. Ecophysiological variation in two provenances
of pinus flexilis seedlings across an elevation gradient from forest to alpine. Tree Physiol. 2011, 31, 615–625.
[CrossRef] [PubMed]

15. Fisher, J.B.; Malhi, Y.; Cuba Torres, I.; Metcalfe, D.B.; van de Weg, M.J.; Meir, P.; Silva-Espejo, J.E.; Huaraca
Huasco, W. Nutrient limitation in rainforests and cloud forests along a 3,000-m elevation gradient in the
peruvian andes. Oecologia 2013, 172, 889–902. [CrossRef] [PubMed]

16. Chapin, F.S.I.; Matson, P.A.I.; Mooney, H.A. Principles of terrestrial ecosystem eology. In Terrestrial
Decomposition; Springer: Berlin/Hamburg, Germany, 2002.

38



Forests 2019, 10, 54

17. Kramer, P.J.; Kozlowski, T.T. 17–environmental and cultural factors affecting growth. In Physiology of Woody
Plants; Academic Press: Cambridge, MA, USA, 1979; pp. 628–702.

18. Jensen, A.M.; Gardiner, E.S.; Vaughn, K.C. High-light acclimation in quercus robur l. Seedlings upon
over-topping a shaded environment. Environ. Exp. Bot. 2012, 78, 25–32. [CrossRef]

19. Wang, Q.; Zhang, Q.; Fan, D.; Lu, C. Photosynthetic light and CO2 utilization and c4 traits of two novel
super-rice hybrids. Plan. Physiol. 2006, 163, 529–537. [CrossRef] [PubMed]

20. Kneeshaw, D.D.; Kobe, R.K.; Coates, K.D.; Messier, C. Sapling size influences shade tolerance ranking among
southern boreal tree species. J. Ecol. 2010, 94, 471–480. [CrossRef]

21. Pastur, G.M.; Lencinas, M.V.; Peri, P.L.; Arena, M. Photosynthetic plasticity of nothofagus pumilio seedlings
to light intensity and soil moisture. For. Ecol. Manag. 2007, 243, 274–282. [CrossRef]

22. Roberntz, P.; Stockfors, J. Effects of elevated cO2 concentration and nutrition on net photosynthesis, stomatal
conductance and needle respiration of field-grown norway spruce trees. Tree Physiol. 1998, 18, 233–241.
[CrossRef] [PubMed]

23. Ziska, L.H.; Sullivan, J.H. Physiological sensitivity of plants along an elevational gradient to uv-b radiation.
Am. J. Bot. 1992, 79, 863–871. [CrossRef]

24. Huang, R.; Zhu, H.; Liu, X.; Liang, E.; Grießinger, J.; Wu, G.; Li, X.; Bräuning, A. Does increasing intrinsic
water use efficiency (iwue) stimulate tree growth at natural alpine timberline on the southeastern tibetan
plateau? Glob. Planet. Chang. 2017, 148, 217–226. [CrossRef]

25. Peñuelas, J.; Filella, I.; Biel, C.; Serrano, L.; Savé, R. The reflectance at the 950–970 nm region as an indicator
of plant water status. Int. J. Remote Sens. 1993, 14, 1887–1905. [CrossRef]

26. Li, Y.; Yang, D.; Xiang, S.; Li, G. Different responses in leaf pigments and leaf mass per area to altitude
between evergreen and deciduous woody species. Aust. J. Bot. 2013, 61, 424–435. [CrossRef]

27. Wright, I.J.; Reich, P.B.; Westoby, M.; Ackerly, D.D.; Baruch, Z.; Bongers, F.; Cavenderbares, J.; Chapin, T.;
Cornelissen, J.H.; Diemer, M. The worldwide leaf economics spectrum. Nature 2004, 428, 821–827. [CrossRef]

28. Reich, P.B.; Walters, M.B.; Kloeppel, B.D.; Ellsworth, D.S. Different photosynthesis-nitrogen relations in
deciduous hardwood and evergreen coniferous tree species. Oecologia 1995, 104, 24–30. [CrossRef]

29. Fang, O.; Wang, Y.; Shao, X. The effect of climate on the net primary productivity (npp) of Pinus koraiensis
in the changbai mountains over the past 50 years. Trees 2016, 30, 281–294. [CrossRef]

30. Wang, H.; Shao, X.; Jiang, Y.; Fang, X.; Wu, S. The impacts of climate change on the radial growth of
Pinus koraiensis along elevations of changbai mountain in northeastern china. For. Ecol. Manag. 2013, 289,
333–340. [CrossRef]

31. Zhang, Y.; Drobyshev, I.; Gao, L.; Zhao, X.; Bergeron, Y. Disturbance and regeneration dynamics of a mixed
korean pine dominated forest on changbai mountain, north-eastern China. Dendrochronologia 2014, 32, 21–31.
[CrossRef]

32. Yu, D.; Wang, Q.; Liu, J.; Zhou, W.; Qi, L.; Wang, X.; Zhou, L.; Dai, L. Formation mechanisms of the alpine
erman’s birch (Betula ermanii) treeline on changbai mountain in northeast china. Trees 2014, 28, 935–947.
[CrossRef]

33. Hutchins, H.E.; Hutchins, S.A.; Liu, B.W. The role of birds and mammals in korean pine (Pinus koraiensis)
regeneration dynamics. Oecologia 1996, 107, 120–130. [CrossRef]

34. Kang, K.S.; Choi, W.Y.; Han, S.U.; Kim, C.S. Effective number and seed production in a clonal seed orchard
of pznus korazenszs’. For. Genet. 2004, 11, 277–280.

35. Kim, J.H.; Lee, H.J.; Jeong, S.J.; Lee, M.H.; Kim, S.H. Essential oil of Pinus koraiensis leaves exerts
antihyperlipidemic effects via up-regulation of low-density lipoprotein receptor and inhibition of
acyl-coenzyme a: Cholesterol acyltransferase. Phytother. Res. 2012, 26, 1314–1319. [CrossRef] [PubMed]

36. Cho, S.M.; Lee, E.O.; Kim, S.H.; Lee, H.J. Essential oil of Pinus koraiensis inhibits cell proliferation and
migration via inhibition of p21-activated kinase 1 pathway in hct116 colorectal cancer cells. BMC Complement.
Altern. Med. 2014, 14, 275. [CrossRef] [PubMed]

37. Li, W.H. Degradation and restoration of forest ecosystems in china. For. Ecol. Manag. 2004, 201, 33–41.
38. Zhu, J.; Mao, Z.; Hu, L.; Zhang, J. Plant diversity of secondary forests in response to anthropogenic

disturbance levels in montane regions of northeastern china. J. For. Res. 2007, 12, 403–416. [CrossRef]
39. Sun, Y.; Zhu, J.; Sun, O.J.; Yan, Q. Photosynthetic and growth responses of Pinus koraiensis seedlings to

canopy openness: Implications for the restoration of mixed-broadleaved korean pine forests. Environ. Exp.
Bot. 2016, 129, 118–126. [CrossRef]

39



Forests 2019, 10, 54

40. Royo, A.A.; Carson, W.P. On the formation of dense understory layers in forests worldwide: Consequences and
implications for forest dynamics, biodiversity, and succession. Can. J. For. Res. 2006, 36, 1345–1362. [CrossRef]

41. Fan, B.; Sang, W.; Axmacher, J.C. Forest vegetation responses to climate and environmental change: A case
study from changbai mountain, ne china. For. Ecol. Manag. 2012, 262, 2052–2060.

42. Jennings, S.B.; Brown, N.D.; Sheil, D. Assessing forest canopies and understorey illumination: Canopy
closure, canopy cover and other measures. Forestry 1999, 72, 59–74. [CrossRef]

43. Frazer, G.W.; Fournier, R.A.; Trofymow, J.; Hall, R.J. A comparison of digital and film fisheye photography
for analysis of forest canopy structure and gap light transmission. Agric. For. Meteorol. 2001, 109, 249–263.
[CrossRef]

44. Schollenberger, C.J. A rapid approximate method for determining soil organic matter. Soil Sci. 1927, 24,
65–68. [CrossRef]

45. Mitchell, A.K. Acclimation of pacific yew (Taxus brevifolia) foliage to sun and shade. Tree Physiol. 1998, 18,
749–757. [CrossRef] [PubMed]

46. Isaac Berenblum, E.C. An improved method for the colorimetric determination of phosphate. Biochem. J.
1938, 32, 295–298. [CrossRef]

47. Shi, P.; Körner, C.; Hoch, G. End of season carbon supply status of woody species near the treeline in western
china. Basic Appl. Ecol. 2005, 7, 370–377. [CrossRef]

48. Ye, Z.-P. A new model for relationship between irradiance and the rate of photosynthesis in oryza sativa.
Photosynthetica 2007, 45, 637–640. [CrossRef]

49. Arnon, D.I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in beta vulgaris. Plant Physiol.
1949, 24, 1. [CrossRef] [PubMed]

50. Blackman, C.J.; Brodribb, T.J.; Jordan, G.J. Leaf hydraulics and drought stress: Response, recovery and
survivorship in four woody temperate plant species. Plant Cell Environ. 2009, 32, 1584–1595. [CrossRef]
[PubMed]

51. Sims, D.A.; Gamon, J.A. Estimation of vegetation water content and photosynthetic tissue area from spectral
reflectance: A comparison of indices based on liquid water and chlorophyll absorption features. Remote Sens.
Environ. 2003, 84, 526–537. [CrossRef]

52. Korner, C.; Diemer, M. In situ photosynthetic responses to light, temperature and carbon dioxide in
herbaceous plants from low and high altitude. Funct. Ecol. 1987, 1, 179–194. [CrossRef]

53. Saxe, H.; Cannell, M.G.R.; Johnsen, B.; Ryan, M.G.; Vourlitis, G. Tree and forest functioning in response to
global warming. New Phytol. 2001, 149, 369–399. [CrossRef]

54. Cabrera, H.; Rada, F.; Cavieres, L. Effects of temperature on photosynthesis of two morphologically
contrasting plant species along an altitudinal gradient in the tropical high andes. Oecologia 1998, 114,
145–152. [CrossRef] [PubMed]

55. Rada, F.; Azocar, A.; Gonzalez, J.; Briceño, B. Leaf gas exchange in espeletia schultzii wedd, a giant caulescent
rosette species, along an altitudinal gradient in the venezuelan andes. Acta Oecol. 1998, 19, 73–79. [CrossRef]

56. Morison, J.I.L. Stomatal response to increased CO2 concentration. J. Exp. Bot. 1998, 49, 443–452. [CrossRef]
57. Heber, U.; Neimanis, S.; Lange, O.L. Stomatal aperture, photosythesis and water fluxes in mesophyll cells

as affected by the abscission of leaves. Simultaneous measurements of gas exchange, light scattering and
chlorphyll fluorescence. Planta 1986, 167, 554–562. [CrossRef] [PubMed]

58. Bunce, J.A. Effects of boundary layer conductance on substomatal pressures of carbon dioxide. Plant Cell
Environ. 1988, 11, 205–208. [CrossRef]

59. And, G.D.F.; Sharkey, T.D. Stomatal conductance and photosynthesis. Ann. Rev. Plant Physiol. 1982, 33,
317–345.

60. Kumar, N.; Kumar, S.; Ahuja, P.S. Photosynthetic characteristics of hordeum, triticum, rumex, and trifolium
species at contrasting altitudes. Photosynthetica 2005, 43, 195–201. [CrossRef]

61. Liu, W.; Fan, X.; Wang, J.; Zhang, C.; Lu, W.; Gadow, K.V. Spectral reflectance response of fraxinus mandshurica
leaves to above-and belowground competition. Int. J. Remote Sens. 2012, 33, 5072–5086. [CrossRef]

62. Curran, P.J. Exploring the relationship between reflectance red edge and chlorophyll content in slash pine.
Tree Physiol. 1990, 7, 33–48. [CrossRef]

63. Haldimann, P. Effects of changes in growth temperature on photosynthesis and carotenoid composition in
zea mays leaves. Physiol. Plant. 1996, 97, 554–562. [CrossRef]

40



Forests 2019, 10, 54

64. Lefsrud, M.G.; Kopsell, D.A. Biomass production and pigment accumulation in kale grown under different
radiation cycles in a controlled environment. HortScience 2006, 41, 1412–1415.

65. Oleksyn, J.; Modrzýnski, J.; Tjoelker, M.; Reich, P.; Karolewski, P. Growth and physiology of picea abies
populations from elevational transects: Common garden evidence for altitudinal ecotypes and cold
adaptation. Funct. Ecol. 1998, 12, 573–590. [CrossRef]

66. Ran, F.; Zhang, X.; Zhang, Y.; Korpelainen, H.; Li, C. Altitudinal variation in growth, photosynthetic capacity
and water use efficiency of abies faxoniana rehd. Et wils. Seedlings as revealed by reciprocal transplantations.
Trees 2013, 27, 1405–1416. [CrossRef]

67. Lovisolo, C.; Perrone, I.; Carra, A.; Ferrandino, A.; Flexas, J.; Medrano, H.; Schubert, A. Drought-induced
changes in development and function of grapevine (Vitis spp.) organs and in their hydraulic and
non-hydraulic interactions at the whole-plant level: A physiological and molecular update. Funct. Plant Biol.
2010, 37, 98–116. [CrossRef]

68. Chaves, M.M.; Zarrouk, O.; Francisco, R.; Costa, J.M.; Santos, T.; Regalado, A.P.; Rodrigues, M.L.; Lopes, C.M.
Grapevine under deficit irrigation: Hints from physiological and molecular data. Ann. Bot. 2010, 105,
661–676. [CrossRef] [PubMed]

69. Dzikiti, S.; Verreynne, J.S.; Stuckens, J.; Strever, A.; Verstraeten, W.W.; Swennen, R.; Coppin, P. Determining
the water status of satsuma mandarin trees [citrus unshiu marcovitch] using spectral indices and by
combining hyperspectral and physiological data. Agric. For. Meteorol. 2010, 150, 369–379. [CrossRef]

70. Cibula, W.G.; Zetka, E.F.; Rickman, D.L. Response of thematic mapper bands to plant water stress. Int. J.
Remote Sens. 1992, 13, 1869–1880. [CrossRef]

71. Ustin, S.L.; Roberts, D.A.; Pinzón, J.; Jacquemoud, S.; Gardner, M.; Scheer, G.; Castañeda, C.M.;
Palacios-Orueta, A. Estimating canopy water content of chaparral shrubs using optical methods. Remote Sens.
Environ. 1998, 65, 280–291. [CrossRef]

72. Korner, C.; Allison, A.; Hilscher, H. Altitudinal variation of leaf diffusive conductance and leaf anatomy
in heliophytes of montane new guinea and their interrelation with microclimate. Flora 1983, 174, 91–135.
[CrossRef]

73. Hultine, K.; Marshall, J. Altitude trends in conifer leaf morphology and stable carbon isotope composition.
Oecologia 2000, 123, 32–40. [CrossRef]

74. Piper, F.I. Intraspecific trait variation and covariation in a widespread tree species (Nothofagus pumilio) in
southern chile. New Phytol. 2011, 189, 259–271.

75. Bresson, C.C.; Vitasse, Y.; Kremer, A.; Delzon, S. To what extent is altitudinal variation of functional traits
driven by genetic adaptation in european oak and beech? Tree Physiol. 2013, 31, 1164–1174. [CrossRef]

76. Smith, M. Alpine treelines: Functional ecology of the global high elevation tree limits. Mt. Res. Dev. 2013, 33,
357. [CrossRef]

77. Sveinbjornsson, B.; Nordell, O.; Kauhanen, H. Nutrient relations of mountain birch growth at and below the
elevational tree-line in swedish lapland. Funct. Ecol. 1992, 6, 213–220. [CrossRef]

78. Kudo, G. Altitudinal effects on leaf traits and shoot growth of betulaplatyphyl. Can. J. For. Res. 2011, 25,
1881–1885. [CrossRef]

79. Birmann, K.; Körner, C. Nitrogen status of conifer needles at the alpine treeline. Plant Ecol. Divers. 2009, 2,
233–241. [CrossRef]

80. Schoettle, A.W.; Rochelle, S.G. Morphological variation of pinus flexilis (pinaceae), a bird-dispersed pine,
across a range of elevations. Am. J. Bot. 2000, 87, 1797–1806. [CrossRef]

81. Ellsworth, D.S.; Reich, P.B. Leaf mass per area, nitrogen content and photosynthetic carbon gain in acer
saccharum seedlings in contrasting forest light environments. Funct. Ecol. 1992, 6, 423–435. [CrossRef]

82. Le, R.X.; Walcroft, A.S.; Sinoquet, H.; Chaves, M.M.; Rodrigues, A.; Osorio, L. Photosynthetic light acclimation
in peach leaves: Importance of changes in mass: Area ratio, nitrogen concentration, and leaf nitrogen
partitioning. Tree Physiol. 2001, 21, 377–386.

83. Pollastrini, M.; Stefano, V.D.; Ferretti, M.; Agati, G.; Grifoni, D.; Zipoli, G.; Orlandini, S.; Bussotti, F. Influence
of different light intensity regimes on leaf features of vitis vinifera l. In ultraviolet radiation filtered condition.
Environ. Exp. Bot. 2011, 73, 108–115. [CrossRef]

84. Luomala, E.M.; Laitinen, K.; Sutinen, S.; Kellomäki, S.; Vapaavuori, E. Stomatal density, anatomy and nutrient
concentrations of scots pine needles are affected by elevated co 2 and temperature. Plant Cell Environ. 2005,
28, 733–749. [CrossRef]

41



Forests 2019, 10, 54

85. Björkman, O. Responses to Different Quantum Flux Densities; Springer: Berlin/Heidelberg, Germany, 1981;
pp. 57–107.

86. Reich, P.B.; Ellsworth, D.S.; Walters, M.B. Leaf structure (specific leaf area) modulates photosynthesis-nitrogen
relations: Evidence from within and across species and functional groups. Funct. Ecol. 1998, 12, 948–958.
[CrossRef]

87. Park, B.-B.; Byun, J.-K.; Park, P.-S.; Lee, S.-W.; Kim, W.-S. Growth and tissue nutrient responses of fraxinus
rhynchophylla, fraxinus mandshurica, Pinus koraiensis, and abies holophylla seedlings fertilized with
nitrogen, phosphorus, and potassium. J. Korean Soc. For. Sci. 2010, 99, 186–196.

88. Cai-Feng, Y.; Shi-Jie, H.; Yu-Mei, Z.; Cun-Guo, W.; Guan-Hua, D.; Wen-Fa, X.; Mai-He, L. Needle-age related
variability in nitrogen, mobile carbohydrates, and δ13c within Pinus koraiensis tree crowns. PLoS ONE 2012,
7, e35076.

89. Luo, J.; Zang, R.; Li, C. Physiological and morphological variations of picea asperata populations originating
from different altitudes in the mountains of southwestern china. For. Ecol. Manag. 2006, 221, 285–290.
[CrossRef]

90. Hedin, L.O.; Brookshire, E.J.; Menge, D.N.; Barron, A.R. The nitrogen paradox in tropical forest ecosystems.
Ann. Rev. Ecol. Evol. Syst. 2009, 40, 613–635. [CrossRef]

91. Vitousek, P.M.; Porder, S.; Houlton, B.Z.; Chadwick, O.A. Terrestrial phosphorus limitation: Mechanisms,
implications, and nitrogen-phosphorus interactions. Ecol. Appl. 2010, 20, 5–15. [CrossRef]
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Abstract: Aleppo pine (Pinus halepensis Mill.) is widespread in most countries of the Mediterranean
area. In Greece, Aleppo pine forms natural stands of high economic and ecological importance.
Understanding the species’ ecophysiological traits is important in our efforts to predict its responses
to ongoing climate variability and change. Therefore, the aim of this study was to assess the seasonal
dynamic in Aleppo pine gas exchange and water balance on the leaf and canopy levels in response to
the intra-annual variability in the abiotic environment. Specifically, we assessed needle gas exchange,
water potential and δ13C ratio, as well as tree sap flow and canopy conductance in adult trees of
a mature near-coastal semi-arid Aleppo pine ecosystem, over two consecutive years differing in
climatic conditions, the latter being less xerothermic. Maximum photosynthesis (Amax), stomatal
conductance (gs), sap flow per unit leaf area (Ql), and canopy conductance (Gs) peaked in early spring,
before the start of the summer season. During summer drought, the investigated parameters were
negatively affected by the increasing potential evapotranspiration (PET) rate and vapor pressure
deficit (VPD). Aleppo pine displayed a water-saving, drought avoidance (isohydric) strategy via
stomatal control in response to drought. The species benefited from periods of high available soil
water, during the autumn and winter months, when other environmental factors were not limiting.
Then, on the leaf level, air temperature had a significant effect on Amax, while on the canopy level,
VPD and net radiation affected Ql. Our study demonstrates the plasticity of adult Aleppo pine in
this forest ecosystem in response to the concurrent environmental conditions. These findings are
important in our efforts to predict and forecast responses of the species to projected climate variability
and change in the region.

Keywords: Aleppo pine; Greece; photosynthesis; water potential; δ13C; sap flow; canopy
conductance; climate
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1. Introduction

Aleppo pine (Pinus halepensis Mill.) is widespread in most countries of the Mediterranean area [1,2].
In Greece, Aleppo pine forms forests of economic importance (e.g., wood, resin, medicinal, and honey
products) [1], comprising 26% of the coniferous forests in the country.

Aleppo pine can reach heights of 10–20 m, depending on the precipitation regime in the area, and
has relatively shallow roots, usually not exceeding depths of 5 m [3]. The species is adapted to the
xerothermic conditions (high temperatures and droughts) of the Mediterranean, due to its drought
avoidance strategy of reducing stomatal conductance under water shortage [4]. This isohydric response
allows Aleppo pine to limit the reduction of needle water potential and xylem cavitation, to which it is
quite vulnerable [5,6]. Moreover, Aleppo pine has adapted its physiological activity to the seasonally
changing climatic regime in the region. It actively grows during two periods of the growing season
(spring and autumn) when temperatures are favorable and water is available. This behavior is more
pronounced in the coastal regions than in continental forest sites [7]. On the other hand, extreme winter
and summer temperatures and intensive summer droughts may cause growth activity to cease [8] and
lead to extensive dieback and growth declines in Aleppo pine forests [9].

Improving our understanding of the driving factors that control Aleppo pine responses to climatic
conditions is important for managing the species and forecasting its responses to climate variability,
extremes, and change. Relationships between various physiological traits and the abiotic environment
have been reported in the literature for Aleppo pine [10–12]. Studies have demonstrated a strong
stomatal regulation in the species and coordination between foliage water potential and stomatal
conductance to balance water loss [13]. However, needle and canopy stomatal responses to changes
in evaporative demands, especially in combination with high temperatures remain unclear. Aleppo
pine populations vary greatly in their response to extreme weather events across their distribution
range [9,14]. Populations growing under the driest environments seem to be most impacted by extreme
droughts and are prone to growth decline, but recover quickly. It is, however, unknown how the species
will respond to the drier and hotter conditions forecasted for the Mediterranean basin under climate
change [15], particularly in the eastern part [16]. Studying the seasonal dynamics of physiological traits
in Aleppo pine in response to the concurrent climatic conditions will advance our understanding of the
drivers that control growth and performance in the species and resilience of these forests. Few studies
on the ecophysiological responses of Aleppo pine to drought regimes included Greek provenances
and have focused on ecotypic variability assessed in plantations [17–20], not on adult trees of natural
Aleppo pine forests. Thus, information on the ecophysiological responses of natural Aleppo pine
forests in Greece is scarce.

In the present study, we assessed the seasonal dynamics of physiological traits of a mature
near-coastal Aleppo pine ecosystem in Sani, Chalkidiki, northern Greece, over two consecutive years.
We measured foliage gas exchange, water potential and stable carbon isotopic ratio, and tree sap flow
rate and canopy conductance to characterize water balance dynamics of the species in response to
climatic variability. Our specific aims were to (a) describe the seasonal variation in the physiological
traits of Aleppo pine trees and (b) determine the climatic factors that control the observed seasonal
trends. The combination of selected complementary techniques provides vital information from the
needle to the stand level for assessing the performance of this dominant Mediterranean forest species
under the prevailing climate change.

2. Materials and Methods

2.1. Site Description

The study was conducted at the peninsula of Kassandra, Chalkidiki, Greece. The experimental site
is located at the Stavronikita forest (latitude: 40◦06′22′′ N, longitude: 23◦18′80′′ E, altitude 15 m.a.s.l.,
slope 1%, c. 300 m distance from the coast). The site is in a natural Aleppo pine (Pinus halepensis) stand
with a mean tree height of 16 m, a mean diameter at breast height of 45 cm, a mean tree basal area of
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0.19 m2, and a stand basal area of 23.68 m2ha−1. The understorey consists of a maquis shrub vegetation,
dominated with Pistacia lentiscus L., Phyllirea media L., and Quercus coccifera L. The soil has a high pH
(7.5–8.2) and, according to European soil classification, it lies at the boundary between Calcari-chromic
Vertisols and Chromic Luvisols [21,22].

2.2. Environmental Conditions

The climate on site is Mediterranean (Csa), according to Köppen-Geiger’s classification, and is
characterized by rainy winters and semi-arid growing seasons [23]. Micrometeorological data are
available for the period 1978–1997 and from 2007 to present, from a fully automated weather station
operating at a c. 50 m distance from the forest stand. Air temperature and air relative humidity (RHT2nl,
Delta-T Devices Ltd., Cambridge, UK), photosynthetically active radiation (SKP215; Skye Instruments
Ltd., Llandrindod Wells, UK), solar radiation (SKS1110, Skye Instruments, UK), wind speed (model
4.3515.30.000, THIES CLIMA, Göttingen, Germany), wind direction (WD4, Delta-T Devices Ltd., UK),
precipitation (AR100 and RGB1, EM UK), and soil temperature at a depth of 15 cm (ST1, Delta-T
Devices Ltd., UK) were continuously recorded. All parameters were data-logged on a 1-h basis (DL2e
Delta-T Logger, Delta-T Devices Ltd., Cambridge, UK). Missing data due to a short-term malfunction
of the meteorological station were completed after extrapolation from the respective data from the
closest meteorological station of Loutra Thermis (latitude 40◦30′ N, longitude 23◦04′ E, 30 m.a.s.l.).
The filling of the missing data gaps was performed by using the double-mass curve technique [24]
followed by a t-test [25]. Moreover, vapor pressure deficit (VPD) was estimated using the RayMan
model [26,27], while potential stand evapotranspiration (PET) and available soil water capacity (aSWC)
of the study site were calculated with the water balance model WBS3. WBS3 is a forest–hydrological
model that requires daily mean values of air temperature and daily total precipitation as meteorological
inputs [28] and takes into account several forest stand parameters as input, as described in detail in a
previous study [29].

An aridity index (AI) [30] was selected to estimate aridity conditions prevailing at the study area.
A number of aridity indices have been proposed; these indicators serve to identify, locate, or delimit
regions that suffer from a deficit of water availability [31]. The aridity index is estimated as follows
(Equation (1)):

AI = P/PET, (1)

where P is precipitation (mm), which in our study is equal to rainfall, and PET is potential
evapotranspiration (mm). The boundaries that define the various degrees of aridity are shown
in Table S1 [32].

2.3. Measurement Campaigns

Four dominant, non-neighboring Aleppo pine trees were selected for measurements and needle
collection. Attention was paid to choosing healthy individuals, since infestation by the insect Marhalina
hellenica (Genn.) is spread in Pinus halepensis forests of Chalkidiki. Three sun-exposed branches of
the lower canopy (approximately three meters above ground) were marked and were thereafter used
for measurements of gas exchange and midday water potential. After completion of each set of gas
exchange measurements, the needles were sampled for carbon isotopic ratio analysis, as described
below. Neighboring needles of the same branches were used for water potential measurements.

Measurements were conducted over two consecutive years on a monthly basis; gas exchange was
measured from December 2007 to November 2009, while needle midday water potential was measured
from January 2008 to October 2009. Needle δ13C was determined from January 2008 to May 2009 due
to technical limitations.
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2.4. Gas Exchange and Needle Water Potential

For gas exchange measurement, we used the Li-6400 open path infra-red gas analyzer with a
Li 6400-40 fluorescence chamber (Li-Cor, Lincoln, NE, USA). Maximum photosynthesis (Amax) and
stomatal conductance (gs) measurements were conducted on current year, fully expanded, and sun
exposed needles between 10:00 and 13:00. The needles were carefully arranged in the 2-cm2 cuvette
in a way to exclude overlapping and to fully cover the area of the cuvette and they were acclimated
for c. 10 min in the chamber at a CO2 concentration of 400 ppm, under a photosynthetically active
radiation (PAR) level of 1000 μmolm−2s−1 from November to March and 1500μmolm−2s−1 from April
to October. CO2 flow rate was set to 300 μmols-1 and temperature inside the chamber was controlled
within the range of 17–28 ◦C, depending on the seasonal fluctuation of ambient air temperature.

Midday water potential (midday Ψ) measurements were conducted between 13:00 to 14:00 using
a portable pressure chamber (model PMS 1003, PMS Instruments, Corvallis, OR, USA). The needles’
water potential was measured after gas exchange measurements.

2.5. Needle δ13C Signature

At the study site, new needles were fully expanded until the end of May each year. New needles
(<1 year old), fully developed from the preceding May, were collected on a monthly basis from the same
dominant Aleppo pine trees for the determination of the needle carbon isotopic ratio (δ13C). Samples
were oven-dried at 65 ◦C until at a constant weight and then sent to the University of Nebraska Water
Sciences Laboratory for analysis (https://watersciences.unl.edu/). Samples were finely ground and
δ13C was determined using mass spectrometry. The carbon isotope ratio (δ13C) of each sample was
then determined as δ13C (%�) = [(Rsample/Rstandard) − 1] × 1000, where Rsample is the 13C/12C of the
sample and Rstandard is the 13C/12C ratio of the Vienna Pee Dee Belemnite (VPDB) standard.

2.6. Tree Sap Flow and Canopy Stomatal Conductance

Xylem sap flux was monitored using the thermal dissipation method [33,34]. In July 2008, 2-cm
long Granier-type sensors and measurements were taken until early November 2009. Probe pairs were
inserted radially into the stem of five dominant Aleppo pine trees averaging 43.5 cm diameter at breast
height (DBH) with a vertical separation between the probes of approximately 12.0 cm. Probes were
installed in the outer sapwood of the north-facing side of the stem and both probes and stems were
insulated to minimize natural temperature gradients.

The temperature difference between the Granier-type probes was recorded at 10 second intervals
and stored as 15 min averages on a data logger (CR10X Campbell Scientific, Logan, UT, USA) and used
to obtain sap flux density by means of the equation derived empirically by Granier [33]. The daily
maximum temperature difference was used as an estimate of the temperature difference under zero
flow conditions. This variable was approximately constant over the study period (average coefficient
of variation ± SE = 1.24% ± 0.04%).

Natural temperature gradients in the stem can interfere with sap flow measurements. These were
measured over 60 days, but as values were consistently <5.2% of the sap flow signal, no corrections
were applied [35].

The thickness of active sapwood was estimated using an allometric relationship obtained from a
close by Aleppo pine site (in Peukochori, Chalkidiki; Radoglou K, unpublished data). For this purpose,
20 wood slices were used to estimate sapwood and heartwood areas. The equation best fitted to our
data (r2 = 0.999) was As = 0.077 × (DBH1.9905), where As stands for sapwood area (in m2) and DBH for
diameter at breast height (in m). Allometric relationships were also applied to estimate total tree leaf
area [36] and used to calculate sap flow per unit leaf area (Ql; kgm−2day−1).

Canopy stomatal conductance (Gs; mms−1) was derived from sap flow measurements as described
by [37].
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Mean daily values of Ql and Gs corresponding to days with mean daily values of VPD <0.1 kPa
were excluded [38].

2.7. Statistical Analysis

Statistical analysis was performed with SPSS 23.0 (IBM Corp., SPSS for Windows, NY, USA)
and OriginPro 8.0 (OriginLab Corp., Northampton, MA, USA). Relationships between physiological
traits, as well as between physiological and single or combined environmental parameters, were
examined using linear and non-linear regression analyses and coefficients of determination (adjusted
R2). The physiological traits tested were Amax, gs, Ψmid, needle δ13C, Ql, and Gs, while the respective
environmental parameters were rainfall, air relative humidity, VPD, mean, maximum and minimum
air temperature (Tmean, Tmax and Tmin, respectively), PET, net radiation, daytime net radiation, and
aSWC of the actual day the physiological parameters were measured, or averaged over (a) the
respective month, (b) the preceding month, (c) one week prior to measurements, and (d) two weeks
prior to measurements. For the regression model between Ql, VPD, and net radiation, mean hourly
values for the wetter period (November to March of each study year, when data were available) were
considered after excluding the ones corresponding to VPD<0.1 KPa. For all analyses, the environmental
parameter(s) having an insignificant effect on each regression model (p > 0.05) were excluded from the
model. When the combined effect of more than one environmental parameter on physiological traits
was tested, only the independent environmental parameters were entered into the regression model.
All tested significant regression models are presented in Table S2. The regression models with the
highest adjusted R2 and the highest significance level are presented in figures. The level of significance
of each relationship (p < 0.05, p < 0.01, p < 0.001) is given in the respective plot.

3. Results

3.1. Climatic Conditions

The seasonal fluctuation of Tmean cumulative precipitation, mean aSWC, and mean VPD during
the two-year study is presented in Figure 1. On average, 2009 was characterized by a combination
of both higher average air temperatures and rainfall relative to 2008, resulting in lower VPD, higher
aSWC, and higher aridity index (less xerothermic conditions) in 2009 compared to 2008 and to averages
from the previous decade (Table 1).

Table 1. Annual cumulative rainfall and mean annual aridity index, aSWC and VPD during the study
years and the previous decade.

Period Rainfall (mm) Aridity Index aSWC (%) VPD (KPa)

2008 542.1 0.77 36.9 0.55
2009 680.2 1.16 46.6 0.46

2008–2017 544.9 0.84 37.5 0.48
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Figure 1. Daily values of: (a) Mean air temperature (Tmean) and rainfall and (b) available soil water
capacity (aSWC) and vapor pressure deficit (VPD) during the study period.

3.2. Seasonal Patterns of Gas Exchange, Needle Water Potential, and δ13C Composition

Gas exchange rates were high at the beginning of April in both years of measurements (Figure 2a,b).
In 2008, a second pick in gas exchange was recorded in early July, before the summer drought was
intensified, whereas in 2009 a second pick was evident in early October, after the completion of the
drought season.

The combined effects of daytime net radiation and Tmean on sampling dates largely explains
the variation in Amax between October and March (Radj

2 = 0.62, p < 0.05; Figure 3). The particularly
low Amax values observed in October and November 2008, compared to the same period in 2009,
could be due to the substantially lower air temperatures of the former period compared to the latter.
Tmean ranged from 8.5 to 15.5 ◦C in October–November measuring days of 2008 vs. 19.6 to 21.7 ◦C
in 2009, while the Tmin of the preceding nights was, similarly, lower in these measuring days of
2008 (5.4–11.2 ◦C) vs. 2009 (15.7–18.4 ◦C).On the other hand, the higher Tmean, increased aSWC, and
decreased VPD during October–December of 2009, compared to the same period in 2008, resulted in
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a substantial increase in gas exchange, which reached values comparable to those observed during
the spring in Aleppo pine. The strong and significant relationship between Amax and gs (Radj

2 = 0.59,
p < 0.01; Figure 4a) indicated a close stomatal regulation of photosynthesis during the study period.

Figure 2. Seasonal pattern of monthly (a) maximum photosynthesis (Amax), (b) stomatal conductance
(gs), (c) δ13C ratio, and (d) midday water potential (Ψ) during two consecutive years (2008 and 2009).
n = 4 trees ± SE.
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Figure 3. Regression model describing the combined effect of net radiation [kWm−2] and mean air
temperature [◦C] on needle Amax during the period October–March. Mean daily values of net radiation
and air temperature corresponding to the days of Amax measurements were used. For net radiation, only
daytime values were used. RSPV stands for regression standardized predicted value. The confidence
levels of the models are depicted by grey upper and lower bands.
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The δ13C ratio and midday Ψ of the current year needles displayed seasonal variability (Figure 2c,d)
that was more pronounced in 2008 than 2009, consistent with the observed lower VPD and higher
aSWC in 2009 vs. 2008 (Figure 1; Table 1). A significant negative linear relationship was recorded
between δ13C and Ψ (Radj

2 = 0.38, p < 0.05; Figure 4b), with the highest δ13C and the lowest midday Ψ
values reported in August. Among all tested environmental parameters, the average VPD over two
weeks period prior to sampling had the strongest effect on the δ13C ratio of the needles (Radj

2 = 0.64,
p < 0.001; Figure 4a). The PET of the day of measurements was found to be the strongest predictor of
midday Ψ (Radj

2 = 0.72, p < 0.001; Figure 5b).
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Figure 4. Regression models describing the relationship between needle (a) Amax and gs and (b) δ13C
and midday Ψ. The confidence levels of the models are depicted by grey upper and lower bands.
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needle midday Ψ and potential stand evapotranspiration (PET) of the current day of measurements.
The confidence levels of the models are depicted by grey upper and lower bands.

3.3. Seasonal Patterns of Sap Flow and Canopy Conductance

In 2009, maximum Ql values were reached early in the growing season, when mean daily aSWC
was still quite high (Figure 6a). Comparison with the same period in 2008 was not possible, since sap
flow measurements were initiated in July 2008. In addition, datalogger malfunctioning resulted in
missing values in April 2009, thus, not allowing comparison with the gas exchange maximum values
in April. During the dry months, from July to September of both study years, similar declining trends
were apparent in Ql, with higher overall rates in less xerothermic 2009 compared to 2008 (Figure 6a).
Ql increased in October 2008, with the increase in aSWC, from 13% (in the second half of September) to
49% (first half of October), while mean daily values of VPD and net radiation were still not limiting.
Ql declined until December 2008, before increasing again to reach maximum values in March 2009
(Figure 6a), when VPD started to increase and aSWC was still very high (>85%). The combined effect of
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net radiation and VPD during the wet season (November–March) of the study period largely explained
the variation in Ql (Radj

2 = 0.64, p < 0.001; Figure 7). Thus, when water availability was not a limiting
factor, Ql was mainly controlled by VPD and net radiation.
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Figure 6. Seasonal patterns of mean monthly values of: (a) Sap flow per unit leaf area Ql and (b) canopy
stomatal conductance (Gs) measured over two consecutive years (2008 and 2009). n = 5 trees ± SE.

To investigate the causes of the drought-induced decrease in Ql, canopy stomatal conductance
(Gs) was derived from Ql. The seasonal pattern of Gs was strongly controlled by PET (Radj

2 = 0.69,
p < 0.001; Figure 8a) and VPD (R2 = 0.62, p < 0.001; Figure 8c) of the respective period, indicating
increased stomatal control as drought progressed. Gs was also strongly related to aSWC (Radj

2 = 0.72,
p < 0.001; Figure 8b) and tracked its seasonal changes, which explains the high values in October and
December 2008, as well as in January 2009 (Figure 6b).
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Figure 8. Regression models describing the relationship between mean monthly canopy stomatal
conductance (Gs) and (a) potential stand evapotranspiration (PET), (b) available soil water capacity
(aSWC), and (c) vapor pressure deficit (VPD). The confidence levels of the models are depicted by grey
upper and lower bands.

4. Discussion

The seasonal variation in key physiological traits as impacted by the environmental conditions
were investigated in a mature near-coastal Aleppo pine forest in Sani, Chalkidiki, northern Greece.
The study site is characterized by semi-arid growing seasons (mean aridity index of April to October
during the last decade was 0.38) and compared to other Mediterranean Aleppo pine forests, it falls
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within the average rainfall range but has relatively high mean air temperatures (Table S3). Assessments
were conducted during two consecutive years (2008 and 2009) differing in climatic conditions. The latter
was characterized by considerably higher water availability, while the former was comparable or even
drier than the last decade’s average (Figure 1; Table 1). This enabled monitoring of the ecophysiological
responses of Aleppo pine under a wider range of climatic conditions. Within this frame, the effects of
key environmental parameters on the gas exchange and water balance of Pinus halepensis were tested.

Aleppo pine exhibited a bimodal pattern of Amax which peaked twice in each year, when conditions
were favorable (Figure 2a), corresponding with the species growth activity in the spring and autumn [6].
Stomatal regulation over Amax was observed throughout the year (Figure 4a), which appeared to
respond to the limiting environmental factors. During the xerothermic summer conditions, PET
exceeded that of aSWC and caused a decline in midday Ψ to values comparable to those reported in
adult Aleppo pine trees (c. −2.6 MPa) [6]. As a result, gs also declined, thus limiting Amax (Figure 2a,b),
in line with the isohydric water-saving strategy of Aleppo pine [4,8,39]. This reduction of gs is probably
a response to minimize conductivity loss. Similar midday Ψ levels caused a c. 30% loss of conductivity
in Aleppo pine seedlings subjected to drought [4], indicating its relatively high vulnerability to xylem
embolism [6].

Air temperature and net radiation appear to be key controllers of Amax during the period of October
to March (Figure 3). High Amax rates were reached during the warm days of October–November
2009, but not during the substantially colder measuring days between October 2008 and March 2009
(Figure 2a). It has similarly been reported [40] that the decrease of night temperatures below 10 ◦C,
accompanied by a photoperiod below 12 h, results in low photosynthetic rates in seedlings of Pinus
strobus during autumn. The Amax of Mediterranean pines was also found to be controlled by the
preceding night temperatures and internal factors during autumn and winter months [41], as well as
by extreme preceding summer droughts [10]. Any photoinhibition effects on Amax during the colder
months of 2008 can be excluded since Fv/Fm values remained high (above 0.84; data not shown) and
the air temperature was not low enough to account for such a response [42].

The quite xerothermic summer of 2008 resulted in a low midday Ψ (Figure 2d) that was reflected
in the δ13C isotopic ratio (Figure 2c), which increased linearly with decreasing midday Ψ (Figure 4b).
This has been observed in other forest species during water deficits [43], owing to decreased Rubisco
discrimination against 13C under stomatal closure due to abiotic stresses [44]. Midday Ψ was found to
immediately respond to short-term changes in air evaporative demand, as similarly shown by [11],
since current day evapotranspiration explains 72% of its variation (p < 0.001; Figure 5b). On the
contrary, the air vapor pressure deficit over the last two weeks strongly affected the needle δ13C (R2

adj = 0.64, p < 0.001, Figure 5a), while this effect was less pronounced when shorter or longer time
intervals were examined (Table S2). Foliar δ13C being affected by recent environmental conditions
has been previously reported [29,45] and may apply for Aleppo pine as well, as the isotopic signature
of recently produced assimilates could be detected quicker in a conifer that maintains an active C
metabolism through most of the year.

Sap flow per unit leaf area (Ql) showed a seasonal water saving pattern, with maximum values in
early spring and a gradual decline as summer drought progressed (Figure 6a) and stomatal control
increased (Figure 2b) to prevent water loss. A second peak in Ql occurred in autumn 2008 (Figure 6a)
associated with aSWC increase (from 13% in the last half of September to 49% in the first half of
October). It is also evident that, when water availability was not a limiting factor, Ql was mainly
controlled by VPD and net radiation (Figure 7). Our results indicate that, in accordance to the findings
from other Mediterranean type ecosystems [37,46], interannual variability in sap flow of Aleppo pines
can be substantial, to avoid periods of prolonged drought and high transpirational demands.

Consistent with the patterns of leaf-level responses and sap flow, canopy conductance (Gs)
decreased during the summer drought months (Figure 6b) being strongly affected by the gradual
increases in PET, VPD (Figure 8a,c) and air temperature (Table S2), as similarly reported in numerous
other studies [37,47]. As PET increased, midday Ψ decreased (Figure 5b) and gs followed the same
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pattern to prevent conductivity losses [48]. On the other hand, gs responded positively when water
availability increased (Figure 8b), possibly due a gradual refill of previously cavitated tracheids [49].

The studied Aleppo pine stand exhibited plasticity to environmental conditions and showed the
ability to recover from the effects induced by drought when climatic factors were improved. A similar
response is reported for Aleppo pine growth when precipitation is increased [9]. However, during the
period of increased water availability (October to March), varying patterns may be observed on the
leaf and on the canopy level, responding to different parameters that seem to have a limiting effect.
Thus, photosynthesis at the level of the lower canopy was greatly affected by air temperature and net
radiation and increased when temperature was optimal (in October–November 2009), while sap flow
and conductance at the canopy level responded positively to the favorable VPD, net radiation, and
evapotranspiration during the same period of both years.

The results of the present study demonstrate the potential of this dominant Mediterranean forest
tree species, to overcome the adverse conditions during summer droughts and to take advantage of
more favorable water regimes occurring in early spring and occasionally also during autumn and
winter, if other environmental parameters are not limiting, in a semi-arid ecosystem in Chalkidiki,
Greece. Furthermore, some light is shed on the environmental controls over key physiological traits at
the leaf and the canopy level.

5. Conclusions

By assessing the ecophysiological responses of the studied Aleppo pine forest in Northern Greece
within a range of varying climatic conditions during a two year period, different but complementary
patterns were revealed. During xerothermic periods, a typical isohydric behavior was exhibited by
Aleppo pine; Amax, Ql and gs declined through stomatal control to limit Ψ reduction and loss of
conductivity. However, in periods when water availability was not a limiting factor, the species was
able to maximize its carbon gain if other controlling parameters, such as air temperature and net
radiation, simultaneously ensured a favorable environmental regime. In conclusion, a high plasticity
of the Pinus halepensis at the studied forest site to concurrent environmental conditions is indicated.
Continuing studies are needed across Aleppo pine locations in the Mediterranean, particularly at its
eastern part which is expected to be more prone to climate change, to improve our understanding of
the species responses to ongoing climate variability.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/4/313/s1,
Table S1: Classification of aridity index (AI) categories; Table S2: Significant regression models describing the
relationship between physiological and single or combined environmental parameters over different time intervals.
The adjusted R2 values and the levels of significance are presented. The models in bold are the most significant
ones with the highest adjusted R2, explaining the variation in the respective physiological parameter, which are
presented in figures; Table S3: Characterization of the study site, in comparison to other Aleppo pine sites of
Mediterranean countries.
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8. Prislan, P.; Gričar, J.; de Luis, M.; Novak, K.; del Castillo, M.E.; Schmitt, U.; Koch, G.; Štrus, J.; Mrak, P.;
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Abstract: The landscape application of sweet osmanthus (Osmanthus fragrans (Thunb.) Lour.) with
flower fragrance and high ornamental value is severely limited by salinity stress. Gamma irradiation
applied to seeds enhanced their tolerance to salinity stress as reported in other plants. In this study,
O. fragrans ‘Huangchuang Jingui’ seeds were pretreated with different doses of gamma irradiation,
and tolerance of the seedlings germinated from the irradiated seeds to salinity stress and the changes of
reactive oxygen species (ROS) production and ROS scavenging systems induced by gamma irradiation
were observed. The results showed that seed pretreatment with different doses of gamma irradiation
enhanced the tolerance of sweet osmanthus seedlings to salinity stress, and the positive effect
induced by gamma irradiation was more remarkable with the increase of radiation dose (50–150 Gy).
The pretreatment with high-dose irradiation decreased O2

− production under salinity stress and
mitigated the oxidative damage marked by a lower malondialdehyde (MDA) level, which could be
related to the significant increase of superoxide dismutase (SOD), peroxidase (POD) and catalase
(CAT) activities in the seedlings germinated from the irradiated seeds compared to the corresponding
control seedlings. In addition, the accumulation of proline in the irradiated seedlings may contribute
to enhancing their tolerance to salt stress by the osmotic adjustment. The study demonstrated the
importance of regulating plant ROS balance under salt stress and provided a potential approach to
improve the tolerance of sweet osmanthus to salt stress.

Keywords: plant tolerance; reactive oxygen species; antioxidant activity; proline

1. Introduction

Salinity has been threatening more and more land in the world [1,2]. Soil salinity greatly affects
plant growth, development and productivity, thus posing a serious threat to agricultural and landscape
plants in many regions of the world. Salt stress increases the concentration of toxic ions in plant cells,
causes ion homeostasis disruption and then results in oxidative damage with excess generation of
reactive oxygen species (ROS) [3].

ROS, including free radicals like O2
− and OH·, and non-radicals like H2O2 and 1O2, can be

generated in the process of aerobic metabolism. Under favorable conditions, ROS production is
controlled at basal levels and is beneficial to plants by supporting cellular proliferation, physiological
function and viability [4]. However, the accumulation of ROS was accelerated by various environmental
stresses such as salinity, drought, heat and high light [5–8], which caused damage to protein, DNA and
lipid and thereby affecting normal cellular function [9,10]. Plants possess specific mechanisms to detoxify
ROS which include enzymatic antioxidants such as multiple superoxide dismutase (SOD), catalase
(CAT), peroxidase (POD), ascorbate peroxidase (APX), glutathione reductase (GR), dehydroascorbate
reductase (DHAR) and non-enzymatic antioxidants such as ascorbic acid (AA) and glutathione (GSH).
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Forests 2019, 10, 406

SOD enzymatically disproportionate O2
− (the primary product of oxygen reduction) into H2O2 and

O2 [11], and the SOD-catalyzed reaction provides the initial defense against ROS in plant cells. POD
and CAT catalyze the conversion of H2O2 to water and O2. APX, GR, DHAR, AA and GSH regulate
mainly ROS by the ascorbate-glutathione (ASC-GSH) cycle. Under stresses, keeping higher activities
of enzymatic antioxidants or the level of non-enzymatic antioxidants contributes to plant tolerance to
environmental stresses [4,6].

Gamma rays belong to ionizing radiation and interact to atoms or molecules to produce free radicals
in cells, which affects plant cellular structure and metabolism, e.g., the dilation of thylakoid membranes,
alteration in photosynthesis, modulation of the antioxidative system, and accumulation of phenolic
compounds [12–14]. It is possible that 60Co-γ radiation could keep more complete cellular structures
of the irradiation-induced mutants under chilling treatment than wild-type plants [14]. It has been
reported that the activities of scavenging enzymes, such as SOD, POD and CAT, are generally increased
in various plant species by the treatment of ionizing radiation [15–17]. ROS scavenging systems
are important inducible factors for improving stress resistance through gamma-irradiation [18–20].
For example, gamma irradiation could help plants acclimate to lethal salinity by increasing antioxidant
enzymes in irradiation-pretreated plants and alleviating oxidative damage [19,20].

Sweet osmanthus is a representative species of the genus Osmanthus, evergreen ornamental plants
with excellent fragrance, color and shape. Sweet osmanthus has been cultivated at least for 2500
years in China. It was introduced into Japan, then to England in 18th century, and is now cultivated
in Southeast Asia and many European countries [21]. However, soil salinity adversely affects the
landscape application and geographic distribution of sweet osmanthus. The objective of this study was
to explore a new approach to improve the salt tolerance of sweet osmanthus and determine how seed
pretreatment with gamma irradiation improves the tolerance of sweet osmanthus through influencing
antioxidant activity and ROS balance.

2. Materials and Methods

2.1. Seed Collection, Gamma Irradiation and Storage

Seeds of O. fragrans ‘Huangchuan Jingui’ (a cultivated variety) were collected on the campus
of Nanjing Forestry University (Nanjing, Jiangsu Province) in May 2013. The seeds were randomly
divided into four groups: Group 1 as non-irradiated controls and Group 2, 3 and 4 exposed to gamma
irradiation with three irradiation doses. Gamma irradiation was conducted using a 60Co-γ gamma
source at a dose rate of 1.3 Gy/min, and the doses of exposure in this study were 50, 100 and 150 Gy.
After irradiation, the non-irradiated and irradiated seeds were pretreated with 0.1% gibberellin (GA3)
for 24 h in order to break seed dormancy quickly and stored in wet sand at 4 ◦C before germination.
The germinated seeds were sown in soil (1:1, v/v, mixture of garden soil and peat moss) in October
2013 and grown in greenhouse. Two years later, these plants were used in the following experiments
of salt stress and tolerance assays.

2.2. Salt Stress and Tolerance Assays

Salinity stress was carried out using the method of water culture. Ten seedlings from each
treatment (0, 50, 100, 150 Gy irradiation) with uniform size were chosen and grown in glass bottles
(10 cm diameter and 8 cm high, one seedling in one bottle) filled with Hoagland solution with sodium
chloride at different concentration, 20, 40, 60, 80, 100 and 120 mmol/L, sequentially. All seedlings were
exposed to each concentration for three days before being moved to the next level.

Morphological changes of the seedlings due to salt stress were observed in the process of salt
stress treatment, and the injury index was recorded at each concentration of salt stress. The extent
of salinity injury was divided into five grades as shown in Table 1. The salinity injury index was
calculated according to the following formula:
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Table 1. Degree of leaf damage under salinity stress.

Grade Salinity Damage Level Description

0 No damage No morphological damage symptoms of the whole plant
1 Mild Less than 20% of the leaves have scorched margin and dehydration symptoms
2 Moderate Nearly 50% of the leaves scorch, yellow with rust or wither
3 Severe More than 50% of the leaves scorch, yellow with rust or wither
4 Very severe More than 90% of the leaves scorch and wither or even the whole plant dies

Injury index = (Σ injury grades × corresponding number of seedlings)/(the highest grade × total
number of seedlings); Injury rate = (Number of seedlings with morphological symptoms of salinity
injury/total number of seedlings) × 100%. The plants were continuously monitored and observed for 1
week after salt stress. This same experiment was conducted twice again to confirm the results.

2.3. Sampling for Physiological Index

As described above, ten non-irradiated and ten irradiated seedlings were sequentially exposed to
salt stress with different concentrations of NaCl solution for three days. Leaves from the ten individual
non-irradiated and ten irradiated seedlings were collected after every concentration of salinity treatment
and were stored in a −80 ◦C freezer for the measurement of O2

− content, antioxidant enzyme activity,
proline, malondialdehyde (MDA) and soluble proteins. This experiment was conducted three times to
confirm the results.

2.3.1. Measurement of O2
− Content and MDA Level

The content of O2
− in leaves was determined by the hydroxylamine hydrochloride method

according to Ke et al. [22] with minor modifications. Frozen leaves (0.3 g of fresh weight) were
ground in 6 mL of potassium phosphate buffer (65 mM, pH 7.8), and centrifuged for 15 min at
10,000 rpm. The supernatant (1 mL) was mixed with 0.2 mL of 10 mmol/L hydroxylamine hydrochloride,
then incubated for 20 min at 25 ◦C. After 1 mL of 17 mmol/L sulfanilic amide and 1 mL of 7 mmol/L
α-naphthylamine were added, the mixture was further incubated for 20 min at 25 ◦C. The reaction
mixtures were extracted with the same volume of chloroform (3.2 mL), and the absorbance was
determined at 530 nm. Sodium nitrite was used to make a standard solution for calculating the content of
O2
−. MDA level was determined by the thiobarbituric acid (TBA) method as previously described [23].

2.3.2. Determination of Antioxidant Enzyme Activity and Proline Level

Leaves (0.3 g of fresh weight) were homogenized in a mortar and pestle with 2 mL of ice-cold
phosphate buffer (50 mM, pH 7.8). The homogenate was centrifuged at 9000 rpm and 4 ◦C for 20 min.
The supernatant was used for measuring the activities of SOD, POD and CAT. The procedure was
conducted at 4 ◦C.

SOD activity was assayed by monitoring its ability to inhibit the photochemical reduction of nitro
blue tetrazolium (NBT) using the method of Dhindsa et al. [24]. The reaction mixture (3 mL) contained
1.5 mL of phosphate buffer (50 mM, pH 7.8), 0.5 mL of 0.1 mM EDTA, 0.5 mL of 130 mM methionine,
0.5 mL of 0.5 mM NBT, 0.5 mL of 0.02 mM riboflavin, and 0.05 mL of enzyme extract. Riboflavin was
added last, and the reaction mixtures were illuminated under 4000 Lm/m2 for 30 min. The reaction
was stopped by switching off the light and the tubes were covered with a black cloth. Non-illuminated
and illuminated reactions without the supernatant served as calibration standards. One unit of SOD
activity was defined as the amount of enzyme required to cause 50% inhibition of the reduction of NBT
as monitored at 560 nm.

POD activity was measured following the method of Zhang and Kirkham [25] with some
modifications. The enzyme extract (0.02 mL) was added to the reaction mixture containing 0.3%
guaiacol solution and 3% hydrogen peroxide solution. The reaction was started by adding the enzyme
extract and the absorbance increase at 470 nm in 5 min was recorded.
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CAT activity was assayed in a reaction mixture containing phosphate buffer (pH 7.8), 0.1 mol/L
H2O2 and enzyme extract. The reaction was initiated by adding the enzyme extract. The decrease of
H2O2 was monitored at 240 nm in at least 4 min.

Proline was determined using colorimetric methods [26] as previously described [27].

2.4. Data Analyses

Statistical analyses were carried out using SPSS17.0 software (SPSS Company, Chicago, IL, USA)
to calculate the mean and standard deviation. The Duncan’s multiple range test (DMRT) was applied
to test the significance in differences among treatments (P < 0.05).

3. Results

3.1. Tolerance in Irradiated Seedlings to Salinity Stress

To determine the level of enhanced tolerance to salt stress induced by gamma irradiation,
we investigated the morphological changes of two-year-old sweet osmanthus seedlings developed
from the irradiated seeds. The injury degree induced by salinity stress was represented by the injury
index and injury rate. As shown in Table 2, the injury degree of sweet osmanthus seedlings was
gradually aggravated when exposed to successively increasing NaCl concentration of 20, 40, 60, 80,
100 and 120 mmol/L, and the injury degree in non-irradiated seedlings was significantly different
from the irradiated ones. The non-irradiated and irradiated seedlings at lower dose appeared to
show slight injury with yellowing of basic leaves under 20 mmol/L salt stress. The similar injury
symptom in 150-Gy gamma irradiated seedlings was not observed until exposed to 40 mmol/L NaCl.
The non-irradiated seedlings suffered from moderate injury when NaCl concentration was increased
to 40 mmol/L: nearly 50% of the leaves scorched, yellowed with rust or withered, and the salt injury
rate reached 100%. Similar injury symptom in 50-Gy and 100-Gy gamma irradiated seedlings was
observed when exposed to 60 mmol/L NaCl. However, 150-Gy gamma irradiated seedlings suffered
from moderate injury under 80 mmol/L NaCl. When salt concentration was increased to 100 mmol/L,
all seedlings appeared to show very severe injury symptom: 100% of the leaves scorched, withered,
or the whole plant died.

Table 2. Effects of different dose of gamma irradiation on the salt injury index and injury rate of
O. fragrans ‘Huangchuan Jingui’ under salt stress.

NaCl
Concentration

(mmol/L)

Salt Injury Index Salt Injury Rate (%)

0 Gy 50 Gy 100 Gy 150 Gy 0 Gy 50 Gy 100 Gy 150 Gy

0 0.00 a 0.00 a 0.00 a 0.00 a 0.00 a 0.00 a 0.00 a 0.00 a
20 0.08 ± 0.01 a 0.07 ± 0.01 a 0.07 ± 0.01 a 0.00 ± 0.00 b 63.33 a 30.00 b 26.67 c 0.00 d
40 0.55 ± 0.05 a 0.37 ± 0.03 b 0.36 ± 0.01 b 0.28 ± 0.04 c 100.0 a 90.00 b 70.00 c 33.33 d
60 0.70 ± 0.05 a 0.56 ± 0.06 b 0.52 ± 0.06 b 0.40 ± 0.04 c 100.0 a 100.0 a 96.67 b 80.00 c
80 0.90 ± 0.02 a 0.74 ± 0.05 b 0.67 ± 0.05 c 0.54 ± 0.04 c 100.0 a 100.0 a 100.0 a 100.0 a
100 0.90 ± 0.01 a 0.89 ± 0.01 a 0.78 ± 0.06 c 0.85 ± 0.03 b 100.0 a 100.0 a 100.0 a 100.0 a
120 0.98 ± 0.01 a 0.98 ± 0.01 a 0.95 ± 0.01 b 0.97 ± 0.01 a 100.0 a 100.0 a 100.0 a 100.0 a

Note: Different normal letters within the same row indicate significant difference among different doses of gamma
irradiation at 0.05 level (P < 0.05).
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3.2. Effects of High-Doses Gamma Irradiation on ROS Level and Lipid Peroxidation in Response to Salt Stress

ROS production can be accelerated by various environmental stresses. As shown in Figure 1A,
O2
− production was accelerated as the increase of salt concentrations, and the O2

− level in
gamma-irradiated seedlings was lower than non-irradiated seedlings, except in response to 20 mmol/L
salt stress (Figure 1A).

As shown in Figure 1B, MDA level in the gamma-irradiated seedlings was higher than the level
observed in the non-irradiated seedlings under control condition, which indicated that gamma-ray
irradiation applied on the seeds resulted in oxidative damage of cell membrane in sweet osmanthus
seedlings to some extent. The MDA level in the gamma-irradiated seedlings under 20~60 mmlo/L and
120 mmol/L salt stress was lower than in the non-irradiated seedlings, and no significant difference in
MDA level between the gamma-irradiated seedlings and the control seedlings was observed under
80~100 mmlo/L salt stress.

Figure 1. Effects of high-dose gamma irradiation on O2
− production (A) and MDA level (B) in Osmanthus

fragrans (Thunb.) Lour. seedlings in response to salt stress. Note: 0 Gy was used as the control; 150 Gy
was the seedlings germinated from 150-Gy gamma irradiated seeds. Means with different letters above
bars were significantly different at P < 0.05 between the control and the irradiation treatment.
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3.3. Effects of High-Doses Gamma Irradiation on ROS Scavenging Systems in Response to Salt Stress

SOD activity in the control and the irradiated seedlings under salt stress was gradually enhanced
along with the increasing of salt concentrations and reached the peak in the control seedlings under
60 mmol/L NaCl or in the irradiated seedlings under 80 mmol/L NaCl (Figure 2A). The pretreatment
with 150-Gy gamma irradiation increased the SOD activities in seedlings under salt stress compared
with the levels observed in the corresponding control seedlings, and the increase was statistically
significant (P < 0.05) under stress with 40 or 80~120 mmlo/L NaCl.

POD activity increased initially and thereafter declined along with the increasing of salt
concentrations. Maximum value in the control seedlings was observed under 40 mmol/L NaCl,
but the peak in the irradiated seedlings appeared under 60 mmol/L NaCl. POD activity in the
irradiated seedlings was significantly enhanced under higher concentration of NaCl (≥60 mmol/L)
(Figure 2B). Exposed to successively increasing salt stress, the activity of CAT in the irradiated
seedlings was increased compared with the non-irradiated seedlings, except in response to 80 mmlo/L
NaCl (Figure 2C).

Figure 2. Cont.
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Figure 2. Effects of high-dose gamma irradiation on the activity of SOD (A), POD (B) and CAT (C) in
Osmanthus fragrans seedlings in response to salt stress. Note: 0 Gy was used as the control; 150 Gy was
the seedlings germinated from 150-Gy gamma irradiated seeds. Means with different letters above bars
were significantly different at P < 0.05 between the control and the irradiation treatment.

3.4. Effects of High-Doses Gamma Irradiation on Proline Level in Response to Salt Stress

The proline level in the irradiated seedlings was lower than that in the non-irradiated seedlings
in control and 20 mmol/L NaCl condition (Figure 3). More accumulation of proline in the irradiated
seedlings was observed when exposed to higher concentration of salt stress. And the proline content
in irradiated seedlings increased with the increase of salt stress.

Figure 3. Effects of high-dose gamma irradiation on proline level in Osmanthus fragrans seedlings in
response to salt stress. Note: 0 Gy was used as the control; 150 Gy was the seedlings germinated from
150-Gy gamma irradiated seeds. Means with different letters above bars were significantly different at
P < 0.05 between the control and the irradiation treatment.

4. Discussion and Conclusions

The effects of gamma irradiation on the morphological changes and biological responses of plants
are dependent on radiation doses [13]. Low-dose gamma irradiation improves seed germination and
seedling growth, but adverse effects are induced by high-dose [28]. We previously reported that 50-Gy
gamma irradiation displayed the maximal positive effects on seed germination and seedling growth
of sweet osmanthus [29], and a high dose resulted in the decrease of seed germination and the poor
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growth of seedlings, even leading seedlings to death. In the present study, the seed pretreatment
with different doses of gamma irradiation enhanced the tolerance of sweet osmanthus seedlings to
salinity stress, and the survival of seedlings developed from the seeds irradiated with higher doses
of gamma-ray showed stronger tolerance to salinity stress (Table 2). The result is different from the
previous reports in rice [30], sweet potato [31] and arabidopsis seedlings [20], in these studies gamma
irradiation at relative low dose improved the seedling growth under salinity stress. The differences
of the response to irradiation dose were hypothesized to be related to the sensitivity to radiation.
It has been well documented that there are great differences of sensitivity to irradiation between the
taxa from the level of varieties of the same species to main plant divisions [32]. The resistance to
irradiation of sweet osmanthus may be stronger than other plants mentioned in front. In addition,
in the present study salt tolerance experiments were carried out after two years of seed radiation and
normal cultivation. As reported by Zaka et al. [33], the effects induced by irradiation were often not
reproducible or only transitory. The higher radiation dose may maintain the radiation effect for a longer
time. According to the current research results, it is uncertain whether higher doses of radiation cause
genotype variation and alter plant resistance genetically and stabilize radiation effects, which requires
further research in the later stage.

Salinity stress resulted in the accumulation of excess O2
− (Figure 1). If excessive O2

− cannot
be removed in time, it will produce ·OH and 1O2 with strong activity and toxicity, and result in
membrane lipid peroxidation and oxidative damage to the cell membrane [34]. The pretreatment
with high-dose gamma irradiation suppressed ROS production in salinity-stressed conditions and
mitigated lipid peroxidation and the damage of cell membrane as manifested by the lower O2

− and
MDA level in the irradiated seedlings compared with the controls (Figure 1). The enhanced defense
against ROS damage under high-dose gamma irradiation was probably due to the increased activities
of antioxidant enzymes. POD, SOD and CAT activities were all significantly increased to different
extents in response to salinity stress (Figure 2). The responses of antioxidant enzymes to salinity stress
in the irradiated seedlings are consistent with other reported studies [20,35]. We also found another
O. fragrans “Zi Yin gui”, whose tolerance to salinity stress was enhanced similarly to “Huangchuan
Jingui” and the defense response against ROS damage was induced by pretreatment with different
doses of gamma irradiation; although the up-regulated extent of every single antioxidant enzyme was
not exactly the same (data not shown). As reported by Ashraf [6], the extent to which the activities of
enzymatic antioxidants and the level of non-enzymatic antioxidants were up-regulated under salinity
stress is highly variable among plant species and even between two cultivars of the same species.
The response and activation of antioxidant systems induced by irradiation exposure are dependent
upon the γ-ray dose rate, the doses of gamma rays and the developmental stages [36,37]. The ASC-GSH
cycle system were the main ROS-scavenging systems in the chloroplasts [11], the activities of APX
and GR were found to be higher in the salt-tolerant cultivars of potato than those in the salt-sensitive
cultivars [38]. ASC-GSH cycle also plays an important role in plant salt tolerance, hence further
research on this system is necessary in the future in order to fully understand the effect of gamma
irradiation on salinity tolerance of sweet osmanthus.

The proline level was significantly increased in the irradiated sweet osmanthus seedlings when
exposed to higher concentration of salt stress (Figure 3). Proline is one of the major osmolytes
regulating osmotic adjustment in plants exposed to osmotic stresses, and active accumulation of
proline is associated with salinity tolerance in various plant species [5]. Proline contributes to
membrane stability and mitigates the effect of NaCl on cell membrane disruption [39]. The proline
content was also increased by irradiation in sweet potato [31], arabidopsis [20] and sugarcane [40].
Proline, other than being an osmoprotectant, can act as a singlet oxygen quencher and scavenger of
hydroxyl radicals [41], and may be important in preventing oxidative damage caused by ROS when
it accumulates during the exposure of the plants to adverse environmental conditions. Hossain and
Fujita [42] provide evidence for the role of proline, which can protect against salt-induced oxidative
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damage by reducing H2O2 and lipid peroxidation levels, and by enhancing antioxidant defense and
methylglyoxal detoxification systems.

In summary, our study provides a new approach to improve the tolerance of sweet osmanthus to
salt stress by the application of irradiation, and proves that enhanced tolerance to salinity stress is
closely related to the ROS-scavenging system.
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Abstract: Elevations in cytosolic free calcium concentration constitute a fundamental signal
transduction mechanism in plants; however, the particular characteristics of calcium ion (Ca2+) signal
occurrence in plants is still under debate. Little is known about how stimulus-specific Ca2+ signal
fluctuations are generated. Therefore, we investigated the identity of the Ca2+ signal generation
pathways, influencing factors, and the effects of the signaling network under drought stress on
Phyllostachys edulis (Carrière) J. Houz. Non-invasive micro testing and laser confocal microscopy
technology were used as platforms to detect and record Ca2+ signaling in live root tip and leaf cells of
P. edulis under drought stress. We found that Ca2+ signal intensity (absorption capacity) positively
correlated with degree of drought stress in the P. edulis shoots, and that Ca2+ signals in different parts
of the root tip of P. edulis were different when emitted in response to drought stress. This difference
was reflected in the Ca2+ flux and in regional distribution of Ca2+. Extracellular Ca2+ transport
requires the involvement of the plasma membrane Ca2+ channels, while abscisic acid (ABA) can
activate the plasma membrane Ca2+ channels. Additionally, Ca2+ acted as the upstream signal of
H2O2 in the signaling network of P. edulis under drought stress. Ca2+ was also involved in the signal
transduction process of ABA, and ABA can promote the production of Ca2+ signals in P. edulis leaves.
Our findings revealed the physiological role of Ca2+ in drought resistance of P. edulis. This study
establishes a theoretical foundation for research on the response to Ca2+ signaling in P. edulis.

Keywords: Ca2+ signal; drought stress; living cell; Moso Bamboo (Phyllostachys edulis); plasma
membrane Ca2+ channels; signal network

1. Introduction

Calcium ions (Ca2+) are a primary signaling element for diverse cell processes in response
to environmental cues. Ca2+ is a vital regulatory molecule for response to stress in plant growth
and development [1,2]. When plants are affected by various physical stimuli, such as temperature,
drought, salt, light, gravity, or chemical substances, such as plant hormones and pathogenic inducers,
extracellular and intracellular sources of calcium release Ca2+ into the cytoplasm through Ca2+ channels.
The spatio-temporal activity of membrane-localized Ca2+ channels or transporters causes an increase
in cytosolic free calcium ion concentration (Ca2+)cyt, resulting in specific signals [3,4]. Almost all of the
extracellular stimuli can lead to changes in intracellular (Ca2+)cyt. However, different stress stimuli
can lead to variations in the pattern of Ca2+ spatial-temporal changes. There are significant differences
in time, frequency, amplitude, and regional distribution. Studies have illustrated that plants may rely
on different forms of Ca2+ to reflect the specificity of different stimulation signals to achieve signal
transduction [5].
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Although Ca2+ signaling has been extensively studied in other gramineous plants, such as rice,
little is known about the Ca2+ signal identities and functions of the clonal plant Phyllostachys edulis
(Carrière) J. Houz. Therefore, a better understanding of the calcium signal characteristics of bamboo
under drought stress is an important prerequisite for the study of clonal habits of bamboo using signal
transduction methods.

At present, research has shown that root tip cells of P. edulis seedlings transport Ca2+ from the
extracellular region, cell walls, nucleus, and other calcium stores under drought stress. With increased
duration of drought stress, the distribution of and changes in Ca2+ will produce regular fluctuations [6].
The more pronounced the drought stress, the greater the Ca2+ distribution in the root tip. Exogenous
application of calcium fertilizer can relieve the physiological effects of drought stress and improve
drought resistance in P. edulis [7]. Although roots constitute the most direct organ of water absorption,
both Ca2+ uptake velocity and density of the different organ changed under drought stress [8].
Moreover, stomatal opening and closing behaviors were also regulated by Ca2+ signals at the cellular
scale [9].

When there are no environmental pressures present, the majority of the Ca2+ in plant cells
is distributed in the extracellular compartments, cell wall, vacuoles, and endoplasmic reticulum,
with less concentrated distribution in the cytoplasm to prevent the precipitation of calcium and
phosphoric acid [10]. To regulate this lower Ca2+ concentration in the cytoplasm, plant cells will
actively export Ca2+. When a stimulus signal reaches a cell, plasma Ca2+ channels transiently increase
Ca2+ permeability. When the cytoplasmic Ca2+ concentration increases to a certain threshold, it binds
to calmodulin (CaM) to form Ca-CaM compounds, and thus activate CaM. Activated CaM further
activates various key enzymes in the plant, which further phosphorylates and dephosphorylates
phospholipase, nicotinamide adenine dinucleotide (NAD) kinase, and Ca2+-ATPase. In addition, it
amplifies the initial stimulation signal and subsequently causes the cells to produce a physiological
response corresponding to the signal, such as cell division, material synthesis, etc. [2,11].

Under drought stress, a complex signaling network is formed by a communication mechanism
between regulatory signals. Ca2+ signaling can be combined with calcium receptors, such as CaM, to
amplify the signal and transmit the oscillation to initiate stomatal closure and production of reactive
oxygen species [12,13]. Previously, reactive oxygen species were considered toxic byproducts of plant
metabolism. However, recent studies have shown that reactive oxygen species also have an important
part to play in cellular signal transduction and regulation networks [14–16]. Abscisic acid (ABA) is a
root chemical signal that plays an important role in regulating stomatal movement of plants under
drought stress. H2O2 can be used as a downstream signal of ABA to activate Ca2+ channels in the
plasma membrane. Involvement of ABA can induce stomatal closure by increasing Ca2+ concentration
in guard cells [17]. Sha et al. used 25% PEG-6000 to simulate water stress in maize plants, inducing CaM
gene expression in the leaves [18]. The study found that exogenous ABA treatment can also induce
significant CaM gene expression, and that H2O2 is involved in ABA-induced CaM gene expression in
the late regulation period.

The emergence of new technologies has made it possible to study changes in Ca2+ signaling in
response to environmental stress in plants. Non-invasive microelectrode technology (NMT) and laser
confocal microscopy are effective techniques for detecting Ca2+ signals. Antoine et al. demonstrated the
influx of Ca2+ over the course of fertilization in maize with non-invasive microelectrode technology [19].
In addition, a live-cell Ca2+ imaging platform has been used to detect Ca2+ signals in the cytoplasm and
nucleus of Arabidopsis thaliana (L.) Heynh. This technique was also used to observe the spatial-temporal
distribution of Ca2+ in living cells of A. thaliana under stimulated adverse environmental conditions [20].
These studies use a method to generate Ca2+ signaling pathways by treating experimental materials
with Ca2+ inhibitors. Ethylene glycol-bis (2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA),
lanthanum chloride (LaCl3), and chlorpromazine (CPZ) are the most commonly used reagents.
At present, laser confocal scanning microscopy has been used to study Ca2+ fluorescence localization in
P. edulis cells under drought stress; however, most of these studies have been limited to the root tip [7]
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and few studies have been conducted on Ca2+ localization in cells located in the leaves of P. edulis
using this technique.

To bridge this scientific gap, in this study we investigated the spatial-temporal location and flux
velocity of Ca2+ ions by inducing drought stress in P. edulis with 20% PEG-6000. Using non-invasive
micro-test technology (NMT) and laser confocal microscopy, we demonstrated the regularity of cellular
Ca2+ dynamics in response to drought stress and provided measures of Ca2+ signaling in P. edulis leaf
cells. We further studied the Ca2+ signaling pathway and analyzed the communication of the signal
network pathway between Ca2+, H2O2, and ABA in leaf cells using Ca2+ inhibitors (Ca2+ channel
blockers) and ABA. The aim of this study was to reveal the physiological role of Ca2+ in drought
resistance and establish a theoretical foundation for the cellular response to Ca2+ signaling in P. edulis.

2. Materials and Methods

2.1. Plant Materials and Treatment

The sprouting seed materials used in this study were taken from the parent P. edulis from Guilin,
Guangxi in September 2017. The thousand seed weight of these seed materials is equal to 22.75 ± 0.35 g.
The P. edulis seeds were treated in November 2017. The seeds were soaked in warm water for 24 h
at 50 ◦C, and then removed and disinfected with 5‰ potassium permanganate solution for 5 min.
The sterilized seeds were then repeatedly washed with distilled water and germinated in an incubator
in a dark environment set to a constant temperature of 25 ◦C. After the seeds germinated, the seedlings
were selected for regular, even growth and placed in a Petri dish with pad disinfectant (lower layer)
and filter paper (upper layer). The dishes were cultured at a constant temperature of 28 ◦C in an
illumination incubator (PRX-1000B, Safe, Ningbo, China). The Petri dishes were set to point the roots
vertically downwards. Proper humidity was maintained in the Petri dishes and any seeds found
to be growing mold were removed. When the vertical root length reached approximately 3 cm, the
seedlings were transferred to a Seed Germination Pouch (Phytotc CYG-98LB, size: 30 cm × 25 cm,
Beijing Bioconsumable Tech., Ltd., Beijing, China) and cultured with a 12-h light period with a light
intensity of 120–150 mmol m−2 s−1 and a temperature of 22 ± 2 ◦C. Figure 1 gives more details about
the performance of the experimental materials.

Figure 1. Cultivation of P. edulis sprouting seedlings.

For each experimental treatment, ten strains of P. edulis seedlings were selected in duplicate.
To substitute drought stress, 20% polyethylene glycol-6000 (PEG, Coolaber, Beijing, China) was used
for 5 min, 10 min, 15 min, and 30 min. Distilled water was used for the control (CK). In addition,
Ca2+ inhibitors and ABA (Sigma-Aldrich, Shanghai, China) were used to treat P. edulis seedlings.
The Ca2+ production pathway and its distribution were studied, and the effects of Ca2+ signaling on
the H2O2/ABA signaling network were analyzed under drought stress. The Ca2+ inhibitors used in
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the experiment were extracellular Ca2+ chelating agent EGTA, Ca2+ channel blocker LaCl3, and CaM
antagonist CPZ (Sigma-Aldrich, Shanghai, China). The dosage of additives was added according to
the method of Lu [21].

2.2. Laser Confocal Microscopy Luminescence Imaging

Here, we present detailed instructions for laser confocal microscopy luminescence imaging of
cytosolic Ca2+ and H2O2 concentration and distribution in root tip and leaf cells of P. edulis seedlings.

2.2.1. Esterified Fluorescent Probe Stock Solution Configuration

The calcium ion fluorescent probe Fluo-8 (AAT Bioquest, Sunnyvale, CA, USA) was fully dissolved
in dimethyl sulfoxide (DMSO, Sigma-Aldrich, Shanghai, China) to a concentration of 1 mmol/L,
−20 ◦C dark storage reserve.

2′,7′-dichloro fluorescin diacetate (H2DCFDA, Sigma-Aldrich, Shanghai, China) was made up of
50 mmol/L DMSO mother liquor, which was stored in a separate container and frozen.

2.2.2. Fluorescent Labeling

As to the root tip cells and leaf cells Ca2+ fluorescent labeling, we put the lower epidermis of the
leaves of P. edulis seedlings flat on transparent tape and used a surgical blade to gently scrape the
upper epidermis off the leaves. Then we placed the samples of lower epidermis in Hank’s balanced
salt solution (without calcium ions) containing 20 μmol/L Fluo-8. We incubated them for 40 min in the
dark at room temperature and rinsed the lower epidermis of P. edulis leaves with a buffer several times.
We then incubated them again at room temperature for 20 min, ensuring that the esterification probe
was fully dissolved. Finally we placed them on a glass slide and added 0.5 mL of Hank’s buffer to
complete slice preparation.

As to the H2O2 fluorescent labeling of P. edulis leaf cells, the lower epidermis of P. edulis seedling
leaves was first laid flat on transparent tape, and then the upper epidermis of the leaves was removed
using a surgical blade and placed in MES, Free acid, monohydrate (Coolaber, Beijing, China) buffer to a
final concentration of 50 μmol/L and incubated at room temperature in the dark for 15 min. We rinsed
the lower epidermis samples several times with a buffer and placed them on glass slides. We then
added 0.5 mL of buffer to complete slice preparation.

2.2.3. Laser Confocal Microscope Observation

Localization of Ca2+ fluorescence in P. edulis root tips and leaves: The prepared in vivo test slices
were placed on a laser confocal microscope (LSM510, LeicaDM4, Berlin, Germany) for observation and
scanning. Fluorescence intensity was controlled and all parameters were kept constant during the test
(parameter settings: excitation wavelength 488 nm, BP 505-530, Pinhole 280, DG 581, AO 0.1, AG 1.34).
At least three fields from different repeats were selected for each test. After the results were stable, one
field of view was used for the analysis.

Localization of H2O2 fluorescence in root tips and leaves of P. edulis: The prepared in vivo test
slices were placed on a laser confocal microscope (LSM510) for observation and scanning (parameter
settings: excitation wavelength 488 nm, BP 505-530, Pinhole 386, DG 768, AO 0, AG 1). At least three
fields from different repeats were selected for each test. After the results were stable, one field of view
was used for analysis.

2.3. Measurement of Ca2+ Flux

Net Ca2+ flux was measured using non-invasive micro-test technology (Physiolyzer, Younger
USA LLC, Amherst, MA 01002, USA; Xuyue (Beijing) Sci. & Tech. Co., Ltd., Beijing, China).
NMT non-invasively measures Ca2+ fluxes with a high temporal and spatial resolution. It measures
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the concentration gradient of Ca2+ by means of selective microsensor oscillation between two points in
the root tip of P. edulis seedlings (Figure 2).

Figure 2. Schematic diagram and measured photo of Ca2+ flux analysis by non-invasive micro-tests.
The diagram is to demonstrate the principles behind NMT testing and is not to scale. The tip diameter
of the microsensor is about 5 μm.

After different test treatments, the roots were rinsed with redistilled water and immediately
incubated in measuring solution to equilibrate for 10 min. Then, the roots were transferred to a
measuring chamber containing 10−15 mL of a fresh measuring solution. Ions were monitored in the
following solutions: 0.1 mM KCl, 0.1 mM CaCl2, 0.1 mM MgCl2, 0.5 mM NaCl, 0.3 mM MES, and
0.2 mM Na2SO4, following adjustment of the pH to 6.0. The measuring chamber was mounted on the
micromanipulator, and the flux microsensor was positioned close to the root tip at four points: at the
pileorhiza, meristematic zone, elongation zone, and mature zone (0 μm, 200 μm, 500 μm, and 800 μm
from the root apex) of P. edulis seedlings.

The system setup parameters in the experiment are as follows. The Ca2+ flux microsensor
(Φ4.5 ± 0.5 μm, XY-CGQ-01, Xuyue (Beijing) Sci. &Tech. Co., Ltd., Beijing, China) was filled with a
backfilling solution (100 mM CaCl2) to a length of approximately 1.0 cm from the tip. The micropipettes
were front filled with 40–50 μm columns of selective liquid ion-exchange cocktails (Ca2+ LIX, XY-SJ-Ca,
YoungerUSA LLC, Amherst, MA, USA). An Ag/AgCl wire microsensor holder YG003-Y11 (Younger
USA) was inserted in the back of the microsensor to make electrical contact with the electrolyte solution.
YG003-Y11 (Younger USA) was used as the reference microsensor. Prior to the flux measurement, the
flux microsensor was calibrated with a measuring solution having different concentrations of Ca2+

0.1 mM and 0.01 mM. The electrodes with a Nernstian slope > 22 mV per decade were used in this
study. Only the same flux microsensor was calibrated again according to the same procedure and
standards after each test. Data was discarded if the post-test calibrations failed. The following figure
shows the schematic and actual measurement of Ca2+ flux.

The data for Ca2+ fluxes were calculated by Fick’s law of diffusion as follows:

J = −D·(dc/dx) (1)

where dx (30 μm) is the distance the flux microsensor moved repeatedly from one point to another
perpendicular to the surfaces of the samples at a frequency of ca. 0.3 Hz.

2.4. Statistical Analysis

Data were analyzed by single factorial analysis of variance and statistical correlation analysis.
The significance of differences among means was evaluated using the least significant difference test,
with a family wise error rate of 0.05, using the Statistical Package for Social Sciences, v18.0 (SPSS Inc.,
Chicago, IL, USA). Significant differences are marked with alphabet.
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3. Results and Discussion

3.1. Variation in the Flux and Distribution of Ca2+ among Different Parts of the Root Tips of P. edulis Seedlings
under Drought Stress

The transient net Ca2+ flux was measured from different regions along the root axis using NMT
in four different areas, the root apex and root hair zone, including pileorhiza, the meristematic zone,
elongation zone, and mature zone (Figure 3a). Responses in the root apex Ca2+ flux are shown in
Figure 3b. The results showed that there was a significant difference in the ability of P. edulis seedlings
to absorb Ca2+ from different parts of the root tip after drought stress. The Figure 3b showed the most
uptake of Ca2+ in pileorhiza. The pileorhiza was the area with the strongest Ca2+ signal response
ability, and the Ca2+ concentration in the root pileorhiza was the highest. The elongation zone was
the region with the strongest Ca2+ efflux. The intensity of Ca2+ uptake capacity at different parts of
the root tip from strong to weak was: pileorhiza, mature area, meristematic zone, and elongation
zone. The Figure 3c shows the fluorescence localization of P. edulis root tip cells by laser confocal
microscopy. To better observe the distribution of Ca2+ in the pileorhiza, the corresponding heat map is
shown in Figure 3d. Combined with Figure 3b, it can be concluded that there were differences in the
responsiveness of different parts of the root tip of P. edulis to drought stress, which is reflected in both
the Ca2+ flux and regional distribution.

a 

Figure 3. The flux and distribution of Ca2+ in different parts of Phyllostachys edulis root tips under
drought stress. (a,b) Net Ca2+ fluxes in different parts of root tip of P. edulis seedlings under drought
stress induced by 20% PEG for 10 min. At each position, an average Ca2+ flux was measured for 5 min
before the electrode was repositioned (Data Repetition: 6 replicates). (c) Green fluorescence intensity is
positively correlated with the Ca2+ concentration. The Ca2+ fluorescence localization at the root tip
of the P. edulis seedlings treated with PEG-simulated drought stress for 10 min. (d) A heat map of a
further analysis for (c), which clearly presented that the concentrated distribution of Ca2+ was in the
pileorhiza of the P. edulis root tip cells under drought stress.
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We confirmed this difference in the results of Ying [7], which used laser confocal microscopy
on fluorescence localization in the root tip. This study showed that Ca2+ absorption intensity in the
elongation zone was weakest under drought stress, while Ying’s study showed that under drought
stress, the Ca2+ in the root tip of P. edulis was mainly distributed in the pileorhiza and elongation zone;
the distribution in the meristem area was relatively lower. This was due to the presence of a large
number of small vacuoles in the cells of the elongation zone, which were not present in meristem
zone. The vacuoles, as a calcium bank in plant cells, may provide a large amount of Ca2+ for P. edulis
cytoplasm under drought stress. This leads to a greater concentration of Ca2+ in the elongate zone.

3.2. Effects of Drought Stress Duration on Ca2+ Absorption Regularity in the Pileorhiza of P. edulis

Under different durations of PEG-induced drought stress, we observed different conductivity,
which represents leaf cell permeability (Figure 4a). An increase in drought stress duration caused
electrolyte leakage in the cells, which in turn led to an increase in leaf conductivity. The cell membrane
permeability of P. edulis seedlings increased, and there was a positive correlation between time and
membrane permeability. The difference in conductivity increase between the 10- and 15-min treatments
was higher than that in the 5–10 min period (difference in conductivity = 15.2%). The relative electrical
conductivity of P. edulis seedlings under drought stress was 40.4% higher in the 30-min treatment than
in the 15 min treatment. We observed significant correlation between Ca2+ flux and drought stress time
(p < 0.01, Pearson correlation coefficient (r) = 0.967) (Figure 4b). All the flux data in Figure 4b represents
stable and optimal real-time flux that can respond to Ca2+ concentration in response to drought stress.
Relative to the control group, Ca2+ flux in pileorhiza of P. edulis seedlings gradually shifted from efflux
to influx. Ten minutes of PEG treatment was found to be a “threshold”, after which efflux became
influx. There was also a positive correlation between leachate conductivity and time as Ca2+ absorption
intensity in the pileorhiza (p < 0.01, r = 0.976), and leaf membrane permeability increased.

b
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Figure 4. Ca2+ flux of the pileorhiza cells of P. edulis seedlings under different durations of
PEG-treatment. (a) The relative conductivity of leaves from P. edulis seedlings treated with
PEG-simulated drought stress for 5 min, 10 min, 15 min, and 30 min (Data Repetition: 6 replicates).
The control (CK) is represented by 0, which was a control group incubated with distilled water. The
dashed curve (y = 0.0132x2 − 0.0406x + 0.2171, R2 = 0.9615) represents the linear regression model for
relative conductivity and PEG-simulated drought stress. (b) The depth of the red color represents the
length of treatment time with 20% PEG simulating drought stress. From left to right in Figure 4b: the
CK group, PEG-simulated drought stress treatment for 5 min, 10 min, 15 min, and 30 min, respectively.
The flux data for each treatment in the figures reflected the steady-state real-time flux of maximum
response to Ca2+ under drought stress (Data Repetition: 3 replicates); each segment of real-time data
comprises flux data for three minutes.

Ca2+ flux in the pileorhiza of P. edulis seedlings in the control group (CK) maintained an
out-of-range value of approximately 152 nmol m−2 s−1. Figure 5 showed that Ca2+ flux in the pileorhiza
was only slightly changed in the experimental group after 5 min of PEG treatment, indicating that the
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slight degree of drought stress did not significantly induce the stress response leading to Ca2+ signaling
in such a short time. When treated with PEG for 30 min, the Figure 5 shows a “V-shaped” pattern
of ion uptake, with net flux first increasing and then decreasing. As drought stress time increased,
Ca2+ flux gradually returned to control group standard of efflux. It is evident that there is a positive
correlation between Ca2+ signal and drought stress time (Figure 5). Under drought stress, there is a
“stress threshold” for the Ca2+ signal response. When the stress level reached this threshold, the Ca2+

flux at the pileorhiza underwent significant changes, which may be related to the plant’s ability to
withstand drought stress.

 

Figure 5. Changes in net Ca2+ flux in the pileorhiza of P. edulis seedlings after PEG-induced drought
stress. Real-time Ca2+ flux by the pileorhiza of by PEG-induced drought stress for 5 min, 10 min,
15 min, 30 min, and CK, respectively (Data Repetition: 3 replicates).

Thirty minutes of PEG simulated drought stress showed obvious Ca2+ absorption in the pileorhiza,
and Ca2+ flux oscillation increased. With the increase in the duration of drought stress, Ca2+ absorption
increased. P. edulis seedlings were able to absorb Ca2+ from the extracellular environment under
drought stress conditions, suggesting that while the intracellular calcium stores provide Ca2+ to the
cytoplasm, Ca2+ absorbed from extracellular environment was also an important way to accumulate
calcium signaling ions in the pileorhiza. It is suggested that Ca2+, as an important signaling molecule
in response to drought stress, participated in the transmission of drought signaling to the roots of
P. edulis seedlings.

3.3. Analysis of Ca2+ Signal Transport Patterns in the Pileorhiza of P. edulis under Drought Stress

The study of the Ca2+ signaling system in plant cells was mainly carried out by pretreatment of
experimental materials with Ca2+ signal inhibitors [21]. Regulation of Ca2+ channels is vital. Plasma
membrane Ca2+-permeable channels interact with Ca2+ activated nicotinamide adenine dinucleotide
phosphate (NADPH) to form a self-amplifying system—a ROS-Ca2+ hub [22]. This system could
provide the transduction and amplification of the initial Ca2+ or reactive oxygen species (ROS) stimuli
into a more sustainable response, with implications for cell growth, hormonal signaling, and stress
response [23,24]. To obtain further evidence of the role of plasma membrane Ca2+ channels in P. edulis
root tips, different Ca2+ inhibitors and ABA were used to further determine the Ca2+ signaling
pathways. Ca2+ signal intensity varied with time in the pileorhiza of P. edulis seedlings treated with
LaCl3 (Ca2+ channel blocker), EGTA (extracellular Ca2+ chelating agent), and exogenous ABA.

To determine the factors affecting Ca2+ transport, Ca2+ flux in P. edulis root tip treated with a
calcium antagonist and ABA was measured using NMT. As shown in Figure 6a, LaCl3 was applied
to the P. edulis seedlings treated with PEG-induced drought stress. The LaCl3 treatment significantly
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impeded extracellular Ca2+ influx at the pileorhiza compared to the experimental group without LaCl3.
Extracellular Ca2+ channels were involved in Ca2+ fluid transport. The extracellular Ca2+ in seedlings
could enter cells through Ca2+ channels under drought stress, which was one of the reasons for the
increase of cytoplasmic Ca2+ concentration.

Figure 6. Factor analysis of Ca2+ flux of P. edulis seedlings under drought stress (Data Repetition: 3
replicates). The white area represents Ca2+ oscillation in the pileorhiza after treatment of the P. edulis
seedlings with distilled water (CK), and the black line graph in the blue area indicates the Ca2+

oscillation in the pileorhiza treated with 20% PEG-induced drought stress for 10 min. The red line
in the blue region indicates Ca2+ oscillation under 0.5 mmol/L LaCl3 (a), 3 mmol/L EGTA (b), and
30 μmol/L ABA (c) in the 20% PEG treatment for 10 min.

In addition, EGTA was used to treat the roots of P. edulis seedlings under PEG-simulated drought
stress. Ca2+ flux at the pileorhiza was almost always in a state of efflux (Figure 6b), while net Ca2+

flux of without EGTA treatment saw a pattern of "efflux-absorption-efflux". The EGTA-chelating
extracellular Ca2+ increased, resulting in decreases of extracellular Ca2+ concentration and a decrease
in the ability of pileorhiza to absorb Ca2+; this caused an increase in Ca2+ excretion. Ca2+ uptake in
the pileorhiza with the addition of EGTA was significantly lower than in the CK. It is worth noting
that treating the pileorhiza with EGTA and LaCl3 while under drought stress had the opposite effects
on Ca2+ uptake curves. Ca2+ efflux rate from the pileorhiza of LaCl3 decreased as EGTA treatment
increased. LaCl3 treatment hindered the Ca2+ channel in the pileorhiza, which led to a reduction of
Ca2+ excretion from the pileorhiza.

Figure 6c shows Ca2+ absorption in the pileorhiza when treated with 30 μmol/L ABA for 10 min
as PEG-induced drought stress treatment. Compared with the control, the ABA treatment showed
a smaller oscillation in Ca2+ flux in the pileorhiza, and Ca2+ net flux reflected its strong absorption
capacity. Therefore, ABA can promote the increase in Ca2+ absorption intensity in the pileorhiza of
P. edulis seedlings. We conclude that ABA may activate the extracellular Ca2+ channel in the pileorhiza
and promote Ca2+ uptake (Figure 6a,b). The efflux of ABA-induced Ca2+ spikes remained high among
all treatments. These results further confirm that plasma membrane Ca2+ channels activity is involved
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in Ca2+ signaling in PEG-induced drought stress by controlling (Ca2+)cyt through Ca2+ influxes. Under
drought stress, adding the Ca2+ channel blocker LaCl3 and extracellular Ca2+ chelating agent EGTA
could significantly inhibit extracellular Ca2+ influx. Exogenous application of ABA could increase the
ability of the pileorhiza to absorb Ca2+.

3.4. Analysis of Ca2+ Signaling Pathway in Leaves under Drought Stress

In addition to chemical signal root transduction, drought stress triggered Ca2+ movement in
leaf cells. Ca2+ may regulate leaf stomatal movement to control transpiration and respiration, as a
self-protection and adaption measure in response to environmental stress. To simultaneously monitor
cell-specific Ca2+ P. edulis seedling leaves, we used a confocal microscope to record Ca2+ fluorescence
localization (Figure 7).

Figure 7. Localization of cellular Ca2+ dynamics in leaves of P. edulis seedlings. Calcium-fluorescence
localization of the leaves of the P. edulis seedlings under drought stress for 5 min, 15 min, and 30 min
induced by 20% PEG, respectively. The green fluorescence intensity represents the Ca2+ concentration
and is positively correlated with the Ca2+ concentration.

CK is the Ca2+ fluorescence map of the lower epidermal cells treated with distilled water. Under
normal water conditions, Ca2+ was mainly localized within the cell walls of guard cells, accessory
cells, and long cells in P. edulis seedling leaves. Ca2+ was less commonly found to be distributed in
the cytoplasm. As drought stress duration increased, Ca2+ concentration in the cytoplasm increased,
except for in tethered cells. Among them, Ca2+ in long cells and guard cells increased significantly.
The fluorescence intensity in the cytoplasm was also higher than that of the CK. Fluorescence intensity
in the cytoplasm of accessory cells did not significantly increase. There were particularly pronounced
differences in Ca2+ distribution in the 30 min PEG treatment. In addition to in tethered cells, the
cytoplasmic fluorescence in all living cells, including guard cells, increased. Our results suggest that
Ca2+ signals in response to PEG stress reflect distinct cellular Ca2+ dynamics.

With increased duration of drought stress, the fluorescence intensity in the cytoplasm of long cells
increased. Only when a certain degree of drought stress was reached would Ca2+ in the cytoplasm
of leaf guard cells escape from the cell wall and diffuse into the cytoplasm, resulting in a significant
increase in the fluorescence intensity of the cytoplasm. In comparison, the Ca2+ in the cytoplasm of
accessory cells was not obviously enhanced. To further verify that Ca2+ in the leaf cells of P. edulis was
also transmitted through the cytoplasmic Ca2+ channels, three Ca2+ inhibitors were used to treat the
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seedlings under drought conditions. Ca2+ fluorescence localization under these conditions is shown in
Figure 8.

 
Figure 8. Localization of cellular Ca2+ dynamics in leaves of P. edulis seedlings treated with different
Ca2+ inhibitors and drought stress. Ca2+ fluorescence localization in leaves of plants treated with 20%
PEG-induced drought stress and 0.1 mmol/L CPZ, 3 mmol/L EGTA, or 0.5 mmol/L LaCl3 for 10 min.

To confirm the effect of calcium channels on Ca2+, we analyzed the Ca2+ fluorescence under three
Ca2+ inhibitor treatments. The addition of CPZ inhibited the binding of Ca2+ to CAM in the seedlings;
thus, the Ca2+ signal was not transmitted further. The results showed that after treatment with
0.1 mmol/L CPZ in the seedlings under PEG-simulated drought stress for 10 min, the brightness of the
fluorescence in the cell wall and cytoplasm of the leaf cells was less than under the treatment without
CPZ. Under drought stress, the Ca2+ in leaf cells of the P. edulis seedlings treated with 0.1 mmol/L
CPZ were mainly distributed in the cell wall. The fluorescence brightness in the cell wall decreased
more obviously than in other parts of the leaf.

We analyzed the distribution of Ca2+ in leaves treated with 3 mmol/L EGTA. Fluorescence
intensity in the cell wall and cytoplasm reduced, indicating that Ca2+ concentration in the cell wall
and cytoplasm decreased compared with the control group. This indicates that P. edulis seedling
leaves can still take up Ca2+ from extracellular pathways under drought stress to produce calcium
signals. Extracellular Ca2+ was chelated in the leaves under EGTA treatment, resulting in a decrease in
extracellular Ca2+ uptake.

Treatment with LaCl3 prevents Ca2+ from extracellular entry, and Ca2+ in the cytoplasm of leaf
cells significantly reduced. Ca2+ was mainly concentrated in the cell walls in this treatment (Figure 8).
The results of Ca2+ fluorescence localization in leaf cells after treatment with 0.5 mmol/L LaCl3 for
10 min in drought-stressed P. edulis seedlings showed a decrease in Ca2+ fluorescence intensity in the
cytoplasm of the cells. This was caused by the LaCl3 blocking the cytoplasmic Ca2+ channel, blocking
extracellular Ca2+ entry through the cell wall. This shows that Ca2+ in the leaves of P. edulis can be
transported through Ca2+ channels of the plasma membrane, absorbing Ca2+ from outside the cell,
and using the potential difference to generate calcium signals.

3.5. Analysis of the Effects of Ca2+ Signals on H2O2 and ABA Signaling Pathways under Drought Stress

The H2O2 fluorescence localization map of P. edulis leaves is shown in Figure 9. H2O2

concentration in the leaf cytoplasm increased with drought stress time (Figure 9a). P. edulis seedling
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leaves treated with different Ca2+ inhibitors under PEG-simulated drought stress were subjected to
laser confocal technology for H2O2 fluorescence localization to study the relationship between Ca2+

signaling and H2O2 in the stress signaling pathway (Figure 9b). Compared with CK, plants treated
with 0.1 mmol/L CPZ showed lower leaf fluorescence, indicating that CPZ could also prevent H2O2

signal transduction. The calcium signals were unable to be transmitted normally, resulting in the
decrease of H2O2 in the leaf cells. This indicates that the regulation of H2O2 activity requires the
participation of Ca2+. Both 0.5 mmol/L LaCl3 and 3 mmol/L EGTA inhibited the production of H2O2

in guard cells, accessory cells, and long cells in leaves of P. edulis seedlings under drought stress. It is
inferred that the Ca2+ signal is generated upstream of the active oxygen signal in the drought stress
signaling network of P. edulis, and that H2O2 activity in leaf cells requires Ca2+ participation.

 

Figure 9. H2O2 fluorescence in P. edulis seedling leaves under drought stress. The green fluorescence
intensity in the figure represents concentration of hydrogen peroxide, with more fluorescence indicating
a higher concentration of H2O2. (a) H2O2 fluorescence localization at different treatment times (5 min,
15 min, and 30 min) using 20% PEG-induced drought stress. (b) The samples were treated with different
Ca2+ inhibitors (CPZ, EGTA, and LaCl3) for 10 min under 20% PEG-induced drought stress.

Laser confocal microscopy was used to detect the Ca2+ and H2O2 fluorescence signal in living
leaf cells. The results indicated that the exogenous application of ABA under drought stress led
to an increase in the concentration of Ca2+ and H2O2 in the mesophyll cells of P. edulis seedlings.
Interestingly, there was a positive correlation between Ca2+ and H2O2 dynamics. ABA might activate
Ca2+ channels of the plasma membrane and promote the production of Ca2+ signals in the pileorhiza
of P. edulis seedlings.

H2O2 fluorescence intensity in guard cells was significantly higher in the ABA-treated group
than in the group not treated with ABA (Figure 10). In plants, ABA is involved in many
stress responses [25–27]. Regulatory systems of reactive oxygen species (ROS) are known to be
integrated with other pathways involving Ca2+ signaling, protein kinases, and hormones pathways
to regulate the defense mechanism in plants [28]. The existence of ABA-induced genes, which are
expressed in stomatal guard cells, allows us to closely examine the role of Ca2+ [29]. In rice, the
Ca2+/CaM-dependent protein kinase OsDMI3 has been shown to be required for ABA-induced
antioxidant defense [30]. These results demonstrated that ABA also plays a key role in the signal
transduction of Ca2+ in the signaling network of the leaves of P. edulis treated with drought stress.
Ca2+ not only acted as the upstream signal of H2O2, but was also involved in the signal transduction
process of ABA. ABA could promote the production of Ca2+ signaling in leaves and stimulate the burst
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of H2O2, a reactive oxygen species, in the guard cells. P. edulis may enhance drought tolerance via
ABA-induced stomatal closure by ROS production.

Figure 10. Localization of fluorescence of Ca2+ and H2O2 in mesophyll cells after application of
exogenous ABA under drought stress. (a) Calcium-fluorescence localization of leaves of P. edulis
seedlings with distilled water. (b) Calcium-fluorescence localization of leaves of P. edulis seedlings
under 20% PEG 6000-induced stress for 10 min. (c) Calcium-fluorescence localization of leaves of
P. edulis seedlings with the application of 30μmol/L ABA to 20% PEG-induced stress for 10 min.
(d–f) H2O2 fluorescence localization under the same treatment as above.

4. Conclusions

This study indicated that the conductivity of P. edulis leaves increased with the degree of drought
stress induced. Ca2+ is an important signaling molecule in response to drought stress in the root tip of
P. edulis, especially in the transmission of stress signals and resistance to drought stress. Under drought
stress, root tip cells of P. edulis can be used to transport Ca2+ from the extracellular environment to
the cytoplasm, Ca2+ channels participate in extracellular Ca2+ transportation, and ABA may activate
Ca2+ channels in the plasma membrane and promote Ca2+ signal production in the pileorhiza of
P. edulis. In P. edulis leaves, Ca2+ can also be transported through the Ca2+ channels of the plasma
membrane under drought stress, absorbing Ca2+ from outside the cell and generating Ca2+ signals
through potential difference. The responsiveness of Ca2+ signals to drought stress in leaves of P. edulis
from strong to weak was shown as follows: (1) long cells; (2) guard cells; (3) accessory cells; and
(4) plug cells. Ca2+ acts as the upstream signal of H2O2 in the signal network of the mesophyll cells of
the P. edulis under drought stress. It is also involved in ABA signal transduction process. ABA could
promote Ca2+ signal production and stimulate H2O2 bursts in P. edulis leaves.

This study provides a method for the spatial and temporal localization of Ca2+ signaling and flux
in P. edulis. Further research on Ca2+ signaling is essential, as it may help shed light on the physiology
of P. edulis under stress. There are also areas for improvement in this study. The first is that processing
the mesophyll samples may damage the cells or put them under stress conditions, thus affecting the
Ca2+ fluorescence of the leaves under the laser confocal microscope. Autofluorescence of lignin can
also have an effect on Ca2+ fluorescence. It is particularly important to improve this methodology in
the future.
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Abstract: We compared the effects of hydrophilic polymer amendments on drought and salt tolerance
of Metasequoia glyptostroboides Hu and W.C.Cheng seedlings using commercially available Stockosorb
and Luquasorb synthetic hydrogels and a biopolymer, Konjac glucomannan (KGM). Drought, salinity,
or the combined stress of both drought and salinity caused growth retardation and leaf injury
in M. glyptostroboides. Under a range of simulated stress conditions, biopolymers and synthetic
hydrogels alleviated growth inhibition and leaf injury, improved photosynthesis, and enhanced
whole-plant and unit transpiration. For plants subjected to drought conditions, Stockosorb hydrogel
amendment specifically caused a remarkable increase in water supply to roots due to the water
retention capacity of the granular polymer. Under saline stress, hydrophilic polymers restricted
Na+ and Cl− concentrations in roots and leaves. Moreover, root K+ uptake resulted from K+

enrichment in Stockosorb and Luquasorb granules. Synthetic polymers and biopolymers increased
the ability of M. glyptostroboides to tolerate combined impacts of drought and salt stress due to their
water- and salt-bearing capacities. Similar to the synthetic polymers, the biopolymer also enhanced
M. glyptostroboides drought and salt stress tolerance.

Keywords: hydrophilic polymers; Stockosorb; Luquasorb; Konjac glucomannan; photosynthesis;
ion relation

1. Introduction

Soil salinity and drought pose major problems in agriculture and forestry [1–4]. Soil salinization
often accompanies drought due to evaporative salt accumulation in upper soil layers. Together, these
cause soil degradation and erosion [3]. Molecular physiology indicates that multiple stress signaling
networks are involved in the plant response to dehydration and saline conditions. These networks
specifically include the abscisic acid-activated signaling pathway, mitogen-activated protein kinase
(MAPK) cascades, extracellular adenosine triphosphate (ATP) signaling, and hydrogen peroxide
catabolic process [3,5–8]. Gene transformation, mycorrhization, and polymer amendments to soil can
enhance drought and salt tolerance at the tissue and cellular level [1–3,9]. These interventions can
increase osmotic adjustment, antioxidative defense, water use efficiency, and ionic homeostasis in
herbaceous and woody plants [2,3,6,9,10].
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Hydrophilic polymers are commonly used as soil conditioners. They aid plant growth and
development in drying soils [11,12] by increasing the plant’s ability to absorb and retain large volumes
of water and maintain osmotic balance. Amendments of hydrophilic polymers have been shown to
increase available moisture levels around the root zone [13–16], thereby improving plant survival under
drought stress [14,17–19]. Additional evidence shows that the presence of polymers increased the water
holding capacity [14,20,21], decreased water percolation rates [22], and reduced the need for frequent
irrigation [23].

In addition to enhancing plant survival in arid soils, hydrophilic polymers also aid plant
growth in saline soils [24–29]. The water- and salt-retentive capacities of Stockosorb and Luquasorb
polymers were shown to limit the accumulation of toxic ions in the plants [26–28]. Stockosorb
hydrogel amendments to saline soil (potassium mine refuse) improved Ca2+ uptake in salt-resistant
Populus euphratica Oliv. due to the polymer’s cation exchange character [26]. We have previously
shown that the exchangeable K+ contained in Stockosorb and Luquasorb enables Populus simonii ×
(P. pyramidalis + Salix matsudana) (Populus popularis cv. 35-44) (a salt-sensitive poplar species) to maintain
K+/Na+ homeostasis under saline conditions [27,28]. Hydrophilic polymers may also improve soil
pore water quality available to plant roots, which enabled poplars under investigation to tolerate a
combined stress of drought and salinity [28].

Most synthetic organic polymers (also known as plastic) may degrade under natural conditions,
but typically persist in the environment for extended periods and are thus the subject of general
environmental concern (Environmental issues and concern of synthetic polymers; https://prezi.
com/5hthiclu4uwh/environmental-issues-and-concern-of-synthetic-polymers/). To consider the
effectiveness of plastic alternatives, this study also investigated a biopolymer’s effects on plant growth
under adverse conditions. Konjac glucomannan (KGM) is a natural macromolecule made of β-1,4
linked D-mannose and D-glucose residues derived from Amorphophallus konjac K. Koch ex N.E. Br. The
strong hydrogen bonds formed by hydroxyl groups in solution give this polysaccharide a high water
absorbency [30,31]. We investigated KGM along with the synthetic Stockosorb 500 XL and Luquasorb
hydrogels as a soil conditioner in soils subjected to drought and saline conditions. Amended soils were
planted with seedlings of Metasequoia glyptostroboides, a valuable tree species widely used for coastal
shelter, farmland protection, city greening, and as an ornamental. We compared the biopolymer and
synthetic hydrogels in terms of their effects on plant growth, photosynthesis, water status, and ion
relations under drought or saline conditions, or both drought and saline conditions.

2. Materials and Methods

2.1. Hydrophilic Polymers

This study used hydrophilic polymers Stockosorb 500 XL (granular type, cross-linked poly
potassium-co-(acrylic resin polymer)-co-polyacrylamide hydrogel, Stockhausen GmbH, Krefeld,
Germany), Luquasorb® product (powder type, potassium polyacrylate, BASF Corporation,
Ludwigshafen, Germany), and Konjac flour-derived glucomannan (KGM purity >70%, Key Laboratory
of Biological Resources Protection and Utilization in Hubei Province, Enshi, China).

2.2. Plant Material and Treatments

One-year-old seedlings of M. glyptostroboides (Hu and W.C.Cheng) were obtained from
Xingdoushan Nature Reserve, Hubei province, China. In March, the seedlings were planted within
individual 2.5 L pots containing sandy soil (sand:soil = 1:1, v/v). The potted plants were kept
well-watered and received 500 mL of Hoagland’s nutrient solution every two weeks. All plants
were placed in a greenhouse at Beijing Forestry University prior to the initiation of salt and drought
treatments. In early June, plants that exhibited healthy, uniform appearance were transferred to 5 L
pots filled with either control soil (no salt) or saline soil (soil was pretreated with 1 L 50 mM NaCl).
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These were left as controls or amended with one of the three polymer types (0.5% by dry weight).
Plants were then divided into four groups, with each subjected to the following treatments:

(1) Control (Non-polymer), Control + Stockosorb, Control + Luquasorb, Control + KGM;
(2) NaCl (Non-polymer), NaCl + Stockosorb, NaCl + Luquasorb, NaCl + KGM;
(3) Drought (Non-polymer), Drought + Stockosorb, Drought + Luquasorb, Drought + KGM;
(4) Drought + NaCl (Non-polymer), Drought + NaCl + Stockosorb, Drought + NaCl + Luquasorb,

Drought + NaCl + KGM.

Drought treatment consisted of withholding water after the initiation of water stress. Control
plants were kept well-watered during the period of the experiment.

2.3. Shoot Height Measurement

The shoot height of three to five plant replicants (per treatment) was measured every seven days
for a total 46-day exposure to saline and drought treatments (M. glyptostroboides leaves started to wilt
after 46 days). Shoot height was measured from the growing tip to the base of the stem.

2.4. Whole-Plant Water Consumption

To simulate drought conditions (water stress), each pot containing one plant was covered with
a plastic bag secured around the stem base. The whole-plant water consumption was measured
under natural sunlight by the daily weight loss of the pot together with the plant over a 12 h period
(07:00–19:00) [28,32]. At each sampling interval (day 7, 14, 21, 28, 35, and 42), three to five individual
pots were examined for each treatment.

2.5. Leaf Gas-Exchange

Leaf transpiration rates (TRN), stomatal conductance (Gs), and net photosynthetic rates (Pn) of
upper mature leaves were measured each week with a CIRAS-2 Portable Photosynthesis System (PP
systems, Amesbury, MA, USA). TRN, Gs, and Pn were always measured between 8:30–11:00 a.m.
under natural conditions, where photosynthetically active radiation (PAR) was ca. 1000 μmol m−2 s−1.
During the measurements, leaf temperature (Tleaf) ranged from 25 ◦C to 33 ◦C. Three to five individual
seedlings per-treatment were measured at each interval.

2.6. Chlorophyll a Fluorescence

Chlorophyll a fluorescence was measured on a weekly basis using a PAM-2100 Fluorometer
(Heinz Walz GmbH, Effeltrich, Germany) and methods described in Wang et al. (2007) [33].
The maximal efficiency of PSII photochemistry (Fv/Fm) was calculated based on measured fluorescence
parameters [33].

2.7. Leaf Membrane Permeability

Leaf membrane permeability was examined after 20 days of saline and drought treatment.
For each plant, 30 fresh leaf cubes (0.2 × 0.2 cm) were immersed in 10 mL of distilled water and then
vacuumed for 30 min. Electrical conductivity (E1) was then measured with a DDS-307 conductivity
meter (INESA Scientific Instrument Co., Ltd., Shanghai, China) at room temperature. Following this,
leaf samples were incubated in boiling water (95 ◦C–100 ◦C) for 30 min and subjected to subsequent
electrical conductivity (E2) measurements at room temperature. Leaf membrane permeability was
calculated as E1/E2 × 100%.

2.8. Plant Harvest

Destructive harvests were conducted after 46 days of exposure to saline and drought treatments.
Three to five replicated seedlings were harvested for each treatment. The roots were thoroughly rinsed
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free of soil with deionized water. All sampled materials (root, leaf, and stem) were then oven-dried at
60 ◦C for five to eight days to determine the dry weight. Dried samples were ground into powder and
stored for compositional analysis.

2.9. Ion Analysis of Leaves and Roots

Dried samples (0.5 g) of leaves and roots were extracted with 1 M HNO3 as described
by Storey (1995) [34]. Concentrations of Na+ and K+ were measured by an atomic absorption
spectrometer (PerkinElmer 2280, Perkin-Elmer Corporation, Norwalk, CT, USA). Cl− concentrations
were determined by a modified silver titration method [35].

2.10. Ion Analysis of Soil

Soil pore water composition was analyzed immediately following plant harvest. Concentrations
of Na+, Cl−, and K+ were measured from aqueous soil extracts (dried soil rinsed in deionized water
= 1:5, w/v). Na+ and K+ concentrations were measured by atomic absorption spectrophotometry
(PerkinElmer 2280) at 589.0 and 766.5 nm, respectively, while Cl− concentrations were measured by
silver titration [35].

2.11. Data Analysis

The software program SPSS (SPSS Statistics 17.0, 2008, SPSS Inc., Chicago, IL, USA) was used
to calculate basic statistical parameters for measured data. Unless otherwise stated, differences are
interpreted as statistically significant for the p < 0.05 level.

3. Results

3.1. Occurrence of Leaf Injury under Water and Salt Stress

Observation during the experiment revealed that drought and/or salt caused leaf injury in plants
without a polymer amendment after 16–26 day of the stress treatment (Table 1; Figure 1). Leaves
exhibited chlorosis or necrosis prior to abscission (Figure 1). Hydrogels appear to have delayed
stress-induced leaf injury until 30–46 day (Table 1; Figure 1). Plants amended with the biopolymer
exhibited a pronounced delay of leaf injury relative to that of plants treated with synthetic polymer
(Table 1).

Table 1. Effect of drought and saline stress on the timing (in days) of leaf injuries in Metasequoia
glyptostroboides Hu and W.C.Cheng amended with synthetic (Stockosorb, Luquasorb) or natural (Konjac
glucomannan, KGM) hydrophilic polymers and those not amended with polymers (Non-Polymer).

Treatment Non-Polymer Stockosorb Luquasorb KGM

Control NI NI NI NI
NaCl 26 ± 2 NI 36 ± 2 NI

Drought 17 ± 1 34 ± 1 30 ± 2 46 ± 1
Drought + NaCl 16 ± 1 34 ± 2 30 ± 2 46 ± 1

Legend: NI, non-injury. Each value (±SE) is the mean of three to five individual plants.

3.2. Leaf Membrane Permeability

Membrane permeability (MP) was examined when the stress symptoms were visible in plants
subjected to drought and saline conditions. Relative to control plants, leaf MP significantly increased
in non-polymer-treated plants after 20 day of drought or combined drought and saline stress (Figure 2).
However, the stress-induced increase in MP for these plants was markedly reduced by all polymers
(Stockosorb, Luquasorb, or KGM) (Figure 2). Saline treatment did not cause a significant increase in
MP, irrespective of polymer treatments at the observation time (Figure 2).
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Non-Polymer Stockosorb Luquasorb KGM  

  

Control 

    

NaCl 

    

Drought 

    

Drought + 
NaCl 

Figure 1. Images of Metasequoia glyptostroboides Hu and W.C.Cheng test plants subjected to drought
and saline stress after 20 days. Columns indicate soils amended without (Non-Polymer) or with
synthetic (Stockosorb, Luquasorb) and natural (Konjac glucomannan, KGM) hydrophilic polymers.
Rows indicate M. glyptostroboides seedlings subjected to control, salt exposure, drought, and combined
salt and drought exposure (see Materials and Methods section).

Figure 2. Effect of drought and salt stress on leaf membrane permeability in Metasequoia glyptostroboides
seedlings supplemented with synthetic (Stockosorb, Luquasorb) and natural (Konjac glucomannan, KGM)
hydrophilic polymers along with plants not amended with polymers (Non-Polymer). Each column
represents the mean of three to five individual plants and bars represent the standard error of the mean.
Columns labelled with different letters (a, b, c, and d) are significantly different at the p < 0.05 level.
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3.3. Shoot Height Increment

Amendment of 0.5% (by weight) Stockosorb, Luquasorb, or KGM caused no significant effect on
height increment in control M. glyptostroboides plants (Figure 3A). Drought, salt, and combined drought
and salt stress reduced shoot elongation in the absence of polymers (Figure 3A). The presence of
hydrophilic polymers alleviated growth inhibition under stress conditions (Figure 3A). Plants subjected
to salt stress and amended with Stockosorb exhibited a more pronounced effect in height enhancement
than those amended with Luquasorb and KGM (Figure 3A). Plants subjected to combined drought
and saline stress and amended with Luquasorb retained shoot growth better than those amended with
Stockosorb and KGM (Figure 3A).

3.4. Plant Dry Weight

For plants not amended with polymers, dry weights of roots, stem, and leaves decreased
significantly after 46 days of drought, salt, or combined drought and salt stress. These caused
respective declines of 44%, 62%, and 65% in whole-plant biomass (Figure 3B). M. glyptostroboides roots
and leaves were more sensitive to these stresses relative to stems (Figure 3B). Stockosorb, Luquasorb,
and KGM alleviated whole-plant biomass inhibition by salt and drought stress, although specific tissue
types did not show pronounced effects (Figure 3B). KGM also improved plant biomass for plants
subjected to drought or salt stress (Figure 3B). For samples subjected to combined drought and salt
stress, these effects were not as pronounced as those exhibited by plants treated with the two synthetic
polymers (Figure 3B).

 
Figure 3. Cont.
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(B) 

Figure 3. Effect of drought and salt stress on height increment and biomass in Metasequoia
glyptostroboides seedlings. (A): Shoot height increment. (B): Plant dry weight. Columns show samples
amended with synthetic (Stockosorb, Luquasorb) and natural (Konjac glucomannan, KGM) hydrophilic
polymers and those not amended (Non-Polymer). Each column represents mean analysis of three
to five individual plants and bars represent the standard error of the mean. Columns labelled with
different letters (a–f) are significantly different at the p < 0.05 level. (Note: Columns labelled with A, B,
and C, indicate significant difference in whole-plant dry weight between treatments).

3.5. Whole-Plant Water-Consumption

Drought and/or salt stress decreased the daily water-consumption of plants not treated with
polymers (Figure 4). Synthetic and natural polymer amendments increased the daily water-loss for
plants subjected to stress (Figure 4). For plants subjected to drought and salt stress, water-consumption
of plants treated with Stockosorb exceeded that of those treated with Luquasorb or KGM (Figure 4).
For plants subjected to drought or combined drought and salt stress, plants treated with KGM exhibited
less water loss than those treated with Stockosorb or Luquasorb (Figure 4).
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Figure 4. Effect of drought and salt stress on whole-plant water consumption in Metasequoia
glyptostroboides seedlings. Columns show samples amended with synthetic (Stockosorb, Luquasorb)
and natural (Konjac glucomannan, KGM) hydrophilic polymers and those not amended (Non-Polymer).
Whole-plant water loss was measured after 7, 14, 21, 28, 35, and 42 days of salt and drought treatment.
Each column represents the mean of three to five individual plants and bars represent the standard
error of the mean. Columns labelled with different letters (A–F) are significantly different at the
p < 0.05 level.

3.6. Leaf Gas-Exchange

In the absence of hydrogels, drought and salt stress caused declines in net photosynthetic rates
(Pn), transpiration rates (TRN), and stomatal conductance (Gs) (Figure 5). Hydrogel amendments
increased Gs, Pn, and TRN under these stress conditions (relative to rates for plants not treated
with polymers) (Figure 5). Relative to plants treated with Luquasorb or KGM, plants treated with
Stockosorb showed the highest rates of gas exchange under drought or salt stress (Figure 5). The Pn of
KGM-treated plants was 56%–60% higher than that of plants treated with synthetic polymers under
combined drought and salt stress (Figure 5A). However, these combined-stressed plants treated with
each polymer showed similar TRN and Gs values (Figure 5B,C).

3.7. Chlorophyll a Fluorescence

Seedlings subjected to drought and/or salt stress but not treated with polymers showed lower
maximum values for PSII photochemistry (Fv/Fm) efficiency (Figure 6). This finding supports the
photosynthetic response in water- and salt-stressed plants (Figure 5). Polymer amendments alleviated
the drought and salt effects irrespective of powder and granular type of polymer (Figure 6).
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Figure 5. Effect of drought and salt stress on leaf net photosynthetic rates (Pn), transpiration rates
(TRN), and stomatal conductance (Gs) in Metasequoia glyptostroboides seedlings amended with synthetic
(Stockosorb, Luquasorb) and natural (Konjac glucomannan, KGM) hydrophilic polymers along with
those not amended with polymers (Non-Polymer). (A): Net photosynthetic rate. (B): Transpiration rate.
(C): Stomatal conductance. Mean gas exchange values were measured on a weekly basis. Each column
represents mean values for three to five individual plants and bars represent the standard error of the
mean. Columns labelled with different letters (a–f) are significantly different at the p < 0.05 level.
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Figure 6. Effect of drought and salt stress on the maximum photochemical efficiency of photosystem II
in Metasequoia glyptostroboides seedlings amended with synthetic (Stockosorb, Luquasorb) and natural
(Konjac glucomannan, KGM) hydrophilic polymers along with those not amended (Non-Polymer).
Chlorophyll a fluorescence was measured on a weekly basis. Each column represents the mean value
for three to five individual plants and bars represent the standard error of the mean. Columns labelled
with different letters (a, b, and c) are significantly different at the p < 0.05 level.

3.8. Ion Concentrations in Roots and Leaves

Salt (NaCl) treatment significantly increased Na+ and Cl− levels in roots and leaves for plants
not treated with polymers. However, leaves retained markedly higher salt concentrations than
roots (Figure 7A,B). Samples treated with polymers and subjected to saline stress showed lower salt
concentrations in roots and leaves (Figure 7A,B). Plants subjected to combined drought and salt stress
showed more pronounced salt accumulation in leaves and roots relative to that measured from plants
only subjected to salt stress (Figure 7A,B). For plants subjected to combined stresses, KGM was more
effective than synthetic polymers at restricting Na+ and Cl− buildup in roots and leaves (Figure 7A,B).

Plants subjected to salt stress but not treated with polymers exhibited lower K+ levels in roots,
but not in leaves, regardless of drought stress (Figure 7C). In plants subjected to salt stress and
amended with polymers, this decline in root K+ was reduced, and the effect was most pronounced
in plants amended with Luquasorb (Figure 7C). In plants subjected to combined drought and salt
stress, Stockosorb, and Luquasorb exhibited an increase in root K+ concentrations (relative to plants
not amended with polymers), but KGM had no such effect (Figure 7C).

3.9. Ion Concentrations in Soils

Relative to control soils, soils subjected to saline and drought stress exhibited higher Na+ and
Cl− concentrations (Figure 8A,B). Hydrogel amendments lowered Na+ and Cl− concentrations in
salt-treated soils, regardless of drought stress (Figure 8A,B). Soils subjected to combined drought
and salt stress and treated with Luquasorb showed the most significant decrease in Na+ and Cl−

levels relative to soils treated with Stockosorb and KGM (Figure 8A,B). Soils amended with synthetic
polymers, in particular Luquasorb, exhibited increased K+ concentrations relative to soils treated with
KGM, irrespective of control or stress treatment (Figure 8C).
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Figure 7. Effects of drought and salt stress on Na+, Cl−, and K+ concentrations in the roots and leaves
of Metasequoia glyptostroboides seedlings amended with synthetic (Stockosorb, Luquasorb) and natural
(Konjac glucomannan, KGM) hydrophilic polymers along with those not amended with polymers
(Non-Polymer). (A): Na+ concentrations. (B): Cl- concentrations. (C): K+ concentrations. Each column
represents the mean of three to five individual plants and bars represent the standard error of the mean.
Columns labelled with different letters (a–e) are significantly different at the p < 0.05 level.
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(A) 

Figure 8. Effects of drought and salt stress on Na+, Cl−, and K+ concentrations in soils supplemented
without synthetic (Stockosorb, Luquasorb) and natural (Konjac glucomannan, KGM) hydrophilic
polymers along with soils not supplemented with polymers (Non-Polymer). (A): Na+ concentration.
(B): Cl− concentration. (C): K+ concentration. Each column represents the mean of three to five soil
samples and bars represent the standard error of the mean. Columns labeled with different letters (a–f)
are significantly different at the p < 0.05 level.

4. Discussion

4.1. Hydrophilic Polymers Increase Water Supply under Drought Stress

Synthetic hydrophilic hydrogels (Stockosorb and Luquasorb) and natural KGM polymer
amendments caused relative increases in growth and photosynthesis (Figures 3, 5 and 6) in plants
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subjected to drought conditions. These results support those reported in Syvertsen and Dunlop (2004),
who found that polymer amendments improved the growth of drought-stressed citrus [36]. Similarly,
Stockosorb polymers were shown to prolong the survival of Pinus halepensis [37], Citrus spp. [38], and
Populus Popularis seedlings subjected to drought [28]. In this study, leaf injury caused by drought stress
occurred due to increased leaf membrane permeability (Table 1; Figures 1 and 2). The application of
Stockosorb, Luquasorb, and KGM decreased MP in drought-treated M. glyptostroboides leaves (Figure 2),
thus delaying the occurrence of leaf injury (Table 1; Figure 1). Similarly, Shi et al. (2010) demonstrated
that Stockosorb and Luquasorb polymers reduce the growth inhibition of P. popularis cuttings and delay
leaf injury during drought stress [28]. Our results show that plants amended with the biopolymer
exhibited a more pronounced delay of leaf injury relative to those treated with synthetic polymers
(Table 1).

Growth and photosynthesis enhancement exhibited by plants treated with polymers occurred due
to improved soil water retention under drought conditions [39]. Hydrogel amendments remarkably
increased the available water capacity of the soil [28,39,40]. This water could then be absorbed by
adjacent roots with up to 95% available to plants [22]. Increased root water supply in polymer-amended
plants resulted in improved whole-plant water consumption and leaf transpiration per unit of surface
area (Figures 4 and 5). Our data indicate that Stockosorb amendments provided plant roots with a
larger amount of water than Luquasorb and KGM polymers (Figures 4 and 5). The larger Stockosorb
granules were able to absorb and store larger amounts of water in the soil environment and can
thus function as water sources during drought conditions [28]. M. glyptostroboides roots can grow
interspersed with Stockosorb aggregates, which improves the water distribution [27,28]. The powder
type polymers, KGM in particular, displayed an enhanced ability to moderate water supply to plant
roots (Figures 4 and 5). This improved long-term water use efficiency under drought conditions [23,28].
The glucomannan structure of the KGM polymer confers excellent water retention capabilities [31,41].
This allows the KGM-amended soil to maintain the water supply to M. glyptostroboides roots over
prolonged periods of water stress and thereby delays the occurrence of leaf injury (Table 1; Figure 1).
These results support those of previous studies on hydrogel-treated P. popularis [28]. The powder
polymers also more effectively slowed the rate of water supply to plants (and thus prolonged the
duration of water supply) relative to the granular-type polymer [28].

4.2. Hydrophilic Polymers Alleviate Salt Stress

Under saline stress, plants amended with hydrophilic polymers exhibited improved shoot
height increment, leaf gas exchange, and biomass relative to plants not amended with polymers
(Figures 3 and 5). Plants subjected to saline conditions but amended with Stockosorb exhibited a more
pronounced effect to lower the salt inhibition of transpiration (Figures 4 and 5) and photosynthesis
(Figures 5 and 6) than those amended with Luquasorb and KGM. Enhanced tolerance of saline
conditions mainly resulted from improved ion relations in polymer-amended plants. In this study,
Stockosorb and KGM polymers markedly reduced Na+ and Cl− concentrations in roots and leaves
under salt stress (Figure 7). Excessive salt accumulation poses a significant threat to woody plants
subjected to saline conditions [3,8,9,32,35,42–46]. Previous studies have shown that hydrophilic
polymer amendments inhibited salt accumulation in poplar species’ roots and shoots regardless of
salt-resistant and salt-sensitive genotypes [26–28]. Reduced salt ion accumulation in roots and shoots
resulted from the salt-retention and dilution capacity of the polymer amendments [28] (Figure 8).
Water retention by Stockosorb, Luquasorb, and KGM polymers specifically causes the dilution of soil
Na+ and Cl− concentrations [28,47] and limits salt absorption by the surrounding roots.

In addition to reducing the uptake of salt ions, the two synthetic hydrogels, and especially
Luquasorb, enhanced K+ uptake in salt-stressed roots (Figure 7). Maintaining K+ homeostasis allows
plants to withstand toxicity from salt ions [45,48,49]. Plants amended with the two hydrophilic
polymers exhibited improved K+ retention due to increased exchangeable K+ concentrations (Figure 8).
These results were consistent with our previous studies in which P. popularis plants subjected to saline

98



Forests 2018, 9, 643

conditions but treated with Stockosorb and Luquasorb exhibited increased K+ concentrations in leaves
and roots [27,28].

4.3. Hydrophilic Polymers Enhance Plant Tolerance of Combined Drought and Salt Stresses

When M. glyptostroboides plants were exposed to combined drought and salt stress, roots could
not absorb enough water to compensate for the water loss in shoots (Figures 4 and 5). Excessive
accumulation of Na+ and Cl− also caused ion toxicity and membrane injury (Figures 1 and 7; Table 1).
The hydrophilic polymers increased the soil available water for plants, which in turn increased
water-consumption and leaf gas-exchange (Figures 4 and 5). In addition to improving root water
supply, hydrophilic polymers lowered soil salt concentrations in the dryer, saline soil by increasing
the water-holding capacity (Figure 8). As a consequence, the uptake and transport of salt ions were
restricted in polymer-amended plants (Figure 7). Shi et al. (2010) similarly showed that hydrophilic
polymers increased the ability of P. popularis to tolerate combined drought and salt stresses, primarily
due to their water- and salt-retention capacities [28]. Plants amended with Stockosorb and Luquasorb
exhibited improved K+ nutritional status in roots. This enabled M. glyptostroboides plants to maintain
K+/Na+ homeostasis under water and salt stress (Figures 7 and 8). Amendments with hydrophilic
polymers improved water supply and K+/Na+ homeostasis under drought and salt stresses, which
enhanced the growth and survival of M. glyptostroboides.

Relative to drought- and salt-stressed plants amended with Stockosorb or Luquasorb polymers,
drought- and salt-stressed plants amended with the KGM biopolymer exhibited less pronounced
growth/biomass improvements (Figure 3). This arose due to (i) fewer K+ ions and (ii) poor aeration in
KGM-amended soil. KGM can absorb water and swell to form a sticky gel. This gel, however, can
reduce the air supply to roots and thereby limit root cell respiration. Combined drought and salt stress
therefore lowered root and shoot growth for KGM-amended plants relative to plants amended with
Stockosorb and Luquasorb granules.

5. Conclusions

The study showed that natural and synthetic hydrophilic polymers increased the growth and
survival of M. glyptostroboides plants under drought, saline, and combined drought and saline stresses.
We found that plants subjected to drought stress but amended with Stockosorb received more water
delivery to roots relative to drought-stressed plants amended with Luquasorb and KGM polymers.
KGM, a powder polymer, apparently limited the water supply to M. glyptostroboides roots and
maintained a continuous water supply under long-term water stress. Under salt stress, the water
retained in the hydrophilic polymers diluted salt concentrations in the soil, which in turn limited
salt uptake by roots. Plants subjected to saline stress but amended with the two synthetic hydrogels,
especially Luquasorb, exhibited enhanced K+ absorption in roots and resisted Na+ and Cl− toxicity.
The high water- and salt-retention capacities of the hydrophilic polymers enhanced M. glyptostroboides
tolerance of combined drought and saline stress.
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Abstract: The TEOSINTE BRANCHED1, CYCLOIDEA, and PROLIFERATION CELL FACTOR
(TCP) transcription factor is a plant-specific gene family and acts on multiple functional genes in
controlling growth, development, stress response, and the circadian clock. In this study, a class I
member of the TCP family from Fraxinus mandshurica Rupr. was isolated and named FmTCP15, which
encoded a protein of 362 amino acids. Protein structures were analyzed and five ligand binding sites
were predicted. The phylogenetic relationship showed that FmTCP15 was most closely related to
Solanaceae and Plantaginaceae. FmTCP15 was localized in the nuclei of F. mandshurica protoplast
cells and highly expressed in cotyledons. The expression pattern revealed the FmTCP15 response to
multiple abiotic stresses and hormone signals. Downstream genes for transient overexpression of
FmTCP15 in seedlings were also investigated. A yeast two-hybrid assay confirmed that FmTCP15
could interact with DELLA proteins. FmTCP15 participated in the GA-signaling pathway, responded
to abiotic stresses and hormone signals, and regulated multiple genes in these biological processes.
Our study revealed the potential value of FmTCP15 for understanding the molecular mechanisms of
stress and hormone signal responses.

Keywords: molecular cloning; functional analysis; TCP; DELLA; GA-signaling pathway; Fraxinus
mandshurica Rupr.

1. Introduction

The survival of plants requires balancing the regulation of growth, development, and stress
response. Plants need to utilize many mechanisms to respond to stress, while environmental changes
may affect development. A large number of complex transcription factors (TFs) and genes are required
and involved, and there is a novel TF family that participates in these processes.

The TEOSINTE BRANCHED1, CYCLOIDEA, and PROLIFERATION CELL FACTOR (TCP) gene
family is a plant-specific TF family that was first identified in 1999. TCP is named after the first
three identified members: TEOSINTE BRANCHED1 (tb1) in maize (Zea mays), CYCLOIDEA (CYC) in
snapdragon (Antirrhinum majus), and the PROLIFERATING CELL FACTORS 1 and 2 (PCF1 and PCF2)
in rice (Oryza sativa) [1–3]. The TCP gene family encodes a 59-amino-acid residue, noncanonical basic
helix-loop-helix (bHLH) motif called the TCP domain, which allows DNA binding and protein–protein
interactions [3–5]. Based on the differences between the TCP domains, the TCP family was divided into
two major classes: class I (also known as PCF or TCP-P) and class II (also known as TCP-C) [6–8]. Class
II was further divided into two clades, named CINCINNATA (CIN) [9] and CYCLOIDEA/TEOSINTE
BRANCHED1(CYC/TB1) [5,10].
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Class I TCP genes have been reported to promote plant growth and proliferation. In meristematic
tissues, PCF1/PCF2 from rice and AtTCP20 from Arabidopsis thaliana act as transcriptional activators of
PCNA and CYCB1;1, respectively [3,11]. However, the latest research indicates that class I TCP genes
also participate in stress adaptation. In rice, OsPCF2 positively regulates the OsNHX1 gene by binding
to its promoter and responds to salt and drought stress tolerance [12]. OsTCP19 responds to water deficit
and salt stress and interacts with OsABI4 and OsULT1 to function in abiotic stress response and abscisic
acid (ABA) signaling [13]. The CIN clade of class II is mainly involved in regulating organ development,
such as floral organ, leaf, and lateral organ development [14–17]. In Arabidopsis, CIN is required for the
arrest of cell division in the peripheral regions of the leaf. jaw-D mutants, cin loss-of-function mutants,
in which TCP2, TCP3, TCP4, TCP10, and TCP24 were all strongly reduced, achieved highly crinkled
leaves [14]. The CYC/TB1 clade of class II is mainly involved in regulating shoot branching, floral
transition, organ identity, and development. In Arabidopsis, one of TCP family members, BRANCHED1
(BRC1), is expressed in axillary buds and responses to endogenous and environmental signals and
leads to branch suppression [18,19]. In rice, OsTB1 interacts with OsMADS57 and targets Dwarf14 (D14)
to control the outgrowth of axillary buds [20]. It is noteworthy that the two different classes of TCPs
are believed to share common targets [21]. In Arabidopsis, LIPOXYGENASE 2 (LOX2) was identified as
a common target of TCP20 (from class I) and TCP4 (from class II); additionally, TCP20 could inhibit
but TCP4 could induce the expression of LOX2 [22]. These results show a proposed model by which
classes I and II TCP proteins may act antagonistically. In tomato (Solanum lycopersicum), classes I and
II SlTCP proteins can form homo- and heterodimers [23]. These results show a proposed model by
which classes I and II TCP may act antagonistically and form functional protein complexes to regulate
biological processes.

Although TCP gene functions have been shown to be responsive to both development and
various stresses in model plants, their roles in forestry trees are less known. Fraxinus mandshurica
Rupr., a member of the Oleaceae family, is a broad-leaved tree and is well known as the most
valuable hardwood tree wildly distributed in the conifer and hardwood mixed forest in northeastern
China [24–26]. As an important economic and timber species, studies of F. mandshurica have mainly
focused on its seed germination [27], nutritional growth [28], ecological characteristics [29], and disease
control [30]. However, there have been few reports on the genes that contribute to resistance to
abiotic stresses and development responses in F. mandshurica. In this study, FmTCP15, a class I TCP
transcription factor, was isolated. The gene structure, phylogenetic relationship, subcellular localization,
transcript levels in different tissues, expression under abiotic stresses and hormone signaling, as well
as the expression of downstream genes of FmTCP15 were analyzed. We found that FmTCP15 was
mainly induced by cold, salt and drought stress, and gibberellic acid (GA3). Overexpressing FmTCP15
caused a significant change in the expression of a series of key genes involved in stress response and
the GA-signaling pathway. Moreover, FmTCP15 could interact with DELLA proteins (FmRGA and
FmGAI), which are key proteins of the GA-signaling pathway. The interaction relationship between
FmTCP15 and DELLA proteins may enhance the ability of the plant to resist stresses. Therefore, we
postulate that FmTCP15 could regulate DELLA proteins at both transcriptional and post-transcriptional
levels. FmTCP15 may regulate stress genes and balance plant growth and development through the
GA-signaling pathway.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

F. mandshurica seeds from the Northeast Forestry University experimental forest farm were used.
The seeds were surface sterilized and grown at 25 ◦C under long-day conditions (16 h light/8 h dark)
on a standard field. For expression analysis, main root, lateral root, xylem, phloem, cotyledon, function
leaves, and petiole were harvested from 30-day-old seedlings.
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2.2. Cloning and Identification of FmTCP15 Gene

The MiniBEST Plant RNA Extraction Kit (Takara Bio, Inc., Shiga, Japan) was used for total
RNA extraction. The cDNA synthesized was created using the PrimeScript First Strand cDNA
Synthesis Kit (Takara Bio Inc., Shiga, Japan). The full-length cDNA of FmTCP15 was obtained
by PCR using the primers FmTCP15-F (5′-ACCCATTCTTGAACCAACCTATC-3′) and FmTCP15-R
(5′-CCAAACCCTAAATCCTCCACAT-3′). The sequence of the FmTCP15 gene was submitted to
GenBank with the accession number KX905157.

2.3. Sequence Features, Protein Modeling, and Phylogenetic Analysis of FmTCP15

Protparam was used for analysis of the physical and chemical properties (molecular mass and
isoelectric point) (http://web.expasy.org/protparam/) [31]. TMPred was used for the prediction of
transmembrane regions and orientation (https://embnet.vital-it.ch/software/TMPRED_form.html) [32].
The I-TASSER server was used to produce the protein model (http://zhanglab.ccmb.med.umich.
edu/ITASSER/) [33,34]. ModRefiner online software was further used to refine the protein model
(http://zhanglab.ccmb.med.umich.edu/ModRefiner/) [35]. The NCBI database BLAST method
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to search for homologous sequences of FmTCP15.
Multiple sequence alignment was performed using CLC Genomics Workbench 12. The conserved
domains of FmTCP15 were analyzed by the NCBI Conserved Domain Database (http://www.ncbi.
nlm.nih.gov/Structure/cdd/cdd.shtml). The phylogenetic tree was constructed by MEGA 5.0 with the
neighbor-joining method and 1000 replicates of bootstrap analysis.

2.4. Subcellular Localization of FmTCP15 Proteins

The FmTCP15 coding region was introduced into the pROKII-GFP expression vector driven
by the CaMV-35S promoter and fused to the 5′ green fluorescence protein (GFP) gene to
generate 35S::FmTCP15-GFP using the specific primers pRTCP15-GFP-F (5′-GGTACCGATAC
TCGAGATGGAAGGATTAGGTGATGA-3′) and pRTCP15-GFP-R (5′-CACGGGTCATCTCGAGTGA
ATGGTGGTTCGTAGTC-3′). The constructed vector was transformed into F. mandshurica xylem
protoplasts, which were isolated from xylem, as described for poplar protoplast constructs, with some
modifications [36]. Fluorescence signals of the 35S::FmTCP15-GFP fusion protein were examined using
a confocal microscope (Zeiss Confocal Microscopy, model LSM410, Zeiss, Jena, Germany).

2.5. Abiotic Stresses and Hormone Signal Treatments

Thirty-day-old F. mandshurica seedlings were selected and subjected to different abiotic stresses and
hormone signaling treatments. For cold treatment, seedlings were transferred into liquid Murashige
and Skoog (MS) medium and placed at 4 ◦C. For salt and drought stress treatments, seedlings
were transferred into liquid MS medium, which contained 200 mm/L NaCl and 20% w/v PEG6000,
respectively. For hormone treatment, seedlings were transferred into liquid MS medium containing
100 μmol/L ABA (abscisic acid) and 100 μmol/L GA3 (gibberellic acid), respectively. For control,
untreated seedlings were transferred into liquid MS medium at 25 ◦C. The stresses and hormones were
treated at 0, 6, 12, 24, 48, and 72 h.

2.6. Transient Overexpression of FmTCP15 Gene

The constructed pROKII-GFP expression vector 35S::FmTCP15-GFP and empty vector pROKII-GFP
were used in overexpression of FmTCP15 and negative control plants, respectively, and the two vectors
were transformed into Agrobacterium tumefaciens. Twenty-day-old F. mandshurica wild-type (WT)
seedlings were used for transient transformation, which followed the method described for Birch
(Betula platyphylla Suk.) [37]. After coculture with Agrobacterium, transient overexpression of the
FmTCP15 whole seedlings was collected.
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2.7. Analysis of Gene Expression of FmTCP15 and Downstream Genes

The quantified RNA was reverse-transcribed into cDNA using the PrimeScript™ RT reagent kit
with gDNA Eraser (Perfect Real-Time) (Takara Bio Inc., Shiga, Japan). Quantitative RT-PCR (qRT-PCR)
was conducted in a 7500 Real-Time PCR system (Applied Biosystems, Forster City, CA, USA) using the
Takara SYBR® Premix Ex Taq™ II (Perfect Real Time) (Takara Bio, Inc., Shiga, Japan). All reactions were
performed in triplicate to ensure technical and biological reproducibility, and the relative abundance of
the transcripts was calculated using 7500 Software v 2.0.6 (Applied Biosystems, Forster City, CA, USA)
using the comparative 2−ΔΔCT method [38]. The qRT-PCR primer pairs are shown in Table S1. Tubulin
was used as an internal control to determine the expression levels of the target genes.

2.8. Yeast Two-Hybrid Protein–Protein Interaction Assays

The yeast two-hybrid (Y2H) assay was carried out using the Matchmaker™Gold Yeast Two-Hybrid
System (Clontech Laboratories Inc., Mountain View, CA, USA). The full-length coding sequence
of FmTCP15 was recombined into the pGBKT7 (BD) bait vector and pGADT7 (AD) prey vector,
respectively. The candidate downstream genes of FmTCP15 were recombined into the pGADT7
(AD) vector. The gene-specific primers are listed in Table S2. The pGBKT7-p53×pGADT7-T and
pGBKT7-lam×pGADT7-T were used as positive and negative controls, respectively. The plasmids
of bait and prey vectors were co-transformed into the yeast strain Y2HGOLD by using the lithium
acetate method. The self-activation ability of the bait vector was tested. The transformed strains were
further serially cultured on selective media, including SD/-Leu/-Trp (DDO), SD/-Ade/-Leu/-Trp (TDO),
SD/-Ade/-His/-Leu/-Trp/Aureobasidin A (AbAr) (QDO/A), and SD/-Ade/-His/-Leu/-Trp/AbAr/X-α-Gal
(QDO/A/X) with 125 μM AbAr and 4 mg mL−1 X-α-Gal and incubated at 30 ◦C for 3–5 days.

3. Results

3.1. Nucleotide Sequence Cloning and Protein Modeling of FmTCP15 Gene

The Arabidopsis AtTCP15 amino acid sequence was used to blast against the F. mandshurica TSA
database. Then, we obtained the predicted cDNA sequence of the AtTCP15 homologous gene in
F. mandshurica. According to the sequence, specific primers were designed and the FmTCP15 full-length
cDNA sequence was obtained (GenBank: KX905157). The open reading frame (ORF) was 1089 bp and
encoded a protein of 362 amino acids with a predicted molecular mass of 39.0 kDa and a theoretical
isoelectric point (pI) of 6.67. The transmembrane prediction showed that the FmTCP15 protein had four
possible transmembrane helices, located at 29–53, 129–149, 255–279, and 294–310 aa, which indicated
that the FmTCP15 protein may have transmembrane capabilities. Secondary structure analysis of
the FmTCP15 protein revealed that FmTCP15 consisted of α-helix (65.54%), extended strand (5.78%),
and random coil (28.67%). The conserved domains of the FmTCP15 protein indicated that FmTCP15
contained a TCP domain ranging from 75 to 136 aa and belonged to the class I TCP superfamily.

For three-dimensional (3D) structure modeling, the FmTCP15 protein sequence was submitted
to the I-TASSER server. The PDB template 2nbiA was used for homology modeling (identity 86.1%,
coverage 93.9%). The FmTCP15 protein model was achieved (Figure 1A,B). Then, using the COACH
method, five ligand binding sites (THR117, GLU119, TRP120, LEU121, and LEU122) were predicted
(Figure 1C,D). Next, based on homologous Gene Ontology (GO) templates in PDB, we predicted GO
terms for the FmTCP15 protein. The FmTCP15 protein had molecular functions GO:0032559 and
GO:0035639 (adenyl ribonucleotide binding and purine ribonucleotide triphosphate binding); biological
processes GO:0044255, GO0032787, and GO:0046394 (cellular lipid metabolic process, monocarboxylic
acid metabolic process, and carboxylic acid biosynthetic process); and cellular components GO:0032991
and GO:0044445 (macromolecular complex).
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Figure 1. Three-dimensional protein model of FmTCP15 protein. (A) FmTCP15 3D structure displayed
in solid ribbon style. N-to-C terminals: color residues in a continuous gradient from blue at the
N-terminus through white to red at the C-terminus. (B) FmTCP15 3D structure displayed in solid
ribbon style, secondary type: colors according to secondary structure. Helices are red, turns are green,
and coils are white. (C) FmTCP15 3D structure displayed in tube style: the TCP domain is yellow,
and the five predicted ligand binding sites (THR117, GLU119, TRP120, LEU121, and LEU122) are red
balls. (D) The zoom-in view of the TCP domain of FmTCP15.

3.2. Homology Analysis and Phylogenetic Relationship of FmTCP15

For homologous alignment, FmTCP15 and 13 other amino acid sequences were aligned using CLC
Genomics Workbench 12 (Table S3). The results revealed that the FmTCP15 shared high similarities
with homologous genes from other species (Figure 2A). FmTCP15 and the 13 other genes shared a TCP
conserved domain, and five ligand binding sites (THR117, GLU119, TRP120, LEU121, and LEU122)
were also conserved in these species (Figure 2A).

To analyze the phylogenetic relationships between FmTCP15 and the homologous sequences
of TCP15s in other plants, we constructed a phylogenetic tree. FmTCP15 and 42 other amino
acid sequences were used for tree construction, including 34 dicotyledons, 7 monocotyledons,
and 1 bryophyte (Table S4). The phylogenetic tree revealed a clear boundary between the TCP proteins
of dicotyledons, monocotyledons, and bryophytes (Figure 2B). FmTCP15 was most closely related to
the Solanaceae and Plantaginaceae families, such as CaTCP14 (Capsicum annuum, XP_016562806.1),
NtTCP14-like (Nicotiana tabacum, XP_016464955.1), SlTCP17 (Solanum lycopersicum, NP_001233815.1),
SpTCP14-like (Solanum pennellii, XP_015077184.1), StTCP14-like (Solanum tuberosum, XP_006354786.1),
and AmTCP (Antirrhinum majus, CAE45599.1). Together with OeTCP14-like (Olea europaea var.
sylvestris, XP_022844971.1), also an Oleaceae family protein, these nine sequences were grouped into
one clade.
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Figure 2. Multiple sequence alignment and phylogenetic relationship of FmTCP15 protein. (A) Homolog
alignment of FmTCP15 protein. The colored bars at the bottom represent the conservation percentage.
The black box and black triangle represent the TCP conserved domain and five ligand binding
sites, respectively. (B) Phylogenetic relationship of FmTCP15 proteins. The phylogram of FmTCP15
proteins is presented in circle mode (displays only topology). The phylogenetic tree was constructed
using the neighbor-joining method with MEGA 5.0 software (Oxford University Press: New York,
NY, USA). FmTCP15 is denoted by a red dot. FmTCP15 (Fraxinus mandshurica), DzTCP15-like
(Durio zibethinus), HaTCP15-like (Helianthus annuus), InTCP14 (Ipomoea nil), CmTCP14 (Cucumis melo),
CsTCP14 (Cucumis sativus), RcTCP14 (Ricinus communis), HbTCP14-like (Hevea brasiliensis), JcTCP14
(Jatropha curcas), MeTCP14 (Manihot esculenta), LaTCP14-like (Lupinus angustifolius), MtTCP15 (Medicago
truncatula), PpTCP (Physcomitrella patens), JrTCP14 (Juglans regia), GmTCP14 (Glycine max), VaTCP14
(Vigna angularis), VrTCP14 (Vigna radiata var. radiata), GaTCP14-like (Gossypium arboreum), GhTCP14-like
(Gossypium hirsutum), MaTCP15-like (Musa acuminata subsp. malaccensis), EgTCP14 (Eucalyptus grandis),
NnTCP15-like (Nelumbo nucifera), OeTCP14-like (Olea europaea var. sylvestris), DcTCP15-like (Dendrobium
catenatum), PdTCP15-like (Phoenix dactylifera), AmTCP (Antirrhinum majus subsp. majus), BdTCP15
(Brachypodium distachyon), DoTCP15 (Dichanthelium oligosanthes), OsTCP15 (Oryza sativa Japonica Group),
SiTCP15 (Setaria italica), ZjTCP14 (Ziziphus jujuba), MdTCP14-like (Malus domestica), PaTCP15-like
(Prunus avium), PeTCP14-like (Populus euphratica), PtTCP14 (Populus trichocarpa), CaTCP14 (Capsicum
annuum), NtTCP14-like (Nicotiana tabacum), SlTCP17 (Solanum lycopersicum), SpTCP14-like (Solanum
pennellii), StTCP14-like (Solanum tuberosum), TcTCP15 (Theobroma cacao), and VvTCP15 (Vitis vinifera).
Different colors represent different families; different phylum marked outside the circle.
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3.3. Subcellular Localization of FmTCP15 Proteins

Subcellular localization is crucial for understanding protein function. To further investigate the
subcellular localization of FmTCP15, we constructed F. mandshurica xylem protoplasts, which we
observed with a confocal microscope after protoplast transformation with pROK2-FmTCP15-GFP
vector (35S::TCP15-GFP). The results showed that the fluorescence signals were mainly concentrated in
the nucleus, which demonstrated that FmTCP15 was located in the nucleus (Figure 3).

Figure 3. Subcellular localization of FmTCP15. The photographs were taken under darkfield
illumination for green fluorescence localization (GFP), bright-field illumination to examine cell
morphology (Bright field), and merged-field illumination (Merged). The bar represents 10 μm.

3.4. Expression Pattern of FmTCP15 in Different Tissues and Treatments

To determine the tissue-specific expression pattern of FmTCP15, we performed qRT-PCR in
different tissues, including the main root, lateral root, xylem, phloem, cotyledon, function leaves,
petiole, and seed. The expression level of FmTCP15 was expressed highest in the cotyledons, followed
by the xylem, and expressed lowest in the seeds (Figure 4A).

To investigate the expression pattern of FmTCP15 under abiotic stresses and hormone signals,
F. mandshurica seedlings were exposed to cold, salt, and drought stress treatments, as well as ABA and
GA3 hormone signal. The results showed that, in response to abiotic stress treatment, FmTCP15 gene
expression was induced under cold, salt, and drought conditions (Figure 4B–F). However, the induction
pattern was different. Cold stress induced FmTCP15 to a high value from 6 to 12 h after initiation of the
treatment, with a peak value at 12 h (Figure 4B). Salt stress induced FmTCP15 to a peak value at 6 h
after initiation of treatment (Figure 4C). In contrast, drought stress induced FmTCP15 to a double peak
expression pattern: the first peak value was at 6 h, and the second peak value was at 24 h (Figure 4D).
For the hormone signal treatments, FmTCP15 was downregulated after initiation of ABA treatment,
with a double valley pattern: the first valley was at 24 h and the second valley was at 72 h (Figure 4E).
GA3 induced FmTCP15 expression, with a peak at 6 h (Figure 4F). These results indicate that FmTCP15
responded to cold, salt, and drought abiotic stresses and ABA and GA3 treatments and imply that
FmTCP15 may participate in growth and development, as well as stress responses.
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Figure 4. Expression patterns of FmTCP15. (A) Expression patterns of FmTCP15 gene in different tissues.
(B–F) Expression patterns of FmTCP15 under different stress and hormone signal treatments: (B) cold
(4 ◦C), (C) salt (200 mm/L NaCl), (D) drought (20% w/v PEG6000), (E) abscisic acid (100 μmol/L ABA),
and (F) gibberellic acid (100 μmol/L GA3). Different letters above bars within statistically significant
differences between different times of the treatments at the p < 0.05 level according to Duncan’s multiple
range test.

3.5. Functional Assay of Transient Overexpression of FmTCP15 in F. mandshurica

In plants, TCP15 has multiple functions and is involved in a variety of growth, development,
and stress responses, such as seed germination; leaf development; stem elongation; and the response
to dehydration, salinity, and cold. In addition, hormones such as GA3 and JA acid, as well as auxin
pathways, are also involved [39–41]. We detected the expression of key genes of these biological
processes and TCP family downstream genes, as reported in a previous study. To elucidate the
function of FmTCP15 in F. mandshurica, an Agrobacterium-mediated transient expression system was
used [39]. After coculture with Agrobacterium, transient overexpression of the FmTCP15 plant was
obtained. The transgenic expression levels of FmTCP15 and GFP were determined by using qRT-PCR,
which verified that the transformation was successful (Figure S1). qRT-PCR was used to examine the
expression level of downstream genes (Figure 5). The results showed that the development-related
genes FmRGA, FmIAA3, and FmDAR1 were upregulated (Figure 5). Stress-response genes FmAOS,
FmABI5, and FmRAP2.1 and the cold regulation gene FmCBF1 were also significantly upregulated
(Figure 5). In addition, the circadian clock gene FmCCA1 was also upregulated (Figure 5). However,
one of the stress-response genes, FmRAP2.12, was suppressed (Figure 5). It is noteworthy that FmTCP2
from class II and FmTCP14 from class I showed significant upregulated or downregulated expression,
respectively (Figure 5). Other genes did not show significant changes. These results indicated that
FmTCP15 directly regulated a series of development-related and abiotic stress-response genes and may
act as a key node for developmental and stress responses.
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Figure 5. Quantitative assay results for downstream genes of transient overexpression of FmTCP15
seedlings. The expression profile data of downstream genes of FmTCP15 were obtained through
qRT-PCR. * Indicates a significant difference between control and 35S::FmTCP15-GFP (p < 0.05).
** Indicates a highly significant difference between control and 35S::FmTCP15-GFP (p < 0.01) according
to Duncan’s multiple range test.

3.6. Protein–Protein Interactions between FmTCP15 and DELLA Proteins

It is well known that the TCP domain provides TCPs the ability to form homo- and/or
heterodimer protein complexes that are involved in the transcriptional activation of a series biological
processes [22,42]. Previous studies showed that TCP proteins could interact with DELLA proteins
and participate in the GA-regulated signaling regulatory pathway [24]. To determine whether TCP15
directly targets the downstream genes, particularly RGA1 and GAI (i.e., the two DELLA proteins),
we conducted a Y2H assays. The full-length coding sequence of FmTCP15 was recombined into
the pGBKT7 (BD) vector and pGADT7 (AD) vector, respectively. The candidate downstream genes
of FmTCP15, such as FmRGA, FmGAI, FmIAA3, FmDAR1, FmAOS, FmABI5, FmRAP2.1, FmCBF1,
FmCCA1, and FmRAP2.12, and the other TCP family members, such as FmTCP2 and FmTCP14, were
recombined into the pGADT7 (AD) vector. Y2H assays revealed that with the candidate downstream
genes, FmTCP15 could interact with FmRGA and FmGAI (Figure 6). In addition, FmTCP15 could
also interact with FmTCP2 from class II and FmTCP14 from class I (Figure 6). These results indicated
that FmTCP15 proteins interact with DELLA-family proteins and may indirectly respond to stresses
throughout the GA-signaling pathway.
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Figure 6. Yeast two-hybrid protein–protein interaction assays between FmTCP15 and DELLA proteins.
The coding sequences of FmTCPs, FmRGA, and FmGAI were cloned intopGADT7 (AD) and pGBKT7
(BK) vectors. Transformants were assayed for growth on DDO, TDO, QDO/A, and QDO/A/X nutritional
selection medium, and turning blue in the presence X-α-Gal was scored as a positive interaction.

4. Discussion

TCP transcription factors are a class of plant-specific transcription factors that play a very important
role in many growth processes by directly or indirectly influencing plant hormonal signaling, the cell
cycle, and the circadian clock. Research on TCPs has been conducted on various species, but the
function of TCP family members in F. mandshurica has not been found. In addition, the molecular
mechanisms of responses to abiotic stresses, as well as growth and development, in F. mandshurica
are still scarcely understood. In this study, FmTCP15 was isolated from F. mandshurica and subjected
to a detailed bioinformatics analysis. The GO analysis indicated that FmTCP15 had protein-binding
ability and participated multiple biological processes. Homology analysis and a phylogenetic tree
of FmTCP15 revealed that FmTCP15 was most closely related to the Solanaceae and Plantaginaceae
families (Figure 2B).

The tissue-specific expression pattern showed that FmTCP15 was expressed highest in cotyledons,
indicating that FmTCP15 may play a role in seed germination and seedling development. Subcellular
localization showed FmTCP15 was located in the nucleus. Furthermore, we observed that FmTCP15
responded to both abiotic stresses and hormone signals. FmTCP15 was mainly induced by cold,
salt, and drought stress treatments and GA3 treatment but downregulated under ABA treatment
(Figure 4B–F). Moreover, overexpressing FmTCP15 caused a significant change in the expression of
a series of key genes involved in the GA3, JA acid, and auxin pathways, as well as stress response
and the circadian clock (Figure 5). In cotton, overexpression of GhTCP14 altered the distribution of
auxin and upregulated the expression levels of auxin-related genes such as AUX1, PIN2, and IAA3 [43].
IAA3 belongs to the Aux/IAA family and plays very important roles in regulating root growth and
lateral root development [44]. A recent study showed that under cold and drought conditions, a series
of MeTCP genes were significantly upregulated and functioned in resistance to abiotic stresses in
cassava [41]. In this study, we found that overexpression of FmTCP15 increased the expression level
of FmCBF (Figure 5). The homologous gene of DREB1/CBF in rice has been found to be involved
in cold tolerance and chilling acclimation [45]. In response to stress, we found that FmRAP2.1 and
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FmRAP2.12 were upregulated and downregulated by overexpressed FmTCP15, respectively. RAP2.1
and RAP2.12 are known as ERF/AP2 transcription factor genes from the ETHYLENE RESPONSE
TRANSCRIPTION FACTOR (ERF) family and are involved in oxygen sensing and stress response.
In tomato, SlTCP12, SlTCP15, and SlTCP18 could bind to AP2/ERF proteins and may be indirectly
involved in ethylene-dependent ripening [23]. In a study of OsTCP19 in rice, a homologous gene
of FmTCP15, OsTCP19, influenced lipid droplet (LD) synthesis and metabolism. In Arabidopsis,
Rice OsTCP19 overexpression transgenics upregulated ABI4 and then promoted the expression of
diacylglycerolacetyl transferase (DGAT1), which is a triacylglycerol (TAG) biosynthesis gene that leads to
the accumulation of LDs in vegetative tissue [14]. It was reported that TCPs may regulate CIRCADIAN
CLOCK ASSOCIATED1 (CCA1) and participate in the regulation of the circadian clock. AtTCP20 and
AtTCP22 acted as coactivators with LIGHT-REGULATED WD1 (LWD1) and regulated the expression
of CCA1 in Arabidopsis [46]. However, fold changes of FmTCP15 downstream genes were not very
high, which may be related to the transient transformation efficiency not being compared with
stable transformation.

Notably, overexpression of FmTCP15 significantly increased the expression level of FmRGA
(Figure 6), and the Y2H assay also revealed the protein level interaction between FmTCP15 and DELLA
proteins (FmRGA and FmGAI) (Figure 6). Our results showed that the regulatory relationship between
FmTCP15 and DELLAs are at the transcriptional and post-transcriptional level. It is well known that
the central function of GA3 is to regulate growth and development. However, increasing evidence has
shown that GA3 responds to abiotic stresses. Reducing the levels of GA3 or signal transduction will
lead to the restriction of plant growth, which is conducive for plant response to cold, salt, and osmotic
stresses [47,48]. DELLA proteins are the key regulatory components of the GA-signaling pathway
that repress the transcription of GA-responsive genes to restrain plant growth [49–51]. For the stress
response, DELLA proteins could mediate the crosstalk between GA and ABA and regulate the balance
between seed dormancy and germination [52]. A recent work has shown that during cold temperatures,
the transcription of CBF3 will activate, subsequently decrease the bioactive level of GA3, lead to the
accumulation of DELLAs, and thus enhance plant resistance to low temperatures [53]. In Arabidopsis,
the DELLA protein RGA interacted with the TCP DNA-binding motif of TCP14 and TCP15, negatively
controlled the expression of cell-cycle progression genes, and restricted plant height [24]. However,
we suspected that the interaction between TCPs and DELLA may enhance plant resistance to stress.
We surmised that, on the one hand, FmTCP15 interacts with DELLA and regulates plant growth,
development, and responses to stress by participating in the GA-signaling pathway. On the other
hand, FmTCP15 indirectly regulates downstream abiotic response genes to respond to abiotic stresses.
Interestingly, we observed that FmTCP2 from class II and FmTCP14 from class I showed significant
upregulated or downregulated expression in overexpressing FmTCP15 plants. In addition, FmTCP4
from class II was significantly upregulated. Y2H assay also demonstrated the interaction between
FmTCP15, FmTCP2, and FmTCP14. These results indicated that there were interactions between
classes I and II TCPs, and that the molecular mechanism of TCPs responding to hormone signaling
pathways, growth, development, and abiotic stresses is flexible, complex, and multifunctional.

In summary, we revealed that FmTCP15 was significantly induced by cold, salt, and drought
stress and GA3. Overexpressing FmTCP15 caused a change in the expression of a series of key genes
involved in stress response, including FmRAP2.1, FmRAP2.12, and FmCBF; plant growth regulation,
including FmIAA3 and FmDAR1; and the GA-signaling pathway genes, including DELLA-family
members (FmRGA and FmGAI), which are key proteins of the GA-signaling pathway. These results
showed the FmTCP15 directly responded to the stresses. Moreover, FmTCP15 could interact with
FmRGA and FmGAI at the protein level. As previously shown, the DELLA proteins are the key
regulatory components of the GA-signaling pathway and restrain plant growth but enhance plant
resistance to stress responses. The interactive relationship between FmTCP15 and DELLA proteins
may enhance the ability of plants to resist stress responses, which suggests that its crucial function is
indirectly responsive to stresses throughout the GA-signaling pathway. Regarding the gene diversity
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functions of the TCP family of genes, in the future, research on the molecular mechanisms of TCPs still
needs to be enriched.

5. Conclusions

FmTCP15 encoded a protein of 362 amino acids with a TCP domain. The phylogenetic relationship
showed that FmTCP15 was most closely related to the Solanaceae and Plantaginaceae families.
FmTCP15 was localized in the nuclei and highly expressed in cotyledons. FmTCP15 was mainly
induced by cold, salt, and drought stress and GA3 but downregulated by ABA, revealing the FmTCP15
response to multiple abiotic stresses and hormone signals. Overexpressing FmTCP15 caused the
expression change of the key genes in the stress and hormone responses and circadian clock. FmTCP15
interacted with DELLA proteins (FmGAI and FmRGA). Thus, on the one hand, FmTCP15 directly
regulated the abiotic stress-response genes and responded to stresses. On the other hand, FmTCP15
interacted with the GA-signaling pathway genes, such as DELLA-family members, and indirectly
responded to stresses throughout the GA-signaling pathway and enhanced the ability of the plant
to resist stress responses. FmTCP15 presents a variety of functions, and the molecular mechanism of
FmTCP15 still requires in-depth research.
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Abstract: Drought-induced tree mortality is an increasing and global ecological problem. Stored
non-structural carbohydrates (NSCs) may be a key determinant of drought resistance, but most
existing studies are temporally limited. In this study, a 3-year 100% rainfall exclusion manipulation
experiment was conducted to evaluate the response of NSC dynamics to drought stress in 25-year-old
Pinus massoniana leaves and branches. The results showed: (1) compared with the control condition,
leaf NSC concentration in the drought treatment increased 90% in the early stage (days 115–542)
(p < 0.05), and then decreased 15% in the late stage (days 542–1032), which was attributed to water
limitation instead of phenology; (2) the response of leaf NSCs to drought was more significant than
branch NSCs, demonstrating a time lag effect; and (3) the response of P. massoniana to mild drought
stress was to increase the soluble sugars and starch in the early stage, followed by an increase in
soluble sugars caused by decreasing starch in the later stress period. Considering these results,
mid-term drought stress had no significant effect on the total NSC concentration in P. massoniana,
removing carbon storage as a potential adaptation to drought stress.

Keywords: drought; mid-term; non-structural carbohydrate; soluble sugar; starch; Pinus massoniana

1. Introduction

The frequency and intensity of tree mortality associated with drought is increasing globally [1–3].
As an important part of forest ecosystems, increased tree mortality could lead to worldwide large-scale
forest die-off [4,5]. Such widespread events would have long-term impacts on ecosystem structure and
functioning [2,6], as well as forest carbon storage capacity [7]. Severe and recurrent drought events
have been identified as a major contributing factor to forest decline and mortality, resulting in feedback
to atmospheric carbon dioxide (CO2) and climate [8,9]. Despite a growing research interest surrounding
the physiology of drought-induced tree mortality [10], our current understanding of the adaptive
mechanisms remains poor, limiting our ability to predict widespread mortality events, their feedback
in the future climate system, and the impact on ecosystem services provided to humans [11–13].

In existing studies, McDowell [14] formalized two non-exclusive hypotheses of hydraulic
failure and carbon starvation to explain the impact of drought stress on water and carbon cycling.
The hydraulic-failure hypothesis predicts that intense drought quickly reduces soil moisture and
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increases evaporative demand, causing the plant’s water potential to fall below a critical level.
This results in the cavitation of xylem conduits and rhizosphere, stopping the flow of water and
desiccating plant tissues, eventually causing cellular death [15]. When droughts are less intense
but prolonged, carbon starvation occurs. The carbon starvation hypothesis predicts that preventing
desiccation via stomatal closure causes a decrease in the photosynthetic uptake of carbon, but the
continued demand for carbohydrates to maintain metabolism depletes carbohydrate reserves [14,16].
Studies have attempted to verify this hypothesis, but the results were inconsistent due to differences in
tree species, drought intensity and duration, as well as differences in measurement methods [1,17,18].
However, a growing number of studies are demonstrating an association between carbon reserve
depletion and drought-induced mortality in different tree species [1,17,19–22].

Accumulated and stored non-structural carbohydrates (NSCs), as the primary products of
photosynthesis, support growth and normal metabolism [23]. NSCs mainly consist of soluble sugars
(e.g., sucrose, glucose, and fructose) and immobile starch. The dynamics of NSC storage are related
to the balance between carbon source and carbon sink. After NSC compounds are assimilated
during photosynthesis, the products are passively allocated first to metabolism, then to new tissue
growth. When all demands for carbon have been met, the remaining carbon is stored. Stored NSCs
provide an essential carbon pool buffer when demand for growth and maintenance exceeds the supply
provided by photosynthesis. For example, this pool is essential in the dormant season, in response to
environmental stress, as well as during other carbon deficit conditions to help to maintain hydraulic
conductivity [16,24]. The role of NSCs as a buffer has been supported by previous studies [14,16,25].
However, due to differences in drought properties as well as tree size, age, tissue, and species, the lack
of agreement among these studies about the effects of drought on NSC dynamics supports the need
for further investigation [1,25] to better understand and predict forest ecosystem responses to global
climate scenarios.

Different levels of drought intensity may induce different NSC dynamics in trees [14].
The following studies emphasized the influence of drought progression on NSC dynamics [26]. In the
early stages of drought, NSCs may increase because cell turgor pressure reduces plant growth ahead
of photosynthetic decline, as well as when a carbohydrate imbalance occurs between supply and
demand [26–28]. Previous research found that photosynthesis was more sensitive to drought stress than
respiration [29,30]. Thus, as drought conditions developed, carbohydrates produced by photosynthesis
could no longer meet the need of respiration, and stored NSC compounds began to be consumed,
leading to a decrease in NSCs. When the concentration of NSCs dropped to a certain level and failed to
meet the demands of plant physiological metabolism, trees faced the risk of mortality [26]. However,
most of the previous studies tended to measure NSC dynamics of seedlings in growing seasons under
varying water supplies by carrying out short-term experiments [9,25,27,31–33]. Either no reduction or
even increases in carbohydrate reserves were found under short-term drought stress [8,19,33]. A model
used to estimate carbohydrate reserves determined that reserves should decline under exceptionally
long-term drought stress [26,34]. The limited timeframe in the short-term experiments restricted
the analysis of the carbohydrates dynamics caused by climate change. So, there is a lack of mid- or
long-term drought-induced NSC dynamics experiments in adult trees, which are particularly critical
for the prediction of tree and forest responses to future climate conditions.

Different tree tissues have different NSC concentrations as a result of drought stress. Carbon
storage in different tissues depends on the role each of these parameters plays in response to drought
stress [31,35,36]. Galiano et al. [37] found that trees subjected to severe drought could recover rapidly
depending on their storage organs (e.g., lignotubers). As the main site of photosynthesis, leaves have
stronger carbon assimilation ability, and became one of the main carbon sources to meet the carbon
demand. The distribution in NSC concentration was related to the distance to the leaves (carbon
source). The tissues near the carbon source were preferable for NSC to those far from the carbon
source [38]. So, the distribution of NSCs in leaves and branches gradually became a research focus.
Hartman et al. [1] examined NSC concentrations under drought conditions and found that leaves
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and branches showed little difference. Other studies that focused on different species or different
tissues reported variable conclusions [39,40]. A study showed that mortality caused by drought may
not be defined by the organism, but by the tree tissue [1]. As such, the concentration of NSCs stored
in different tissues may provide a comprehensive understanding of the response of trees to drought
stress, helping to predict the impact of future global climate change on forest ecosystem carbon cycling.

To better understand the responses to precipitation reduction of plant-stored NSC concentration
dynamics, and to reveal the effects of drought stress on plant carbon supply status, we conducted a
3-year rainfall exclusion experiment from April 2013 to January 2016 in Chang Ting county, Fujian
province, China. Here, we measured the concentration of stored NSCs in leaves and branches of
adult Pinus massoniana (Lamb.), which is widely used for afforestation in Chang Ting country, grown
in both control (natural) conditions and drought (100% rainfall exclusion) treatments. We aimed
to (1) determine the effect of mid-term drought on the concentration and composition of NSCs; (2)
characterize the seasonal dynamics in NSC concentration over the study period; and (3) study the
relationship between NSCs, their composition, and soil moisture content.

2. Materials and Methods

2.1. Study Site

The study site was located in the town of HeTian, in Southeast Chang Ting, FuJian province,
China (116◦18′–116◦31′ E, 25◦33′–25◦48′ N; 310 m asl), which is one of the regions in Fujian
province experiencing serious soil erosion. The climate is characterized as subtropical monsoon
with distinguishing wet (March to September) and dry (October to February) seasons. The study
site had a mean annual rainfall of 1737 mm, which mainly fell from May to July, and a mean annual
temperature between 17.5 and 18.8 ◦C. The lowest recorded temperature was −7.8 ◦C, and the highest
recorded temperature was 39.8 ◦C from April 2013 to January 2016. Climate data were collected every
15 min from an automatic meteorological station installed at the study site to monitor temperature,
precipitation (Figure 1), and soil moisture content (Figure 2). According to Figure 1, we used the linear
combination of the two most important climatic factors (precipitation and temperature) to define the
aridity condition, called the Bagnouls–Gaussen diagram [41]. The climate was defined as arid when the
value of precipitation was lower than the double value of the mean temperature, “P-2T”. As illustrated
by Figure 1, the hydric balance inverted when the precipitation point was below the temperature. Thus,
the results estimated that only October 2013, January 2014, April 2014, September 2014, October 2014,
and October 2015 experienced soil water deficiency between April 2013 and January 2016. Therefore,
we concluded that there was no aridity at the study site, which could be considered as a control group.
The main soil type of this study site was red soil, derived from medium-to-coarse crystalline granite.
Most of the soil exposed the soil core (B layer), the parent material layer (C layer), and the mother
rock (D layer). Vegetation cover in the study area was low. The dominant species were P. massoniana,
Dicranopteris dichotoma (Thunb.) Bernh., and less shrub and grass vegetation occurred under the forest.
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Figure 1. Bagnouls–Gaussen bio-climatic diagram.

Figure 2. Relative change in daily average soil moisture content across the study period from August
2013 to January 2016 in the control and drought plots. Samples were collected in late summer (LS),
autumn (A), winter (W), and late spring (S).

2.2. Experimental Design

A 3-year rainfall exclusion experiment under natural setting were running in the study area since
April 2013. We set up four 20 × 20 m sample plots facing southwest on a 30◦ slope at 333 m above
sea level. Inside these four sample plots, we had 42 adult P. massoniana individuals, nearly 25 years
old, with 10 or 11 P. massoniana individuals in each sample, which were seeded by aircraft in the
1990s. On average, the P. massoniana individuals were 4.2 cm in diameter at breast height (DBH), 2.4 m
in height, with a leaf length of 8.5 cm. Two assigned plots received a drought treatment. To avoid
the influence of slope on sampling, these two plots included one from up-slope and the other from
down-slope. The drought treatment, which was achieved by fixing 4 m of transparent ultraviolet
(UV) paint wave tile (light transmittance 90%), installed parallel to the terrain so that rainfall could
flow down the slope. PVC strips did not produce changes in environment temperature or humidity.
In addition, an 80-cm deep ditch lined with aluminum was dug along the entire top edge of the
drought treatment plots to prevent surface runoff inflow. The drought treatment resulted in decreased
soil moisture over the 3-year period.
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2.3. Leaf Water Potential

To test the effectiveness of the rainfall exclusion on plant water status, leaf water potentials were
measured at dawn (Ψd) nearly once per month from April 2013 to March 2014 with a WP4 dew-point
potential meter (Decagon Device, Pullman, WA, USA). The six target individuals, which included
three from the up-slope plot and three from the down-slope plot were chosen from each treatment.
Two south-facing braches from the upper and middle parts of each tree crown with healthy leaves
were collected from each individual, immediately placed in a cold closet (0–4 ◦C), then taken to the
laboratory to determine the leaf water potentials.

2.4. Sampling Methods

After 115 days of continuous 100% rainfall exclusion, three individuals 4.2 cm in diameter and
2.4 m in height within the center of each plot, to avoid the border effect (n = 12), were randomly
selected. The six individuals from each treatment included three from the up-slope plot and three
from the down-slope plot. Plant sampling dates were chosen according to the main climatic drivers at
the study site. The sampling days were as follows: day 115 (18 August 2013, late summer), day 185
(27 October 2013 autumn), day 256 (6 January 2014, winter), day 332 (23 March 2014, spring), day 467
(1 August 2014, late summer), day 542 (15 October 2014, autumn), day 638 (30 December 2014, winter),
day 738 (9 April 2015, spring), day 861 (10 August 2015, late summer), day 941 (29 October 2015,
autumn), and day 1032 (28 January 2016, winter). On 28 January 2016, we found that two sampled
individuals in the drought treatment had died, and decided to terminate the experiment. In all cases,
leaves and branches were collected from each sampled individual to measure the concentrations
of stored NSCs. To minimize diurnal variability in NSCs, four small branches exposed to the sun
were always collected between 9:00 and 11:00 a.m., from the southeast and northwest direction of the
upper and middle parts of each tree crown, above which we selected well-developed leaves. Leaf
samples were 8.3 to 8.6 cm in length and branch samples were 0.3 to 0.5 cm in diameter (with bark
removed). Samples were mixed to create one leaf sample and one branch sample. All the samples were
immediately stored in a cold closet (0–4 ◦C) prior to performing laboratory analyses. To minimize
continued enzymatic activity, all samples were microwaved at 800 W for 5 min, then dried at 65 ◦C
for 48 h until a constant weight was reached. Leaf and branch samples (with bark removed) were
ball-milled to a fine powder (Tissuelyser-24, Shanghai, China) for analysis.

2.5. NSC Analysis

We measured NSC concentration using the sum of soluble sugar and starch concentrations
using the anthrone method [42] with some minor modifications. A 0.05 g subsample of ground
tissue was placed in a 10 mL centrifuge tube, and 5 mL of distilled water was added. The sample
was then subjected to 80 W ultrasonic disruption at normal atmospheric temperature for 30 min.
The mixture was incubated at 100 ◦C in a water bath for 10 min and then cooled. The sample was then
centrifuged at 4000 r/min for 20 min. The supernatant, after three extractions, was used for soluble
sugar determination.

Starch was extracted from the residue at the top of the centrifuge tube, then 1.5 mL of 9.2 M
HClO4 and 3.5 mL of distilled water were added to the mixture and left to sit overnight. The following
day, the sample was subjected to a boiling water bath for 10 min. After cooling to room temperature,
the sample was centrifuged at 4000 r/min for 20 min. After three extractions, the supernatant was
used for starch determination.

Both the soluble sugar and starch concentrations were determined based on the absorbance at
625 nm using the same anthrone reagent in a spectrophotometer (TU1901, Persee, Beijing, China) [42].
Finally, the corresponding content was deduced using the formula (y = M × V1 × V2

W × C ), where y is the
soluble sugar or starch concentration expressed as mg/g, M is the glucose concentration determined
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from the standard curve, V1 is the sample extraction volume, V2 is the extract volume at color
development, W is the sample weight, and C is the dilution ratio at color development.

2.6. Statistical Analyses

All results are reported as mean ± standard deviation (SD) for the six replicates. We used
repeated measures of analysis of variance (ANOVA) to study the effects of treatment and time on the
amount of stored NSCs and their composition. One-way ANOVA was used to detect the effects of
different treatments on the above indices. Single linear regression models were used to compare the
relationships among NSCs, soluble sugar, starch concentration, and the ratio of soluble sugar to starch
for the soil moisture content. Significance and high significance levels for all tests were set at p < 0.05
and p < 0.01, respectively. All statistical analyses were performed using SPSS 19.0 (SPSS Inc., Chicago,
IL, USA). Diagrams were drawn using Origin 8.0 software.

3. Results

3.1. Soil Moisture Content and Leaf Water Potential During Mid-Term Drought

Soil moisture content differed between drought and control treatments. During the 1032 days
of continuous monitoring, the soil moisture content at 20 and 80 cm depths of the control treatment
was significantly higher than the corresponding soil moisture in the drought group, by 11.87% and
13.54%, respectively (Figure 2). Nevertheless, the average soil moisture content in the drought group,
10.69% at 20 cm depth and 17.31% at 80 cm depth, appeared to be able to meet the demands of a
normal metabolism. We proposed two mechanisms to explain this phenomenon: (1) moderate slope
limited the degree of drying due to below-ground flow; and (2) complete stomatal closure occurred
under drought conditions at the beginning of the experiment. Overall, with 1737 mm annual rainfall
at the study site, the experiment might be defined as mild drought [43]. Mild drought conditions are
more representative of the real scenarios that are expected under natural conditions. In order to check
the effects of rainfall exclusion on P. massoniana, leaf water potentials were analyzed. The effect of
increasing drought on Ψd is seen in Figure 3. From April 2013 to March 2014, Ψd in the drought group
decreased over the course of the experiment. The mean value of Ψd (−3.73 MPa) in the drought group
was significantly lower than that in the control group (Ψd: −2.80 MPa) (p < 0.05; Figure 3), suggesting
that soil water availability was different between different treatments.

Figure 3. Monthly patterns of dawn leaf water potentials from April 2013 to March 2014.

Then in the control treatment, soil moisture content at depths of both 20 and 80 cm showed
significant seasonal fluctuations (p < 0.01; Figure 2). In the drought group, soil moisture content at
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depths of both 20 and 80 cm were significantly lower than that of the control group at day 115 (p < 0.01;
Figure 2). The remaining study period (days 185–1032) showed very little fluctuation in soil moisture
content (Figure 2).

3.2. NSC Concentration and Composition in Different Treatments

Between treatments, the mean NSC concentration in the leaves in the drought group (183.91 mg/g)
was somewhat higher than the control group (178.87 mg/g). The mean NSC concentration in the
branches in the drought group (184.32 mg/g) was slightly lower than the control group (194.11 mg/g).
No significant differences were found between the control and drought groups for either tissue type
over the course of the study period. However, different treatments had different NSC dynamics: in
the control treatment, total leaf NSC concentration showed substantial seasonal variability from 2013
to 2016 (Figure 4). In both 2013 and 2014 from spring through autumn, a gradual upward trend in
total leaf NSC concentration was observed. The peak leaf NSC concentration value was observed on
days 185 (27 October 2013, autumn) and 542 (15 October 2014, autumn) (Figure 4). The peak leaf NSC
concentration in 2015 was observed in summer, and the seasonal dynamics differed from 2013 and
2014 (Figure 4). In the drought group, total leaf NSC concentration increased significantly in the early
stages (days 115–542) (p < 0.05), then decreased in the late stages (days 542–1032) of the experimental
period (Figure 4).

 
Figure 4. Non-structural carbohydrates (NSCs) in the leaves and branches of Pinus massoniana under
control and drought treatments (mean ± SD). Samples were collected in late summer (LS), autumn (A),
winter (W), and late spring (S) from 2013 to 2016. Variables marked with asterisks indicate a significant
difference between the control and drought groups (** p < 0.01, * p < 0.05).

As for the branches, the control group also showed seasonal dynamics, with an annual peak in
summer or autumn, and a valley in spring or winter. The branch NSC concentration dynamics of
different treatments across three years differed from those of the leaves (Figure 4). From day 115 to
day 467, the branches of the drought group displayed the same trend as the control group. From day
467 to day 542, NSC concentration decreased significantly (p < 0.05; Figure 4), then generally increased
after declining in the drought group.

The effects of drought, sampling time, and their interaction on the soluble sugar concentration,
starch concentration, NSC concentration, and the ratio of soluble sugar to starch were obvious (Table 1).
The average concentration of soluble sugar in the leaves was 97.21 mg/g in the drought group and
89.98 mg/g in the control group, which is an increase of about 8.02%. Soluble sugar concentration in
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the leaves of the drought group was significantly lower than in the control group in the early stages of
rainfall exclusion (p < 0.05; days 115–256). The gradual upward trend in the soluble sugar concentration
of the drought group between days 256 and 1032 was greater than observed in the control group
(Figure 5). However, the average leaf starch concentration decreased by 2.46% in the drought group
compared to the control group (Figure 6). Leaf starch concentration in the drought group showed a
trend of increasing first, then decreasing rapidly (Figure 6). The ratio of soluble sugar to starch in the
drought group increased significantly with the increase in isolation time (p < 0.05; Figure 7), which had
significant seasonal dynamics in the control group (p < 0.05; Figure 7). The effect of season on branch
starch in the control group was not significant, but treatment effects were significant for soluble sugar
concentration (p < 0.01; Figures 5 and 6; Table 1).

Table 1. Repeated measures analysis of variance (ANOVA) of nonstructural carbohydrate (NSC)
concentration and composition by treatment and sampling date.

NSC Component Source of Variations
Leaves Branches

df F p df F p

NSC
Treatment 1 0.006 0.941 1 3.636 0.063

Time 10 4.991 0.000 10 13.877 0.000
Treatment × time 10 1.702 0.100 10 3.607 0.001

Soluble sugar
Treatment 1 0.044 0.834 1 2.896 0.093

Time 10 3.644 0.000 10 7.026 0.000
Treatment × time 10 1.083 0.383 10 1.472 0.165

Starch
Treatment 1 0.870 0.355 1 0.054 0.817

Time 10 12.738 0.000 10 22.253 0.000
Treatment × time 10 2.070 0.041 10 5.191 0.000

Soluble sugar/starch
Treatment 1 0.842 0.361 1 0.248 0.620

Time 10 7.668 0.000 10 6.872 0.000
Treatment × time 10 0.634 0.780 10 0.714 0.708

 

Figure 5. Soluble sugar concentrations in the leaves and branches of Pinus massoniana under control
and drought treatments (mean ± SD). Samples were collected in late summer (LS), autumn (A), winter
(W), and spring (S) from 2013 to 2016. Variables marked with asterisks indicate a significant difference
between the control and drought groups (** p < 0.01, * p < 0.05).
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Figure 6. Starch concentrations in the leaves and branches of Pinus massoniana under control and
drought treatments (mean ± SD). Samples were collected in late summer (LS), autumn (A), winter (W),
and late spring (S) from 2013 to 2016. Variables marked with asterisks indicate a significant difference
between the control and drought groups (** p < 0.01, * p < 0.05).

Figure 7. The ratio of soluble sugar to starch in leaves and branches of Pinus massoniana under control
and drought treatments (mean ± SD). Samples were collected in late summer (LS), autumn (A), winter
(W), and late spring (S) from 2013 to 2016. Variables marked with asterisks indicate a significant
difference between the control and drought groups (** p < 0.01, * p < 0.05).

3.3. Relationship between NSC and Soil Moisture Content

In this study, negative linear correlations were found between deep soil (80 cm) moisture content
and leaf NSC concentrations, and soluble sugar concentration in the drought treatment, respectively
(p < 0.05; Figure 8). Leaf starch concentrations from days 115–542 showed negative linear correlations
with deep soil (80 cm) (p < 0.05; Figure 9). While leaf starch concentration from days 638–1032
showed positive linear correlations with deep soil (80 cm) moisture content, the relationships were not
significant, which is different from leaf starch concentration for days 115–1032.
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Figure 8. Relationships between NSC concentrations and soluble sugar in leaves and deep soil (80 cm)
moisture content in the drought treatment.

Figure 9. Relationships between concentrations of starch in leaves and deep soil (80 cm) moisture
content in the drought treatment for days 115–542.

4. Discussion

4.1. Drought Effect on NSC Concentration

NSCs are considered one of the most critical aspects for tree survival under drought conditions [44].
Our study analyzed the time dynamics of NSCs in P. massoniana leaves and branches over a 3-year
period, comparing six trees subjected to a drought treatment with six control trees. We found a
common phenomenon: mild drought did not significantly alter carbon allocation to leaf and branch
NSCs. Mild drought stress may lead to a slowdown in growth before any effects are observed on a
carbohydrate level [31,33]. An important result of this drought simulation on leaf NSC dynamics was
that NSC concentration significantly increased 89.73% in the early stages of drought (days 115–542) and
decreased 14.7% in the late stages (days 542–1032), which was consistent with the conclusions provided
by McDowell [26]. The reasons for this phenomenon are that in the early stages of drought stress,
cellular turgidity restricted plant growth before photosynthesis decreased [45], and an imbalance in
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carbohydrate supply and demand caused an NSC surplus [27,28]. With continued drought and having
a higher sensitivity to drought, photosynthesis decreased prior to respiration and carbohydrates
produced by photosynthesis could no longer meet the normal physiological metabolic demands of
trees, resulting in the consumption of stored NSCs [11,26,46].

From days 115 to 467, the P. massoniana in-branch NSC concentration in the drought treatment
was similar to the control group, which decreased significantly. Compared with leaves, the NSC
difference between treatments was observed from the beginning of the experiment, and the branches
demonstrated a time lag phenomenon. This phenomenon suggests a reduced sensitivity of the branches
to drought compared to leaves [47]. Branches may represent a carbon pool, promoting plant survival
in a stressed environment.

When analyzing the leaf NSC seasonal dynamics, we found that phenology influenced NSCs,
as indicated by the seasonal patterns of the control treatment [48]. The leaf NSC concentration in
the control treatment gradually increased during the growing season, peaking when soil moisture
content was lowest. This trend aligns with the standard conceptual model for NSCs, which states
that the pool was depleted when demand exceeded supply and increased when the supply exceeded
demand [49]. We propose three aspects to explain these phenomena: (1) NSCs increased during the
growing season because the production of photoassimilates exceeded metabolic and growth demand
for carbon; (2) carbohydrates draw down during the dormant season, when photosynthesis decreases
and reserves are used to provide the energy required for normal metabolism [23,27]; and (3) during the
growing season when water is deficient, the secondary metabolic processes that synthesize structural
material were weakened and NSCs increased, resulting in peak NSC concentration during the dry
season [36,50,51]. In terms of branches, the control group demonstrated a seasonal trend, but the
consistency was not as obvious as for the leaves. Our sampling of leaf and branch NSCs provided an
incomplete picture of the whole-tree NSC budget, but as the important tissues assimilating carbon, the
leaves and branches could serve as an indicator of the NSC status of the entire tree.

4.2. Sugar Transfer and Transformation under Drought Stress

Transfer and transformation of NSCs in plants is an important adaptation mechanism to drought
stress [24,52]. In our study, continued drought stress led to the increase in soluble sugar concentrations
in leaves, and there was a significant negative linear correlation with soil moisture content. Many
studies have agreed with this conclusion and stated that soluble sugar is an important aspect that helps
adjust the osmotic potential of plant cells according to the available soil moisture [53]. The integrity
of the conduit and a certain turgidity must be maintained to ensure the normal functioning of plant
physiological processes under drought conditions [24]. When the soluble sugar concentration was low,
starch was converted into sugar in order to resist stress [54]. However, a significant negative linear
correlation between starch concentration and soil moisture content was observed from days 115–542,
which is contrary to the results of many other studies [55–57]. Therefore, we further analyzed our
results and found a positive linear correlation, although non-significant between days 638 and 1032.
We have two reasons for analyzing this phenomenon: (1) In Chang Ting county, which is experiencing
extensive soil erosion and is considered a severely degraded ecosystem, P. massoniana was a pioneer
species for regional reforestation in the region. After nearly 25 years of cultivation, a unique ecological
adaptation mechanism has developed: at the beginning of the mild drought, plant growth slows
down, but the water retention in leaves can still maintain normal photosynthesis. Leaves act as carbon
sources by assimilating carbon, and a normal metabolism is maintained, then many of the remaining
carbohydrates are stored to resist stress enhancement at a later time. Owing to this, P. massoniana could
maintain normal functioning [55–57] in the later period by decomposing starch to increase soluble
sugar and the concentration of osmotic substances. (2) In the period between days 638 and 1032, the
decrease of starch content was not significant. This may have occurred because this experimental
period was during a mid-term drought, and as the isolation time increased, the decrease in starch
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became significant. However, up to now, the mid-term and long-term responses of stored NSC reserves
to drought remained unclear.

Soluble sugar was not only used to resist stress, but also to adapt to changes influenced by
seasonality. Analysis of the ratio of soluble sugar to starch in leaves and branches between different
treatments showed that seasons affected the NSC storage dynamics. The ratio for P. massoniana leaves
was similar to that reported for evergreen plants in China [58]. From summer to autumn, more
starch was accumulated and converted into soluble sugar in winter and early spring to compensate
for the loss of carbon due to decreasing photosynthetic capacity. However, few studies have been
conducted on the branches; the ratio of soluble sugar to starch of branches was lower than found for
Larix gmelinii [47]. Because of differences in terms of the length of the studies, no comparable data
was available.

5. Conclusions

Drought events were associated a minimal NSC concentration change, potentially affecting the
capacity of individuals to recover during mid-term mild drought [37]. In the sampled adult trees, a
phenomenon where starch was transferred to soluble sugar to cope with drought stress was observed.
During the drought process, leaves were the first to react, followed by branches, which showed a time
lag effect. Our results highlight the importance of mid-term experiments to fully understand drought
response, as our results differed from short-term studies [59]. Future global climate changes will
directly affect NSC concentrations in plants, which in turn will affect physiological and biochemical
processes [35,60]. Therefore, a better understanding of the controls and mechanisms of drought
resistance is crucial for accurate predictions and mitigation strategies.
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Abstract: Research highlights: Interaction effects of coniferous on deciduous species have been
investigated before the background of climate change. Background and objectives: The cultivation of
European beech (Fagus sylvatica L.) in mixed stands has currently received attention, since the future
performance of beech in mid-European forest monocultures in a changing climate is under debate.
We investigated water relations and nitrogen (N) nutrition of beech in monocultures and mixed
with silver-fir (Abies alba Mill.) in the Black Forest at different environmental conditions, and in the
Croatian Velebit at the southern distribution limit of beech, over a seasonal course at sufficient water
availability. Material and methods: Water relations were analyzed via δ13C signatures, as integrative
measures of water supply assuming that photosynthesis processes were not impaired. N nutrition
was characterized by N partitioning between soluble N fractions and structural N. Results: In the
relatively wet year 2016, water relations of beech leaves, fir needles and roots differed by season, but
generally not between beech monocultures and mixed cultivation. At all sites, previous and current
year fir needles revealed significantly lower total N contents over the entire season than beech leaves.
Fir fine roots exhibited higher or similar amounts of total N compared to needles. Correlation analysis
revealed a strong relationship of leaf and root δ13C signatures with soil parameters at the mixed
beech stands, but not at pure beech stands. While glutamine (Gln) uptake capacity of beech roots
was strongly related to soil N in the monoculture beech stands, arginine (Arg) uptake capacities
of beech roots were strongly related to soil N in mixed stands. Conclusions: Leaf N contents
indicated a facilitative effect of silver-fir on beech on sites where soil total N concentrations where
low, but an indication of competition effect where it was high. This improvement could be partially
attributed to protein contents, but not to differences in uptake capacity of an individual N source.
From these results it is concluded that despite similar performance of beech trees at the three
field sites investigated, the association with silver-fir mediated interactive effects between species
association, climate and soil parameters even at sufficient water supply.

Keywords: Fagus sylvatica L.; Abies alba Mill.; N nutrition; mixed stands; pure stands; soil N;
water relations
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1. Introduction

European beech (Fagus sylvatica L.) and silver-fir (Abies alba MILL.) possess a similar migration
history after the last glaciation into Central Europe. Both species found refuge areas in the south,
southwest, and southeast of Europe in order to survive the last glacial period [1]. Silver-fir migrated
into Central Europe from three of its five refugia, one located in the Balkans, one in Central Italy, and
the third in Central/Eastern France [2]. The locations of beech refugia are still a matter of debate,
but presumably also beech migrated from several refuge areas into Central Europe, mainly from a
population in the Alpine-Slovenia-Istria region [3]. The populations originating from the Calabrian
refugium seem to be restricted to Italy [4]. Today, European beech is a key species in Central European
forests, where it dominates under many climatic conditions [5], and is the most spread of all beech
species [6]. Its climate optimum allowed the colonization of large areas all over Europe, only limited
by excessive water supply in very moist habitats, or restricted water supply in the south, where its
populations decrease in favor of conifers and oaks under dry and warm conditions [7]. Silver-fir occurs
mainly in mountainous regions scattered all over Europe, and is thought to restrain its distribution range
to cool and moist climate conditions [2,7–9], though this belief is questioned to date [10]. Mixed beech-fir
forests (‘Abieti-Fagetum’ [5]) constituted the typical association in the Black Forest in Southern Germany
before the 18th century [11]. Today, these mixed forests are found mainly at the southern distribution
limit of beech, i.e., in the mountainous regions of the Dinaric Alps or the Iberian Peninsula [12].

The quasi-monoculture beech forests found in Germany today are the result of a combination
of anthropogenic and natural processes. To counteract the promotion of pure plantations of Norway
spruce (Picea abies (L.) KARST), beech plantations have been favored by forestry practices due to
its economic benefits. For example, beech forests are promoted in the state of Baden-Württemberg,
Germany, towards a desired extend of 30% of the total forested area [13]. Since beech trees are very
competitive, they can occupy between 80 and 100% of the canopy area in forests [14]. Additionally,
beech seedlings can grow in the understory of a closed canopy by adapting their photosynthetic
performance [15,16] and by increasing their specific leaf area (SLA) to increase light capture and
carbon gain [17–19], an indication of high shade tolerance. Thus, adult beeches favor their offspring by
enabling its growth under low light conditions for a prolonged period of time [20–22]. However, if a
“forest gap” opens, juvenile beech trees can react in the subsequent growing season by the development
of leaves adapted to high light conditions and, hence, increase growth [19,23]. These features led to a
coverage of large areas of Central Europe with beech forests, where moderate site conditions apply [3].

Despite the dominance of beech in Central European forests, numerous studies showed that
beech trees are relatively drought-sensitive [7,24,25]. The distribution limit of beech is found in regions
where long severe winters and summer drought arise [26]. As a consequence, the Balkan Peninsula
constitutes the southernmost distribution area of beech, where it is likely to perform at its physiological
limit. Under the auspices of climate change, we can expect forest responses towards heat, drought,
and extreme events especially in this region [27–29], with implications for nutrient acquisition [30],
forest productivity [31,32], and forest dieback [33–35].

In a changing climate with increased frequencies of “drying-wetting-cycles”, the future
performance of beech forests in Central Europe is questioned [36–38]. To cope with a changing
climate, the development of adaption approaches is thought to be required fostering compositional,
functional and/or structural complexity of forests [39,40]. To meet this aim, in the Black Forest in
southwest Germany quasi-monoculture stands of beech are currently diversified by re-introducing
naturally occurring species such as silver-fir (Abies alba Mill.) [39,41]. This species combination is
frequently found in mountain forests of Europe forming natural associations with varying beech:fir ratios
also at the southern distribution limit of beech [42]. Under these conditions, silver-fir was found to lose its
sensitivity to summer droughts under nutrient limitation [43] and is thought to benefit from enhanced
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water supply provided by increased stem-flow and concentrated infiltration of water at the stem base of
beech [44,45]. Vice versa, relatively shallow-rooting beech trees may benefit from the association with
deep-rooting fir under drought conditions from the access of fir to additional water sources [46]. However,
facilitative effects such as improved water supply by silver-fir’s taproot via hydraulic lift [47] during
drought might be superimposed by competition effects during years of sufficient water supply, like
aboveground competition for light [48,49], or belowground competition for nutrients [50,51].

To address the extend of the interaction effect of beech and fir, we analyzed water relations and
N nutrition of beech at three forest sites, naturally differing in nutrient supply and climate in a wet
year that provided sufficient water to the stands at all sites. Two forest sites were located in the “Black
Forest” in southwest Germany and one at the southern distribution limit of beech in the Dinaric Alps
in Croatia. We investigated the tree vegetation over a seasonal course, trying to link the water and
nutrient availability in the soil to the performance of the investigated stands. We hypothesized that
even at sufficient water supply (1) the performance of beech and silver-fir differed between the forest
site at its southern distribution limit and the two stands in the “Black Forest”; (2) an interactive effect
of firs on the performance of beech can be identified by comparing N partitioning and acquisition
of beeches in mixed versus pure beech stands; (3) soil N contents, climate, and species associations
interactively affect the performance of beech also at sufficient water supply.

2. Materials and Methods

2.1. Field Sites and Experimental Approaches

For the present experiments, three field sites were chosen differing in N supply and water holding
capacity, i.e., the Freiamt (EM) and Conventwald (CO) sites in Germany and a field site in Croatia (CR)
(Table S5). The EM field site is located in the Black Forest area at approx. (approximately) 400 m a.s.l.
(above sea level). The mean annual air temperature is 9.6 ◦C and the annual precipitation amounts
to 1100 mm. The soil parent material is sandstone and is characterized as Dystric Cambisol with a
mean field capacity of approx. 18 vol%. The average soil depth amounts to 80–100 cm. The vegetation
consists of 70% of beech, 15% silver-fir, and 15% larch.

The CO site is located 15 km from the EM site at ca. 700 m a.s.l., revealing a mean annual air
temperature of 7.3 ◦C and an annual precipitation of 1777 mm. The soil is classified as hyperdystric
skeletic folic Cambisol developed on paragneiss. The mean field capacity of approx. 19 vol% is similar
to the EM site. Soil depth at the CO site is very heterogenic and varies between 50 and 100 cm, with
a high amount of skeleton. Vegetation composition differed between the two sub-sites used for the
present study. In the “pure beech” sub-site it consists of approx. 55% beech, 10% silver-fir, and 35%
spruce. In the “mixed forest” sub-site we found approx. 35% beech, 35% silver-fir, 5% spruce, 10%
douglas fir, and 5% larch.

The CR field site is located near the city of Gospić in the Velebit Mountains at an elevation of
approx. 900 m a.s.l. (Table S5). The mean annual air temperature amounts to 7.5 ◦C and the annual
precipitation to ca. 2230 mm (577 mm during the vegetation period, climate station Baške Oštarije,
924 m; 1987–2010). The soil developed on limestone parent bedrock and is classified as Chromic
Cambisol, exhibiting a field capacity of ~33 vol%. The average soil depth amounts to ca. 45 cm. As for
the CO site, two sub-sites were included in the studies at the CR site. The vegetation composition
surrounding the “pure beech” sub-site consisted of 57.6% beech, 40% silver-fir and 3% others; the
“mixed forest” sub-site was composed of 38% beech, 50% silver-fir and 12% other deciduous species
(personal communication, forest direction of Gospić).

For the experiments at each site, beeches were chosen growing either surrounded by beeches as
neighboring trees (i.e., “pure stands”), or with silver-firs as the neighboring species (i.e., mixed stands).
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2.2. Soil Sampling and Analyses

For the CO site, soil characterization and other soil data were provided by the University of
Freiburg, Chair of Soil Ecology (Lang and Krüger, personal communication). For soil characterization,
soil of the field sites EM and CR was sampled in July 2016, to a depth of approx. 100 cm and 45 cm,
respectively, corresponding to the beginning of soil parent rock material. For the EM site three pits
were dug and three replicas were taken from each horizon, with ten further drillings around every pit
to account for spatial variability in topsoil. For the CR site a total of 10 pits—including at least three pits
under pure beech, three under pure fir as well as three under a mix of beech and fir, each—were dug
and three replicated samples were taken from each horizon. All samples were combined to one sample
per horizon and pit and were consequently air-dried. Soil texture was determined by wet sieving and
sedimentation (DIN ISO 11277) in a commercial laboratory (Agrolab Group, Sarstedt, Germany).

To quantify SOC and TN stocks, soil samples of 100 cm3 were taken with a soil corer in five to eight
replicates per soil pit and horizon and used for the determination of soil bulk density via drying at
105 ◦C for 24 h. For total carbon analysis, as well as for carbonate and total nitrogen (TN) investigation,
soil was sieved to 2 mm, grinded and the contents were analyzed in a commercial laboratory (Dr.
Janssen’s laboratory, Gillersheim, Germany), using VDLUFA (Verband Deutscher Landwirtschaftlicher
Untersuchungs- und Forschungsanstalten) Method IA 5.3.1 for carbonate, DIN ISO 10694 for total
carbon, and DIN ISO 13878 for TN. Soil organic carbon (SOC) was calculated as the difference
between total carbon and carbonate-C content. For the analysis of extractable ammonium and nitrate
concentrations in EM and CO soil, three replicated samples (30 g) of the Ah horizon and the Bv
horizon as well as leaf litter samples (10 g) were extracted with 0.5 M K2SO4 (Merck KGaA, Darmstadt,
Germany) [52]. For CR, 30 replicated samples of the Ah and Bv horizon as well as leaf litter were
extracted with 1 M KCl (Merck KGaA, Darmstadt, Germany). Tests showed that for Chromic Cambisol,
extraction with 1 M KCl revealed the same inorganic N concentrations compared to extraction with
0.5 M K2SO4. For the extractions, samples were shaken with the extraction solution for one hour in
250 mL plastic bottles (Carl Roth GmbH, Karlsruhe, Germany) at 170 rpm. Subsequently, extracts were
filtered using vacuum pumps, glass fiber filters (Whatman GF/A, Springfield, UK), and finally syringe
filters (0.45 μm) (Schleicher and Schuell, Dassel, Germany) and frozen immediately. Concentrations of
NH4

+ and NO3
− were analyzed colorimetrically by a commercial laboratory (Dr. Janssen’s laboratory,

Gillersheim, Germany) using the VDLUFA method A 6141 [53].
Field capacity was estimated as the soil volumetric water content (VWC) two days after rain

events in spring. Volumetric water content was gained from continuous measurements using
TDR (Time Domain Reflectometry, 5TM, and GS1 sonsors, Decagon Devices, Inc., Pullman, WA,
USA) probes—calibrated by gravimetric measurements—at a depth of 5 and 40 cm for the CR site.
The average VWC for the CR site was calculated from seven sensors in 5 cm depth and five sensors
in 40 cm depth. For the EM site, field capacity was calculated as the water held against gravity [54].
Further description of the latter method can be found elsewhere [46].

2.3. Sampling of Plant Material

At each field site, European beech trees (Fagus sylvatica L.) and silver-firs (Abies alba MILL.) of
similar size and age were selected. Sampling was conducted three times over the growing season,
the first time after beech leaves were just fully developed (i.e., “Spring”), a second time during a hotter
and drier period ca. six to eight weeks later (i.e., “Summer”), and a third time just after some beech
leaves started to change color (though only still intact and green leaves were sampled; i.e., “Fall”).
At each sampling campaign, branches facing the adjacent trees in the upper surface of the crown,
of approximately 30–45 cm in length, were collected by professional tree climbers equipped with a
throw line and pole saws. To limit diurnal variation and variation by light availability, branches were
harvested between 10 a.m. to 2 p.m. at approximately the same tree height.

From each beech twig, three fully developed, intact leaves were collected; from twigs of silver
firs, previous-year needles were excised. To collect root samples, fine roots (<2 mm diameter) were
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carefully removed from the soil near the tree trunk, rinsed with demineralized water, and dried with
paper tissues. Subsamples of leaves/needles and roots were immediately shock-frozen in liquid
nitrogen in the field. For further analysis, samples were homogenized with mortar and pestle under
liquid nitrogen and stored at −20 ◦C. The rest of the samples were dried in the oven at 60 ◦C for
approx. 3 days until weight constancy. Hydration state of leaf and root material was calculated as the
difference between fresh weight (FW) and dry weight (DW) divided by the DW [55].

2.4. Element and Stable Isotope Analyses of C and N

Total N and total C contents as well as δ15N and δ13C signatures were measured as previously
described elsewhere [56]. For this purpose, oven dried samples were ground with a ball mill (Retsch
MM 400, Retsch GmbH, Haan, Germany), aliquots (1.0–1.5 mg) were loaded into tin capsules (IVA
Analysentechnik, Meerbusch, Germany) and measured in an isotope ratio mass spectrometer (Delta
V Plus, Thermo Finnigan MAT, GmbH, Bremen, Germany) coupled via a Conflo III interface with
an element analyser (NA2500, CE Instruments, Milan, Italy). Working standards (glutamic acid)
were calibrated against the primary standards of the U.S. Geological Survey 40 (USGS 40, glutamic
acid δ13CPDB = −26.39‰) and USGS 41 (glutamic acid δ13CPDB = 37.63‰) for δ13C, and USGS 25
(ammonium sulphate, δ15NAir = −30.4‰) and USGS 41 (glutamic acid δ15NAir = 47.600‰) for δ15N
and analyzed after every tenth sample to account for a potential instrument drift over time as described
by Simon et al. [21].

2.5. Protein and Amino Acid Analyses

Soluble protein in plant material was determined using a modification of the method described
by Du et al. [57]. Approximately 50 mg frozen homogenized leaf/needle or 80 mg root material was
mixed with double the amount of polyvinylpolypyrrolidone (PVPP, Sigma-Aldrich Inc., St. Louis, MO,
USA) and extracted with 1 mL Tris/HCl-Buffer (50 mM Tris-Cl (Sigma-Aldrich Inc., St. Louis, MO,
USA), 1 mM EDTA (Sigma-Aldrich Inc., St. Louis, MO, USA), 1 mM DTT (Sigma-Aldrich Inc., St. Louis,
MO, USA), 100 μM PMSF (Sigma-Aldrich Inc., St. Louis, MO, USA), 15% Glycerol (Sigma-Aldrich
Inc., St. Louis, MO, USA) (v/v), 0.1% Triton-100 (Sigma-Aldrich Inc., St. Louis, MO, USA) (v/v),
pH 8.0) by vortexing and incubation for 30 min at 4 ◦C. After centrifugation for 10 min at 12,000× g
and 4 ◦C, 500 μL aliquots of the supernatant were transferred into new tubes, mixed with 500 μL 10%
trichloroacetic acid (TCA, Merck KGaA, Darmstadt, Germany), vortexed and incubated for 10 min
at room temperature. After 10 min centrifugation at 12,000× g and 4 ◦C, the pellet was dissolved in
500 μL 1 M KOH (Merck KGaA, Darmstadt, Germany) by shaking for 30 min at 4 ◦C. For quantification
of total soluble protein of leaf material (i.e., leaves and needles), 5 μL aliquots of the extract were
pipetted in triplicate into a disposable polystyrene micro cuvette plate and mixed with 200 μL Bradford
reagent (Amresco, Solon, OH, USA). The mixtures were incubated for 10 min at room temperature and
the optical density was measured at 595 nm using a microplate reader (Sunrise-basic Tecan, Grödlg,
Austria). For root material 25 μL aliquots were mixed with 500 μL Bradford reagent. Optical density
was measured in a spectrophotometer (Type DU 650, Beckman Coulter, Brea, CA, USA) at 595 nm.
In both cases bovine serum albumin (BSA, Sigma-Aldrich, Taufkirchen, Germany) was used as a
standard. Protein-N was calculated from the mean N content in BSA (15.9%).

The extraction of amino acids from plant material was conducted after the method of
Winter et al. [58] and Hu et al. [59] with slight modifications. Approximately 50 mg of frozen leaf or
80 mg root powder were mixed with 1 mL methanol/chloroform (Merck KGaA, Darmstadt, Germany)
(3.5/1.5, v/v) and 0.2 mL Hepes buffer (containing 20 mM Hepes (Merck KGaA, Darmstadt, Germany),
5 mM EGTA (Sigma-Aldrich Inc., St. Louis, MO, USA), 10 mM NaF (Sigma-Aldrich Inc., St. Louis,
MO, USA)). After incubation on ice for 30 min, 0.6 mL distilled water was added and the mixture
was centrifuged for 10 min at 14,000× g at 4 ◦C. Aliquots of 1 mL of the supernatant were transferred
into new tubes and stored on ice. Subsequently, the extraction of the plant material was repeated and
1 mL aliquots of the supernatants were combined. Aliquots of 0.1 mL of the combined supernatants
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and 0.1 mL ninhydrin solution (1:1 mixture of a solution containing 4.2 g monohydrate citric acid
(Merck KGaA, Darmstadt, Germany) and 0.16g anhydrous stannous chloride (Sigma-Aldrich Inc.,
St. Louis, MO, USA) in 40 mL 1 M NaOH (Merck KGaA, Darmstadt, Germany), made up to 100 mL
with distilled water (pH 5.0) and a solution containing 4 g ninhydrin (Sigma-Aldrich Inc., St. Louis,
MO, USA) in 100 mL ethylene glycolmonomethyl ether (Merck KGaA, Darmstadt, Germany) were
boiled for 30 min. Subsequently, 1.25 mL isopropanol (Merck KGaA, Darmstadt, Germany) (50%) were
added and the samples were incubated for 15 min at room temperature in the dark. The optical density
was determined with a UV-DU650 spectrophotometer (DU 650, Beckman Coulter, Brea, CA, USA) at
570 nm. L-glutamine (Sigma-Aldrich Inc., St. Louis, MO, USA) was used as standard.

2.6. Calculation of Structural N

Structural N in leaves/needles and roots was calculated by subtracting the N fractions of
total amino acids and soluble proteins from total N. Calculations were based on the dry weight
of the samples. Dannenmann et al. [60] as well as Simon et al. [21] found that inorganic N did not
contribute significantly to total N in temperate forest trees and, therefore, inorganic N was neglected
in this calculation.

2.7. N Uptake Experiments

Net N uptake experiments were conducted using the N-enrichment technique described by
Gessler et al. [61]. Fine roots still attached to the tree were dug out, rinsed with distilled water to
remove adhering soil particles, dried with cellulose paper and submersed into 4 mL of an artificial
soil solution for 2 h between 10 a.m. and 2 p.m. to avoid diurnal variation in N uptake capacity [62].
The artificial soil solution resembled the mineral soil onsite in concentration of anions and cations
as well as in pH; it contained 100 μM KNO3 (Merck KGaA, Darmstadt, Germany), 90 μM CaCl2
2H2O (Merck KGaA, Darmstadt, Germany), 70 μM MgCl2 6H2O (Merck KGaA, Darmstadt, Germany),
50 μM KCl (Merck KGaA, Darmstadt, Germany), 24 μM MnCl2 4H2O (Merck KGaA, Darmstadt,
Germany), 20 μM NaCl (Merck KGaA, Darmstadt, Germany), 10 μM AlCl3 (Merck KGaA, Darmstadt,
Germany), 7 μM FeSo4 7H2O (Merck KGaA, Darmstadt, Germany), 6 μM K2HPO4 (Merck KGaA,
Darmstadt, Germany), 1 μM NH4Cl (Merck KGaA, Darmstadt, Germany), as well as the amino
acids glutamine (Sigma-Aldrich Inc., St. Louis, MO, USA) (25 μM) and arginine (Sigma-Aldrich Inc.,
St. Louis, MO, USA) (25 μM). Thus, the artificial soil solution consisted of four different N sources,
ammonium (NH4

+) and nitrate (NO3
−) as inorganic and the amino acids glutamine (Gln) and arginine

(Arg) as organic N sources. The latter constitute the most abundant amino compounds in beech
roots [63]. Uptake experiments were carried out with only one of the four N sources being offered as
15N-labeled compound (K15NO3, 15NH4Cl and double labeled 15N13C-Gln/15N13C-Arg, Cambridge
Isotope Laboratories, Inc., Andover, MA, USA) with three replicates per N-labeled source and tree.
In addition, control solutions without label were applied to account for the natural abundance of
15N in the roots. After being submersed for 2 h, the roots were cut off, washed twice with 0.5 M
CaCl2 (Merck KGaA, Darmstadt, Germany), dried with cellulose paper, and dried in an oven at
60 ◦C for 48 h. Subsequently, the samples were ground and 1.2–2 mg powder was weighed into
tin capsules (IVA Analysetechnik, Meerbusch, Germany). Samples were analyzed with an element
analyzer (NA 1108, Fisons, Rodano, Italy, or NA 1110, CE Instruments, Milan, Italy) coupled via a
Conflo III interface to an isotope ratio mass spectrometer (Delta Plus, Thermo Finnigan MAT GmbH,
Bremen, Germany). The working standard glutamic acid, calibrated against the international standard
USGS 41 (δ15Nair = 47.600) for δ15N, was measured after each tenth sample. For calculation of the net
N uptake capacity (NUC), Equation (1) was applied [64]:

NUC =
2

∑
n=1

Δ15Nn ∗ cNn ∗ DW ∗ 105

Δt ∗ FW ∗ M(N)
(1)
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where NUC is the net uptake capacity (nmol g−1 FW h−1), Δ15Nn the difference in 15N abundance (%
total N) of the sample and the 15N abundance of a control sample (natural 15N abundance), cN the
total N (% of root dry weight), DW the dry weight of the root segment (g), Δt the incubation time,
FW the fresh weight of the sample incubated in the artificial soil solution (g), and M(N) the molecular
weight of N (15 g mol−1).

2.8. Statistical Analysis

All statistical analyses were performed using reference [65]. A detailed list of all R packages used
can be found in Table S9. A linear mixed model was fitted on the data in order to analyze differences
between identification (ID; i.e., BB = pure beech; BF = beech in mixed stands or FB = fir in mixed
stands, respectively), time of season (season; i.e., spring, summer, and fall, respectively), and field sites
(CO; EM; CR). We fitted the model twice on the data, once including all three possible IDs (i.e., BB, BF,
and FB), and again with only BB and BF, to correctly meet the requirement of hypothesis 2, if there
were differences between BB and BF stands. Since the results were identical for both models, we only
documented the “full” model including all three IDs.

ID, season and site were treated as fixed factors, whereas the tree number served as random
factor due to the repeated measurements on the same trees. δ13C, total N, structural N, protein N, and
amino acid N were the dependent variables of each model. Bulk leaf material (leaves and needles)
and root material were analyzed separately. Normal distribution of residuals and homoscedasticity
were checked visually (residual-fitted values–plots [66,67] and supported by the Shapiro-Wilk test
when checking for normal distribution of residuals, and by Levene’s test for homoscedasticity. If these
assumptions were not met, raw data were transformed by either cube root transformation, or by
“Tukey’s ladder of Powers”. Subsequently, transformed data were fitted again and the assumptions
were checked visually as above. Backward elimination of non-significant effects by the principle of
marginality was conducted to find the best suitable model. To assess significant differences “ls-means”
was used as a wrapper, comparing the means pairwise based on the model output. The same approach
was used on the N uptake data, distinguishing between N sources (arginine A, glutamine G, nitrate
NO3

−, and ammonium NH4
+), site, season, and ID.

Correlation analyses were conducted using Spearman’s rank correlation coefficient (ρ) to identify
relations between leaf and root bulk material and soil parameters, as well as for analyzing relationships
between the N uptake capacity of the four different N sources. Soil parameters were categorized
into three depths (litter, Ah-horizon, and Bv-horizon) to ensure comparability between the three
investigated sites. Consequently, these three depths were correlated separately with each plant
parameter. Correlation was tested for its significance and considered a “true” correlation, when ρ ≥
±0.5 was met.

3. Results

For our first hypothesis we analyzed silver-fir and beech performance at three different sites
and the first part of the results is dedicated to this hypothesis, thus including silver-fir and the two
associations of beech (BB and BF). The second part, consisting mainly of bivariate correlation analysis,
is dedicated to investigate our second and third hypothesis and, thus, excludes samples obtained from
silver-firs (FB) for soil and plant parameter correlations. Since adult beech mainly takes up nitrogen in
fall [21], we correlated soil and plant data for the fall measurements exclusively.

3.1. Inorganic Soil Nitrogen Contents in Fall

Ammonium-N contributes most to mineral soil N and was significantly higher than nitrate-N
(Table S5). Mineral soil N concentrations differed significantly between the litter layer and the
mineral soil (i.e., Ah and Bv). Due to high variation of inorganic nitrogen contents in the litter
layer, the differences between the EM and CR sites (revealing twofold higher values compared to the
CO site) and the CO site were not significant (Table S5). We observed similar patterns at the three sites,
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with mineral N concentrations being highest in the litter layer and decreasing significantly to the Ah-
and Bv-horizon (without differences between the latter) (Table S5).

3.2. δ13C Signatures in Leaves/Needles and Roots

δ13C signatures of beech leaves and fir needles were significantly more enriched in spring, became
more depleted in summer and did not differ in fall, regardless if associated in pure or mixed stands
(Figure 1, Table S1). Previous as well as current year fir needles at the CR site were significantly more
enriched compared to the EM site (Table S1 and S2). Compared to previous year needles, current year
needles tended to be more depleted at every sampling point of the season (Table S2). We found that roots
were significantly more enriched in summer and fall compared to spring at all three sites, again regardless
of ID. At the CR site, fine roots signatures of pure as well as mixed beech stands were significantly more
enriched compared to the EM site. We did not observe significant differences in δ13C signatures between
pure and mixed beech stands at any site and at any time of the season (Table S3).

Figure 1. Seasonal changes in δ13C signatures of leaves/previous year needles and roots. Top row
reveals bulk leaf material, bottom row bulk root material, obtained from three field sites, i.e.,
“Conventwald” (CO), “Freiamt” (EM) and “Croatia” (CR), respectively. Three shades of grey depict the
three different species associations, namely “BB” light grey—beeches in pure beech stands, “BF”
grey—beeches in mixed beech-fir-stands, and “FB” dark grey—firs in mixed beech-fir-stands at
three sampling time points within the season of 2016, i.e., “Spring” (early June), “Summer” (early
September), and “Fall” (mid-September to early October). Box plots include median (solid black line),
standard deviation (black error bars), and outliers (black dots) which were generated with n = 10
(CO)/11(EM)/12(CR) for “BB”, n = 6 (CO)/8(EM)/6(CR) for “BF”, and n = 6(CO)/9(EM)/6(CR) at
each given time point. Capital letters indicate differences between the same ID and site, but at different
seasons; lower case letters indicate differences between different IDs, but at the same season and site;
hashtags and asterisks indicate differences between different sites, but same ID and season. Sharing the
same letter/symbol indicates no significant difference at p ≤ 0.05.
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3.3. N Contents and N Partitioning in Leaves/Needles and Roots

Previous and current year fir needles revealed significantly lower total N contents over the entire
season than beech leaves disregarding sites (Figure 2, Table S1). At the same time, fir fine roots
exhibited more or similar amounts of total N compared to the needles (Figure 2, Tables S1 and S3).
At the EM and CR site, beech leaves in mixed stands contained significantly higher amounts of total
N in summer and fall compared to the CO site. We did not observe significant differences between
pure and mixed beech stands due to high natural variations in beech leaf N content, except in fall at
the CR site, where beeches in mixed stands revealed significantly higher amounts of total N compared
to pure beeches.

Figure 2. Seasonal changes of total nitrogen contents of leaves/previous year needles and roots.
Top row reveals bulk leaf material, bottom row bulk root material, obtained from three field sites,
i.e., “Conventwald” (CO), “Freiamt” (EM) and “Croatia” (CR), respectively. Three shades of grey
depict the three different species associations, namely “BB” light grey—beeches in pure beech stands,
“BF” grey—beeches in mixed beech-fir-stands, and “FB” dark grey—firs in mixed beech-fir-stands
at three sampling time points within the season of 2016, i.e., “Spring” (early June), “Summer” (early
September), and “Fall” (mid-September to early October). Bar plots include standard deviation (black
error bars), which were generated with n = 10 (CO)/11(EM)/12(CR) for “BB”, n = 6 (CO)/8(EM)/6(CR)
for “BF”, and n = 6(CO)/9(EM)/6(CR) for “FB” at each given time point. Capital letters indicate
differences between the same ID and site, but at different seasons; lower case letters indicate differences
between different IDs, but at the same season and site; hashtags and asterisks indicate differences
between different sites, but same ID and season. Sharing the same letter/symbol indicates no significant
difference at p ≤ 0.05.

While previous and current year fir needles revealed low protein N contents throughout the
whole season, protein N contents of beech leaves were significantly lower in spring compared to
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summer and fall (Figure 3 Table S1). Differences in protein N contents were not observed between
pure and mixed stands, neither in leaves nor in fine roots of beech, except at the CR site in fall where,
as already observed for total N contents, protein N amounts in the mixed beeches were significantly
higher compared to the pure beech stands. In fine roots, the differences between the two species were
negligible throughout the seasons, but as previously observed for leaves, the protein N content in roots
of both species became significantly higher from spring to summer, and even ascended more in fall
at the CR site (Figure 3, Tables S1 and S3). Protein N contents of fir roots were much higher (up to
five-fold) compared to needles, but similar to beech roots (Figure 3).

Figure 3. Seasonal changes in soluble protein N contents of leaves/previous year needles and roots.
Top row reveals bulk leaf material, bottom row bulk root material, obtained from three field sites, i.e.,
“Conventwald” (CO), “Freiamt” (EM) and “Croatia” (CR), respectively. Three shades of grey depict
the three different species associations, namely “BB” light grey—beeches in pure beech stands, “BF”
grey—beeches in mixed beech-fir-stands, and “FB” dark grey—firs in mixed beech-fir-stands at three
sampling time points within the season of 2016, i.e., “Spring” (early June), “Summer” (early September),
and “Fall” (mid-September to early October). Bar plots include standard deviation (black error bars),
which were generated with n = 10 (CO)/11(EM)/12(CR) for “BB”, n = 6 (CO)/8(EM)/6(CR) for “BF”,
and n = 6(CO)/9(EM)/6(CR) at each given time point. Capital letters indicate differences between the
same ID and site, but at different seasons; lower case letters indicate differences between different IDs,
but at the same season and site; hashtags and asterisks indicate differences between different sites, but
same ID and season. Sharing the same letter/symbol indicates no significant difference at p ≤ 0.05.

Total amino acid N concentrations of leaves/needles did not reveal general differences over the
seasons regardless of affiliation. At the CO site, amino acid N contents of beech leaves (i.e., BB and
BF) significantly increased from spring to summer and fall (Figure 4, Table S1). In fine roots, a similar
increase of amino acid N concentration was significant. Beech roots from monoculture revealed the
highest amino acid N concentrations at the EM, and the lowest at the CR site (Table S3). Amino acid N
contents in roots of both species tended to be higher than in leaves, except for spring when similar
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contents were observed (Figure 4, Tables S1 and S3). Again, we did not discover differences between
pure and mixed beech stands at any time or site.

Figure 4. Seasonal changes of total amino acid N contents of leaves/previous year needles and roots.
Top row reveals bulk leaf material, bottom row bulk root material, obtained from three field sites, i.e.,
“Conventwald” (CO), “Freiamt” (EM) and “Croatia” (CR), respectively. Three shades of grey depict
the three different species associations, namely “BB” light grey—beeches in pure beech stands, “BF”
grey—beeches in mixed beech-fir-stands, and “FB” dark grey—firs in mixed beech-fir-stands at three
sampling time points within the season of 2016, i.e., “Spring” (early June), “Summer” (early September),
and “Fall” (mid-September to early October). Bar plots include standard deviation (black error bars),
which were generated with n = 10 (CO)/11(EM)/12(CR) for “BB”, n = 6 (CO)/8(EM)/6(CR) for “BF”,
and n = 6(CO)/9(EM)/6(CR) at each given time point. Capital letters indicate differences between the
same ID and site, but at different seasons; lower case letters indicate differences between different IDs,
but at the same season and site; hashtags and asterisks indicate differences between different sites, but
same ID and season. Sharing the same letter/symbol indicates no significant difference at p ≤ 0.05.

For structural N a different seasonal pattern emerged. In spring, the structural N contents of beech
leaves were significantly higher (CO and CR (BB)) or tended to be higher (EM and CR (BF)) compared
to summer and fall (Figure 5, Table S1). In previous year fir needles, structural N was significantly
lower in spring compared to beech leaves at every site. These differences vanished in summer and fall,
when beech leaves became depleted in structural N. Current year needles contained more structural
N than previous year needles (Table S2). In fine roots, at the CO and CR site, structural N contents
dropped significantly from spring to summer and fall (Figure 5, Tables S1 and S3). Also, the structural
N contents of roots in spring at the CO site were significantly higher than at the EM, and for mixed
beech also at the CR site (Table S3).

Overall, we found a tendency towards improved N nutrition of beech leaves in mixed stands
compared to monocultures though this trend was only rarely significant. Compared to beech leaves,
silver-fir needles exhibited different N partitioning at all sites and times. Regardless of species, root N
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contents and partitioning deviated strongly from leaves in a season dependent manner. Differences in
N partitioning between the sites were small in both leaves/needles and roots.

Figure 5. Seasonal changes of structural nitrogen contents of leaves/previous year needles and roots.
Top row reveals bulk leaf material, bottom row bulk root material, obtained from three field sites, i.e.,
“Conventwald” (CO), “Freiamt” (EM) and “Croatia” (CR), respectively. Three shades of grey depict
the three different species associations, namely “BB” light grey—beeches in pure beech stands, “BF”
grey—beeches in mixed beech-fir-stands, and “FB” dark grey—firs in mixed beech-fir-stands at three
sampling time points within the season of 2016, i.e., “Spring” (early June), “Summer” (early September),
and “Fall” (mid-September to early October). Bar plots include standard deviation (black error bars),
which were generated with n = 10 (CO)/11(EM)/12(CR) for “BB”, n = 6 (CO)/8(EM)/6(CR) for “BF”,
and n = 6(CO)/9(EM)/6(CR) at each given time point. Capital letters indicate differences between the
same ID and site, but at different seasons; lower case letters indicate differences between different IDs,
but at the same season and site; hashtags and asterisks indicate differences between different sites, but
same ID and season. Sharing the same letter/symbol indicates no significant difference at p ≤ 0.05.

3.4. N Uptake Capacities of the Roots

Species or association effects within the same N source between beech trees in pure stands (BB),
beech trees in mixed stands (BF) and firs in mixed stands (FB) were not observed, irrespective of the
site or season (Figure 6, Table S3). In spring, Arg uptake capacities did not differ between the sites
for both species. Gln uptake capacities of beech monoculture at the CR site revealed significantly
higher values compared to the EM site. The same pattern was observed for NH4

+ and NO3
− uptake

capacity of beech in monoculture (Table S4). Uptake capacities between each inorganic N source were
similar for CO and CR, whereas the uptake capacities between organic and inorganic sources differed
significantly from each other (Table S4). At the EM site, uptake capacities of pure beech and fir in
mixed stands for Arg were higher compared to Gln uptake capacities, which both were higher than
NH4

+ and NO3
− uptake capacities. Similar results were obtained in mixed stands for beech.
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Figure 6. Seasonal changes in N uptake capacities of fine roots for inorganic and organic N sources.
Top row indicates the three field sites, i.e., “Conventwald” (CO), “Freiamt” (EM) and “Croatia” (CR),
respectively. Three shades of grey depict the three different species associations, namely “BB” light
grey—beeches in pure beech stands, “BF” grey—beeches in mixed beech-fir-stands, and “FB” dark
grey—firs in mixed beech-fir-stands at three sampling time points within the season of 2016, i.e.,
“Spring” (early June), “Summer” (early September), and “fall” (mid-September to early October).
Box plots include median (solid black line), standard deviation (black error bars), and outliers (black
dots) which were generated with n = 10 (CO)/11(EM)/12(CR) for “BB”, n = 6 (CO)/8(EM)/6(CR) for
“BF”, and n = 6(CO)/9(EM)/6(CR) at each given time point. Please note that the y-axis is logarithmic.
Significant differences in N uptake capacity are to be read as follows: Capital letters indicate differences
between different N sources, but the same ID and site; lower case letters indicate differences between
IDs at the same site and N source; hashtags and asterisks indicate differences between sites, but the
same IDs and N sources. Sharing the same letter/symbol indicates no significant difference at p ≤ 0.05.

In summer, across the three investigated sites (CO, EM, CR), uptake capacities showed a similar
pattern for every N source (Arg, Gln, NH4

+, NO3
−). At the CO site, uptake capacities of beech in

monoculture differed significantly from each other for every N source (Table S4). For BF and FB the
uptake capacity for Arg was significantly higher than for Gln, which in turn was higher than the uptake
capacities of both inorganic N sources. At the EM site for BF and FB neither the organic nor the inorganic
N sources differed from each other, but differed from another. In beech monocultures, highest uptake
capacity was observed for Arg, followed by Gln and the two inorganic sources, which did not differ from
each other (Table S4). A similar pattern was found at the CR site for every affiliation (BB, BF and FB).

In fall, across the three investigated sites (CO, EM, CR), the uptake capacity pattern was similar
for every N source except for pure beech at EM where Gln uptake capacity was significantly lower
compared to the same association at CO and CR. When comparing the N uptake capacities for each
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source at each site, patterns were different from spring and summer. For beech monocultures at the CO
site, neither uptake capacities of organic sources nor of inorganic sources differed amongst themselves,
but differed from each other. For BF and FB Arg uptake capacity was highest, followed by Gln and the
inorganic sources, which did not differ from each other. At the EM site, the latter was true for all three
associations and also for BB at the CR site. For BF and FB at the CR site, neither the organic nor the
inorganic N sources differed amongst themselves, but from each other (Table S4).

Overall we found inorganic N uptake capacities to be much lower compared to organic N uptake
capacities, regardless of IDs, season, or site. Differences in uptake capacities between the two inorganic
N sources were small and preferences were not found (Figure 6, Table S4). However, between the
organic N sources, uptake capacities of Arg were often significantly higher than Gln uptake capacities.
Over the seasonal course, uptake patterns differed inconsistently, though with Arg uptake capacities
always being the highest.

3.5. Correlations between Environmental-, Soil-, and Plant Parameters

3.5.1. Environmental and Plant Parameters Relations

We investigated the relationship between the environmental parameters (temperature,
precipitation, and altitude) on one side and the δ13Cplant in bulk leaf/needle/root material on the
other side (Table 1). Correlation analyses revealed that fir (current and previous year) needle 13C
correlated highly significant with altitude, indicating an enrichment in 13C with increasing altitude.
This correlation was weaker for beech leaves at the mixed stand, and no correlation was found for
beech trees in monoculture. Beech root δ13C in mixed stands revealed a positive correlation with
altitude and precipitation, suggesting enrichment in 13C with increasing altitude and precipitation, but
a strongly negative correlation with temperature, indicating a depletion in root 13C signatures with
increasing air temperature.

Table 1. Correlation between δ13Cplnat and environmental parameters. Leaf (L13C)/previous year
needle bulk δ13C (LY13C), current year needle bulk δ13C (CY13C), and root bulk δ13C (R13C) were
correlated with elevation (above sea level), mean annual average temperature (Temp), and annual
precipitation (Prec). Correlation coefficient is Spearman’s rho (ρ) followed by asterisks depicting
corresponding p-values: p < 0.0001 “****”; p < 0.001 “***”; p < 0.01 “**”; p < 0.05 “*”. Correlations with ρ

≥ ±0.5 were considered as “true” relation.

Pure Beech LC13 R13C Elevation Temp

L13C
R13C −0.32 **

Elevation −0.04 0.42 ****
Temp 0.08 −0.39 **** −0.58 ****
Prec −0.04 0.42 **** 1.00 **** −0.58 ****

Mixed
Beech

LC13 R13C Elevation Temp

L13
R13C 0.2

Elevation 0.40 ** 0.59 ****
Temp −0.46 *** −0.77 **** −0.53 ****
Prec 0.40 ** 0.59 **** 1.00 **** −0.53 ****

Mixed Fir LY13C CY13C R13C Elevation Temp

LY13C
CY13C 0.74 ****
R13C 0.05 0.17

Elevation 0.66 **** 0.71 **** 0.25
Temp −0.46 *** −0.40 ** −0.47 *** −0.67 ****
Prec 0.66 **** 0.71 **** 0.25 1.00 **** −0.67 ****
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3.5.2. Soil and Plant Parameter Relations in Fall

Inorganic soil N concentrations decreased significantly with increasing soil TN concentrations in
the upper two soil layers (i.e., litter and Ah-horizon) for both IDs (i.e., BB and BF), but this effect was
more pronounced at the BF stands (Table S7). At the Bv-horizon, we observed a significant increase
in inorganic soil N concentrations with increasing TN, which was more pronounced at the BB stands
(Table S6).

Bulk leaf parameters at the BB stands did not correlate with soil TN, SOC or inorganic N
concentrations. For bulk root material, total N, amino acid N, and structural N contents decreased
with increasing soil TN, SOC and inorganic N concentrations, though the correlation coefficients
only indicated a weak relation, except for the Bv-horizon, where it was very pronounced. Bulk leaf
δ13C signatures did not correlate with any soil parameter, whereas for bulk root δ13C signatures the
correlation revealed a soft enrichment in roots with increasing TN, SOC and at the Bv-horizon also
with inorganic N concentrations (Table S6).

At the BF stands, leaf total N decreased with increasing soil TN and SOC concentrations, and
also with increasing inorganic N at the Bv-horizon, but increased with inorganic N in the litter layer.
The same relationship applied to the protein N contents of bulk leaf material, again only for the litter
layer. Leaf protein N levels decreased with increasing soil inorganic N levels measured in Ah- and
Bv-horizons. Total N of bulk roots increased with increasing inorganic N contents of the Ah-horizon,
and the same applied for root structural N. Bulk leaf δ13C signatures became enriched with increased
levels of soil TN and SOC at the litter layer, but were depleted when inorganic N contents of the
Ah-horizon increased. These observations were more pronounced for bulk root δ13C signatures, with
an enrichment of 13C in the roots with increasing amounts of TN and SOC in the soil at all depths.
As observed for leaf bulk δ13C signatures, root bulk δ13C became depleted when inorganic soil N
increased at the Ah-horizon (Table S7).

Overall, we observed differing correlation patterns for pure and mixed beech stands in fall.
Correlation analysis of plant with soil parameters revealed that for pure beech stands the relation
between root and soil parameters were more pronounced and no such observation was made for bulk
leaf material, whereas for mixed beech stands leaf total N exhibited a strong relation with soil TN, SOC
and inorganic N concentrations. Furthermore, correlations between leaf and root δ13C on one site and
the soil on the other site were more pronounced in mixed compared to pure beech stands.

3.5.3. Relations of N Uptake and Soil Parameters in Fall

For the BB stands, we observed only weak relations between increasing Arg uptake capacities
and increasing soil TN, SOC and inorganic N concentrations in Ah- and Bv-horizons. For Gln uptake
capacities at the Bv-horizon, the correlations were much stronger with soil TN and SOC at all three soil
depths (Table S8). For NH4

+ uptake capacities, the relations were again weak and only applicable at
the Bv-horizon for TN, SOC, and inorganic N.

At the BF stands, increases in Arg uptake capacities were associated with increased soil TN and
SOC, but not with inorganic N. The other N sources used in this experiment were not found to be
related to soil parameters (Table S8).

However, we observed distinctly different uptake patterns between pure and mixed beech stands.
At the BB stands, NH4

+ uptake capacities were associated with increased Arg- and Gln uptake
capacities, and NO3

− with increased NH4
+ uptake capacities (Table S8). This pattern could not be

observed at the BF stands, where only a strong increase in Gln uptake capacities correlated with
increased NH4

+ uptake capacities (Table S8).
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4. Discussion

4.1. Beech and Silver-Fir Performances are Similar at the Croatian and Black Forest Field Sites

Compared to standard nutrient levels of beech leaves, the N levels found for mixed beech at the
EM and CR sites were in the lower to upper normal range, or even enhanced [68,69]. This result was
surprising, since these sites were initially thought to reveal restrictive tree performance due to higher
drought sensitivity (EM: higher MAAT (mean annual air temperature), less precipitation, smaller water
holding capacity; CR: shallow soil profile (45 cm depth)). The foliar N concentrations of silver-fir were
below the values thought to indicate a good nutrient status [70,71]. Previous year needles exhibited
the lowest N amounts in spring indicating re-translocation of N into current year needles, which in
turn revealed highest amounts of N in spring likely due to relocation [72]. Both, previous and current
year needles highly vary in their amounts of N and range between insufficiency (<12.3 g kg−1) in
spring (previous) and summer/fall (current), and the normal range (12.3–15.5 g kg−1) in fall [69].
N uptake capacities revealed high variations within the same ID (Figure 6, Table S4), but similar
uptake capacities at the Black Forest and Croatian field sites.

Though all δ13Cplant signatures did not indicate water limitation (Table S1), they varied up to 5‰
between the EM and CR site. For fir needles this observation was significant, whereas beech leaves
revealed no significant differences between the sites, though signatures at the CR site tended to be
more enriched compared to EM. These observations might be a consequence of different site conditions.
Even though the CR site revealed the highest yearly precipitation rate, precipitation in summer only
amounts to a quarter of that. Also it had the most shallow soil (only up to 45 cm; Table S5), though
revealing the highest water holding capacity. When investigating plant bulk material of beech along
a climate gradient across Europe, a positive relation between altitude and δ13C signatures has been
reported by [73]. Our field sites are located on altitudes ranging from 400 to 900 m a.s.l. and correlation
analysis confirmed this positive relation, where δ13C signatures become more enriched with increasing
height. This observation also has been made in previous studies with other species [74–76] and was
attributed to the reduction of O2 partial pressure combined with an increase in assimilation rates [74].

From the present results, we were not able to confirm Hypothesis 1 regarding N partitioning
or N acquisition strategies, and only partially confirmed this hypothesis for water supply and
photosynthesis indicated by δ13C signatures. However, studies during a wet year subsequent to
extended periods of drought are likely to show different results.

Water scarcity in beeches not only result in leaf stomatal closure and, thereby, reduced
discrimination against 13CO2 in leaves, but also in a reduction of root water retrieval from the soil
and reduced nutrient acquisition resulting in reduced competitiveness [77–79]. Concomitant with the
lack of precipitation, soluble proteins in leaves and roots are degraded mediating an increase of free
amino acids [80]. Ultimately, beeches react towards drought with decreasing root growth and root
exudates, thereby deteriorating their nutrient uptake capacity [81]. This observation was confirmed
by observations in a greenhouse experiment, where N uptake and consequent allocation of N into
the fine roots was reduced [80]. Projecting these findings into years with repetitive drought periods
and into consecutive dry years, the effects on forest ecosystems will be severe. Thus, the number of
drought periods in dry years and also the number of dry years preceding a wet year will play a major
role when investigating N nutrition during a wet year. Therefore, long-term studies are required even
for evaluating N nutrition during a wet year in areas subject to climate change. Hence, the present
study performed in such areas only provides “baseline” information of mixed and pure beech stands.

4.2. The Performance of Beech Tends to Be Influenced by the Presence of Silver-Fir

We did not observe any differences in N uptake capacities regardless of site or association (pure
vs. mixed). Significant differences in N contents and partitioning were only rarely observed and, in
these cases, indicate improved N nutrition upon fir admixture rather than competition between beech
and fir for N. A possible explanation for this observation might be the similar mineral N contents at the
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three investigation sites (Table S5), even though the three sites were characterized by major differences
in soil total nitrogen concentrations (Table S5). The similar soil mineral N concentrations may have
mediated similar tree N uptake capacities (Figure 6, Table S4), and subsequently, mostly similar total
N contents and N partitioning (Figures 2–5, Tables S1–S3) at the field sites studied.

Beeches grown in mixture at the field sites more susceptible towards drought (EM and CR, see
above) revealed a trend towards higher foliar N contents (Figure 2) indicating a facilitative effect of
silver-fir on beech on sites where soil total N concentrations were low. It supports the “stress-gradient
hypothesis” (SGH), stating that facilitation was more “common in communities developing under high
physical stress ( . . . )” [82]. According to this hypothesis, such an effect would be observable at sites
providing a benign environment and at these sites competition should dominate tree performance.
Therefore, the tendency towards lower total foliar N at the CO site in our study is consistent with
SGH (Figure 2, Tables S1 and S5). Many studies report that species richness results in enhanced forest
productivity [83]. When mixing of evergreen and deciduous species, this effect is attributed to a
reduction of light competition [84,85], a greater absorption for photosynthetically active radiation [86],
and improved nitrogen nutrition [87]. However, the assessment of mixture effects on the trees’
nutritional status is still a matter of debate [51,88].

From the present results we conclude that the presence of silver-fir does not cause a general
change in N acquisition and partitioning of beech trees, thereby rejecting hypothesis 2. However,
we also did not observe a competition effect of fir admixture on beech, indicating that beech trees
experience largely the same inter- and intra-specific competition for nutrients with or without growing
in mixture with silver firs at sufficient water availability.

4.3. What Is the Driving Force of the N Nutrition of Beech?

In order to assess our third hypothesis stating that soil N contents, climate and species associations
interactively affect the performance of beech, we correlated environmental, soil derived and plant
derived parameters with each other. We did not find a consistent general pattern that could enable us to
relate any specific parameter to performance, but we rather revealed the complexity of the ecosystems
investigated. Well-known and established in literature, we still could not relate soil total N and foliar
N concentrations [88,89] at the pure beech stands, indicating that soil N was not a main influencing
factor at these sites. This might be explained by the fact that soil total N stocks are largely bound in
polymeric organic compounds, thereby not being available to plants. It is only microbial processes,
such as depolymerization and ammonification, that produce the small plant-available soil monomeric
organic N or mineral N pools [90]. In mixed stands, foliar N concentrations even decreased with higher
soil TN concentrations [88]. In contrast, the mineral N concentrations of the litter layer revealed a
positive correlation with foliar N at the mixed stands, but not mineral N concentrations at the other soil
depths, indicating that at the mixed stands the litter layer can determine the N concentrations of the
foliage, as previously reported [90]. Additionally, when including N uptake capacities in the equation,
we found that in the pure beech stands the relationship between Gln uptake capacities and soil total N
was strong, while at the mixed stand (both, beeches and firs) at the same time, Arg uptake capacities
increased with increasing total N in the soil, but neither site revealed a strong relation between mineral
soil N and N uptake capacities. This difference between pure to mixed stands in plant-soil interaction
poses the question, how fir admixture alters soil parameters. In the mixed stands, the soil respiration
was found to be decreased in comparison to the pure stands (Rehschuh and Dannenmann; personal
communication). Therefore, reduced mineralization rates of soil organic matter in mixed stands due to
more recalcitrant fir litter may have mediated lower N acquisition by beech roots in the mixed stands.

Thus, the present results support our third hypothesis that soil N contents, climate and species
associations interactively affect the performance of beech, but it remains unclear which factor influences
most/least and in which direction.
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4.4. Silver-Fir Total N Contents Indicate the Roots as Storage Location

As previously observed, fir needle N contents were lower compared to beech leaves and root
N contents were similar for both species [46]. Furthermore, the fir root N contents were the same as
current/previous year needles or even exceeded their N contents (Tables S2 and S3). Needle N contents
were comparable to the ones of Scots pine in Sweden, though revealing a higher variability [91], to the
ones in Radiata Pine [92], though the ones from this study again indicated a wider range. In comparison
to spruce stands in Bavaria, we found that total N contents in previous year needles were lower or
similar, but similar or higher compared to values obtained from Douglas fir in the same study [88].
Evergreen species are thought to store N mainly in the youngest age class of needles [93–95], where
N is mostly stored in the form of photosynthetic proteins (i.e., RuBisCo) [96,97] and provided for
initial growth and development to the next needle generation [98]. For silver-fir this view cannot be
confirmed from the present observations, since we (a) found similar/exceeding amounts of total N in
the roots of fir, and (b) could neither find decreased amounts of protein N in previous year needles in
spring nor increased amounts in fall. Therefore, we propose that N storage in roots of silver firs plays
a major role, as previously observed for the evergreen Nothofagus fusca [99].

5. Conclusions

At sufficient water availability, beneficial effects of silver-fir on the N nutrition of beeches might
be restricted to sites with low N supply, where an increase in soil available N would increase the
nutritional status of the trees. Additionally, in future studies a closer interrelation of soil and tree
analyses would improve the assessment of dependencies of the alteration of plant and soil parameters.
In the present study, the analyses of soil parameters remained only at a descriptive level.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/12/733/s1,
Table S1: δ13C signatures and N partitioning of the previous year leaves/needles sorted by site, season and ID,
Table S2: δ13C signatures and N partitioning of the current year leaves/needles sorted by site, season and ID,
Table S3: δ13C signatures and N partitioning of the roots sorted by site, season and ID, Table S4: Net N uptake
capacities of beech and fir roots sorted by site, N source, season and ID, Table S5: Basic climate, vegetation, and
soil properties of the investigated field sites, Table S6: Correlation between pure beech plant parameters and soil
parameters in fall, Table S7: Correlation between mixed beech plant parameters and soil parameters in fall, Table
S8: Correlation between N uptake capacities of pure and mixed beech stands in fall, Table S9: Packages used in
statistical analysis in R.
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Abstract: Cultivated bamboos are occasionally subjected to cold stress in winter, and silicon could
improve their cold tolerance. However, evidence of the effect of Si on bamboos is still limited.
Therefore, a batch and pot experiment was conducted for six months to investigate the effects of
different Si fertilizer application rates (0, 0.5, 1.0, 2.0, 4.0, and 8.0 g kg−1 of soil weight) on the
physiological responses and photosynthesis parameters of Phyllostachys praecox under a simulated
cold stress condition. The cold temperature was set to 5 ◦C, 0 ◦C, and −5 ◦C, successively. The bamboo
biomass increased significantly when the Si amendment rate was at least 2.0 g kg−1 (P = 0.002),
and the highest biomass increase and root-to-canopy ratio were obtained with the 4.0 g kg−1 Si
amendment. Furthermore, the Si contents in all organs of the bamboos increased with the increase
of the Si amendment rate. The highest content of Si among the other organs was observed in the
leaf, and the content was 68.95 mg kg−1 with the treatment of 4.0 g kg−1. With the application of Si,
the photosynthesis rate of bamboo leaves was significantly increased (P = 0.008). The Si-amended
bamboo exhibited a cold tolerance that was associated with stimulating antioxidant systems, and the
enzyme activities of superoxide dismutase, peroxidase, and catalase increased with the increase of the
Si amendment rate, whereas the malondialdehyde content and cell membrane permeability decreased
with all Si treatments. A low temperature of −5 ◦C exerted effects on the bamboo leaf chloroplasts,
but the ultrastructures of the chloroplasts remained intact after Si treatment. These findings suggest
that Si fertilizer enhances bamboo growth and the tolerance of bamboo plants to cold stress. However,
a high application rate (8.0 g kg−1) caused a decline in the bamboo biomass, compared to T4. Thus,
a Si fertilization rate of 2.0~8.0 g kg−1 is recommended for bamboos under cold conditions.

Keywords: bamboo forest; cold stress; physiological response; silicon fertilization

1. Introduction

Silicon is not a necessary element for higher plants, but it is essential for obtaining a high
and sustainable yield for Poaceae crops. Si promotes the growth of various plants, especially those
under abiotic and biotic stress conditions [1]. It is efficient in alleviating abiotic stresses, including
salt stress, metal toxicity, drought stress, radiation damage, nutrient imbalance, high temperature,
and freezing [2–9]. Previous studies have suggested that the following possible mechanisms underlie
the Si-enhanced resistance of plants to abiotic stress: Stimulating antioxidant systems [10–13], reducing
the transpirational bypass flow [14], reducing malondialdehyde (MDA), and improving root traits and
the photosynthetic rate [15].

Cold stress is an abiotic stress that causes severe damage to membranes [16], and an increase in
reactive oxygen species (ROS) in plants caused by freezing as well as increased lipid peroxidation, arising

Forests 2019, 10, 405; doi:10.3390/f10050405 www.mdpi.com/journal/forests156



Forests 2019, 10, 405

from the accumulation of ROS, are the major causes of membrane damage. MDA is a harmful lipid
peroxidation product, which could reflect the extent of oxidative damage [17]. Under an ROS burst,
superoxide dismutase (SOD) constitutes the first line of defense against ROS [18]. The activity of SOD has
marked positive effects on the antioxidant capacity of plants. Peroxidase (POD) is generally considered
to be a merely ROS-detoxifying enzyme [19]. Catalase (CAT) is a specific enzyme that catalyzes the
dismutation of H2O2 into O2 and H2O, preventing the damaging effects of H2O2 accumulation and
protecting cells from oxidative stress [20]. Silicon has been shown to ameliorate the damage of cold stress
on plants. Liu et al. [21] found that Si addition increased antioxidant activities and decreased the MDA
of Cucumis sativus cv. under chilling stress. Zhan et al. [22] also showed that Si amendment alleviates
chilling stress in D. brandisii plantlets, exhibiting increased CAT and SOD activities and decreased
MDA. Moreover, Si forms deposits and undergoes polymerization, forming “phytoliths” in cells and
intercellular spaces [23,24]. The strength and rigidity of the tissues improves [25], and thus cold tolerance
is enhanced. Several researchers concluded that Si not only acts as a physical or mechanical barrier in
plants but is also involved in metabolic and physiological activities [26].

Despite the wealth of information on the beneficial effects of Si on plants, the mechanisms
underlying Si-mediated alleviation under freeze stress remain poorly understood. Phyllostachys praecox
is among the bamboos with edible shoots in the region of Southeast China. This bamboo species has a
high yield and plays an important role in the local economy. Accordingly, its sustainable production is
essential for farmers. However, it is subjected to low temperatures and freeze stress in winter and often
shows poor growth. Zhou et al. [27] reported that the ice damage rate of typical subtropical forests
varied between 25% and 81%. A previous study found that the shoot output decreased by 32% per
hectare in 2008 [28], and the bamboo freeze injury index of Lin-an City was 51% in 2016 [29]. Thus,
measures to mitigate low-temperature stress are beneficial for bamboo production. Graminaceous
plants absorb much more Si than other species [30]. Similar to many Poaceae species, bamboos
accumulate Si, which may alleviate stress at low temperatures and freeze stress. However, Si uptake
and accumulation in P. praecox, and the effect of Si on the resistance of P. praecox to low temperatures,
have not been studied. Therefore, this study aimed to (1) investigate how Si amendment to P. praecox
affects Si accumulation, (2) elucidate the relationship between Si content and P. praecox growth, and (3)
explore the mechanism underlying the enhanced resistance of plants to low temperatures, after Si
addition, by performing a plant physiological indicator analysis.

2. Materials and Methods

2.1. Bamboo and Soil

P. praecox is a bamboo that is mainly cultivated in Lin-an City (30◦16′24.58” N, 119◦35′14.59” E),
with intensive management. Bamboos usually grow from seeds, underground rhizomes, or P. praecox
flowers in the study site, but they do not form seeds, and they extend through the underground
rhizome. Therefore, we selected bamboo rhizome for our pot experiment. The length of rhizomes was
approximately 200 mm, their diameter was approximately 10 mm, and their weight was approximately
300 g. The rhizome sprouts of P. praecox were excavated in 2015 from the bamboo field and cultured in a
greenhouse. Before the pot experiment, rhizome sprouts with similar sizes and weights were incubated.

Soil (0–25 cm) in the pot experiment was collected from the bamboo garden in Zhejiang Agriculture
and Forestry, Lin-an City, ZheJiang Province, China. The soil type was classified as Ultisol. The soil
basic physicochemical properties were as follows: pH, 5.31; available Si, 43.51 mg kg−1; soil organic
matter, 16.8 g kg−1; soil total nitrogen, 769 mg kg−1; available potassium, 25 mg kg−1; hydrolyzed
nitrogen, 81.62 mg kg−1; and available phosphorus, 68.5 mg kg−1. The soil sample was air-dried,
passed through a 2 mm mesh sieve, and, for the improvement of the soil structure, sieved soils were
mixed with perlite (bamboo rhizomes prefer soil that is loose and permeable and are easily damaged
under hypoxia conditions, so perlite can increase the permeability of soil, which is beneficial for the
growth of bamboo) in a 3:1 ratio (volume volume-1) for the pot experiment.
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2.2. Bamboo Pot Experiment

The bamboo pot experiment was conducted in 2016 in the greenhouse in Zhejiang Agriculture
and Forestry, China. The light transmittance rate in the greenhouse was 88%, and the temperature
ranged from 20 to 28 ◦C, which was suitable for bamboo growth. The height of the experimental
plastic pots was 250 mm, and the diameter of the pots was 300 mm. Each pot had five holes for
drainage in the bottom and was filled with 3 kg of soil. The experiment involved six treatments,
with Si fertilizer application rates of 0, 0.5, 1.0, 2.0, 4.0, or 8.0 g kg−1, marked as T0, T0.5, T1, T2,
T4, and T8, respectively. Each treatment had 20 pots, and four bamboos were planted in each pot.
The photosynthesis parameters (photosynthesis rate, water use efficiency, CO2 of intercellular space,
and stomatal conductance) of the bamboo leaves were measured every month. After six months,
five bamboo pots from each treatment were randomly selected for biomass measurement. The root,
rhizome, leaf, and stem of the bamboo plant were collected for further analysis. The root-to-canopy
ratio was calculated by the underground biomass and overground biomass, and the equation was:

root− to− canopy ratio =
underground biomass
overground biomass

. (1)

Low Temperature Incubation

Three bamboo pots (bamboos in pots were basic, with the same height and ground diameter)
were chosen randomly from every treatment for further incubation. The three bamboo pots from each
treatment were divided into three culture boxes, and the temperature of the three culture boxes was
set to 5, 0, and −5 ◦C. A total of 18 bamboo pots were cultured for three days under the specified
temperatures. After the three types of temperature treatments (5, 0 and −5 ◦C), the functional leaves of
bamboo were collected for plant physiological analysis.

2.3. Si in Plant Measurement

The excavated bamboo was washed and divided into root, leaf, stem, and rhizome. It was then
soaked in 0.5 M HCl for 20 s, followed by three to four rinses in distilled water, and then dried to
stable weight at 65 ◦C. After being dried, the bamboo samples were ground and passed through a
0.25 mm mesh sieve for Si measurement. The samples were then microwave digested in a mixture
of 3 mL of 62% (w w−1) HNO3, 3 mL of 30% (w w−1) hydrogen peroxide, and 2 mL of 46% (w w−1)
hydrofluoric acid (HF), and the digested sample was diluted to 100 mL with 4% (w v−1) boric acid.
The Si concentration in the digested solution was determined by the colorimetric molybdenum blue
method at 600 nm [31].

2.4. Photosynthesis Parameter Measurement and Physiological Indicator Analysis

For the photosynthesis parameter measurement, three sunlight-exposed leaves of each bamboo plant
were measured, two bamboo plants were measured in a single pot, and three pots were measured per
treatment. The photosynthesis rate (Pn, μmol CO2•m−2 s−1), transpiration rate (Tr, mmol H2O•m−2 s−1),
water use efficiency (WUE, μmol CO2•mmol−1 H2O), CO2 of intercellular space (Ci, μL•L−1), and
stomatal conductance (Gs, mmol•m−2 s−1) of the bamboo functional leaves were measured using a
GFS-3000 (WALZ, Effeltrich, Germany). During the measurement, the environmental condition was set
at a sunlight intensity of 1300 μmol•m−2•s−1, ambient CO2 concentration of 400 ± 20 μmol•m−2•s−1,
and leaf temperature of 25 ± 1 ◦C [32].

After three days of low-temperature incubations at 5, 0, and −5 ◦C, the SOD, POD, CAT, MDA,
and cell membrane permeability (CMP) activities of the leaves were measured by the nitroblue
tetrazolium reduction [33], guaiacol colorimetric [34], ultraviolet absorption [35], thiobarbituric
acid [36], and electric conductivity methods, respectively [37].

158



Forests 2019, 10, 405

2.5. Observation of Bamboo Leaf Chloroplast Ultrastructure

Mature bamboo leaves of the T0 and T4 treatments were collected from the −5 ◦C culture boxes
and cut into small pieces (1 mm × 1 mm). The T0 and T4 treatments were chosen, because T0 had
no Si amendment, and T4 showed the highest leaf biomass among all treatments. We hypothesized
that T4 could exhibit a better visual expression than the other treatments. The chosen section was
located in the middle of the leaf, at 1 cm from the main vein. Small pieces of these leaf materials were
immersed in 4% (m m−1) glutaraldehyde overnight at 4 ◦C, thoroughly rinsed with 0.1 M phosphate
buffer (pH 7.0), and fixated with 1% (m m−1) osmium acid for 14 h at −4 ◦C. Then, the samples were
sequentially immersed in 50% alcohol for 15 min, 70% alcohol for 15 min, 80% alcohol for 15 min
(2 times), 90% alcohol for 15 min (2 times), 95% alcohol for 15 min (2 times), 100% alcohol for 10 min
(2 times), and 100% acetone for 10 min (2 times). Finally, the samples were embedded in molds with
epoxy resin (Epson 812) at 60 ◦C for 24 h. Ultrathin sections were stained by uranyl acetate and lead
citrate and observed under a microscope (XSP-8CA, Shanghai, China). Cell photomicrographs were
taken by transmission electron microscopy (JEM-1200EX, Tokyo, Japan) [38].

2.6. Data Analysis

The study was carried out in a completely randomized design. The SOD, POD, and CAT activity,
CMP and MDA concentration, photosynthesis parameters (photosynthesis rate, water use efficiency, CO2

of intercellular space, and stomatal conductance) in the plant leaves, biomass, and root-to-canopy ratio
were examined statistically by an analysis of the variance and means of three replicates were subjected to
Duncan’s test at a 5% probability level using IBM SPSS Statistics 20.0 (SPSS Inc., Chicago, IL, USA).

Furthermore, a multiple regression analysis was adopted. The relationship between the Si content
in the plant and the amended rate can be described by the following equation:

Y = ax2 + bx + c (2)

where Y is the Si content in bamboo, x is the Si content amended in the pot, and a, b, and c are the
parameters for the equation.

The relationship between the Si amendment and enzyme content under −5 ◦C treatment could
also be described by Equation (2), where Y is the SOD, POD, and CAT activity and MDA concentration
in the bamboo leaves, and x is the Si content amended in the pot. Correlation coefficients and multiple
regression coefficients were calculated using Microsoft Excel.

3. Results

3.1. Bamboo Biomass Change with Si Amendment

The bamboo biomass increased significantly when the Si amendment rate was above T2, after six
months of incubation (Figure 1) (P = 0.002). However, no significant difference was found in the
T2, T4, and T8 treatments (P > 0.05). The high rate of Si amendment (T8) led to a slight decline in
biomass, compared to T4. Similarly, the root-to-canopy ratio showed the same trend as the biomass
ratio increased. T4 had the highest biomass increase and root-to-canopy ratio among the treatments.
These results indicated that Si amendment improves bamboo growth under low temperatures.
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Figure 1. Bamboo biomass change after Si amendment. Values followed by the same letter(s) are not
significantly different at P < 0.05, according to Duncan’s multiple range tests. The measurements were
taken after six months of Si application at room temperature.

3.2. Si Content in Bamboo Plants

The Si contents in the leaf, stem, rhizome, and root of the bamboos increased with the increase of
the amendment rate (Table 1). In the leaves, the highest Si content was 68.95 mg kg−1, which occurred
in T4. In the stem, rhizome, and root, the highest Si contents were all observed in T8. Relatively, the Si
content in the leaf was higher than in the stem, rhizome, or root. The Si content in the bamboo plant
body can be arranged as follows: leaf > stem > rhizome > root. The results also showed that the
total Si content in the bamboo was closely related to the Si amendment rate. Table 2 shows that the
Si content in all bamboo organs could be well fitted by the equation, and the equations for the leaf,
stem, rhizome, and root were y = −1.2901x2 + 15.311x + 26.607, y = −0.3743x2 + 4.5539x + 10.923,
y = −0.1309x2 + 1.5841x + 3.2716, and −0.1003x2 + 1.5574x + 3.1215, respectively. All R2 values were
above 0.95. The maximum values of the leaf, stem, rhizome, and root biomass were obtained at 5.93,
6.08, 6.05, and 7.76 mg kg−1, respectively. This result suggests that bamboo had a maximal Si uptake,
regardless of the Si amendment rate.

Table 1. Si content in bamboo parts with various Si treatments (mg kg−1). Data are the means ± SD of
three replicates. Different letters in the same column indicate significant differences, based on Duncan’s
multiple range tests at the 0.05 level. The measurements were taken after six months of Si application
at room temperature.

Treatment Leaf Stem Rhizome Root

T0 27.77 ± 4.70 a1 11.18 ± 1.53 a 3.50 ± 0.72 a 3.07 ± 0.99 a
T0.5 31.93 ± 3.68 a 11.35 ± 1.40 a 3.31 ± 0.81 a 3.69 ± 1.18 a
T1 43.19 ± 3.25 b 16.71 ± 4.37 ab 4.82 ± 0.95 a 5.33 ± 0.71 b
T2 48.88 ± 2.13 b 18.88 ± 3.69 b 5.64 ± 1.10 ab 6.14 ± 0.74 bc
T4 68.95 ± 10.11 c 22.60 ± 3.71 c 7.92 ± 2.51 bc 7.16 ± 1.11 c
T8 66.26 ± 9.20 c 23.50 ± 5.57 c 9.13 ± 3.25 c 7.63 ± 1.19 c

Table 2. Parameters for the equation for the Si content in the bamboo plant and the Si-amended plant.
Significant differences were based on Duncan’s multiple range tests at the 0.05 level.

a b c R2 P

Leaf −1.290 15.31 26.61 0.9828 0.003
Stem −0.3743 4.554 10.92 0.9566 0.009

Rhizome −0.1003 1.557 3.122 0.9789 0.003
Root −0.1309 1.584 3.272 0.9585 0.008
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3.3. Photosynthesis Parameters

As shown in Table 3, with Si amendment, the photosynthesis rate (Pn) of the bamboo leaves increased
linearly, from 7.03 μmol CO2• m−2 s−1 to 11.89 μmol CO2• m−2 s−1, and Pn increased significantly
when the Si amendment rate was above 4.0 g kg−1 (P = 0.008). However, the bamboo transpiration rate
(Tr) was significantly reduced, from 3.74 mmol H2O•m−2 s−1 to 1.93 mmol H2O•m−2 s−1 (P = 0.001).
The WUE increased from 2.80 μmol CO2•mmol−1 H2O to 7.39 μmol CO2•mmol−1 H2O, and it increased
significantly when the Si amendment rate was above 4.0 g kg−1 (P = 0.01). The CO2 concentration of the
intercellular space and stomatal conductance showed no significant difference with all the Si amending
treatments (P > 0.05).

Table 3. Photosynthesis parameters of the bamboo leaf with various treatments. Data are the
means ± SD of three replicates. Different letters in the same column indicate significant differences,
based on Duncan’s multiple range tests at the 0.05 level. The measurements were taken after six months
of Si application at approximately 25 ◦C.

Treatment
Photosynthesis Rate

(Pn)
(μmol CO2•m−2 s−1)

Transpiration Rate
(Tr)

(mmol H2O•m−2 s−1)

Water Use Efficiency
(WUE)

(μmol CO2•mmol−1

H2O)

CO2 of Intercellular
Space

(Ci)
(μL L−1)

Stomatal
Conductance

(Gs)
(mmol•m−2 s−1)

T0 7.03 ± 2.69 a 3.74 ± 1.26 a 2.80 ± 1.83 a 224.33 ± 45.89 a 109.0 ± 14.91 a
T0.5 7.01 ± 0.65 a 2.64 ± 0.89 b 2.38 ± 0.58 ab 240.62 ± 40.19 a 99.4 ± 28.6 a
T1 8.11 ± 3.97 ab 2.5 ± 0.32 b 3.84 ± 1.58 ab 241.12 ± 45.21 a 97.63 ± 12.83 a
T2 9.57 ± 2.6 abc 2.58 ± 0.89 b 3.94 ± 1.17 ab 240.19 ± 47.57 a 111.07 ± 30.65 a
T4 10.11 ± 2.55 bc 2.27 ± 0.6 b 4.55 ± 1.12 b 228.47 ± 19.73 a 103.96 ± 17.01 a
T8 11.89 ± 1.63 c 1.96 ± 0.75 b 7.39 ± 3.79 c 230.99 ± 37.23 a 118.7 ± 38.06 a

3.4. Physiological Indicators Treated with Low Temperature

Figure 2 shows that the SOD activity was significantly higher at 0 ◦C than at 5 ◦C and −5 ◦C
(P = 0.001). With Si amendment, the SOD activity increased with all temperature treatments and was in
the order of T8 > T4 > T2 > T1 > T0.5. As shown in Figure 3, the low temperature of −5 ◦C significantly
reduced the POD activity of the bamboo leaves (P = 0.001). The Si amendment increased the POD
activity of leaves at various temperatures, and no significant difference was found at 5 ◦C (P > 0.05).
At 0 ◦C and −5 ◦C, the POD significantly increased with the increasing rate (P = 0.007, P = 0.002).
Similarly, with no more than 8 g kg−1 application rates, the SOD and CAT activity of the bamboo leaves
increased with the increasing Si amendment (Table 4). The highest CAT activity was recorded at −5 ◦C
with all Si treatments (Figure 4). Unlike the SOD and CAT, the Si amendment decreased the MDA
concentration (Figure 5). The highest MDA concentration was recorded at −5 ◦C. At 0 ◦C and −5 ◦C,
the MDA significantly decreased with the increasing rate (P = 0.01, P = 0.002) (Table 4). The CMP of the
bamboo leaves increased with the decreasing temperature (Figure 6). The Si amendment could reduce
the CMP at various temperatures, and the CMP decreased significantly when the Si amendment rate
was above 2.0 g kg−1 at −5 ◦C (Figure 1) (P = 0.001).

Table 4. Parameters for the equation for the Si amendment and enzyme content at −5 ◦C. Significant
differences were based on Duncan’s multiple range tests at the 0.05 level. SOD, superoxide dismutase;
POD, peroxidase; CAT, catalase; MDA, malondialdehyde.

a b c R2 P

SOD −1.783 23.266 633.6 0.89389 0.016
POD −0.7196 9.935 112.1 0.96943 0.002
CAT −0.3301 6.390 27.49 0.98354 9.82 × 10−4

MDA 0.05001 −1.202 27.95 0.97371 0.002
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Figure 2. Effect of Si amendment on the SOD activity of leaves at various temperatures. Data are the
means ± SD of three replicates. Different letters at the same temperature indicate significant differences,
based on Duncan’s multiple range tests at the 0.05 level (the same hereinafter). SOD, superoxide
dismutase. SOD activities were measured after three days of low-temperature incubations at 5 ◦C, 0 ◦C,
and −5 ◦C (the same hereinafter).

Figure 3. Effect of Si amendment on the POD activity of leaves at various temperatures. POD, peroxidase.

Figure 4. Effect of Si amendment on the CAT activity of leaves at various temperatures. CAT, catalase.
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Figure 5. Effect of Si amendment on the MDA concentration of leaves at various temperatures.
MDA, malondialdehyde.

Figure 6. Effect of Si amendment on the cell membrane permeability of leaves at various temperatures.

3.5. Effect of Si Amendment on Bamboo Leaf Chloroplast Ultrastructure

Figure 7 shows that the low temperature of −5 ◦C exerted a significant effect on the bamboo
leaf chloroplast. The chloroplast swelled to a circular shape and separated with the cell membrane.
Even worse, the chloroplast membrane ruptured, and the grana disintegrated, while some dissolved.
The osmiophillic number increased, and some small vesicles were found in the cell matrix (Figure 7A,B).
The chloroplast showed an intact ultrastructure with Si treatment (Figure 7C,D) and came in close
contact with the cell membrane. The membrane of the chloroplast was distinct and full. The application
of Si prevented low-temperature stress in the bamboo leaf chloroplast and decreased the degree of
damage affecting bamboo growth.
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Figure 7. Effect of Si amendment on the chloroplast ultrastructure of bamboo leaves at −5 ◦C (A)
15,000×, chloroplast of control; (B) 40,000×, chloroplast of control; (C) 15,000×, chloroplast of Si treatment;
(D) 40,000×, chloroplast of Si treatment). Os: Osmiophile globule; Cw: cell wall; V: vacuole; Ch:
chloroplast; G: Granum; N: nucleus; Sg: starch grain. The ultrastructure of bamboos leaves (T0 and T4)
were observed after three days of −5 ◦C temperature incubations.

4. Discussion

Temperature determines the distribution of bamboo [28,39,40], and P. praecox is usually subjected
to low temperatures. Thus, Si amendment has been considered one of the best methods to mitigate
low-temperature stress in P. praecox, because Si is beneficial for bamboo growth [41,42].

The results of this study indicate that Si amendment significantly improves the bamboo
root-to-canopy ratio (P = 5 × 10−4), which indicate that the growth of underground organs increased,
such that bamboo roots easily absorbed nutrients and water from the soil. Moreover, Si increased the
total biomass of bamboo and especially accumulated in bamboo leaves, which was beneficial for the
bamboo growth and enhanced the cold tolerance of bamboo. In our findings, Si significantly increased
the photosynthesis rate of bamboo leaves (P = 0.008) and the ultrastructures of the chloroplasts,
which was consistent with Detmann et al. [43]. Moreover, Si improved the leaf thickness and surface
area of chloroplasts. In addition, Si improved the erectness of leaves, so as to indirectly improve the
whole-plant photosynthesis [44]. The WUE increased significantly with Si amendment (P = 0.01) due to
increased photosynthesis and reduced water Tr. The stomatal conductance and mesophyll conductance
were limitations to the photosynthetic capacity of leaves [45], but there was no significant difference
of stomatal conductance in all the Si amending treatments (P > 0.05), which suggested that stomatal
produce posed a less significant limitation on photosynthesis. However, the high application rate of Si
fertilization may have adverse effects on bamboo growth. Active and passive Si uptake both existed in
plants, and in the passive process, the supply of silicon in the bamboo depends on the availability of
Si(OH)4 in the soil of their growth area and the rates of water uptake and evaporation [42]. When too
much silicon accumulated in the bamboo, the transpiration rate significantly decreased (P = 0.001),
and the passive process decreased, which caused the decrease in biomass. Thus, Si fertilization is an
effective measure for improving the tolerance of bamboos to cold stress, and a Si fertilization rate of
2.0~8.0 g kg−1 is recommended for bamboo growth.
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The increased growth was closely related to the stimulation in the enzymatic antioxidant
system under cold stress. ROS, including superoxide (O2•−), H2O2, and hydroxyl radicals (OH•),
were generated in the plants due to environmental stresses [46,47]. Chloroplasts are the major sites for
ROS generation, and oxygen generated in the chloroplasts during photosynthesis can accept electrons
passing through the photosystems, thus forming O2•− [48]. When plants were exposed to cold stress
factors, an excessive accumulation of ROS could result in oxidative damage to plant tissues [49–51].
Moradtalab et al. [52] suggested that the major effect of Si on improving the cold tolerance of plants
is the mitigation of oxidative stress. Therefore, cold stress resistance is associated with an enhanced
antioxidative defense system, which includes antioxidant compounds and several antioxidative
enzymes. In our study, Si application stimulated the SOD, POD, and CAT activity of bamboo leaves
at various temperatures. Moreover, the content of SOD, POD, and CAT activity increased with the
increase of the Si application rate. SOD is the major O2•− scavenger, and its enzymatic action results
in H2O2 and O2 formation. Since H2O2 can diffuse directly across the membrane, H2O2 produced
in chloroplasts, mitochondria, and other organelles can also diffuse into the peroxisomes and be
scavenged by CAT [53]. The lowest POD content was observed at −5 ◦C. A low content of H2O2 in
plant cells is removed by POD. When the H2O2 content is very high, CAT is mainly responsible for
its removal [54]. Temperature stress results in an increase in the MDA content [55]. Therefore, a low
temperature of −5 ◦C increased the MDA content of bamboo leaves, and the decreased MDA and CMP
content indicated that the stability of the cell membrane was improved, the CMP was decreased, and the
membrane lipid peroxidation was alleviated, induced by the low temperature, which enhanced the
cold tolerance of the bamboos. Plants have developed an antioxidant system, including CAT, guaiacol
peroxidase (GPX), glutathione peroxidase (GSH-Px), and the ascorbate–glutathione cycle, to scavenge
ROS. The ascorbate–glutathione cycle, including glutathione (GSH), ascorbate (AsA), and related
enzymes, such as glutathione reductase (GR) and dehydroascorbate reductase (DHAR), is an important
way to scavenge the toxic products in chloroplasts and other non-photosynthetic tissues [56]. Our study
did not examine the dynamic changes of GR and DHAR, but showed that the antioxidant enzymes of
SOD, POD, and CAT were stimulated by Si addition under cold conditions. In addition, under a low
temperature, the morphological structures of organelles change, along with the damaged chloroplasts
and starch granules [57]. In our study, the shape of chloroplasts was improved by Si amendment,
and the chloroplast membranes were stabilized. Our results supported previous studies that found
that, under cold stress, Si amendment enhanced oxidative defense systems and the chlorophyll content,
and reduced the absolute electrolyte leakage quantity of corn plantlets [21,22,58,59]. These results
indicate that Si enhances the resistance of plants to cold stress. In addition, further field studies should
be conducted to test the effects of silicon in improving bamboo cold tolerance. Our low temperature
treatment was not conducted for as long as the field situation required, and our study of the mechanism
of Si-mediated cold stress needs further development.

The mechanism of Si in improving bamboo cold tolerance was as follows: (1) Si improves the
bamboo biomass, the Si content in bamboo leaves, the chlorophyll content, and the ultrastructure
of chloroplast, which was beneficial in increasing the photosynthesis rate. (2) Antioxidant systems
are stimulated by Si, and play an important role in alleviating the peroxidation damage induced by
cold stress.

5. Conclusions

Our results show that Si application improved the growth of P. praecox and increased the biomass,
root-to-canopy ratio, and Pn of bamboo leaves. The method of soil Si amendment was effective in
alleviating cold stress in P. praecox. It resulted in an improved chloroplast and cell structure, increased
CAT, POD, and SOD activities, and decreased MDA and CMP levels. These findings suggest that Si is
beneficial for bamboo growth, although a high rate of application (8 g kg−1) may have adverse effects
on bamboo growth, so we recommended a Si fertilization rate range of 2.0~8.0 g kg−1, and Si fertilizer
enhances the tolerance of bamboo plants to cold stress. Accordingly, Si fertilization is recommended
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for bamboos under cold conditions. Furthermore, more field studies need to be conducted to test the
practical application of these findings.
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Abstract: Populus euphratica Oliv. is a model tree for studying abiotic stress, especially salt stress
response. Salt stress is one of the most extensive abiotic stresses, which has an adverse effect on
plant growth and development. Salicylic acid (SA) is an important signaling molecule that plays
an important role in modulating the plant responses to abiotic stresses. To answer whether the
endogenous SA can be induced by salt stress, and whether SA effectively alleviates the negative
effects of salt on poplar growth is the main purpose of the study. To elucidate the effects of SA
and salt stress on the growth of P. euphratica, we examined the morphological and physiological
changes of P. euphratica under 300 mM NaCl after treatment with different concentrations of SA.
A pretreatment of P. euphratica with 0.4 mM SA for 3 days effectively improved the growth status
of plants under subsequent salt stress. These results indicate that appropriate concentrations of
exogenous SA can effectively counteract the negative effect of salt stress on growth and development.
Subsequently, transcripts involved in salt stress response via SA signaling were captured by RNA
sequencing. The results indicated that numerous specific genes encoding mitogen-activated protein
kinase, calcium-dependent protein kinase, and antioxidant enzymes were upregulated. Potassium
transporters and Na+/H+ antiporters, which maintain K+/Na+ balance, were also upregulated after
SA pretreatment. The transcriptome changes show that the ion transport and antioxidant enzymes
were the early enhanced systems in response of P. euphratica to salt via SA, expanding our knowledge
about SA function in salt stress defense in P. euphratica. This provides a solid foundation for future
study of functional genes controlling effective components in metabolic pathways of trees.

Keywords: Populus euphratica; salt stress; salicylic acid; malondialdehyde; differentially
expressed genes

1. Introduction

Plants are exposed to multiple environmental stresses such as salinity, drought, and extreme
temperatures that are harmful to plants. In particular, salinity stress, which usually occurs in arid and
semi-arid regions, severely affects plant growth and development throughout the world [1]. Many
studies confirm the inhibitory effect of salt stress on physiological and biochemical processes, which
inhibits photosynthesis and destroys cell membranes. The question of how stressed plants can diminish
the deleterious effects of salt stress has drawn a lot of attention. Salicylic acid (SA) is a naturally
synthesizing endogenous signaling molecule that activates plant growth and defense responses to
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systemic acquired resistance (SAR) and biotic resistance [2–5]. It was first discovered to be a plant
immune signal, produced by a pathogen challenge to induce SAR. SA exhibits a very broad-spectrum
defense against reinvasion of pathogens and has been widely investigated due to its functions in plant
immunity against diseases or biotic resistance [6]. The accumulation of endogenous SA can induce the
expression of pathogenesis-related genes, by imitating endogenous phenolic signaling molecules and
activating the development of SAR, thereby increasing resistance of plants [7]. In addition to biotic
resistance, an increasing number of studies indicate that SA may modulate abiotic tolerance and have
potential functions in response to plant salinity resistance. SA could generate a wide range of metabolic
and physiological responses in plants by affecting their growth and development. For example, foliar
SA application has been reported to markedly promote growth and relative water content and reduce
electrolyte leakage of cucumber plants grown under salt stress [8,9]. During salt stress, SA can also
improve sunflower growth and photosynthesis [10]. However, the effective concentration of SA to
alleviating salt damages depends on the plant species, genotypes, developmental stages, and tissue
types. To date, the abiotic tolerance response mechanism of SA, especially in trees, still needs to be
elucidated. Further studies are needed to determine the function of SA in abiotic tolerance, and the
early response genes to SA and investigate whether abiotic stress can increase the levels of endogenous
SA and how the SA signaling pathway is involved in abiotic stress response.

Populus euphratica Oliv. is a special poplar species found in saline and semi-arid desert regions
extending from western China, through the Middle East and Central Asia, to North Africa [11,12].
Being the only arboreal species in the largest shifting sand desert in the world [13], P. euphratica has
the ability to adapt to hostile and extreme environmental stresses, especially salt, which makes it a
model species for elucidating mechanisms of abiotic stress resistance in trees [14]. Research on the
mechanism of resistance in P. euphratica should greatly contribute to the cultivation of woody plants
and the protection of P. euphratica germplasm resources [15–17]. Previously, scientists completed
the whole-genome sequencing of P. euphratica and obtained dozens of salt stress responsive genes
in this species [18]. However, whether SA influences or participates in the abiotic stress response of
P. euphratica remains to be elucidated.

In view of the above description, the main purpose of this study was to determine whether
endogenous SA could be induced under salt stress in P. euphratica, and whether exogenous SA could
effectively alleviate the negative effects of salt stress on plant growth. By studying the physiological,
biochemical parameters, and genomic transcriptional profile of SA-pretreated P. euphratica seedlings
under salt stress, the theoretical foundation for the expansion of abiotic stress response mechanism in
regions with high salinity was further established.

2. Materials and Methods

2.1. Plant Materials

The P. euphratica seeds were collected from the Inner Mongolia Autonomous Region of China.
The seeds were first sterilized and cultured in tissue-cultured plantlets for growth and propagation.
Then, they were transferred to plastic pots for 1 month in the greenhouse of Beijing Forestry University.
After that, seedlings with similar stem length and number of expanded leaves were selected and
grown hydroponically in half-strength Hoagland’s solution in a hydroponic box for another month.
The environment conditions were as follows: 16 h photoperiod, 25 ± 2 ◦C/18 ± 2 ◦C (day/night)
temperature, 250 μmol m−2 s−1 light intensity, and 65% ± 5% relative humidity. Each hydroponic box
dish contained 12 seedlings.

2.2. Quantification of SA after Salt Treatment

P. euphratica seedlings were divided into three groups, which were treated with 300 mM NaCl
solution for 0, 1, and 6 h, respectively. The salt-treated leaves were snap-frozen in a liquid nitrogen
environment and ground into a fine powder by vigorous vortexing. Approximately 50 mg of powder
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per tube was immediately weighed with a 1/10,000 balance weight. Afterward, 0.5 mL of extraction
solvent (dichloromethane, 99.9%) was added, followed by 50 μL of 0.2 ng μL−1 IH4 SA and 10 μL of
1 ng μL−1 D6 abscisic acid (ABA) as internal standards. The tubes were then placed on a shaker at a
speed of 100 rpm under 4 ◦C for 30 min. After centrifugation at 13,000 rpm for 5 min, two phases were
formed, and approximately 900 μL of the solvent from the lower phase was transferred for later use.
Finally, the samples were evaporated to dryness and dissolved in 0.1 mL methanol. The contents of SA
and ABA were determined using ultra performance liquid chromatography/tandem mass spectrometry
(UPLC-MS/MS) (Agilent 5500, Agilent Technologies Inc., Santa Clara, CA, USA), by injecting 50 μL
of sample solution into the reverse-phase C18 Gemini UPLC column. The area of peaks in the
chromatogram was quantified using MassHunter software (Agilent Technologies Inc., Santa Clara,
CA, USA).

2.3. Effects of SA and NaCl Treatment on Morphology and Physiology

To test the effects of SA treatments on P. euphratica growth, SA was dissolved in ethanol and
Tween-20 (0.1% dilute solution), and double-distilled water was added to obtain an SA mother liquor
concentration. We further divided the plants into four groups and cultured them in half-strength
Hoagland’s solution containing SA at concentrations of 0, 0.4, 1.0, and 2.0 mM. After 3 days, all the
seedlings were rinsed with distilled water to remove residual SA and then transferred to half-strength
Hoagland’s solution supplemented with 300 mM NaCl. The performances were recorded on the
3rd day after NaCl treatment. To clearly observe the effect of SA on alleviating salt stress from the
phenotype, we performed the same experiment using salt treatment on the 7th day of lethality during
phenotypic observation.

The chlorophyll contents of the leaves were measured using the Minolta Chlorophyll Meter
(SPAD-502, Konica Minolta, Osaka, Japan) in vivo. The seedlings growing under normal growth
condition were used as untreated control. Six random leaves of the upper, middle, and lower parts
of each plant were selected in the same position, and each leaf was measured thrice. At the end
of experiment, the leaves from three replications per treatment were harvested for fresh weight
(FW) determination.

2.4. Determination of Malondialdehyde (MDA) Content and Antioxidant Enzyme

The MDA contents were determined following the previously reported method [19,20]. The leaves
of seedlings (0.50 g) were homogenized in 10 mL of 10% (w/v) trichloroacetic acid (TCA) and then
centrifuged at 10,000 × g. Approximately 2 mL of 0.6% (w/v) thiobarbituric acid containing 10% (w/v)
TCA was added. The samples were heated for 30 min in a boiling water bath at 100 ◦C. The absorbance
of the supernatant was recorded at 532, 450, and 600 nm after the samples cooled. The MDA content
was calculated as follows: C (μmol g−1) = 6.45 × (A532 − A600) − 0.56 × A450. Peroxidase (POD)
activities were assayed according to Meloni et al. [21]. The activity of superoxide dismutase (SOD) was
determined according to the method described by Becana et al. [22]. Three replicate measurements
were made for each treatment, and the results were averaged.

2.5. Determination of K and Na Contents

After various treatments, the leaves of seedlings were dried in an oven at 70 ◦C to constant weight.
The dried samples were weighed and pulverized, and then digested at 260 ◦C with 2 mL of 30% H2O2

and 5 mL of H2SO4 in a microwave oven (CEM mars240/50, CEM Inc., Matthews, NC, USA). Then,
the samples were cooled and subjected to atomic absorption spectrometer (Varian, Spectraa-220) to
determine the concentrations of K and Na.

2.6. RNA Extraction, Library Preparation, and RNA Sequencing (RNA-seq)

Leaves of P. euphratica seedlings pretreated with 0 and 0.4 mM of SA solution were frozen in
liquid nitrogen immediately after harvest at 0 h and 6 h time points and stored at −80 ◦C for later use.
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Total RNA was extracted using RNAprep Pure Plant Kit (TIANGEN BIOTECH Co. Ltd., Beijing, China).
After extracting and treating the RNA with DNase I, we used Oligo (dT) to isolate mRNA (Messenger
RNA), which was further fragmented to synthesize cDNA by reverse transcription. After using the
Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA) and ABI StepOnePlus
Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) to quantify and qualify the sample
library, the cDNA library was sequenced using Illumina HiSeq 2000™ (Illumina, San Diego, CA, USA).

2.7. Processing of Sequence Data

The raw data for sequencing included low quality, linker contamination, and reads with unknown
base N content, which need to be removed prior to data analysis to ensure reliable results. We used
SOAPnuke (https://github.com/BGI-flexlab/SOAPnuke, The Beijing Genomics Institute, Shenzhen,
Guang Dong, China), a filter software developed by BGI company, to remove reads containing adaptor,
reads with unknown base N content greater than 5%, and low-quality bases (>20% of the bases with a
quality score ≤10). After filtering, the remaining reads were called “clean reads” and stored in FASTQ
(A format that stores biological sequences and corresponding quality assessments) format [23].

2.8. Mapping Reads to the P. euphratica Genome and Function Annotation

We used HISAT2 (http://www.ccb.jhu.edu/software/hisat, The Center for Computational Biology
at Johns Hopkins University, Baltimore, MD, USA) and Bowtie2 (http://bowtie-bio.sourceforge.net/
Bowtie2/index.shtml, The Center for Computational Biology at Johns Hopkins University, Baltimore,
MD, USA) to compare RNA-seq reads from control and treated samples with reference genomic
sequences of P. euphratica [24,25]. The abundance of transcripts was calculated using the RSEM method
of gene expression by mapping the transcript to RNA-seq reads and expressed as fragments per
kilobase of transcript per million mapped reads (FPKM) [25,26].

2.9. Differential Expression Analysis

To identify differentially expressed genes (DEGs) in SA-pretreated and non-SA-pretreated
salt-stressed P. euphratica leaves, we used the DEGseq method based on the Poisson distribution model
for differential gene detection [27]. To improve the accuracy of DEGs, we defined the false discovery rate
(FDR) ≤0.001 and log2 ratio ≥1 as thresholds to discriminate significant DEGs. The differential genes
were functionally classified by Gene Ontology (GO), using the Web Gene Ontology Annotation Plot
(WEGO) software package. The phyper function of the R software was used for enrichment analysis
with the threshold of FDR ≤0.001. Transcription factors (TFs) were predicted using HMMsearch
(http://hmmer.org, European Bioinformatics Institute, Cambridge, Cambs, England) [28].

2.10. Pathway Enrichment Analysis of DEG

Pathway enrichment analysis was based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg/, Kyoto University Bioinformatics Center, Sakyo ku,
Kyoto, Japan) and performed as described previously [14]. Q value was used for determining
the threshold of significance in multiple tests. Pathways with a Q value of ≤0.05 were considered
significantly enriched for DEGs.

2.11. Validation of DEGs through qRT-PCR (Quantitative Real-Time PCR)

To validate the reliability of RNA-seq experiments, we randomly selected eight functional DEGs
from RNA-seq results. Total RNA was extracted using P. euphratica leaves from the same three samples.
Reverse transcription was performed using FastQuant RT Kit with DNase (TIANGEN BIOTECH Co.,
Ltd., Beijing, China) to synthesize the first-strand cDNA. qRT-PCR was performed in an optical 96-well
reaction plate using the ABI PRISM 7500 real-time PCR system (Applied Biosystems). SuperReal
PreMix Plus SYBR Green (TIANGEN BIOTECH Co., Ltd., Beijing, China) was used in the experiments.
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Each reaction contained 12.5 μL of SYBR Premix ExTaq, 0.5 μL of ROX Reference Dye, 2.0 μL of cDNA
samples, and 1.0 μL of gene-specific primers, with a final volume of 25 μL. The thermal cycle program
used was as follows: 95 ◦C for 10 s, 45 cycles at 95 ◦C for 5 s, and 60 ◦C for 40 s. Real-time PCR data
were analyzed using the 2−ΔΔCT method [29].

2.12. Statistical Analysis

Statistical tests were performed with the SPSS software (version 20.0, SPSS Inc., Chicago, IL, USA).
Duncan’ test was used to analyze the data unless otherwise indicated. The means were compared on
the basis of p < 0.05.

3. Results

3.1. Increased SA Content in P. euphratica under Salt Stress

To illustrate the relationship between endogenous SA and salt stress, we evaluated the SA content
by UPLC-MS/MS after short-term salt treatment. Given that ABA has been shown to be involved in the
adaptation to environmental stresses, it was used as a reference phytohormone in the measurement.
UPLC- MS/MS was used for the quantitative profiling of SA and ABA contents in P. euphratica leaves.
Figure 1 shows the SA and ABA content results of a typical MRM chromatogram of internal standard
solution and sample under control calculated by Analyst® 1.5 software (Agilent Technologies Inc., Santa
Clara, CA, USA). Their internal standard is shown in Figure S1. For the quantitative analysis of SA and
ABA, their contents under salt treatment at different time points were calculated by comparing with
their internal standards. Our results showed that the levels of SA and ABA increased significantly at 1
and 6 h after application of 300 mM NaCl, respectively. The SA and ABA contents were approximately
200 and 100 ng/g FW− at 1 h, respectively, and both reached a concentration of about 350 ng/g FW−a at
6 h. This result indicated that the content of SA and ABA increased significantly during the first 6 h of
salt treatment, but the rate of SA increased was lower than that of ABA.

Figure 1. Content of endogenous plant hormones (ABA and SA) in P. euphratica leaf samples after
treated with 300 mM NaCl. Data represent the mean ± SD of three independent experiments. X axis
represents the treatment time of 300 mM NaCl. Y axis represents the content of endogenous plant
hormones. “FW” denotes fresh weight of plant sample. Asterisks indicate a significant hormonal
difference between control and salt-stressed plants (n = 3, ** p < 0.01,* p < 0.05, Duncan’ test).
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3.2. Morphological and Physiological Response of SA Treatment to Salt Tolerance of P. euphratica Seedlings

The general morphological traits of the plants at the end of the experiment are strongly dependent
on the treatment. To demonstrate the relationship between SA pretreatment and salt stress response
performance at the phenotypic and physiological level, we treated P. euphratica with SA concentration
gradients of 0, 0.4, 1, and 2 mM, followed by a 300 mM NaCl treatment. When treated with
300 mM NaCl for 3 days, the leaves of P. euphratica showed obvious curl and chlorosis (Figure 2b).
Most leaves of 0.4 mM SA-pretreated seedlings remained unfolded and green when treated with the
same concentration of NaCl (Figure 2c). However, when the SA concentration was increased to 1 mM,
the whole plant began to curl (Figure 2d). P. euphratica was treated continuously with 300 mM NaCl.
After 7 days of 300 mM NaCl treatment, the leaves of P. euphratica seedlings without SA treatment
withered (Figure 2e). Based on the phenotype, the 0.4 mM SA significantly alleviated the negative effect
of salt stress (Figure 2f). Although the leaves became curly, they still remained green. The seedlings
pretreated with 0.4 mM SA also displayed better performance than the seedlings treated with higher
concentrations (1 mM and 2 mM) of SA (Figure 2g–h), indicating that moderate SA treatment on the
phenotype could alleviate the damage caused by salt stress to P. euphratica.

Figure 2. Phenotypes of P. euphratica seedlings treated with SA and salt stress. (a) Seedling grown
under normal condition. (b) Seedling only treated with 300 mM NaCl for 3 d. (c) Seedling treated with
0.4 mM SA (3 d) + 300 mM NaCl (3 d). (d) Seedling treated with 1 mM SA (3 d) + 300 mM NaCl (3
d). (e) Seedling only treated with 300 mM NaCl for 7 d. (f) Seedling treated with 0.4 mM SA (3 d) +
300 mM NaCl (7 d). (g) Seedling treated with 1 mM SA (3 d) + 300 mM NaCl (7 d). (h) Seedling treated
with 2 mM SA (3 d) + 300 mM NaCl (7 d).

We further measured physiological indices of P. euphratica seedlings before and after salt treatment
with or without SA pre-application. Overall, 0.4 mM SA-pretreated seedlings exhibited less chlorosis
and relatively increased total FW after 3 days of salt stress treatment compared to the salt only treated
group. The total FW in the 0.4 mM SA + salt treatment group for 3 days was very close to the untreated
control, and it was 48.3%, 28.3%, and 30.8% higher than those in the salt treatment—1 mM SA + salt
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pretreatment, and 2 mM SA + salt pretreatment groups, respectively (Figure 3a). The chlorophyll
content in the 0.4 mM SA + salt treatment group was 29.9%, 28.3%, and 30.8% higher than those in the
salt treatment, 1 mM SA + salt pretreatment, and 2 mM SA + salt pretreatment groups, respectively
(Figure 3b). The phenotypic results were confirmed by MDA content measurement. As shown in
Figure 3c, the MDA content was reduced significantly in 0.4 mM SA-treated samples compared with
salt-treated and 1 or 2 mM SA-pretreated samples. Furthermore, a significant accumulation of MDA
(over three times higher) was observed in the 2 mM pretreatment + 300 mM NaCl treatment samples
compared with direct salt treatment, indicating that when the concentration of SA exceeded a certain
range, it would cause damage to the plants. The results showed that salinity caused membrane
damage to P. euphratica seedlings. The oxidative damage of plasma membrane was alleviated with
the addition of 0.4 mM exogenous SA, but not with 1 or 2 mM SA. Therefore, the application of
appropriate concentrations of exogenous SA could ameliorate membrane deterioration under salt
stress and facilitate the maintenance of membrane functions in P. euphratica.

Figure 3. Effects of SA on the chlorophyll, fresh weight, MDA, SOD, and POD in P. euphratica grown
under salt stress. (a) Chlorophyll content indicated by chlorophyll meter SPAD-502. (b) Fresh weight.
(c) Effects of application different concentrations of SA on the malondialdehyde (MDA) content of
P. euphratica grown under salt stress. (d) SOD (black) and POD (oblique line): activities of P. euphratica
grown under salt stress with or without different concentrations of SA pretreatment. (e) Na+ (black)
and K+ (oblique line): contents of leaves with different treatment. (f) K+/Na+ ratio with different
treatment. ST means salt treated, 0.4 mM SA+ST, 1.0 mM SA+ST and 2.0 mM SA+ST indicate different
concentrations of SA solution plus with subsequent 300 mM salt treatment, respectively. CK refers to
P. euphratica grown under natural conditions without any treatments. ST means P. euphratica treated
only with 300 mM NaCl. n mM SA+ST stands for P. euphratica which was pretreated with n mM SA and
then treated with 300 mM NaCl (n = 0.4, 1, 2). To determine significant differences between treatments,
Duncan’s Test was applied. Data indicate mean ± SE (n = 3). The different letters present on the column
indicate significant differences at p < 0.05.
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3.3. Antioxidant Enzyme and Ion Contents of P. euphratica under Salt Stress and SA Treatments

POD and SOD are crucial antioxidants that can scavenge reactive oxygen species (ROS). Thus,
we detected the activities of these two enzymes in P. euphratica seedlings before and after salt treatment
with or without SA pre-application. The results indicated that the activity levels of POD and SOD were
dramatically elevated in seedlings suffering salt stress in comparison to those growing under normal
growth conditions (Figure 3d). The SOD and POD activities in P. euphratica were also significantly
affected by SA pretreatment. SOD was increased more than threefold under the SA-pretreated
compared with the only salt-treated conditions, but the difference between the 0.4 mM SA + salt
treatment and the 1 or 2 mM SA + salt treatment groups was not significant (Figure 3d). In addition,
POD was increased by 92.1% (p < 0.05) and 48.6% under 0.4 or 1 mM SA +NaCl conditions, respectively,
compared with the only salt treated plants. However, when pretreated with 2 mM SA, the POD activity
of seedlings decreased to a level similar to that of seedlings treated only with salt (Figure 3d). The SOD
and POD activities of plants treated with 0.4 mM SA were both enhanced to a high level compared
with those of non-SA-treated plants under salt stress.

After 3 days of salt treatment, K+ content in leaves of P. euphratica seedlings was significantly
lower, while Na+ content was significantly higher than that of the control (Figure 3e). When pretreated
with 0.4 and 1 mM SA, K+ content increased significantly compared with only salt treated seedlings,
but it was still lower than that of control plants (Figure 3e). As for 2 mM SA pretreated seedlings, K+

content decreased to the lowest level while the Na+ content reached the highest level. The lowest Na+

content and the highest K+/Na+ were shown in 0.4 mM SA pretreated group (Figure 3 e–f). The results
showed that moderate concentration of SA pretreatment play an important role in the balance of K+

and Na+ in P. euphratica.

3.4. Analysis and Mapping to Transcriptome Sequencing

Leaves from non-SA-pretreated salt control and 0.4 mM SA-pretreated plants were sampled.
Their cDNAs were prepared and sequenced independently for three replicates. The cDNA libraries
were sequenced using Illumina HiSeq 2000™. Raw data were deposited in the National Center
for Biotechnology Information (NCBI) database under the accession number PRJNA503730. After
trimming of the sequencing reads containing low-quality, adaptor-polluted and ambiguous reads,
13.70 Gb clean bases from all samples remained for transcriptome assembly. To elucidate the potential
molecular events of the DEG profiles, all clean reads were aligned with the reference P. euphratica
genome database (GCF_000495115.1_PopEup_1.0). All groups were able to map more than 90%
sequences to the genome, and more than 70% of the distinct tags were uniquely mapped to the reference
sequence. The length distribution of all transcripts is shown in Figure S2. The correlation of the
three replicates of the gene expression in the control and SA-pretreated samples was higher than 0.99,
indicating that the sequencing results were well reproducible (Figure S3).

3.5. Functional Analysis of DEGs

To investigate changes in transcription levels caused by SA pretreatment, we analyzed DEGs
between SA-pretreated and untreated samples. According to the FPKM value of unigenes, we detected
5537 upregulated and 2231 downregulated unigenes (Table S1), as well as 552 unannotated novel DEGs
between the only salt-treated and SA-pretreated groups (Table S2). The differential genes between the
SA-pretreated and untreated groups were functionally classified by Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses.

We used hypergeometric testing to determine the results of up- and downregulation of significantly
enriched GO categories compared with the genomic background (p ≤ 0.05, after Bonferroni correction)
by three ontology categories, including molecular function, cellular components, and biological
processes (Figure 4). The top five GO terms for biological processes were “cellular process,” “metabolic
process,” “regulation of biological process,” “response to stimulus process,” and “biological regulation”
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after SA and salt treatment. Most of the cellular components and molecular functions were mapped to
the “catalytic activity,” “binding,” “cell,” and “cell part.” To understand the functional classification of
DEGs, GO class enrichment analysis was performed using FDR with an adjusted p value ≤ 0.05 as cutoff
value. Among the enriched GO terms, “catalytic activity” and “protein kinase activity” have a high
number of upregulated DEGs and may play a very important role in regulating signal transduction
(Figure 5b). SA pretreatment to alleviate salt stress may be significantly upregulated by the expression
of some protein kinase genes, which enhance the ability to catalyze protein phosphorylation, resulting
in changes in ion channel proteins and channel gates.

Figure 4. Gene Ontology classification of upregulated and downregulated differential genes. The X
axis represents different GO terms. The left Y axis represents the percentage of genes and the right Y
axis represents the number of genes. The upper number in the right Y-axis refers to Down-regulation,
and the number below represents Up-regulation. Red columns refer to down-regulated genes, green
columns refer to up-regulated genes.
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Figure 5. Upregulation and downregulation of GO enrichment and KEGG analysis of differential genes.
(a) KEGG classification of upregulated and downregulated DEGs. The left side is the upregulated
KEGG analysis, and the right side is the downregulated KEGG analysis. (b) Upregulation and
downregulation of GO enrichment analysis of differential genes. (c) Upregulation and downregulation
of KEGG enrichment of differential genes. The blue columns are expressed as −log10 (Q value), and the
orange line graph represents the number of candidate genes. The gene numbers were indicated after
the columns.

Furthermore, according to the KEGG pathway database, the upregulated and downregulated
DEGs were separately classified. A total of 269 upregulated and 119 downregulated DEGs were
involved in the “environmental adaptation” approach with 339 upregulated and 129 downregulated
DEGs involved in the “signal transduction” pathway, which indicated that many SA-induced genes
are involved in signal transduction and environmental stress response in P. euphratica (Figure 5a).
When FDR ≤ 0.01, the KEGG term was regarded as significantly enriched. As a result, the upregulated
DEGs produced by SA pretreatment were mainly enriched in “starch and sucrose metabolism,”
“mitogen-activated protein kinase (MAPK) signaling pathway-plant,” and “plant hormone signal
transduction,” indicating that genes related to MAPK signaling and phytohormone signal transduction
pathway were significantly upregulated after SA pretreatment. Application of SA may enhance the salt
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tolerance of plants by regulating the MAPK signaling pathway and plant hormone signaling pathways
(Figure 5c).

3.6. Expression of TF Regulates SA to Confer Salt Tolerance

The TF is a trans-acting factor that interacts with cis-factors to enhance or inhibit gene expression
and regulates plant growth and development and response to the external environment. Family
prediction and classification of TFs revealed that MYB, AP2-EREBP, bHLH, NAC, and WRKY were the
top five TF families, accounting for 50% of the total TFs that were differentially expressed between
control and SA-pretreated samples (Figure 6). This result indicated that MYB, AP2-EREBP, bHLH,
NAC, and WRKY TFs play a leading role in the alleviation of salt stress in P. euphratica by SA. Based on
the results of GO and KEGG analysis combined with the analysis of TFs, DEGs under SA treatment
were mainly located in pathways related to signal transduction. A heat map analysis was performed
on the top 4 TFs, protein kinases, PODs, and ion transport-related genes (Figure 7).

Figure 6. Family of transcription factors differentially expressed between control and SA pretreated
salt stressed samples. The X axis represents a different family of transcription factors, and the Y axis
represents the number of transcription factors contained in each transcription factor family. The number
above the column indicates the number of transcription factors.
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Figure 7. Expression profiles of differentially expressed genes regulated SA to alleviate salt tolerance.
Data represent the mean ± SD (Standard Deviation) of three independent experiments. The heat map
of each related protein and transcription factor family is represented by the log2 (FPKM + 1) of Control
check and SA. Here, the FPKM means fragments per kilobase of transcript per million mapped reads.
The range of all values varies from 0 to 8.5. The greener is closer to the minimum value, and the red is
closer to the maximum value. The gene ID is on the left side.

180



Forests 2019, 10, 423

3.7. Confirmation of Differentially Expressed Candidate Genes by qRT-PCR Analysis

To confirm the reliability of the transcriptomic data, we examined the expression level of eight
unigenes by qPCR using the primers listed in Table S3. The qPCR results of the eight unigenes in
the 0.4 mM SA pretreatment group were mostly consistent with the RNA-seq data, confirming the
reliability of our transcriptome data (Figure 8).

Figure 8. Comparison of expression patterns of 8 candidate genes between RNA-seq (white) and
qRT-PCR (oblique line) for selected transcripts. Data represent the mean ± SD of three independent
experiments. X axis is the selected gene ID, and Y axis is the log2 Ratio.

4. Discussion

SA stimulates a wide range of metabolic and physiological response in plants. These responses
improve plant growth, transpiration rates, stomatal regulation, and photosynthesis [1]. Recently, an
increasing number of researchers have studied the abiotic resistance mechanism of SA in different crops
and flowers and found that SA enhances the salt tolerance of tomato and Dianthus superbus mainly by
enhancing photosynthesis and alleviating membrane damage [1]. P. euphratica is a model tree widely
used to study abiotic stress response mechanisms. However, the influence of SA on salt stress of trees is
rarely studied, and the precise function mediated by SA in poplar remains to be elucidated. Therefore,
P. euphratica should be used as a material to study the response mechanism of SA involved in abiotic
stress. According to a previous study, SA applied beyond a certain range may be detrimental [30]. Thus,
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the exogenous SA concentrations and the mode of application must be determined as a prerequisite.
Here, we evaluated the effects of SA on improving the salt tolerance of P. euphratica under laboratory
conditions and further performed transcriptomic analysis at this concentration to gain new insights
into the effects of SA in relation to salt resistance endpoints. The results suggested that 0.4 mM SA may
be considered as a potential growth regulator to improve salinity stress resistance of poplar, because the
application of exogenous SA before salt treatment reduced the adverse effects of salinity and increased
the salt resistance of P. euphratica.

Important developmental plant processes, such as photosynthesis, protein synthesis,
and carbohydrate, and lipid metabolism, are negatively affected when subjected to salt stress [31].
To deal with salt-induced ionic toxicity, osmotic stress, and secondary oxidative stress, salt-tolerant
plant species often develop a variety of strategies to adapt to saline environments, such as detoxifying
ROS and regulating ionic homeostasis [32]. ROS is the product of aerobic metabolism. It is a class of
important signaling molecules in organism, including superoxide anion Radical O2·, hydroxyl (-OH),
and hydrogen peroxide (H2O2). Plants may accumulate ROS in the metabolic process during drought
and salinity stress conditions [33]. Too much accumulated ROS in plant cells have a widespread toxic
effect, causing peroxidation of lipids, and damaging DNA and proteins, eventually leading to cell
death [34]. Recent studies have found that salt stress may increase the concentration of H2O2 and O2·
in cells, leading to decreased growth of chlorophyll, protein degeneration, cellular dysfunction, or
even death [35,36]. Salt stress also leads to a decrease in the ratio of ascorbic acid/dehydroascorbic
acid (ASA/DHA) and a reducing of glutathione/oxidized glutathione (GSH/GSSG), which causes
redox imbalance [37]. ASA has antioxidant activity and could act as a free radical scavenger to
remove ROS [38]. When ASA is oxidized, it is converted into an unstable monodehydroascorbic acid
(MDA) and loses its function. MDA can reform ASA after the catalysis of MDA reductase or through
recycling from DHA by DHA reductase with glutathione. This pathway of controlling hydrogen
peroxide and recycling ASA is known as the Foyer–Halliwell–Asada cycle [39]. In the chloroplast,
the Foyer–Halliwell–Asada cycle is directly related to the SOD catalytic reaction that converts O2· to
oxygen and H2O2 to form a water–water cycle [40]. Low concentrations of SA may improve plants’
ability to resist dehydration by promoting the activity of antioxidant enzymes, including POD, SOD,
and catalase [41,42]. SOD can catalyze the conversion of O2· to H2O2, and POD can convert H2O2

to H2O [43]. Ascorbate peroxidase (APX) is a key enzyme in the ascorbate–glutathione cycle, which
uses ASA to reduce H2O2 to H2O. According to our biochemical analysis results, the activity of these
enzymes was correspondingly and significantly increased in the cells of P. euphratica after SA induction.
Furthermore, our sequencing data indicated that two candidate genes encoding SOD, fifteen genes
encoding POD and one gene encoding APX were obviously upregulated after the application of SA
(Table S4). Considering that SOD, POD, and APX could function in the scavenging of ROS to improve
salt tolerance [44], we speculated that moderate SA could mitigate the salt damage to cells by activating
SOD, POD, and APX.

The compartmentalization of Na+ in vacuoles is another important strategy employed by plants
to increase salt resistance. However, there are some contrary results in terms of SA involvement in
ionic homeostasis under salinity environment. Exogenous SA minimizes Na+ uptake while increasing
tissue concentrations of K+ in maize under salinity stress [45]. The application of SA to tomato plants
inhibited K+ uptake and increased Na+ uptake [46]. The concentration of Na+ and Cl− in salt-treated
spinach was not affected by SA, which seemed to be a neutral result [47]. Thus, it is not easy to draw
a conclusion on the role of SA in the maintenance of ionic homeostasis under salinity stress. Here,
the regulatory role of SA in the induction of genes regarding membrane transporters controlling K+

homeostasis, Na+ uptake, and Na+ redistribution during salt stress was analyzed. According to our
data, SA-treated P. euphratica showed obvious alterations in the transcription of K+ channel and K+

transporter protein genes. Four K+ transporter genes encoding K+ transporter 2/10/11/13 and two K+

channel genes encoding AKT1 homologous genes accumulated after SA administration (Table S5).
Further investigation on gene expression related to sodium transport revealed that the HKT1 gene
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significantly accumulated their transcripts in SA-pretreated P. euphratica compared with the only
salt treated control (Table S5). The HKT gene family is a type of Na+ or K+ transporter or Na+–K+

co-transporter associated with salt tolerance stress in plants and plays a decisive role in regulating
intracellular Na+/K+ homeostasis [48]. Among them, HKT1 is a high-affinity K+ transporter encoded in
roots and leaves mainly by controlling Na+ input in roots [49]. Garriga et al. [50] conducted a functional
study of AtHKT1 in the model plant Arabidopsis thaliana L. Heynh and found that AtHKT1, which
mediates Na+ transport, increases plant tolerance to salt. The Na+ efflux was dependent on Na+/H+

exchanger/antiporter localized to the plasma membrane. The Na+/H+ exchanger was highly induced in
the SA-pretreated group, which indicated that SA pretreatment might help to extrude Na+ of cytoplasm
by a plasma membrane-localized Na+/H+ exchanger. In addition to the Na+ efflux, the redistribution
of Na+ also plays an important role, mainly relying on the tonoplast-localized Na+/H+ exchanger, such
as NHX1. The tonoplast-localized Na+/H+ exchanger could absorb Na+ into the vacuole to regulate
intracellular pH and maintain Na+ levels in the cytoplasm [51,52]. Generally, we proposed that SA
pretreatment triggered or enhanced the salt response, presumably by regulating the genes related to
ionic homeostasis in P. euphratica by a working model indicated by Figure 9. The exogenous SA was
supposed to convert into endogenous SA at first. When the subsequent salt treatment conducted,
the ion transporting system might be evoked, resulting in an improved performance during salt stress.
We could conclude that SA participates in ionic homeostasis in salt stress resistance in P. euphratica at a
specific dose, for example, 0.4 mM for P. euphratica.

 

Figure 9. A proposed working model for sodium and potassium transporting in P. euphratica leaves in
relation to SA treatment and subsequent salt treatment. The model is based on the cation accumulation
result and RNA-seq result. The exogenous SA that sprayed initially was supposed to convert into
endogenous SA. When the subsequent salt treatment conducted, the ion transporting system might be
evoked as described.
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Identifying the possible candidate genes and the signaling pathways related to abiotic stress
resistance is an essential step toward understanding the abiotic stress resistance characteristics of
various plants [46,53]. Here, DEG mining and pathway enrichment analysis based on RNA-seq data
revealed certain genes were involved in SA-induced salt stress response of P. euphratica. Among the
functional genes, TFs play an important role in growth, development, defense, and stress response
of plants [54]. Stress-inducible TFs such as MYB, DREB, and WRKY can bind to elements in the
promoter region of functional genes, such as rd22, rd29A, and cor15A [55,56]. These TF-regulating
responsive genes are important for improving plant defense in salinity, drought, and other stresses in
Arabidopsis [57].

In our study, the transcripts of NAC, ERF, MYB, bHLH, and WRKY accumulated in the 0.4 mM SA
pretreatment group (Table S6). The NAC family genes are involved in response to salinity and drought
stresses [58]. For example, SlNAC1 and SlNAM1 can be induced by salinity [59]. The overexpression of
three NAC genes (NAC019, NAC055, NAC072) significantly enhances the tolerance of Arabidopsis to
drought [60]. According to our RNA-seq data, 19 members in the NAC gene family were upregulated,
which illustrates that the NAC gene family is involved in SA-mediated salt response signal and may
be one of the important mechanisms of SA-induced plant resistance to abiotic stress in P. euphratica.
AP2-EREBP is a super gene family, including five branches of AP2, EREBP, DREB, ERF, and others.
The ERF gene family was highly activated in the SA pretreatment group. ERF3, which is associated with
abiotic stresses such as high salinity, drought, and defense against pathogen infection, was significantly
upregulated. Studies have shown that GmERF3 is involved in the signaling pathways of SA [61].
We speculated that ERFs are also involved in the process of SA signal transduction for salt defense
in P. euphratica. The MYB gene family is another important TF family in abiotic stress defense.
The accumulation of flavonoid compounds is an important characteristic for plants to confront abiotic
stress. The MYB is widely involved in the regulation of flavonoid metabolic pathways. MYB4 belongs
to the R2R3-MYB subclass and is one of the key TFs regulating abiotic stress response. Pasquali et al. [62]
transformed Osmyb4 into apple plants, improving the physiological and biochemical adaptability of
plants in drought and low-temperature stress. Overexpression of Arabidopsis MYB44 can reduce the
expression level of ABA signaling negative regulator phosphatase 2C (PP2C), thereby enhancing the
salt tolerance of plants [63]. The bHLH and WRKY gene families are both closely related to plant
resistance to salt stress [61]. Considering that the genes in these families were significantly upregulated
in the SA pretreatment group, we concluded that SA mediates salt stress defense by regulating specific
TF gene families, such as NAC, MYB, ERF, WRKY, and bHLH.

A large number of genes encoding MAPK pathway components were identified in the way of
MAPK cascades [64]. The basic MAPK cascade consists of MAPK, MAPK kinase (MAPKK), with
the latter activating the former, and MAPK kinase kinase (MAPKKK) that activates MAPKK. This
signaling pathway participates in the defense against stresses by transmitting stress signaling and
activating the expression of resistance genes [65]. A previous study found that the MAPK cascade is
involved in the SA signaling pathway of pathogen resistance, especially in defense responses against
bacteria and oomycetes. The MAPK signaling cascade pathway also plays an essential role in abiotic
stress response of various plants [59,66]. In Arabidopsis, studies have elucidated the function of MAPK
signaling components in abiotic stress response. Both AtMPK4 and AtMPK6 are activated by cold, salt,
and drought stresses, and MPKK1–MPKK2–MPK4/MPK6 is activated by cold and salt stresses [67,68].
MAPK9 is specifically expressed in the stomatal pores of Arabidopsis, and its transcriptional expression
is upregulated under salt stress and is involved in a series of signal transductions, which significantly
increases its salt tolerance [69]. The overexpression of NPK1 can enhance the tolerance of tobacco to
drought and salt by activating oxidative stress signaling [70]. MPK4 in the Nicotiana species is involved
in responses to ozone treatment through the regulation of stomatal movement [71]. SA rapidly
induces the tobacco SIPK, which has high homology with MAPK family genes and contains the
characteristic region of MAPK [72]. A recent study suggested that the constitutive expression of
MAPK3 would induce strong accumulation of SA in Arabidopsis [73], which indicates the relationship of
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MAPK3 in participating in SA signaling. Ten putative poplar MAPKK genes (PtMKKs) and 21 putative
poplar MAPK genes (PtMPKs) have been identified in the P. trichocarpa genome [74]. MPK4-silenced
poplar exhibits high foliar content of free SA and elevated cellular ROS level and antioxidant enzyme
activities [75], indicating the function of MAPK genes in cellular ROS/SA homeostasis and water
management in woody plant species. However, in contrast to Arabidopsis and Nicotiana, few MAPKs
have been functionally characterized, and their role in trees in the regulation of abiotic stresses and
the SA pathway remains to be fully elucidated [75]. Our RNA-seq data indicated that many MAPK
cascade candidate genes in P. euphratica were upregulated under SA treatment (Table S7). The results
indicated that the SA signaling system interacted with the MAPK cascade pathway in P. euphratica.
We therefore speculated that SA could trigger the MAPK cascade in response to abiotic stresses in trees.

CDPK is a kind of calcium sensor protein that plays an important role in intracellular Ca2+ signal
transduction [76]. The CDPK mRNA often accumulates under various abiotic stresses including
drought, salt, and cold and further causes the expression of related genes in plant cells that respond to
these abiotic stresses [76,77]. A variety of plant hormones, such as gibberellin, ABA, cytokinin, indole
acetic acid, and ethylene, can enhance the activation of CDPK [78]. SA can induce the expression of
CDPK genes in a similar manner to mechanical wounding induction in tomato [79]. However, whether
SA can enhance plant resistance to salt stress by inducing the differential expression of CDPK genes
remains to be elucidated. According to our RNA-seq data, six candidate CDPK genes were upregulated
after the application of 0.4 mM SA and salt treatment compared with the non-SA-treated control (Table
S8). These genes may participate in processes of salt stress resistance. Thus, we conclude that CDPK
genes are involved in a SA-mediated response to abiotic stress in P. euphratica.

5. Conclusions

We have initially provided an answer as to whether and how SA improves salt resistance in
P. euphratica. SA minimized the deleterious effect of salt on the adaptation of P. euphratica, which
was attributed to the improved growth, higher activity of the antioxidant enzymes and better
potassium-sodium balance. Gene mining uncovered the genomic differentially expressed unigenes
caused by SA pretreatment that contribute to salt stress adaptation. SA induced the expression
level of antioxidant enzymes encoding genes, MAPK, CDPK, and ionic homeostasis genes, allowing
P. euphratica to tolerate salt stress. This study is the first to provide insight into the SA function in
response of P. euphratica to abiotic stress. A genome-level SA-induced gene expression for P. euphratica
would be an important prerequisite for a deeper understanding of SA function in salt stress adaptation
in P. euphratica. Furthermore, the specific target genes and their mediated signaling pathways may be
involved in the mechanism by which SA mediates salt stress response in P. euphratica. Further research
of these genes may unravel the mechanism of salt stress adaptation via SA pathways in trees.
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Abstract: The Three-North Shelter Forest (TNSF) is a critical ecological barrier against sandstorms in
northern China, but has shown extensive decline and death in Populus simonii Carr. in the last decade.
We investigated the characteristics—tree-ring width, basal area increment (BAI), carbon isotope
signature (13Ccor), and intrinsic water-use efficiency (iWUE)—of now-dead, dieback, and non-dieback
trees in TNSF shelterbelts of Zhangbei County. Results from the three groups were compared to
understand the long-term process of preceding drought-induced death and to identify potential
early-warning proxies of drought-triggered damage. The diameter at breast height (DBH) was
found to decrease with the severity of dieback, showing an inverse relationship. In all three
groups, both tree-ring width and BAI showed quadratic relationships with age, and peaks earlier
in the now-dead and dieback groups than in the non-dieback group. The tree-ring width and BAI
became significantly lower in the now-dead and dieback groups than in the non-dieback group
from 17 to 26 years before death, thus, these parameters can serve as early-warning signals for
future drought-induced death. The now-dead and dieback groups had significantly higher δ13Ccor

and iWUEs than the non-dieback group at 7–16 years prior to the mortality, indicating a more
conservative water-use strategy under drought stress compared with non-dieback trees, possibly at
the cost of canopy defoliation and long-term shoot dieback. The iWUE became significantly higher in
the now-dead group than in the dieback group at 0–7 years before death, about 10 years later
than the divergence of BAI. After the iWUE became significantly different among the groups,
the now-dead trees showed lower growth and died over the next few years. This indicates that,
for the TNSF shelterbelts studied, an abrupt iWUE increase can be used as a warning signal for
acceleration of impending drought-induced tree death. In general, we found that long-term drought
decreased growth and increased iWUE of poplar tree. Successive droughts could drive dieback and
now-dead trees to their physiological limits of drought tolerance, potentially leading to decline and
mortality episodes.

Keywords: Populus simonii Carr. (poplar); intrinsic water-use efficiency; tree rings; basal area
increment; long-term drought
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1. Introduction

Drought-induced plant mortality is increasing globally as the earth continues to warm. Large-scale
forest decline is expected to fundamentally affect carbon and water cycles, biodiversity, and goods and
environmental services to local residents [1,2]. Drought-induced tree death has been recognized as
an important ecological issue. However, it is not fully understood why some trees survive drought
effectively while other coexisting individuals do not [3]. This insufficient understanding has stimulated
investigation into the mechanisms of plant death by hydraulic failure [4,5], carbon starvation [6],
and biological attack [3,7,8]. Earlier studies have revealed that the probability of tree death is related to
height or diameter [9], with smaller trees showing a higher death rate than larger ones [10,11]. However,
few studies have addressed whether tree size is related to the probability of tree death after periods
of drought. An examination of tree-ring records found that dead trees had typically experienced
slower (but highly varied) growth and greater responsiveness to water deficit [12]. In response to
water deficit, trees limit their vigor or growth, leading to their decline. To better characterize this
phenomenon, the long period of growth before drought-induced tree death needs to be quantified by
new approaches. Other studies have reported that comparison of past radial growth trends among
dead, dieback (severely defoliated), and non-dieback (slightly or not defoliated) trees may help to
identify early warning signals of drought-triggered mortality [13,14].

During growth, plants respond differently to drought events of different durations and intensities,
which are consistent with why some plants survive while others succumb [3]. Under drought stress,
a plant may reduce its stomatal conductance to avoid hydraulic failure; this concomitantly slows
its photosynthesis and carbon assimilation [15], creating increased δ13C and water-use efficiency
(iWUE) [16]. Many studies have explored the relationship between iWUE and plant growth [17,18],
water stress [19,20], and drought-induced plant mortality [14,21]. The iWUE was observed to increase
substantially during dry spells, but increased iWUE could not improve tree growth sufficiently to
compensate for water stress [18,22,23]. In a declined forest, some declining tree species had a lower
iWUE compared with non-declining trees [24,25], but the reverse pattern was observed in other
plants [14]. However, many research gaps still exist concerning variations in iWUE spanning the
period from tree decline to death, or whether iWUE is an effective warning signal of accelerated
drought-induced death.

The forests have served as an important ecological barrier in northern China since the initiation
of the Three-North Shelter Forest (TNSF) program 1976. However, there has been large-scale
decline of poplar trees in the TNSF in the past decade, and mortality since 2012. Recent surveys
in Zhangbei County (Hebei Province, China) found that 80% of the TNSF stands planted in the
county contained dieback poplar trees, with trees already dead or approaching death accounting
for 1/3 of the area [26]. In Northern China, water availability is already limited and land-use
changes are increasing the competition for water resources. These conditions will likely result in
more serious water stress. This remarkable tree mortality has prompted studies on the characteristics
of trees during the period prior to drought-induced death, with an aim to identify associated warning
signals. Retrospective proxies (e.g., tree-ring data) are effective tools for analyzing past trends of tree
growth [27]. Additionally, because tree-ring cellulose is a stable isotopic record of past environmental
conditions during the assimilation of carbohydrates used for ring growth [22], the response of a tree
to past water conditions is reflected in the δ13C signature of its rings. Thus, tree-rings are a probable
source for identifying warning signals of dieback and death.

Surveys of the TNSF forests in Zhangbei County found that, even in the same poplar stand,
some trees were now-dead or had died back whereas others remained healthy (i.e., no sign of
dieback). The different fates of these trees are, however, difficult to explain from their water utilization
histories, because there are no records of the impact of past environmental conditions on the growth,
decline, and death of these trees. However, isotopic signatures of tree rings may provide an effective
tool to identify factors related to their different fates. We hypothesized that now-dead, dieback,
and non-dieback trees had different growths and iWUE during the long period of growth before
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the mortality of poplar trees in TNSF shelterbelts. Our specific goals were as follows: (1) to analyze
differences in δ13C, iWUE, and basal area increment (BAI) among now-dead, die-back, and healthy
(non-dieback) trees; (2) to reconstruct the past and recent growth trends of these three groups; and (3)
to understand the long-term response of trees to drought, and identify early warning signals of
drought-induced death. The overall aim of this study was to provide information for future studies on
the growth sustainability, variability, and mortality of poplar trees in TNSF forests.

2. Materials and Methods

2.1. Experimental Sites and Sample Collection

Samples were collected from TNSF shelterbelts in Zhangbei County. Located at the southern edge
of the Inner Mongolia Plateau, the county is characterized by a mid-temperate continental monsoon
climate (a mean elevation of 1300 m, an annual mean temperature of 3.2 ◦C, annual precipitation of
300 mm, annual mean sunshine of 2897.8 h, an annual active accumulated temperature of 2448 ◦C,
and a frost-free period of 90–110 day). Shelterbelts in the county comprise primarily Populus simonii
Carr., a species tolerant to drought and cold. The trees typically sprout in May, grow rapidly in
June–July, and enter defoliation–dormancy from September. They were planted as cutting seedlings in
1976, and the remaining trees are generally of the same age.

Twenty-six experimental sites of 100 m × 100 m were selected for analysis of poplar growth,
dieback occurrence, and death. Following other studies [14,16,28], we used ‘non-dieback’ to describe
healthy trees without dead branches, ‘dieback’ to describe poplar trees whose lower canopy was
growing while the top was dead and dry, and ‘now-dead’ to describe those with no leaves and no
living branches, which died in 2012. Samples were collected from three representative locations
(Ertai Town Forest Farm, Xiaoertai Forest Farm, and Renjia Village). At each location, 18 trees (six
non-dieback, six with 50% dieback shoots, six now-dead) were felled, and their diameters at breast
height (DBH, 1.3 m) and heights were measured. Discs (5-cm thick) were collected at breast height for
analyses of tree-ring width and carbon isotopes.

2.2. Tree-Ring Width and Carbon Isotope Analyses

The discs were dried, fixed, and surface-smoothed with the LignoTrim component of a
LignoStation densitometry system (Rinntech, Heidelberg, Germany). The surfaces were scanned
with the LignoScan component and the images were analyzed to determine tree width with the
LignoVision component (precision, 20 μm). The ring series was cross-dated and checked using
COFECHA software version 6.02P (Holmes, 1983) to eliminate potential errors. The BAI was calculated
using Equation (1) [29]:

BAI = π
(

RD2
n − RD2

n−1

)
(1)

where RD is the tree radius and n is the year of tree-ring formation.
The discs were dissected from bark to pith under a stereomicroscope to prepare tree-ring samples.

To minimize carbon isotopic contamination, each sample was kept on a smooth glass slide during
dissection. At least 0.5 g sample was obtained for each year. Samples were transferred into labeled tin
capsules. Other studies have indicated that wholewood and cellulose have different isotopic values
but similar trends in their variations [30], reflecting similar responses to climatic signals [31]. Therefore,
wholewood δ13C was measured in the present study. Briefly, the samples were dried (70 ◦C, 48 h),
milled to a powder, and sieved through an 80-mesh screen. The sieved particles were oxidized in an
elemental analyzer (Flash EA1112 HT; Thermo Scientific, Waltham, MA, USA) to CO2 and analyzed
with a mass spectrometer (DELTA V Advantage, Thermo Scientific; precision 0.1�) to detect δ13C.
The δ13C (�) was calculated from Equation (2):

δ13C =

( Rsample

Rstandard
− 1

)
× 1000 (2)
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where R is the ratio of 13C/12C. The standard was Vienna Pee Dee Belemnite (VPDB).
Since the Industrial Revolution in 1850, the use of 13C-deficient fossil fuel has caused an

elevation in the atmospheric CO2 concentration and a decrease in δ13C. To compensate for this effect,
measured δ13C values were corrected [31,32] by Equation (3):

δ13Ccor = δ13Ctree − (δ13Catm + 6.4) (3)

where δ13Ctree represents the δ13C measured from the tree-ring sample; δ13Catm is the value of the
atmospheric background; and δ13Ccor is the corrected value.

The δ13C for the pre-Industrial Revolution atmospheric CO2 was taken as −6.4�. Data for
atmospheric CO2 and δ13C between 1976 and 2003 were obtained from an earlier study [31], and data
for 2004–2016 were obtained from the Earth System Research Laboratory (ESRL, National Oceanic &
Atmospheric Administration of the United States; average of 22 monitoring sites) (http://www.esrl.
noaa.gov/gmd/). After correction, the annual δ13C series for tree rings was obtained.

2.3. iWUE Calculation

Carbon isotope discrimination, Δ13C, was calculated [33] using Equation (4):

Δ13C =

(
δ13Catm − δ13Ctree

1 + δ13Ctree/1000

)
(4)

where δ13Catm and δ13Ctree represent δ13C values for atmospheric CO2 and tree rings, respectively.
For C3 plants, Δ13C follows a linear relationship described by Equation (5):

Δ13C = a + (b − a)
Ci
Ca

(5)

where Ci is the intercellular CO2 concentration, Ca is the atmospheric CO2, a is the discrimination due
to diffusion of 13CO2 through stomata (a = 4.4�), and b is fractionation discrimination by Rubisco
against 13CO2 (b = 27�).

Subsequently, iWUE was determined from the relationship between Δ13C and Ca [22,34] by
Equation (6):

iWUE =
A
gs

=

(
Ca − Ci

1.6

)
=

Ca
(
b − Δ13C

)
1.6(b − a)

(6)

where 1.6 represents the ratio of diffusivities between water vapor and CO2 in the atmosphere.

2.4. Meteorological Data and Potential Evapotranspiration

Meteorological data (e.g., temperature, precipitation, relative humidity, wind rate, atmospheric
pressure) recorded between 1976 and 2016 were retrieved from the Zhangbei County Meteorological
Station (40.15◦ N, 114.70◦ E; elevation: 1393 m) near the experimental sites. Data were checked
by Kendall’s test to ensure consistency, and were confirmed to be free of random variations, valid,
and representative of the local climatic trend. Recording of the depth to groundwater at the town of
Ertai only began in 1995, and we obtained these data from the City Water Resource Bureau.

Potential evapotranspiration (ET0) was estimated using the Penman-Monteith Equation (7) [35]:

ET0 =
0.408Δ(Rn − G) + γ 900

T+273 μ2(es − ed)

Δ + γ(1 + 0.3μ2)
(7)

where ET0 represents potential evapotranspiration, Rn is net radiation from plant surfaces, G is soil
heat flux, γ is the psychrometric constant, Δ is the slope of the saturated vapor pressure–temperature
relationship, T is mean air temperature, μ2 is wind speed at 2 m above the ground surface, es is
saturation vapor pressure, and ed is vapor pressure.
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2.5. Data Analysis

Trees at the 26 experimental sites (Figure 1) were examined and classified into four levels of
dieback (10–30%, 30–50%, 50–70%, and 70–90%) according to the proportion of dead crown relative
to the whole crown. In the correlation analysis, median values (20%, 40%, 60%, and 80%) were used
to represent the four levels. Dead trees had been observed at the beginning of our research in 2014,
but their time of death had not been closely monitored. Plantation records showed that trees in the three
locations had been planted in the same year. Therefore, the calendar year of death was determined to
be 2013 by site investigation, and their tree-ring widths and 13C signatures at the end of 2012 were
analyzed. Ring width, BAI, δ13Ccor, Δ13C, and iWUE were analyzed by a repeated measures ANOVA,
where year was the repeated factor, and subsequent least significant difference (LSD) test with SPSS
software (IBM SPSS Statistics 20, Chicago, IL, USA). A p-value < 0.05 was considered statistically
significant. The responses of the tree-ring width, BAI, and iWUE to climatic factors for non-dieback,
dieback, and now-dead trees were calculated using Pearson’s correlation coefficients based on monthly
values in the growth season (May–September).

Figure 1. Location of Three-North Shelter Forest and experimental sites in Zhangbei County,
Hebei Province, China. Red dots: sampling sites for analysis of relationship between poplar growth and
dieback. Triangles: sampling sites for analysis of tree rings and carbon isotopes. Red star: County town.

3. Results

3.1. Meteorological Factors and Potential Evapotranspiration (ET0)

Monthly mean precipitation (Figure 2A) was uneven during the study period (1976–2016),
with approximately 65% falling as a rain during June–August. The mean monthly temperature showed
wide variations, ranging from −14.7 ◦C in January to 19.5 ◦C in July (Figure 2B). Relative humidity
was lower in April–May and higher in July–August (Figure 2C), and exhibited a seasonal dry–wet
cycle. Mean ET0 was highest in May, coinciding with low monthly mean precipitation, thereby leading
to a severe water imbalance (ET0-P).

Between 1976 and 2016 (Figure 2F), total annual precipitation in Zhangbei County was
consistently <540 mm (mean, 379.7 mm). Annual precipitation varied considerably during this
period, creating alternate wet and drought years. An extreme drought (245.2 mm precipitation)
occurred in 1997. The years 2006 and 2009 had only 292.2 and 276.8 mm precipitation, respectively.
Overall, the annual precipitation tended to slightly decrease over time. The annual mean temperature
(Figure 2G) was relatively low because of high local elevation, and fluctuated between 2.1 ◦C and
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5.1 ◦C. However, it had been rising significantly (R2 = 0.43, p < 0.01), increasing by 1.72 ◦C over
the 41-year period. The relative humidity (Figure 2H) varied between 52% and 61%, with a weak
decreasing trend over time. Rather than increasing with temperature, the ET0 continued to decrease
over time, which may have resulted from changes in vegetation cover associated with poplar die-off
(Figure 2I). The ET0 substantially exceeded the precipitation level, indicating this county is in an arid
area (Figure 2J). Overall, the meteorological data indicated that the region had been undergoing severe
aridification over the past four decades, driven by decreasing precipitation and increasing temperature.

Figure 2. Variations in mean precipitation (A), temperature (B), relative humidity (C), potential
evapotranspiration (ET0) (D), and water balance (ET0-P) (E) at a monthly timescale from 1976 to
2016. Also shown are variations in precipitation (F), temperature (G), relative humidity (H), ET0 (I),
and ET0-P (J) during poplar tree growth.

The groundwater depth (Figure 3) was <−4 m before 1998. It began to increase in 1999 and
accelerated between 2002 and 2016, increasing from −6 to −19 m. Groundwater depth increased the
water imbalance in the experimental area and aggravated local droughts.

Figure 3. Changes in groundwater depth from 1995 to 2016.

3.2. Relationship between Poplar Growth and Dieback

Surveys found that the county had planted 1.02 × 105 hectares of shelterbelts. Of these,
8.11 × 104 hectares (79.5%) of stands experienced dieback, with 3.39 × 104 hectares (33.2%) now
dead or nearly dead. The non-dieback group (Figure 4) had a mean DBH of 19.66 ± 2.36 cm, compared
with 11.61 ± 2.31 cm in the die-off group. The trees with 20%, 40%, 60%, and 80% dieback levels had
mean DBH of 13.05 ± 2.42, 14.52 ± 1.98, 15.43 ± 2.77, and 16.01 ± 2.70 cm, respectively. A linear
correlation analysis revealed a highly significant (p < 0.01) inverse relationship between the DBH and
the level of dieback, showing that the occurrence of dieback severely restricted tree growth.
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Figure 4. Relationship between diameter at breast height and dieback rate.

The tree-ring width in the now-dead group peaked in 1986 (Figure 5A) and decreased
subsequently. The tree-ring width in the other two groups peaked in 1991 and then decreased. For all
three groups, the tree-ring width showed a highly significant (all p < 0.01) quadratic relationship with
age. The regression curves peaked at 1985 (now-dead, dieback) and 1990 (non-dieback), indicating that
the radial growth began to slow down five years earlier in the now-dead and dieback groups than
in the non-dieback group. The differences among the three groups were not statistically significant
(all p > 0.05) during the first decade (1976–1985) after planting. The tree-ring width in the non-dieback
group was significantly greater than that in the now-dead and dieback groups during the second
decade (1986–1995), but did not differ between the now-dead and dieback trees. The tree-ring width
differed significantly (p < 0.05) among the three groups from the third decade (1996–2005) onward
(Figure 5B).
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Figure 5. Differences in tree-ring width (A,B) and basal area increment (C,D) among now-dead (N-D),
dieback (DB) and non-dieback (N-DB) poplar trees at different growth times. Lower case letters indicate
significant differences (p < 0.05).

For all three groups, the BAI showed a highly significant (all p < 0.01) quadratic relationship
with age. The regression curves peaked at 1994 (now-dead), 1997 (dieback), and 2003 (non-dieback),
indicating that the BAI of the now-dead and dieback groups began to slow down nine and six
years earlier, respectively, than did the BAI of the non-dieback group. The difference (Figure 5C) in
BAI between the now-dead and non-dieback groups was not statistically significant during the first
decade, but was significant (p < 0.05) from the second decade onward (Figure 5D). The difference in
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BAI between the now-dead and dieback groups was statistically significant from the third decade
(all p < 0.05).

3.3. Differences in Tree-Ring δ13C

After correction for the influence of the Industrial Revolution, the δ13Ccor (Figure 6A) of the
now-dead and dieback groups increased gradually over time, whereas that of the non-dieback group
decreased over time. The variations in δ13Ccor could be divided into four stages. In the first stage
(1976–1995), the three groups had similar trends and no significant difference in δ13Ccor. In the second
stage (1996–2005), the non-dieback group had significantly lower δ13Ccor than the other two groups
(p < 0.05), but the difference between the now-dead and dieback groups was not significant. In the third
stage (2006–2012), the three groups had significant differences in δ13Ccor (p < 0.05). The non-dieback
group had significantly lower (p < 0.05) δ13Ccor than the dieback after the now-dead trees died in 2013
(Figure 6B). The Δ13C value of rings (Figure 6C) in the now-dead group varied between 15.06� and
17.76�; that in the dieback group varied between 15.56� and 17.90�; and that in the non-dieback
group varied between 16.28� and 18.42�. The Δ13C of now-dead and dieback trees decreased over
time, whereas that of non-dieback trees increased over time (Figure 6D). The changes in Δ13C were
also divided into four stages and the statistical significance was similar to that of δ13Ccor.
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Figure 6. Difference in δ13Ccor (A,B) and carbon isotope discrimination Δ13C (C,D) among now-dead
(N-D), dieback (DB), and non-dieback (N-DB) poplar trees at different growth times. Lower case letters
indicate significant differences (p < 0.05).

3.4. Differences in iWUE

All three groups showed increasing iWUE with age, with highly significant (all p < 0.01) linear
relationships (Figure 7A). The non-dieback group had a significantly lower regression slope (0.52) than
those of the other two groups (now-dead: 1.17; dieback: 1.04). The variations in iWUE were divided
into four stages. In the first stage (1976–1995), the three groups had similar iWUEs and no significant
differences. In the second stage (1996–2005), the iWUEs were significantly higher (p < 0.05) in the
now-dead and dieback groups than the non-dieback group, but the difference in iWUE between the
now-dead and dieback groups was not significant. In the third stage (2007–2012), the three groups
showed significant differences in iWUE. The iWUE was significantly lower (p < 0.05) in the non-dieback
group than in the dieback group after now-dead trees died in 2013 (Figure 7B).
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Figure 7. Difference in intrinsic water-use efficiency (A,B) among now-dead (N-D), dieback (DB),
and non-dieback (N-DB) poplar trees at different growth times. Lower case letters indicate significant
differences (p < 0.05).

3.5. Relationship between Tree-Ring Records and Environmental Factors

In all three groups, tree-ring width was negatively correlated with temperature (Figure 8).
The correlation was highly significant (p < 0.01) from June to September for the now-dead group,
significant (p < 0.05) in May, July, August, and September for the dieback group, and significant
(p < 0.05) only in July and August for the non-dieback group. These findings indicated that radial
growth was more sensitive to temperature in the now-dead and dieback groups than in the non-dieback
group. The BAI of the non-dieback group was significantly positively correlated with temperature
from June to September (p < 0.01). There was no significant correlation between BAI and temperature
for now-dead and dieback groups, indicating that the now-dead and dieback groups did not respond
positively to the temperature increase like the non-dieback group did. The correlation between
iWUE and temperature for the now-dead group was highly significant (p < 0.01) from June to August,
and that for the dieback group was significant (p < 0.05) from May to September, and highly significant
(p < 0.01) in May, July and August; that for the non-dieback group was significant (p < 0.05) only in
July and August. These results indicated that the iWUE of the now-dead group was the most sensitive
to temperature, especially during the vigorous growth period of June, July, and August.

Relative humidity is one of the important factors affecting the growth of poplar trees. In the
now-dead and dieback groups, the annual tree-ring width (p < 0.05) was positively associated with
relative humidity in July and August, but the iWUE (p < 0.01) was significantly negatively associated
with relative humidity in July and August. The annual tree-ring width and iWUE of the non-dieback
group were only significantly affected by relative humidity in August (p < 0.05). The iWUE of all three
groups was significantly correlated with precipitation, temperature, relative humidity, ET0, and water
balance (ET0–P) in August (p < 0.05). These results indicated that, compared with tree-ring width and
BAI, iWUE was more sensitive to environmental factors. Thus, during the entire growing season,
the environmental factors in August played a key role in the water use of poplar trees.
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Figure 8. Relationships between tree-ring parameters (tree-ring width; BAI, iWUE) and monthly
climatic factors for non-dieback (filled bar), dieback (grey bar), and now-dead (empty bar) tree groups
in growth season (May–September). Months abbreviated in uppercase letters correspond to years
during tree-ring formation. Dashed lines represent threshold values for statistical significance (p < 0.05).
Asterisks (*) indicate significant correlation at p < 0.01.

3.6. Relationship between Radial Growth and iWUE

For all three groups, the tree-ring width (Figure 9A) showed a highly significant (p < 0.01)
quadratic relationship with iWUE. This indicated that, with increasing iWUE, the radial growth
slowed gradually after peaking. The iWUEs were much higher in the now-dead and dieback groups
than in the non-dieback group, indicating slower growth of the former two groups. Nevertheless,
all regression curves peaked at similar values (now-dead: 105.79, dieback: 106.35, non-dieback:
104.81 μmol mol−1). The BAIs of the three groups (Figure 9B) also showed highly significant (p < 0.01)
quadratic relationships with their iWUEs, with regression curves peaking at 117.79 (now-dead),
118.94 (dieback), and 118.06 (non-dieback) μmol mol−1.
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Figure 9. Differences in tree-ring width (A) and basal area increments (B) in relation to intrinsic
water-use efficiency among now-dead (N-D), dieback (DB), and non-dieback (N-DB) poplar tree groups.

4. Discussion

4.1. Differences in Radial Growth before Drought-Induced Death

Earlier studies in many regions have found that increasing temperature and reducing precipitation
can intensify drought stress and significantly increase the risk of death among drought-stressed
plants [36,37]. The leaf area is a major determinant of the plant water requirement. Under drought
stress, a plant can reduce its transpiration area by adjusting the leaf area [38]. This strategy is used by
plants to reduce water transpiration from the canopy, and is used by poplar trees to survive drought.
The leaf area index (LAI) decreases as drought becomes increasingly severe [39], and trees show
progressive changes chronologically [40]: premature leaf senescence, partial dieback of the crown
and shoots, and eventually tree mortality after successive droughts [37,41]. In the shelterbelts studied
here, these three changes all appeared, and the severity of partial dieback and tree mortality increased
steadily over time.

Under water stress, a tree may reduce its vigor or growth rate for long-term survival. A decrease
in radial growth was observed before death in 84% of mortality events [42]. In the present study,
the now-dead group had the lowest DBH, followed sequentially by the dieback and non-dieback
groups. This trend indicates that drought had affected tree growth at the experimental sites.
Our finding is consistent with those of an earlier study [27] reporting that Italian oaks killed by
drought were smaller and had grown more slowly before death, compared with the surviving ones.
In temperate and subalpine forests of northern China, the rate of tree death has frequently been
reported to show a U-shaped relationship with tree size (e.g., DBH). The high death rate of smaller
trees was explained by competition with taller ones for solar radiation, and that of taller ones was
attributed to hydraulic failures associated with the longer distance of water transport [43]. Additionally,
a temperature increase or precipitation decrease may create a water imbalance, affecting the local
productivity of plants [44]. Consequently, biomass loss occurred before drought-induced death of
poplar trees. In the present study, we detected a downward trend in BAI (Figure 5B) and significantly
lower BAIs in the now-dead and dieback groups than in the non-dieback group. These are persuasive
signs of retarded growth [29]. Plants routinely respond to changes in resource availability via gaining
or losing biomass [40], but even a sharp decrease in biomass may not necessarily allow trees to avoid
dieback or death. In Zhangbei County, 1997 was very dry (245 mm precipitation), and this extreme
drought triggered a divergence in the subsequent fates of poplar trees. Extreme climatic events are
known to affect plant growth and mortality [45]. Extreme summer drought has been shown to affect
the water relationships and carbohydrate dynamics of woody angiosperms [46,47], causing dieback,
hydraulic failure, and death. In the present study, the severity and duration of the drought in 1997
exceeded the tolerance of poplar trees, thus triggering long-term effects such as canopy defoliation and
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retarded growth. Gao reported that both the timing of onset and severity of drought increased “legacy
effects” on tree stem radial growth, which reduced the drought resilience of trees [48]. Other studies
have suggested that drought-induced stand changes may negatively affect the composition and
ecological services of forests [49].

4.2. Differences in iWUE before Drought-Induced Death

Plants adapt to drought stress via multiple mechanisms such as adjusting growth [50] and
increasing iWUE [15,22]. When environmental factors vary, trees change their discrimination among
carbon isotopes. Under drought stress, trees close stomata to avoid hydraulic failure; this lowers
the intracellular CO2 concentration (Ci) and increases the δ13C, thereby affecting the 13C signature
of tree-ring cellulose. In our study, the now-dead group had significantly higher δ13Ccor than the
non-dieback group between 1997 and 2007 (Figure 6A); from 2008 onward, the now-dead and dieback
groups showed significantly higher δ13Ccor than the non-dieback group. These differences are in line
with other reports that declining stands had higher δ13C than healthy ones [20].

We indirectly estimated iWUE from δ13C records of tree rings. The iWUE data can provide an
annual archive of gas-exchange and growth. The trees may not only respond to environmental factors,
but also their growth status, which would influence their stomatal conductance and photosynthetic
rates, thereby altering the iWUE. Earlier studies have found that declining silver fir [14] and Scots
pine [16] showed a higher iWUE compared with non-declining trees, but a reverse pattern was observed
in Quercus frainetto Ten. [24] and Pinus nigra J.F.Arnold [25]. In our study, the non-dieback group
showed a gradually increasing iWUE (Figure 7), whereas the other two groups had approximately
two-fold greater regression slopes of increase (compared with that of the non-dieback group).
Between 1996 and 2005, the iWUEs were significantly higher in the now-dead and dieback groups
than in the non-dieback group. From 2006 to 2012, the three groups showed significant differences
in iWUE. These findings suggested that the now-dead and dieback groups experienced more
severe environmental stress and relied more on water-saving strategies than did the non-dieback
group [51]. Some studies have suggested that drought stress in arid regions forces trees to close
stomata, thus reducing CO2 absorption. Consequently, tree growth decelerated despite the increased
iWUE [17,52]. This theory is in agreement with the results of the present study.

The iWUE characterizing tree rings is affected by multiple environmental factors such as
temperature, precipitation, relative humidity, and ambient CO2 [53]. In all three groups, the iWUE
showed a highly significant (p < 0.01) relationship with temperature, presumably because a higher
temperature accelerated CO2 assimilation and increased the vapor pressure deficit. Trees partially close
stomata to reduce water loss [21], leading to increased δ13C and iWUE. The now-dead and dieback
groups had 2.2-fold greater regression slopes than that of the non-dieback group, indicating that the
former two groups were more sensitive to temperature changes. Another study on Mediterranean
plants found that iWUE was weakly related or unrelated to temperature [19].

All three groups exhibited highly significant quadratic relationships between iWUE and BAI.
In comparison, other studies reported positive [17] or negative [54] correlations between the two
parameters. When the iWUE was low, BAI increased with iWUE, primarily because of faster
photosynthesis rather than reduced stomatal conductance [29]. With a further increase in iWUE,
the BAIs of all three groups started to decrease, producing similar peak points (Figure 9B). The inverse
relationship between iWUE and BAI reflects a deteriorating environment [52]. The declining trend of
BAI was attributable to two factors: (1) the adverse impact of increased temperature on cell growth
and proliferation; and (2) insufficient power of increased iWUE to counteract that impact [17].

4.3. Early-Warning Signals of Drought-Induced Death

External stimuli can drive an ecosystem to shift abruptly between alternative states when certain
critical transitions or tipping points are exceeded [49]. The critical transitions can be anticipated from
preceding warning signals. Global warming and its associated prolonged severe droughts can lead
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to retardation of tree growth and, beyond tipping points, trigger death. Drought-induced tree death
can be considered as a nonlinear change in tree vigor and growth that may occur years after the
causative lethal stress has exerted its effect [55]. Other researchers have compared the growth rates of
now-dead and non-dieback trees under drought; they observed that the two groups showed statistically
significant differences in growth rates five years before the mortality of now-dead trees, and differences
were already detectable 10 years before mortality. Therefore, retarded growth for 5–50 years may be
considered as a reliable indicator of impending tree death [56]. In our study, the tree-ring width of the
now-dead and dieback groups peaked in 1985, whereas that of the non-dieback group peaked in 1990.
The BAI quantifies the long-term trend of tree vigor, and therefore, it is a better indicator of biomass
changes than is tree-ring width. Early warning signals may potentially be identified from a BAI series,
even after tree death. The BAI of the now-dead, dieback, and non-dieback groups peaked in 1994,
1997, and 2003, respectively. The now-dead and dieback groups had remarkably lower tree-ring width
and BAI than did the non-dieback group from 17–26 years (1986–1995) preceding death, while the
difference between now-dead and dieback trees was significant from 7–16 years (1996–2005) preceding
death. This indicated that tree-ring width and BAI can potentially be used as an early warning signal
of tree death. Bigler and Veblen [57] reported that subalpine conifers that died during drought had
increased early growth rates and large sizes, but shorter longevities. Another study suggested that a
high annual growth rate and an abrupt decline were associated with a high death rate [56]. A study
linking repeat forest inventories and satellite remote sensing results also indicated the potential use
satellite Normalized Difference Vegetation Index data as early warning signals of tree mortality [58].

Saurer et al. [59] compared the experimentally observed changes in δ13C and iWUE with predicted
variations. They found that the stomatal conductance and photosynthesis of trees were affected
by environmental factors, and that iWUE increased with increasing drought severity [19,60]. In a
deteriorating environment, the iWUE of plants increased as a result of reduced stomatal conductance
instead of accelerated photosynthesis [52]. In our study, the now-dead and dieback groups exhibited
significantly higher iWUEs than those of the non-dieback group from 7 to 16 years (1996–2005) prior
to death, and the difference between now-dead and dieback groups was significant from 0 to 6 years
(2006–2012) prior to death. Furthermore, divergence of iWUE occurred later about 10 years later
than the divergences of tree-ring width and BAI. Poplar tree death occurred about 16 years after the
divergence and escalation of iWUE. These findings indicate that an abrupt escalation in iWUE can
serve as a warning signal for acceleration of tree decline and drought-induced death in the TNSF
shelterbelts of Zhangbei County. Similar research results showed the growth rate of Scots pine had
already reduced to some extent already several decades earlier, while iWUE derived from δ13C values
was higher [16], indicating a more conservative water-use strategy of now-dead trees compared with
that of living trees.

5. Conclusions

Long-term drought may enhance tree decline and mortality. The large-scale decline of poplar
trees in the TNSF Program has provided an opportunity to examine the effects of long-term drought
on growth and iWUE prior to tree mortality. Our results showed that the DBH was inversely related
to the severity of dieback. Among now-dead, dieback, and non-dieback trees, both tree-ring width
and BAI showed quadratic relationships with age, with the now-dead and dieback trees reaching
peaks earlier than the non-dieback group. The now-dead and dieback groups had significantly higher
iWUEs than did the non-dieback trees, indicating a more conservative water-use strategy under
drought stress than that of non-dieback trees, possibly at the cost of canopy defoliation and shoot
dieback. The drought-affected poplar trees showed lower growth and long-term increases in iWUE
prior to tree mortality. Therefore, tree-width, BAI, and iWUE can serve as early warning signals for
drought-induced death.
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Abstract: Research Highlights: Dedicated experiments to investigate how disturbances will affect
Heterobasidion sp.—Norway spruce pathosystems are important, in order to develop different
strategies to limit the spread of Heterobasidion annosum s.l. under the predicted climate change.
Here, we report on a greenhouse experiment to evaluate the effects of water availability on the
infection severity of Heterobasidion parviporum or Heterobasidion annosum, respectively, on Picea abies
saplings. Background and Objectives: Changes in climatic conditions and intense logging will
continue to promote H. annosum s.l. in conifer forests, increasing annual economic losses. Thus, our
aim was to test if disease severity in Norway spruce was greater after infection with H. parviporum or
H. annosum in low water availability conditions, compared to seedlings with high water availability.
Materials and Methods: We performed inoculation studies of three-year-old saplings in a greenhouse.
Saplings were treated as high (+) or low (−) water groups: High water group received double the
water amount than the low water group. The necrosis observed after pathogen inoculation was
measured and analyzed. Results: The seedling growth was negatively influenced in the lower water
group. In addition, the water availability enhanced the necrosis length of H. parviporum in phloem
and sapwood (vertical length) in the low water group. H. annosum benefited only in horizontal
length in the phloem. Conclusions: Disturbances related to water availability, especially low water
conditions, can have negative effects on the tree host and benefit the infection ability of the pathogens
in the host.

Keywords: Heterobasidion parviporum; Heterobasidion annosum; Norway spruce; disturbance; water
availability; pathogen; infection

1. Introduction

Projected climate change will increase the disturbances related to water availability in forests e.g.,
drought, wind and snow [1]. In addition to their direct negative effects on trees, such as timber quality
losses, the weakening of the tree’s immune system or early decay or death, the impacts of pests and
pathogens in changing environments represent some of the most important threats to global forest
health [1]. To mitigate these climate change induced disturbances, such as drought, it is important to
understand the factors that contribute to the development of forest tree disease epidemics and host
susceptibility [2].

Forests 2019, 10, 55; doi:10.3390/f10010055 www.mdpi.com/journal/forests207
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Norway spruce (Picea abies (L.) H. Karst.), together with Scots pine (Pinus sylvestris L.), forms the
basis for raw materials of the forest sector in Europe, contributing to several billion EUR net income
annually. Currently, Norway spruce covers 25% of the forest area in Germany [3]. Thus, interest
in the biology and ecology of plant pathogenic fungi of conifers in forest ecosystems, with special
emphasis on sustainable management strategies for forestry, is high. The main fungal pathogens
causing devastating losses of wood quality in conifers are the root rot pathogens of the species
complex Heterobasidion annosum sensu lato (s.l.) [4,5]. Consequently, H. annosum s.l. is considered
the most dangerous and economically most significant root rot pathogen in coniferous forests [4,5].
Heterobasidion species induce root and stem rot and bark necrosis. Resin flow on the stem is one of
the visible symptoms with which H. annosum s.l. can be detected in living trees (Figure 1). In the
above-average warm years (2012 and 2018), when precipitation was low (average precipitation in
Oerrel, Germany 2012: 201−250 mm; 2017: 301−350 mm) [6], these symptoms could be observed more
regularly in Germany (Figure 1) [7]. The water balance as well was lower in this area in the year 2012
(0−49 mm) compared to the year 2017 (51−100 mm) [6]. The anamorph stage Spiniger meineckellus
(A.J. Olson) Stalpers could be observed, proving infestation of roots, stems and other host tissues with
H. annosum s.l. (Figure 1) [8,9].

 
Figure 1. Resin flow on the stem is one of the symptoms that indicates the possible infection of
H. annosum s.l. Living Norway spruce, confirmed to be infected by Heterobasidion annosum s.l.; (a)
resinating stem necrosis; (b) stem necrosis with removed bark. These symptoms were observed more
in the year 2012 in a forest stand close to Oerrel, Germany.

Extensive logging of cultivated conifer forests has created a habitat favourable for this pathogen,
which has dramatically increased the occurrence of infections. Primary infections by Heterobasidion
species are established when airborne basidiospores land and germinate on freshly cut stump surfaces
and wounds [10–12]. Spore deposition is followed by rapid colonisation of the wood material.
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In Europe, three species of native Heterobasidion exist: H. abietinum Niemelä and Korhonen, H. annosum
(Fr.) Bref. and H. parviporum Niemelä and Korhonen. All Heterobasidion species have different,
but overlapping, host preferences, mainly associated with fir (H. abietinum), pine (H. annosum),
and spruce (H. parviporum) [5,13,14]. In North-West Germany, only H. annosum and H. parviporum are
present [9,15,16]. Differentiation between these two species can be performed with species-specific
primers developed for boreal species of H. parviporum and H. annosum ([17], this study). Silvicultural
control of Heterobasidion species is difficult because they cause secondary infections by spreading
through root contacts to neighbouring trees [18,19]. This is the main pathway for infections to spread
inside stands [9,16,20]. Furthermore, Heterobasidion species can remain viable and infective in stumps
for decades [21–23], resulting in an inoculum source for new tree generations [23,24].

Changes in climatic conditions and intense logging will continue to promote H. annosum s.l.
in conifer forests [1,25,26], increasing the economic losses on a yearly basis. Linnakoski et al. [2]
could show already, that the fungal strain of Endoconidiophora polonica (Siemaszko) Z.W. de Beer, T.A.
Duong and M.J. Wingf. caused greater disease severity in P. abies seedlings with low water availability
compared to those with high water availability. Similarly, Gori et al. [27] found indications that
H. parviporum infection makes P. abies trees more susceptible to drought stress in the field. Thus,
dedicated experiments to investigate how disturbances will affect the Heterobasidion sp.—Norway
spruce pathosystems are important, in order to develop different strategies to limit the spread of
H. annosum s.l. under the predicted climate change.

Here, we report an in vivo experiment, conducted in a greenhouse in Germany, to evaluate the
effects of water availability on the infection severity of H. parviporum or H. annosum in P. abies saplings
during the growing season of 2018. Dimitri and Schumann [28] found that the infection incidence
did not change with the age of inoculated ramets among clones of P. abies. This indicates that results
from inoculation experiments (for at least some tree species) with seedlings may be applicable to trees.
The aim of this research was to test if the low tolerance of Norway spruce to water scarcity will lead to
greater disease severity caused by H. parviporum and H. annosum, when compared to seedlings with
optimal water availability. Drought disturbances in European forests are predicted to increase [1].
Based on our observations in the field in the year 2012 (Figure 1), we hypothesize that H. annosum s.l.
can cause greater necrosis in P. abies saplings under low water availability.

2. Materials and Methods

2.1. Plant and Fungal Material

Plant material consisted of 355 three-year-old, apparently healthy and vital, Norway spruce
saplings purchased from the nursery Schlegel and Co Gartenprodukte (provenience of the saplings:
No. 840 11, Thüringer Wald and Frankenwald, montane zone 600 m). Seedlings were potted onto
3-liter plastic pots filled with fertilized peat (Flora gard, TKS®2 Instant Plus, Hermann Meyer KG,
Rellingen, Germany). Pots were placed into tables covered with plastic sheets where excess water
could accumulate and be absorbed later. The potted saplings were acclimatized to the greenhouse
conditions for 16-days prior to the water experiment, during which time they received tap water, as
required, to maintain moist soil. No additional fertilization was given during the experiment. Before
and after the experiment, the sapling height was measured to the nearest 0.1 cm.

2.2. Pre-Experiment Detection of Heterobasidion Species

Three of the saplings were transferred to North West German Forest Research Institute (Göttingen) in
order to examine the pre-colonization in the internal tissues for pathogens and endophytes. Two different
methods were used to detect Heterobasidion species: (1) Incubation method after Langer and Bressem [16];
(2) isolation of fungi on artificial agar media. Firstly, stem-disks (10 mm) cut from saplings (Figure 2) and
two randomly chosen root segments were pre-incubated in a refrigerator for four weeks and subsequently
wrapped in moist newspaper. After incubation at room temperature for 14 days, the samples were
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analyzed under a binocular microscope for the presence of S. meineckellus [6,16]. Secondly, surface
sterilized pieces of the trunk were placed on petri-dishes with Malt-Yeast-Peptone (MYP-agar, after
Langer [29]). After 7 and 14 days they were checked for the presence of H. annosum s.l. conidiophores
and conidiospores.

 

Figure 2. Pre-experiment detection of Heterobasidion species from Norway spruce saplings. The disks
from spruce trunk were cut 3.5 cm above and 3.5 cm underneath the root neck, which is shown in
the figure as a red line. The topmost 1 cm and the lowermost 1 cm of the trunk were stored in the
refrigerator for pre-incubation.

The remaining trunk parts and root segments were surface sterilized (1 min in 70% ethanol/5 min
4% sodium hypochlorite/1 min 70% ethanol) and cut into units (0.5 cm). Three units each were plated
on a petri dish filled with 1.5% MYP-agar. The presence for H. annosum s.l. and other fungi were
checked after 7 and 14 days.

2.3. Fungal Material

Heterobasidion sp. strains were received from the North-West German Forest Research Institute,
both collected by G. Langer and colleagues. H. annosum (strain NW-FVA 3492) was isolated from
P. abies in 2016 (Germany, Lower Saxony, forest department Oerrel, Karrenbusch). H. parviporum (strain
NW-FVA 0459) was isolated from P. abies in 2010 (Germany, Lower Saxony, forest department Oerrel,
Bobenwald). Before inoculations, the fungal strains used in this study were tested for their specificity
with species-specific primers developed for H. parviporum and H. annosum [17]. Similarly, to make sure
the pathogen cultures were not contaminated, the DNA of both cultures were extracted and PCR was
performed with ITS1-F and ITS4 primers and sequenced.

2.4. DNA Extractions, PCR and Sequencing

DNA of H. parviporum and H. annosum was extracted from 150 mg of the homogenized mycelium
sample using the “innuPREP Plant DNA Kit” (Analytik Jena AG, Jena, Germany), according to the
manufacturer’s instructions. Species-specific primers (H. annosum, MJ-F and MJ-R [17]; H. parviporum
KJ-F and KJ-R [17]) were used to confirm Heterobasidion species [17]. In brief, DNA template (100 ng),
buffer (KCl extra buffer, 1×), 1.5 mM MgCl2, primers (each concentration of 0.5 μM), a dNTP-mix (each
deoxynucleotide in a concentration of 200 μM) and 20 U/mL of DNA-polymerase (VWR) was adjusted
to 25 μL reaction with autoclaved MQ H2O. The cycling conditions used were: Initial denaturation
10 min at 95 ◦C, followed by 3 step cycling: Denaturation 30 s 95 ◦C; annealing 35 s 67 ◦C; extension
1 min 72 ◦C, number of cycles 40; final extension 7 min in 72 ◦C. Both species were run with both primer
pairs. Taq DNA polymerase (Qiagen) was used for PCR amplification of ITS regions with the primer
pair, ITS1-F and ITS4 [30,31]. Briefly, the PCR protocol was as follows: 1X CoralLoad PCR Buffer,
200 μM dNTP, 0.5 μM primer 1, 0.5 μM primer 2, 100ng template DNA, 0.2 U/μL DNA polymerase;
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the reaction was adjusted to 25 μL with autoclaved MQ H2O. The PCR conditions used were 94 ◦C
for 3 min; 30 cycles of 94 ◦C for 30 s, 55 ◦C for 1 min, 72 ◦C for 1 min, and 72 ◦C for 10 min. Possible
contaminations were determined with a negative control using sterile water as a template in both PCR
protocols. StainIN™ RED Nucleic Acid Stain was used to confirm DNA amplicons on a 2% agarose
gel and the visual detection was made by ultraviolet transillumination. ITS region PCR products
were purified and sequenced using the ITS4 primer at Microsynth SEQLAB (Göttingen, Germany).
The FASTA files thus obtained were checked with BioEdit [32] to confirm that the pathogen was not
contaminated with other fungi.

2.5. Experimental Design

The experiment was conducted at the Forest Botany and Tree Physiology greenhouses, Göttingen,
Germany (51◦33’28.4” N 9◦57’30.5” E) from early April until early August 2018. The 352 seedlings were
randomly block-assigned to waterproof tables with either high water (high water group = +group)
or low water (low water group = −group) availability treatments [2], and experimentally inoculated
with H. parviporum (66 per treatment group), H. annosum (66 per treatment group), mock-inoculated
controls (25 per treatment group) or left entirely untreated (19 per treatment group). The water
treatment experiment was running for 35 days before the inoculations were performed. Fungal
isolates were plated on 2% Malt Extract Agar (MEA) and grown at 21 ◦C for two weeks prior to the
experimental inoculations. Inoculations were made approximately mid-way up the stem of a first-year
shoot (distance of the inoculation from the stem base was ∼5 cm). A sterile 5mm cork borer was
used to punch through the bark to reach the sapwood surface. Equal sized plugs from pure culture
of Heterobasidion sp. or control (2% MEA) were placed onto the exposed surface and sealed with
Parafilm® [2]. The inoculation experiment was run for 70 days.

Since seedling water intake varied with the ambient temperature, it was necessary to continuously
monitor and adjust the watering amounts, in order to maintain the essential level in high water
availability treatment (moist soil). The water amounts needed to be continuously adjusted to the
increasing temperatures during the growing season 2018. Overall, high water availability seedlings
received double the water of low water availability seedlings. This was considered the suitable level of
drought in low water treatment [2]. At the beginning of the experiment, each high water availability
seedling was given 60 mL of water three times per week (Monday, Wednesday and Friday), and each
low water availability seedling was given 30 mL of water three times per week. After two-weeks, the
watering regimes were modified to 120 mL × 3 (+group), and 60 mL × 3 (−group). After five weeks,
the water level was modified again to 180 mL × 3 (+group) and 90 mL × 3 (−group). Water quantities
were increased in July (384 mL × 3 (+group), and 192 mL × 3 (−group)), and maintained at that level
until August. Seedlings were rotated on tables monthly, in order to minimize potential variation in
water requirements, due to positioning in the greenhouse. Throughout the experiment, temperatures
were measured inside the greenhouse every watering day using digital thermometers. The average
daily temperatures during the experiment period are presented in Table 1.

Table 1. The average, minimum and maximum temperatures in each month measured inside a greenhouse.

Month Average, ◦C Min, ◦C Max, ◦C

April 17.9 13.3 20.7
May 21.8 15.6 25.7
June 24.8 20.4 31.1
July 24.2 17.4 30.9

August 32.5 32.5 32.8

2.6. Data Collection and Post-Experiment Detection of Heterobasidion Species

Seedling height was measured at the beginning and the end of the experiment, in order to
determine seedling growth (heightend − heightstart) during the experiment. At the end of the experiment,
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the lesion lengths (nearest 0.001 mm) were measured with a stereomicroscope (Stemi 508, Zeiss,
Omnilab-laborzentrum GmbH & Co.KG, Gehrden, Germany) with an attached camera (Axiocam
ERc5s, Zeiss, Omnilab-laborzentrum GmbH & Co.KG, Gehrden, Germany) by using the freely
available software Labscope (Carl Zeiss Microscopy GmbH, Jena, Germany). First, the bark was
gently peeled to expose the necrosis in phloem (Figure 3a), measured, and then further sapwood
(Figure 3b) was exposed and measured. The lesion length was measured in horizontal and vertical
directions. After measurements, DNA was extracted directly from the inoculated sapwood (Figure 3b,c)
(100 mg) using the “innuPREP Plant DNA Kit” (Analytik Jena AG, Jena, Germany), according to the
manufacturer’s instructions. From each treatment, 10 randomly selected inoculated saplings (in total
60 saplings) was selected. To confirm infection, species-specific primers were used as described above
to detect Heterobasidion in inoculated stems [17]. Additionally, five inoculated stems (Figure 3b,c)
from each treatment (30 samples), were placed inside a plastic bag and incubated in darkness for
five days. The presence of H. annosum s.l. was identified based on conidiophores and conidiospores
under stereomicroscopy.

 
Figure 3. Measuring the necrosis in phloem and sapwood of Norway spruce saplings. (a) Necrosis
in phloem after inoculation with H. parviporum; (b) necrosis in sapwood after inoculation with
H. parviporum; (c) no sign of necrosis in the sapwood of mock-inoculated control.

2.7. Data Analysis

Data were analyzed using the SPSS version 25.0 (IBM Corporation, New York, NY, USA).
A generalized linear model was constructed to evaluate the fixed effects of necrosis length
(mock-inoculated-control, H. annosum, H. parviporum) and water availability treatments on sapling growth
(heightend − heightstart). Initial fixed explanatory variables in the seedling growth model included water
treatment group, inoculation group, lesion length (sapwood/phloem; vertical/horizontal), and all their
interactions. Table number was set as a random factor in the model. In addition, non-treated saplings
were included in this model. A generalized linear model was also constructed to evaluate the fixed effects
of inoculation method (mock-inoculated-control, H. annosum, H. parviporum) under different water
treatment (high, low) on necrosis length in phloem and sapwood (vertical/horizontal). Initial fixed
explanatory variables in the necrosis length model included inoculation method in the water treatment
group, sapling growth and sapling start height. Non-treated saplings were not included in this model.
Table number was set as a random factor in the model. The length of necrosis caused by H. parviporum
and H. annosum (horizontal/vertical) in phloem and sapwood per water treatment was further assessed
by ONE-WAY-ANOVA and pairwise differences were found using Dunnett’s C tests. Differences were
considered statistically significant if the p-value was equal or below the threshold of 0.01. Pearson’s
correlation analysis was used to determine correlations of seedling growth (heigthstart and growth)
with the sizes of necrotic lesions (phloem/sapwood and vertical/horizontal) caused by Heterobasidion
species. Similarly, necrosis length (vertical/horizontal) in sapwood and phloem were analyzed with
Pearson’s correlation. Correlations were considered as statistically significant if the p-value was below
the threshold of 0.05.

212



Forests 2019, 10, 55

3. Results

3.1. Necrosis Length

The extention growth of lesions and necroses occuring in pathogen inoculated stems was
significantly higher than in mock-inoculated controls in sapwood (vertical and horizontal) (Figure 4a,c)
and phloem (vertical and horizontal) (Figure 4b,d), except for the horizontal extension of H. annosum
in phloem, which did not differ from control (Figure 4d). H. parviporum outcompeted H. annosum in
vertical necrosis length in sapwood (Figure 4a) and phloem (Figure 4b), and in horizontal necrosis in
phloem (Figure 4d). The damage caused by H. parviporum was statistically greater in the low water
group (−group) in the vertical direction in sapwood (Figure 4a) and phloem (Figure 4b). Necroses,
due to H. annosum were statistically higher only for the low water group in the horizontal direction
in phloem (Figure 4d). Even though both pathogens were affected by the low water availibility
to the seedlings, H. parviporum was able to cause greater vertical necrosis. The vertical necrosis in
sapwood (Figure 4a) is also presented as necrosis length (mm) as a porportion of seedling growth
(heightend − heightstart, mm) during the experiment (Figure 5). In the untreated saplings there were
no lesions and necroses observed.

Figure 4. Length of necrosis (mm) observed after inoculation experiment with mock-inoculated
control, H. annosum and H. parviporum in Norway spruce saplings in different water availability groups.
Averages of vertical (a,b) and horizontal (c,d) length (mm) of necrosis in sapwood (a,c) and phloem
(b,c) measured to the nearest 0.001 mm.

The necrosis length model for pathogens (GLM) showed that seedling starting height (p < 0.01)
affected horizontal necrosis length in phloem and sapwood (Table 2). Based on Pearson correlation
coefficients (r), there were significant positive correlations between the seedling height and horizontal
pathogen necrosis in phloem (p < 0.01, r = 0.3) and sapwood (p < 0.05, r = 0.1) (Figure 6). Higher
seedling height indicated higher horizontal necrosis length (Figure 6). However, the strength of these
associations was low (0.1 < r < 0.3). Statistically significant (p < 0.01) and strong positive correlations
were found between sapwood vertical and horizontal necrosis length (r = 0.8), as well as between
vertical phloem and sapwood necrosis length (r = 0.6) (Figure 7a). When vertical necrosis in sapwood
increased, the necrosis in horizontal direction increased (Figure 7a). Similarly, when necrosis in phloem
increased, it also increased in sapwood (Figure 7a). Significant positive correlations (p < 0.01) were
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found also between horizontal phloem and sapwood necrosis length (r = 0.5) (Figure 7b) and between
horizontal and vertical necrosis in phloem (r = 0.4) (Figure 7b). The strength of these associations was
moderate (0.4 < r < 0.5).

Figure 5. Vertical necrosis (mm) observed in sapwood after inoculation with H. parviporum, H. annosum
and mock-inoculated control in high (+group) and low (−group) water groups as proportions of the
sapling growth (mm). The Norway spruce saplings in low water group (−group) in each treatment
grew less during the experiment than in high water group (+group). H. parviporum caused higher
necrosis in the low water group (−group).

Table 2. Estimates from the generalized linear models (GML), statistically significant effect (p < 0.01)
are bolded.

Variable Fixed Effects Std. Error F Sig.

Seedling growth

Water treatment 0.281 341.586 <0.001
Inoculation treatment 0.529 0.751 0.603

Phloem, vertical 0.027 1.032 0.311
Phloem, horizontal 0.084 5.004 0.026
Sapwood, vertical 0.032 3.866 0.05

Sapwood, horizontal 0.114 2.156 0.143

Sapwood, vertical
Inoculation × water treatment 1.117 106.57 <0.001

Heightstart 0.028 1.802 0.181
Seedling growth 0.151 2.236 0.136

Sapwood, horizontal
Inoculation × water treatment 0.36 186.452 <0.001

Heightstart 0.007 13.592 <0.001
Seedling growth 0.035 0.009 0.926

Phloem, vertical
Inoculation × water treatment 1.56 11.542 <0.001

Heightstart 0.032 0.569 0.451
Seedling growth 0.172 0.03 0.863

Phloem, horizontal
Inoculation × water treatment 0.426 15.252 <0.001

Heightstart 0.008 11.164 <0.001
Seedling growth 0.044 2.012 0.157

3.2. Saplings Growth

Low water availability negatively affected the growth of Norway spruce saplings during the
experiment. Sapling growth (heightend − heigthstart, +group = 7.2 ± 2.0 cm; −group = 2.2 ± 0.6 cm)
was statistically (p < 0.01) affected by water availability, (Figure 5, Table 2), but was not affected
by the fungal infections or necrosis length (horizontal/vertical) of the phloem or sapwood, or by
seedling starting height (Table 2). In total, 11 seedlings died during the experiment; one seedling in
H. parviporum (+group), one in H. annosum (−group), six in H. annosum (+group) groups and three in
non-treated (−group). The death of seedlings was assumed to be random, and they were removed
from data analysis.

3.3. Plant and Fungal Material

H. annosum s.l. could not be detected in the Norway spruce saplings sampled and investigated by
the Northwest German Forest Research Institute before the experimet started. The endophyte-community
was isolated from the roots, which included species of Diaporthe sp., Epicoccum nigrum Link, Sydowia
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polyspora (Bref. and Tavel) E. Müll. and Alternaria sp. (data not shown). ITS region sequencing
indicated no contamination in the cultures of Heterobasidion species. The species-specific primers [17]
also showed species speficity and worked only for the target species. The PCR run from inoculated
sapwood samples (altogether 60 samples) with species-specific primers detected the H. parviporum
and H. annosum from 70% (14/20: Ten from +group; four from −group) and 70% (14/20: Ten from
+group; 4 from −group), respectively. In mock-inoculated controls (20 samples) no Heterobasion was
detected (data not shown). From inoculated sapwood (30 stems of saplings) incubated in darkness,
H. parviporum could be detected from nine samples, (four from +group; five from −group) and
H. annosum from seven samples (three from +group; four from −group). From mock-inoculated
controls (10) no Heterobasidion was detected.

Figure 6. Combined horizontal necrosis length of H. parviporum and H. annosum correlated positively
with seedling height at the start of the experiment. Higher seedling height indicates higher horizontal
necrosis length.
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4. Discussion

Pathogen growth, here expressed by necrosis length (vertical/horizontal) in phloem and sapwood,
was shown to increase under abiotic disturbance (drought) in P. abies saplings. This result is consistent
with Linnakoski et al. [2], who found that blue stain fungi E. polonica caused greater necrosis and
mortality in P. abies seedlings with low water availability compared to those with high water availability.
Madmony et al. [33] inoculated H. parviporum into two-year-old branches of two different Norway
spruce clonal ramets (4-year old) and subjected them to well-watered and drought environments.
They observed increased pathogen growth in well-watered seedlings [33], which is in contrast to
our results. However, the duration of water availability treatment (22 days) in Madmony et al. [33]
was much shorter than in this study (105 days). These results highlight the need for well-established
inoculation studies for this pathosystem, when studying effects of abiotic disturbances. In our study,
the necrosis length did not affect the growth of the saplings, but horizontal necrosis had a significant
correlation with the sapling height (heightstart) measured at the start of the experiment (Figure 6).
A similar observation was made in an inoculation study of three-year-old Norway spruce ramets with
H. parviporum [34]. However, this is in contrast to other studies, where Norway spruce saplings’ height
were negatively correlated with the necrosis length caused by H. parviporum [35]. Based on these
results, saplings with lower values of growth parameters (in this case height) are not automatically
considerably more sensitive to fungal inoculation, rather the necrosis development most likely involves
multiple, interacting factors, e.g., different experimental settings and origins of pathogens and trees.
However, the possibility that the duration of pathogen exposure to the host and the damage caused by
increasing necrosis has an influence on the vitality of the host cannot be ruled out. The latter could
have affected height growth increment (Table 2).

In nature, disturbances caused by water limitations leads to reduced establishment of
aboveground tissues [2,36]. A similar phenomenon was observed in this study, as Norway spruce
growth was significantly lower under the low water availability treatment than high. Necrotrophic
fungal infections activate defensive responses in trees that aim to stop infection [37]. As previously
mentioned, the necrosis length did not affect the growth of the seedlings during the experiment,
indicating that the defense activated in saplings did not lead to a trade-off between resources allocated
to growth. Neilson et al. [38] opined that calculations of the costs of the trade-off between growth
and chemical defense related secondary metabolites can be overestimated and should be investigated
in parallel with the identification of new supplemental functions. In this study, the sapling growth
was not influenced by lesion length indicating that the infection with fungal pathogen did not require
more resources compared to a mock-inoculated wound [2]. Pairwise comparison between non-treated
saplings and inoculated saplings indicated that water treatment was the only parameter affecting
growth (data not shown). These results suggest that low water availability (drought) affected the
growth of Norway spruce saplings, making them more susceptible to root rot pathogens (Figures 4
and 5).

The adaptation of a tree species to changes in local climate may be too slow to successfully
respond to the present rapid rate of climate change [1,39]. Further uncertainty in the climate change
predictions is the possibility of change in tree resistance to fungal pathogens at abiotic disturbances,
e.g., drought and higher temperatures [1]. Heterobasidion species growth is optimum at temperatures
above 20 ◦C and below 30 ◦C [40–43]. Wood moisture content is not critical for H. annosum stump
infection, whereas the further colonization of sapwood is decreased significantly with increasing stump
moisture [44]. Müller et al. [43] stated that after having invaded living woody tissue, Heterobasidion
species could expect to have sufficient moisture to continue growing as long as the tree is alive [43].
In this sense, the growth of Heterobasidion may not be affected by decreased water availability [43,44],
in contrast to the host [36,45]. The probability of longer summer drought periods [46] may decrease
the defense ability of trees towards increasing activity of root rot fungi [27,36,45]. Our results support
this hypothesis, as the growth of Norway spruce saplings was decreased in the lower water group,
leading to higher necrosis length (Figures 4 and 5).
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Linares et al. [45] found that infected Abies pinsapo Boiss. trees have decreased ability to withstand
drought stress, and root rot infections (H. abietinum) act as predisposing factors of forest decline and
mortality. Gori et al. [27] found that H. parviporum infection made P. abies more susceptible to drought
stress at a low elevation site. The artificial fungal inoculation of seedlings and saplings of trees has been
widely practiced under controlled greenhouse conditions, in order to investigate hosts susceptibility
to Heterobasidion infection [34,35,47,48]. For the current experiment, three-year-old saplings were
used instead of mature trees. This enabled us to employ larger sample numbers with manipulation
treatments, all within a relatively short time. While previous inoculation studies indicate that young
saplings and seedlings are an effective model for larger tree health in Heterobasidion—Norway spruce
pathosystems [28], we highlight the importance of research on mature trees, which will be the most
accurate reflection of Heterobasidion effects on spruce trees in nature. Fine roots response negatively by
decreasing their biomass during drought [49]. This effects the vitality of Norway spruce and causes
more environmental stress. As Heterobasidion species are not dependent on the fine roots we suggest
that these pathogens can benefit from the stress of their host trees caused by drought. Consequently,
combined effects to the host root system by drought and Heterobasidion in more detail remains to
be investigated.

5. Conclusions

This study found significant increase in the necrosis length after inoculation of H. parviporum
(vertical necrosis in phloem and sapwood) and H. annosum (horizontal necrosis in phloem) in P. abies
saplings that were stressed, due to lower water availability. This highlights the fact that root rot
pathogens in the genus Heterobasidion can benefit from disturbances caused by projected climate
change. The number of long drought periods in summer is expected to increase in Europe in the
next decades [1,39,46,50], highlighting the need for the development of new adaptation strategies
in forestry [50,51]. Here we provide experimental evidence that reduced water availability can
enhance necrosis length in Norway spruce saplings after inoculation with H. parviporum or H. annosum.
This study contributes to experimental research on interactions between biotic and abiotic disturbances
in forest trees. Further empirical and theoretical research on mature trees under these disturbance
conditions (drought and root rot) are required to better understand the genetic measures of host
resistance and pathogen virulence, which can ultimately lead to different control strategies via
resistance breeding.

In the course of global climate change, the next generation of Norway spruce forests in Germany
are exposed to several risks besides H. annosum s.l. Norway spruce is the most vulnerable to wind
damage, which is predicted to increase due to climate change [1], of all tree species in Germany [52].
This highlights the need for more applied studies of how different abiotic (wind and drought)
disturbances can benefit the biotic (H. annosum s.l.) disturbance in Norway spruce dominated forests.
In future, in German lowlands with limited water supply, P. abies will be a high-risk tree species with
respect to forest protection and abiotic or biotic risk factors [53–55].

Author Contributions: E.T. designed the experimental protocol, conceived the experiment, measured the necrosis,
performed PCRs, analyzed the results and wrote the first draft. K.B. conceived the experiment and advised on the
experimental protocol, analysis and contributed to the writing of the manuscript. D.R.R. designed the watering
protocol in the greenhouse, maintained the greenhouse trial and performed the DNA extractions. G.J.L. and J.B.
performed the seedling health experiments, advised on the experimental protocol, analysis and contributed to the
writing of the manuscript.

Funding: This research was funded by Faculty of Forest Sciences and Forest Ecology, Georg-August-Universität
Göttingen, Germany.

Acknowledgments: Muhammad Rafaqat, Linda Rigerte and Wilhelmine Bach are highly acknowledged by their
contribution in the greenhouse experimental set up. We are obliged to Robert Larkin for kindly improving the
manuscript as a native speaker.

Conflicts of Interest: The authors declare no conflict of interest.

218



Forests 2019, 10, 55

References

1. Seidl, R.; Thom, D.; Kautz, M.; Martin-Benito, D.; Peltoniemi, M.; Vacchiano, G.; Wild, J.; Ascoli, D.; Petr, M.;
Honkaniemi, J.; et al. Forest disturbances under climate change. Nat. Clim. Chang. 2017, 7, 395–402.
[CrossRef] [PubMed]

2. Linnakoski, R.; Sugano, J.; Junttila, S.; Pulkkinen, P.; Asiegbu, F.O.; Forbes, K.M. Effects of water availability
on a forestry pathosysstem: Fungal strain-specific variation in disease severity. Sci. Rep. 2017, 7, 13501.
[CrossRef] [PubMed]

3. Thünen-Institut, Dritte Bundeswaldinventur—Ergebnisdatenbank. Available online: https://bwi.info
(accessed on 3 December 2018).

4. Asiegbu, F.O.; Adomas, A.; Stenlid, J. Conifer root and butt rot caused by Heterobasidion annosum (Fr.) Bref.
s.l. Mol. Plant Pathol. 2005, 6, 395–409. [CrossRef] [PubMed]

5. Garbelotto, M.; Gonthier, P. Biology, epidemiology, and control of Heterobasidion species worldwide.
Annu. Rev. Phytopathol. 2013, 51, 39–59. [CrossRef] [PubMed]

6. Deutscher Wetterdienst. Available online: https://www.dwd.de/DE/leistungen/klimakartendeutschland/
klimakartendeutschland.html?nn=480164 (accessed on 9 January 2019).

7. Langer, G.J.; Northwest German Forest Research Institute, Göttingen, Germany. Personal communication, 2018.
8. Rishbeth, J. Observations on the Biology of Fomes annosus, with particular reference to East Anglian pine

plantations: II. Spore production, stump infection, and saprophytic activity in stumps. Ann. Bot. 1951, 15,
1–22. [CrossRef]

9. Langer, G.J.; Bressem, U.; Haberman, M. Vermehrt Pilzkrankheiten an Bergahorn in Nordwestdeutschland.
AFZ/Der Wald 2013, 6, 22–26.

10. Rishbeth, J. Dispersal of Fomes annosus Fr. and Peniophora gigantea (Fr.) Massee. Trans. Br. Mycol. Soc. 1959,
42, 243–260. [CrossRef]

11. Isomäki, A.; Kallio, T. Consequences of injury caused by timber harvesting machines on the growth and
decay of spruce (Picea abies (L.) Karst.). Acta For. Fennica 1974, 136, 1–25. [CrossRef]

12. Redfern, D.B.; Stenlid, J. Spore dispersal and infection. In Heterobasidion annosum: Biology, Ecology, Impact and
Control; Woodward, S., Stenlid, J., Karjalainen, R., Hüttermann, A., Eds.; CAB International: Wallingford,
UK; New York, NY, USA, 1998; pp. 105–124.

13. Korhonen, K. Intersterility groups of Heterobasidion annosum. Commun. Inst. For. Fenn. 1978, 94, 1–25.
14. Capretti, P.; Korhonen, K.; Mugnai, L.; Romagnioli, C. An intersterility group of Heterobasidion annosum,

specialized to Abies alba. Eur. J. For. Pathol. 1990, 20, 257–262. [CrossRef]
15. Metzler, B.; Langer, G.J.; Heydeck, P.; Peters, F.; Scham, J.; Langer, E. Survey on Heterobasidion species and

perspectives of butt rot control in Germany. In XIII Conference Root and Butt Rot of Forest Trees IUFRO; Firenze
University Press: Firenze, Italy, 2011; pp. 206–208.

16. Langer, G.J.; Bressem, U. Phlebiopsis gigantea als Antagonist des Wurzelschwamms. AFZ/Der Wald 2017, 72,
39–43.

17. Hantula, J.; Vainio, E. Specific primers for the differentiation of Heterobasidion annosum (s.str.) and
H. parviporum infected stumps in northern Europe. Silva Fenn. 2003, 37, 181–187. [CrossRef]

18. Rishbeth, J. Stump protection against Fomes annosus. Treatment with substances other than creosote.
Ann. Appl. Biol. 1959, 47, 529–541. [CrossRef]

19. Oliva, J.; Bendz-Hellgren, M.; Stenlid, J. Spread of Heterobasidion annosum s.s. and Heterobasidion parviporum
in Picea abies 15 years after stump inoculation. FEMS Microbiol. Ecol. 2011, 75, 414–429. [CrossRef] [PubMed]

20. NW-FVA 2018 Gemeiner Wurzelschwamm (Heterobasidion annosum s.l.) Praxis Information Nr. 5—Oktober
2018. Available online: https://www.nw-fva.de/index.php?id=173 (accessed on 1 December 2018).

21. Piri, T. The spreading of the S type of Heterobasidion annosum from Norway spruce stumps to the subsequent
tree stand. Eur. J. For. Pathol. 1996, 26, 193–204. [CrossRef]

22. Stenlid, J.; Redfern, D. Spread within the tree and stand. In Heterobasidion annosum: Biology, Ecology, Impact
and Control; Woodward, S., Stenlid, J., Karjalainen, R., Hüttermann, A., Eds.; CAB International: Wallingford,
UK; New York, NY, USA, 1998; pp. 125–142.

23. Piri, T.; Korhonen, K. Spatial distribution and persistence of Heterobasidion parviporum genets on a Norway
spruce site. For. Pathol. 2007, 37, 1–8. [CrossRef]

219



Forests 2019, 10, 55

24. Piri, T. Early development of root rot in young Norway spruce planted on sites infected by Heterobasidion in
southern Finland. Can. J. For. Res. 2003, 33, 604–611. [CrossRef]

25. La Porta, N.; Capretti, P.; Thomsen, I.M.; Kasanen, R.; Hietala, A.M.; Von Weissenberg, K. Forest pathogens
with higher damage potential due to climate change in Europe. Can. J. Plant Pathol. 2008, 30, 177–195.
[CrossRef]

26. Trishkin, M.; Lopatin, E.; Gavrilova, O. The potential impact of climate change and forest management
practices on Heterobasidion spp. infection distribution in northwestern Russia—A case study in the Republic
of Karelia. J. For. Sci. 2016, 62, 529–536. [CrossRef]

27. Gori, Y.; Cherubini, P.; Camin, F.; La Porta, N. Fungal root pathogen (Heterobasidion parviporum) increases
drought stress in Norway spruce stand at low elevation in the Alps. Eur. J. For. Res. 2013, 132, 607. [CrossRef]

28. Dimitri, L.; Schumann, G. Further experiments on the host-parasite relationship between Norway spruce and
Heterobasidion annosum. In Proceedings of the 7th International Conference on Root and Butt Rots, Vernon
and Victoria, BC, Canada, 9–16 August 1988; pp. 171–179.

29. Langer, G. Die Gattung Botryobasidium Donk (Corticiaceae, Basidiomycetes). Bibl. Mycol. 1994, 158, 459.
30. Gardes, M.; Bruns, T.D. ITS primers with enhanced specificity for higher fungi and basidiomycetes:

Application to identification of mycorrhizae and rusts. Mol. Ecol. 1993, 2, 113–118. [CrossRef]
31. White, T.J.; Bruns, T.D.; Lee, S.B.; Taylor, J.W. Amplification and direct sequencing of fungal ribosomal RNA

genes for phylogenetics. In PCR Protocols—A Guide to Methods and Applications; Innis, M.A., Gelfand, D.H.,
Sninsky, J.J., White, T.J., Eds.; Academic Press: San Diego, CA, USA, 1990; pp. 315–322.

32. Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows
95/98/NT. Nucleic Acids Symp. Ser. 1999, 41, 95–98.

33. Madmony, A.; Tognetti, R.; Zamponi, L.; Capretti, P.; Michelozzi, M. Monoterpene responses to interacting
effects of drought stress and infection by the fungus Heterobasidion parviporum in two clones of Norway
spruce (Picea abies). Environ. Exp. Bot. 2018, 152, 137–148. [CrossRef]

34. Karlsson, B.; Tsopelas, P.; Zamponi, L.; Capretti, P.; Soulioti, N.; Swedjemark, G. Susceptibility to
Heterobasidion parviporum in Picea abies clones grown in different environments. For. Pathol. 2008, 38,
83–89. [CrossRef]

35. Mukrimin, M.; Kovalchuk, A.; Neves, L.G.; Jaber, E.H.A.; Haapanen, M.; Kirst, M.; Asiegbu, F.O.
Genome-wide exon-capture approach identifies genetic variants of Norway spruce genes associated with
susceptibility to Heterobasidion parviporum infection. Front. Plant. Sci. 2018, 9, 793. [CrossRef] [PubMed]

36. Lévesque, M.; Saurer, M.; Siegwolf, R.; Eilmann, B.; Brang, P.; Bugmann, H.; Rigling, A. Drought response of
five conifer species under contrasting water availability suggests high vulnerability of Norway spruce and
European larch. Glob. Chang. Biol. 2013, 19, 3184–3199. [CrossRef]

37. Kovalchuk, A.; Keriö, S.; Oghenekaro, A.O.; Jaber, E.; Raffaello, T.; Asiegbu, F.O. Antimicrobial defenses and
resistance in forest trees: Challenges and perspectives in a genomic era. Annu. Rev. Phytopathol. 2013, 51,
221–244. [CrossRef]

38. Neilson, E.H.; Goodger, J.Q.; Woodrow, I.E.; Møller, B.L. Plant chemical defense: At what cost? Trends Plant Sci.
2013, 5, 250–258. [CrossRef]

39. Allen, C.D.; Macalady, A.K.; Chenchouni, H.; Bachelet, D.; McDowell, N.; Vennetier, M.; Kitzberger, T.;
Rigling, A.; Breshears, D.D.; Hogg, E.H.; et al. A global overview of drought and heat induced tree mortality
reveals emerging climate change risks for forests. For. Ecol. Manag. 2010, 259, 660–684. [CrossRef]

40. Gooding, G.V.; Hodges, C.S., Jr.; Ross, E.W., Jr. Effect of temperature on growth and survival of Fomes annosus.
For. Sci. 1966, 12, 325–333. [CrossRef]

41. Brown, A.V.; Webber, J.F. Biocontrol of decay in seasoning utility poles. I. Growth rate and colonizing ability
of bluestain and decay fungi in vivo and in vitro. For. Pathol. 2009, 39, 145–156. [CrossRef]

42. Scirè, M.; Motta, E.; D’Amico, L. Behaviour of Heterobasidion annosum and Heterobasidion irregulare isolates
from central Italy in inoculated Pinus pinea seedlings. Mycol. Prog. 2011, 10, 85–91. [CrossRef]

43. Müller, M.M.; Sievänen, R.; Beuker, E.; Meesenburg, H.; Kuuskeri, J.; Hamberg, L.; Korhonen, K. Predicting
the activity of Heterobasidion parviporum on Norway spruce in warming climate from its respiration rate at
different temperatures. For. Pathol. 2014, 44, 325–336. [CrossRef]

44. Bendz-Hellgren, M.; Stenlid, J. Effects of clear-cutting, thinning, and wood moisture content on the
susceptibility of Norway spruce stumps to Heterobasidion annosum. Can. J. For. Res. 1998, 28, 759–765.
[CrossRef]

220



Forests 2019, 10, 55

45. Linares, J.C.; Camarero, J.J.; Bowker, M.A.; Ochoa, V.; Carreira, J.A. Stand-structural effects on Heterobasidion
abietinum-related mortality following drought events in Abies pinsapo. Oecologia 2010, 164, 1107–1119.
[CrossRef] [PubMed]

46. Ruosteenoja, K.; Tuomenvirta, H.; Jylhä, K. GCM-based regional temperature and precipitation change
estimates for Europe under four SRES scenarios applying a super-ensemble pattern-scaling method.
Clim. Chang. 2007, 81, 193–208. [CrossRef]

47. Swedjemark, G.; Stenlid, J. Variation in spread of Heterobasidion annosum in clones of Picea abies grown at
different vegetation phases under greenhouse conditions. Scand. J. For. Res. 1996, 11, 137–144. [CrossRef]

48. Swedjemark, G.; Stenlid, J.; Karlsson, B. Variation in growth of Heterobasidion annosum among clones of
Picea abies incubated for different periods of time. For. Pathol. 2001, 31, 163–175. [CrossRef]

49. Gaul, D.; Hertel, D.; Borken, W.; Matzner, E.; Leuschner, C. Effects of experimental drought on the fine root
system of mature Norway spruce. For. Ecol. Manag. 2008, 256, 1151–1159. [CrossRef]

50. Lindner, M.; Maroschek, M.; Netherer, S.; Kremer, A.; Barbati, A.; Garcia-Gonzalo, J.; Seidl, R.; Delzon, S.;
Corona, P.; Kolström, M.; et al. Climate change impacts, adaptive capacity, and vulnerability of European
forest ecosystems. For. Ecol. Manag. 2010, 259, 698–709. [CrossRef]

51. Subramanian, N.; Bergh, J.; Johansson, U.; Nilsson, U.; Sallnäs, O. Adaptation of forest management regimes
in southern Sweden to increased risks associated with climate change. Forests 2016, 7, 8. [CrossRef]

52. Schmidt, M.; Hanewinkel, M.; Kändler, G.; Kublin, E.; Kohnle, U. An inventory-based approach for modelling
single tree storm damage—Experiences with the winter storm 1999 in south-western Germany. Can. J.
For. Res. 2010, 40, 1636–1652. [CrossRef]

53. Overbeck, M.; Schmidt, M. Modelling infestation risk of Norway spruce by Ips typographus (L.) in the Lower
Saxon Harz Mountains (Germany). For. Ecol. Manag. 2012, 266, 115–125. [CrossRef]

54. Spellmann, H.; Sutmöller, J.; Meesenburg, H. Risikovorsorge im Zeichen des Klimawandels. Vorläufige
Empfehlungen der NW-FVA am Beispiel des Fichtenanbaus. AFZ/Der Wald 2007, 62, 1246–1249.

55. Spellmann, H.; Albert, M.; Schmidt, M.; Sutmöller, J.; Overbeck, M. Waldbauliche Anpassungsstrategien für
veränderte Klimaverhältnisse. AFZ/Der Wald 2011, 11, 19–23.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

221



Article

Identification and Analysis of a CPYC-Type
Glutaredoxin Associated with Stress Response
in Rubber Trees

Kun Yuan 1, Xiuli Guo 2, Chengtian Feng 1, Yiyu Hu 1, Jinping Liu 2,* and Zhenhui Wang 1

1 Key Laboratory of Biology and Genetic Resources of Rubber Tree, Ministry of Agriculture, Rubber Research
Institute, Chinese Academy of Tropical Agricultural Sciences, Haikou 571101, China;
yuankun628@126.com (K.Y.); fengchengtian@126.com (C.F.); huyy2009@gmail.com (Y.H.);
wzh-36@163.com (Z.W.)

2 Hainan Key Laboratory for Sustainable Utilization of Tropical Bioresources, Tropical Agriculture and
Forestry Institute, Hainan University, Haikou 570228, China; aura.guo@vivachek.com

* Correspondence: 990785@hainu.edu.cn; Tel.: +86-0898-6696-1263

Received: 17 January 2019; Accepted: 7 February 2019; Published: 12 February 2019

Abstract: Glutaredoxins (GRXs) are a class of small oxidoreductases which modulate various
biological processes in plants. Here, we isolated a GRX gene from the rubber tree (Hevea brasiliensis
Müll. Arg.), named as HbSRGRX1, which encoded 107 amino acid residues with a CPYC active
site. Phylogenetic analysis displayed that HbSRGRX1 was more correlated with GRXs from
Manihot esculenta Crantz. and Ricinus communis L. HbSRGRX1 was localized in the nuclei of
tobacco cells, and its transcripts were preferentially expressed in male flowers and in the high-yield
variety Reyan 7-33-97 with strong resistance against cold. The expression levels of HbSRGRX1
significantly decreased in tapping panel dryness (TPD) trees. Furthermore, HbSRGRX1 was regulated
by wounding, hydrogen peroxide (H2O2), and multiple hormones. Altogether, these results
suggest important roles of HbSRGRX1 in plant development and defense response to TPD and
multiple stresses.

Keywords: glutaredoxin; subcellular localization; expression; tapping panel dryness; defense
response; rubber tree

1. Introduction

The rubber tree (Hevea brasiliensis Müll. Arg.) from the Euphorbiaceae family, as the major source
of natural rubber, is thought to be one of the important industrial trees. The production of natural
rubber is facing a serious threat caused by tapping panel dryness (TPD), which is identified by a
part or complete cessation of latex flow. It is found that over exploitation, namely over tapping or
excessive stimulation by ethephon (ET), might lead to the onset of TPD [1]. Although many researches
have tried to reveal the mechanism of TPD, it is still unclear. Numerous genes related to TPD have
been identified [2–4]. The onset of TPD is thought to be closely associated with reactive oxygen
species (ROS) signaling [4]. The excessive generation of ROS can elicit oxidative damage to lipids,
DNA, and proteins, leading to the plant cell death [5]. Plants have evolved various ROS scavenging
systems, of which, gutaredoxins (GRXs) are important members that can maintain and modulate
cellular redox status with the reducing power of glutathione (GSH) [6]. Increasing evidence indicates
that GRXs have antioxidant functions in plant responses to oxidative stress [7–10]. According to the
sequences of active sites, plant GRXs contain three main groups, CPY(F)C-, CGFS- and CC-type [6,11].
They take part in the regulation of growth and development, stress responses, and iron-sulfur cluster
assembly [9,12–15]. There are 31 GRX members in Arabidopsis thaliana (L.) Heynh., 48 in Oryza sativa
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L., and 36 in Populus trichocarpa Torr. & A.Gray ex. Hook. Many researches into CGFS- and CC-type
GRX genes have been carried out in plants [8,12,16,17]. However, there are few data about CPYC-
type GRXs. Several CPYC-type GRX genes in Populus trichocarpa are reported to show differential
expression patterns in various organs [11]. Recently, it was found that various treatments could induce
the expression of rice OsGRX20, a CPYC-type GRX. Further analysis indicates that overexpression
of OsGRX20 in the rice sensitive genotype strikingly increases resistance to bacterial blight [10].
Although many plant GRX genes have been characterized, the biological functions of GRXs in rubber
treesremain unknown.

The transcript of the GRXC9 gene belonging to CC-type class shows decreased expression in TPD
trees as compared to healthy ones [4,18], but their biological functions have not been researched
in rubber trees. Previously, our proteomic analysis indicated that a GRX protein (ABZ88803.1/
EU295478.1) decreased in the latex of TPD plants compared with healthy ones [19]. Therefore,
we postulate that this GRX gene might have critical roles during TPD onset, and it is essential
to be further study its function. Here, we sequenced a stress-responsive GRX gene in rubber trees,
named as HbSRGRX1, and the phylogenetic tree was constructed in the present research. Meanwhile,
the expression profiles of HbSRGRX1 were systematically analyzed in various tissues and varieties,
different degrees of TPD trees, wounding, hydrogen peroxide (H2O2), and various hormone treatments.
The results demonstrated that HbSRGRX1 participated in response to TPD and other various stimuli,
suggesting its crucial function in rubber trees.

2. Materials and Methods

2.1. Plant Materials

The rubber tree clone Reyan 7-33-97 from an experimental field of the Chinese Academy of
Tropical Agricultural Sciences in China was used. Seven different tissues from 10-year-old trees were
collected to study the tissue-specific expression of HbSRGRX1. This type of tree was similarly selected
to analyze the influence of H2O2 and various hormones on HbSRGRX1 expression. To examine the
variety-specific expression of HbSRGRX1, 5 different varieties, including Reyan 7-33-97, 7-20-59, 8-79,
Reken 523, and PR107 were selected from 10-year-old trees. To study the effect of wounding on
HbSRGRX1 expression, virgin trees from 8-years-old were used. To detect the influence of TPD on
HbSRGRX1, 24-year-old trees with different TPD degrees (Grade 1, degree <25% tapping panel dry;
Grade 2, degree 25% < tapping panel dry < 50%; and Grade 3, degree >50% tapping panel dry) were
used. The healthy ones (Grade 0) were used as control (the images of rubber trees from different TPD
degrees shown in Figure S1).

2.2. Wounding, H2O2 and Hormones Treatments

For the wounding treatment, eight stainless drawing pins were used to stick into the bark of
each tree and left in place as described [20]. Four batches of 10 virgin trees were selected, 3 of which
were wounded at 6, 12, 24, and 48 h before the first tapping, and the fourth batch was unwounded
as the control. The H2O2 and hormone treatments were arranged according to the methods of
Deng et al. [21] and Long et al. [22], respectively. Three batches (five trees each) were treated with
2% H2O2, 1.5% ET, 200 μmol/L abscisic acid (ABA), 0.005% methyl jasmonate (MeJA), 200 μmol/L
salicylic acid (SA), 66 μmol/L 2,4-dichlorophenoxyacetic acid (2,4-D), 100 μmol/L gibberellic acid
(GA3), 200 μmol/L 6-Benzylaminopurine (6-BA) and 100 μmol/L indole-3-acetic acid (IAA). Another
one was used as the control. The H2O2 and hormones were treated at 6, 12, 24, and 48 h.

2.3. RNA Isolation and cDNA Synthesis

All latex total RNA was isolated as described [23]. RNA of other tissues was extracted using the
RNAprep pure Plant Kit (TIANGEN, Beijing, China). The integrity and concentration of RNA was
examined by agarose gel electrophoresis, and a spectrophotometer (Thermo, New York, NY, USA).
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The synthesis of First-strand cDNA was conducted with the RevertAid™ First Strand cDNA Synthesis
Kit (Fermentas, Waltham, MA, USA)).

2.4. ORF Cloning of HbSRGRX1

According to the sequence of EU295478.1, several pairs of primers were designed
(Table 1). The open reading frame (ORF) of HbSRGRX1 was flanked by the pair
of primers HbSRGRX1-F (5’-ATGGCGATGACCAAGGCCAAG-3’) and HbSRGRX1-R
(5’-TTTAAGCAGAAGCCTTAGCAAGAGCTCC-3’). The product was cloned into the pMD18-T vector,
and then sequenced.

Table 1. Primer sequences.

Primer Name Primer Sequence (5’→3’) Use

HbSRGRX1-F ATGGCGATGACCAAGGCCAAG ORF cloning
HbSRGRX1-R TTTAAGCAGAAGCCTTAGCAAGAGCTCC ORF cloning

1302-HbSRGRX1-F CTCCCATGGATGGCGATGACCAAGGCCAAG Subcellular localization analysis
1302-HbSRGRX1-R CGCACTAGTTTAAGCAGAAGCCTTAGCAAGAGCTCC Subcellular localization analysis

HbSRGRX1-QF CGTTTCTTCCAATTCTGTTGTCGTT Real-time PCR analysis
HbSRGRX1-QR CAATGTGCTTGCCACTGATG Real-time PCR analysis
Hb18SrRNA-QF GCTCGAAGACGATCAGATACC Real-time PCR analysis
Hb18SrRNA-QR TTCAGCCTTGCGACCATAC Real-time PCR analysis

Underline represents the restriction enzyme sites.

2.5. Sequence Analyses

The molecular weight (Mw) and isoelectric point (pI) of HbSRGRX1 were predicted by the ExPASy
compute pI/Mw tool. The protein conserved domain was identified with the NCBI (National Center
for Biotechnology Information) CDD (Conserved Domain Database) and SMART (Simple Modular
Architecture Research Tool) [24]. The protein sequence was aligned by DNAMAN 6. The phylogenetic
tree was constructed by MEGA (Molecular Evolutionary Genetics Analysis) 6.06 with neighbor-joining
method [25]. A bootstrap test was performed using 1000 replicates.
2.6. Subcellular Localization

HbSRGRX1 was localized as described [21]. A pair of primers 1302-HbSRGRX1-F
(5’-CTCCCATGGATGGCGATGACCAAGGCCAAG-3’) and 1302-HbSRGRX1-R
(5’-CGCACTAGTTTAAGCAGAAGCCTTAGCAAGAGCTCC-3’) was used to amplify the
coding sequence of HbSRGRX1 (Table 1). The product was cloned into the pMD18-T vector,
the correct plasmids and pCAMBIA1302-GFP vector were digested with Nco I and Spe I,
respectively. The products were ligated with T4-DNA ligase to obtain the recombinant vector
pCAMBIA1302-HbSRGRX1-GFP, which was then transformed into A. tumefaciens strain EHA105.
The A. tumefaciens harboring the recombinant vector was infiltrated into the N. benthamiana leaves.
Fluorescence signals were examined using a confocal microscope (Fluo ViewTM FV1000).

2.7. Real-time Quantitative PCR (qPCR)

The expression patterns of HbSRGRX1 were examined by qPCR using the primers HbSRGRX1-QF
and HbSRGRX1-QR (Table 1). The 18S rRNA gene (primers: Hb18SrRNA-QF and Hb18SrRNA-QR;
Table 1) was used as the internal control. The qPCR was carried out on a LightCycler 2.0 system (Roche
Diagnostics, Switzerland) using SYBR Premix Ex Taq™ II (Takara, Dalian, China). The PCR procedures
and the calculation of the relative abundance of transcripts were performed as described [20].
All qPCR experiments were reproduced in triplicate, and the values were presented as mean ± SD
(Standard Deviation). Figures were drawn by OriginPro 9.0 software (OriginLab Corporation,
Northampton, MA, USA).
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3. Results

3.1. ORF Cloning, Sequence Alignment and Phylogenetic Analysis of HbSRGRX1

Primers HbSRGRX1-F and HbSRGRX1-R were designed to clone the ORF of HbSRGRX1 using
latex cDNA of the clone Reyan 7-33-97 as the template. HbSRGRX1 contained a 324-bp ORF encoding
107 amino acid residues. The putative molecular mass was 11.3 kDa, and the pI was 6.71. HbSRGRX1
contained a conserved motif of the thioredoxin_like superfamily, a CPYC active site at 23–26 amino
acids at the N-terminus and GSH binding sites, belonging to CPYC-type class (Figure 1A).

 
Figure 1. Sequence alignment and phylogenetic analyses of HbSRGRX1 and other plant GRXs.
(A) Dark and gray indicate identical and similar amino acids, respectively. The straight line, asterisk,
and dotted line represent the conserved motif of the thioredoxin_like superfamily, GSH binding
site, and active site, respectively. (B) The phylogenetic tree was generated by MEGA (Molecular
Evolutionary Genetics Analysis) 6.06 using the neighbor-joining method with 1000 bootstrap tests.
The scale bar represents the estimated number of amino acid substitutions per site. The accession
numbers of GRX proteins are as follows: Manihot esculenta (MeGRX, XP 021594601.1), Ricinus communis
(RcGRX, XP 002524673.1), Populus trichocarpa (PtGRX, XP 002298529.2), Prunus mume (PmGRX,
XP 008230572.1), Arabidopsis thaliana (AtGRX, NP 198853.1), Jatropha curcas (JcGRX, NP 001295635.1),
Theobroma cacao (TcGRX, XP 007031532.1), Juglans regia (JrGRX, XP 018842397.1), Solanum pennellii
(SpGRX, XP 015077482.1), Nicotiana attenuate (NaGRX, XP 019224739.1), Morus notabilis (MnGRX,
XP 024029530.1), Vitis vinifera (VvGRX, XP 002276266.1), Triticum aestivum (TaGRX, AAP80853.1),
Elaeis guineensis (EgGRX, XP 010940165.1), Zea mays (ZmGRX, NP 001158948.1), Oryza sativa (OsGRX,
XP 015626005.1).

Multiple sequence alignment of HbSRGRX1 with its related CPY (F) C-type ones from several
other plants revealed high identities with the GRXs from Manihot esculenta Crantz. Ricinus communis
L. and Jatropha curcas L. (84.11%, 77.57%, and 75.23%, respectively). HbSRGRX1 had 73.39%, 71.17%,
68.42%, and 64.60% identity with GRXs from Populus trichocarpa, Arabidopsis thaliana, Vitis vinifera L.,
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and Triticum aestivum L., respectively (Figure 1A). To establish the phylogenic relationships among
plant GRXs, a phylogenetic tree was constructed between HbSRGRX1 and another 16 plant GRXs in
CPY (F) C-type class, using the neighbor-joining method. As shown in Figure 1B, HbSRGRX1 was
more closely related to MeGRX (Manihot esculenta, XP 021594601.1) and RcGRX (Ricinus communis,
XP 002524673.1), which belonged to the same family as Hevea brasiliensis of Euphorbiaceae. This result
demonstrated that the GRXs were highly conserved during evolution.

3.2. Subcellular Localization of HbSRGRX1

To further investigate the subcellular localization of HbSRGRX1 in cells, the N. benthamiana leaves
were infiltrated with the A. tumefaciens harboring pCAMBIA1302-HbSRGRX1-GFP vector and observed
with a confocal microscope. The results demonstrated that the fluorescent signal was examined in the
nuclei (Figure 2), indicating that HbSRGRX1 was a nucleus located protein.

 
Figure 2. Subcellular localization of HbSRGRX1. GFP alone (top row) was localized throughout the
whole cell and pCAMBIA1302-HbSRGRX1-GFP (bottom row) in the nuclei of tobacco epidermal cells.
Bar = 20 μm.

3.3. Expression of HbSRGRX1 in Different Tissues and Varieties

The expression of HbSRGRX1 was examined in seven tissues, including latex, leaf, bark,
male flower, female flower, xylem, and petiole. As shown in Figure 3A, HbSRGRX1 displayed a
tissue-specific expression profile. The expression of HbSRGRX1 was highest in male flowers, which was
strikingly higher than in other tissues (p < 0.05), 38.9- and 617.5-fold over its expression in latex and
leaf, respectively. In addition, HbSRGRX1 was differentially expressed in five different varieties of
rubber trees, including Reyan 7-33-97, 7-20-59, 8-79, Reken 523, and PR107. The expression level of
HbSRGRX1 was significantly higher in Reyan 7-33-97 than other varieties, the lowest in Reyan 7-20-59
and 8-79 (Figure 3B). Together, the above results indicated that HbSRGRX1 might have particular
functions in different tissues and varieties.
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Figure 3. Expression profiles of HbSRGRX1 gene in different tissues and varieties, and in bark and
latex from different tapping panel dryness (TPD) levels. Expression profiles of HbSRGRX1 in different
tissues (A), barks from different varieties (B), bark (C), and latex (D) from different TPD levels. 0, 1, 2,
and 3 indicated healthy trees (Grade 0), Grade 1 (degree <25% tapping panel dry), Grade 2 (degree
25% < tapping panel dry < 50%) and Grade 3 (degree >50% tapping panel dry), respectively. Relative
expression was normalized using 18S rRNA gene. Values represent mean ± SD of three independent
replicates. Different letters indicate significant difference (p < 0.05).

3.4. Expression of HbSRGRX1 in Different Degrees of TPD Trees

The TPD of rubber tree is a complicated physiological disorder caused by over tapping or excessive
stimulation by ET, seriously affecting natural rubber production [26]. To further analyze the expression
of HbSRGRX1 at the transcriptional level, the bark and latex from different degrees of TPD trees
(Grade 0, healthy trees; Grade 1, degree <25% tapping panel dry; Grade 2, degree 25% < tapping panel
dry < 50%; and Grade 3, degree >50% tapping panel dry) were collected, respectively. In general,
the expression of HbSRGRX1 was markedly higher in healthy plants than TPD ones (Figure 3C,D).
Remarkably, the expression of HbSRGRX1 in bark showed a trend of constantly significant decline
with the degree of TPD rising (Figure 3C), while did not change in latex of different degrees of TPD
(1–3) except the healthy control (0) (Figure 3D). These results indicated that the expression levels of
HbSRGRX1 were closely correlated with TPD severities.

3.5. Expression of HbSRGRX1 in Response to Different Treatments

Tapping is a kind of mechanical wounding, over tapping or excessive stimulation by ET can
elicit oxidative stresses of laticifer cells and the balance between ROS production and scavenging
is broken, resulting in ROS burst and the onset of TPD in Hevea brasiliensis [1]. Multiple hormones
are reported to regulate the expression of GRX genes in rice [10,27]. Thus, the expression profiles
of HbSRGRX1 in latex were systematically investigated in response to wounding, H2O2, ET, MeJA,
ABA, SA, GA3, 2, 4-D, 6-BA, and IAA using qPCR method. As shown in Figure 4, all the treatments
regulated the expression of HbSRGRX1, but the expression profiles showed obvious variations. After
wounding and H2O2 treatments, HbSRGRX1 expression indicated an irregular fluctuation and was
generally suppressed, with the lowest expression at 6 h and 24 h, respectively (Figure 4A,B). With ET
treatment, the expression of HbSRGRX1 significantly decreased to the lowest level at 24 h (Figure 4C).
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Similarly, its expression was rapidly inhibited at 6 h after MeJA treatment and kept a similar expression
level from 6 h to 48 h (Figure 4D). HbSRGRX1 showed similar expression profiles and was quickly
induced, all rising to the highest point at 6 h, and then markedly declining at 12 h after ABA, SA,
and GA3 treatments (Figure 4E–G). As for 2, 4-D, 6-BA, and IAA treatments, HbSRGRX1 exhibited
a similar expression trend of first rising and then declining, reaching the peaks at 6 h, 12 h and 24 h,
respectively (Figure 4H–J). Taken together, these results demonstrated that HbSRGRX1 might have
distinct functions in response to wounding, H2O2, and hormones.

Figure 4. Expression profiles of the HbSRGRX1 gene under different treatments. Expression profiles
of HbSRGRX1 in latex at 6, 12, 24, and 48h after wounding (A), hydrogen peroxide (H2O2) (B),
ethephon (ET) (C), methyl jasmonate (MeJA) (D), abscisic acid (ABA) (E), salicylic acid (SA) (F),
gibberellic acid (GA3) (G), 2,4-dichlorophenoxyacetic acid (2,4-D) (H), 6-Benzylaminopurine (6-BA) (I),
and indole-3-acetic acid (IAA) (J) treatments. Untreated trees were used as the control (0 h). Relative
expression was normalized using 18S rRNA gene. Values represent mean ± SD of three independent
replicates. Different letters indicate significant difference (p < 0.05).
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4. Discussion

Glutaredoxins (GRXs) are a class of small oxidoreductases whose size is commonly 10 to 15 kDa.
Many studies have suggested that plant GRXs perform various roles, such as modulating organ
development, response to oxidative stress, and hormone signaling [7,12,27]. However, there are few
data about the rubber tree GRXs, and their functions are still unclear. In this study, a CPYC-type GRX
gene HbSRGRX1, encoding 107 amino acids, was isolated from rubber trees. Sequence alignment
and phylogenetic analysis indicated that HbSRGRX1 had high homology with MeGRX and RcGRX of
Euphorbiaceae family, suggesting its conservation in the evolution. This research demonstrated that
HbSRGRX1 was localized in the nuclei of tobacco cells. Nuclear localization of GRXs were previously
found in other plants [10,27–29]. It is indicated that nuclear localization of a GRX protein belonging
to CC-type class from Arabidopsis thaliana, ROXY1, is pivotal in controlling petal development [29].
The rice OsGRX8, localized in the nuclei and cytosol, is found to take part in response to osmotic,
salinity and oxidative stresses [27].

In the present study, the qPCR method was used to systematically investigate the expression
profiles of the rubber tree HbSRGRX1 gene in various tissues and varieties, different degrees of TPD
trees, and under multiple treatments. It is reported that the GRXs genes are differentially expressed
in various tissues in rice and poplar [10,11,30]. The rubber tree HbSRGRX1 gene had a tissue-specific
expression profile, with the strongest expression in male flowers and weakest in leaves (Figure 3A),
suggesting its vital function in the development of male flowers. The CYPC-type PtrcGrxC3 from
Populus trichocarpa shows the highest expression in flowers and the lowest in leaves, which is similar to
our results [11]. Additionally, the HbSRGRX1 gene had differential expression in five various varieties,
with the highest level in Reyan 7-33-97, followed by Reken 523, PR107, Reyan 8-79, and 7-20-59
(Figure 3B). In the five varieties, Reyan 7-33-97 is a high-yield variety with strong resistance against
cold, PR107 and 7-20-59 against wind, while the resistance of Reken 523 and Reyan 8-79 against cold
and wind is the weakest. The differential expression of HbSRGRX1 in various varieties suggested its
specific function in defense response of rubber trees.

ROS signaling is reported to be involved in the process of TPD onset, and some ROS-scavenging
genes have been identified [4,31]. GRX, as a scavenger of ROS, is found to show down-regulated
expression in TPD trees by using transcriptome analysis [4]. Consistently, the expression of the
HbSRGRX1 gene significantly declined in TPD trees in this study (Figure 3C,D). Furthermore,
the HbSRGRX1 expression was repressed by H2O2 treatment (Figure 4B). According to these results,
we speculated that HbSRGRX1 might play an antioxidant role in TPD response.

Here, we found that the wounding and diverse hormones treatments could also regulate the
expression of the HbSRGRX1 gene (Figure 4). Hormones are known to modulate plant development
and environmental stress response. Many studies have demonstrated that the expression of GRX genes
is affected by a number of hormones in plants. The Arabidopsis GRX480 (also known as GRXC9) may
play a key role in SA/JA cross-talk [13], and its expression can be activated by UVB exposure through an
SA-dependent and NPR1-independent pathway [32]. Overexpression of rice CC-type OsGRX8 reduces
the sensitivity to plant hormones, ABA, and IAA [27]. The transcripts of rice GRX genes are reported to
participate in response to a variety of hormones, including IAA, SA, JA, ABA, cytokinin, and ethylene
derivatives [30]. In addition, the expression of the rice OsGRX20 gene significantly rises after 2, 4-D,
JA, SA, and ABA treatments [10]. ET (an ethylene releaser) has been generally used in stimulating
latex regeneration in rubber trees. However, the mechanism of ET regulating latex production remains
poorly understood. In our study, HbSRGRX1 showed a significantly down-regulated expression after
ET treatment (Figure 4C), suggesting its important function in the ethylene signaling pathway. In plants,
JA is known to be a vital hormone involved in controlling a variety of physiological responses [33–36].
It has been demonstrated that laticifer differentiation can be induced by exogenous JA in H. brasiliensis,
and the number of laticifers is closely correlated with latex production [37]. JA is also indicated to be
a key signal molecule in the modulation of rubber biosynthesis [38]. The present results displayed
that JA markedly down-regulated the expression of the HbSRGRX1 gene (Figure 4D). It was possible
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that HbSRGRX1 played an important role in JA-regulating rubber biosynthesis. Besides ET and JA,
HbSRGRX1 expression was induced by hormones ABA, SA, GA3, 2, 4-D, 6-BA, and IAA, reaching the
highest level at different times after treatments (Figure 4E-J). Altogether, our results suggest a critical
function of HbSRGRX1 in plant development and response to TPD, wounding, H2O2, and various
hormones, and would make a foundation for further characterizing the function of HbSRGRX1 in
Hevea brasiliensis.

5. Conclusions

HbSRGRX1 encoded a protein for CPYC-type GRX with CPYC active site. HbSRGRX1 was
significantly down-regulated in TPD trees and might play important roles during the onset of TPD.
HbSRGRX1 was preferentially expressed in male flower and might regulate the development of the
male flower. HbSRGRX1 was involved in defense response to wounding and other various stresses.
To better understand the relation between HbSRGRX1 and TPD, it is necessary to study the function of
HbSRGRX1 in-depth in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/2/158/s1,
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Abstract: As a brassinosteroid (BR), 24-epibrassinolide (24-epiBL) has been widely used to enhance
the resistance of plants to multiple stresses, including salinity. Black locust (Robinia pseudoacacia L.) is
a common species in degraded soils. In the current study, plants were pretreated with three levels
of 24-epiBL (0.21, 0.62, or 1.04 μM) by either soaking seeds during the germination phase (Sew),
foliar spraying (Spw), or root dipping (Diw) at the age of 6 months. The plants were exposed to salt
stress (100 and 200 mM NaCl) via automatic drip-feeding (water content ~40%) for 45 days after
each treatment. Increased salinity resulted in a decrease in net photosynthesis rate (Pn), stomatal
conductance (Gs), intercellular:ambient CO2 concentration ratio (Ci/Ca), water-use efficiency (WUEi),
and maximum quantum yield of photosystem II (PSII) (Fv/Fm). Non-photochemical quenching
(NPQ) and thermal dissipation (Hd) were elevated under stress, which accompanied the reduction in
the membrane steady index (MSI), water content (RWC), and pigment concentration (Chl a, Chl b,
and Chl). Indicators of oxidative stress (i.e., malondialdehyde (MDA) and antioxidant enzymes
(peroxidase (POD) and superoxide dismutase (SOD)) in leaves and Na+ content in chloroplasts
increased accompanied by a reduction in chloroplastid K+ and Ca2+. At 200 mM NaCl, the chloroplast
and thylakoid ultrastructures were severely disrupted. Exogenous 24-epiBL improved MSI, RWC, K+,
and Ca2+ content, reduced Na+ levels, maintained chloroplast and thylakoid membrane structures,
and enhanced the antioxidant ability in leaves. 24-epiBL also substantially alleviated stress-induced
limitations of photosynthetic ability, reflected by elevated chlorophyll fluorescence, pigment levels,
and Pn. The positive effects of alleviating salt stress in R. pseudoacacia seedlings in terms of treatment
application was Diw > Sew > Spw, and the most positive impacts were seen with 1.04 μM 24-epiBL.
These results provide diverse choice for 24-epiBL usage to defend against NaCl stress of a plant.

Keywords: 24-epiBL application; salt stress; ion contents; chloroplast ultrastructure; photosynthesis;
Robinia pseudoacacia L.

1. Introduction

A current report states that more than 1 billion hectares of land have been damaged by salinity
as a result of anthropogenic activities [1]. With current practices, salinization could affect half of the
currently cultivated land by 2050 [2]. China has the third largest area of saline soils (366,500 km2) in the
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world [3], resulting in significant agricultural losses and limiting economic development and quality
of life. As the most densely populated province in China, located at the lower reaches of Yangtze
River and along the coast of the Yellow Sea, Jiangsu province is at risk of soil salinity resulting from
evaporation from the soil surface, especially in the ~15 km2 of degraded land that has been reclaimed
along the coastline annually [4].

Black locust (Robinia pseudoacacia L.), an arboreal member of the Fabaceae indigenous to the eastern
USA, is the third most-planted tree in reforestation schemes because of its ability to adapt to a range of
environmental conditions in China [5]. As a salt-tolerant species, R. pseudoacacia is able to withstand
salinity levels up to ~50 mM Na+ in laboratory conditions, or ~100 mM Na+ in field conditions [6]. It is
also widely used as a major tree species to improve degraded soils [7], including saline soils, and has
been widely cultivated in China since the early 20th century [8,9]. In Jiangsu, the soils most affected by
salinity are along the coast, and these areas are also negatively impacted by hurricanes. It has been
reported that stands of R. pseudoacacia could eliminate or reduce to <5% the impact of hurricanes on
such stands and could also significantly increase soil nitrate concentrations along the coast [10]. Thus,
there is a need to improve the adaptation of R. pseudoacacia to salinity-affected soils so that they can be
planted along the coast in Jiangsu province.

Salt stress always results in water deficit, ion toxicities and imbalances, and oxidative stress,
damaging plant cells and organs, limiting plant growth, and even causing death. For example,
85.73 mM NaCl increased the water saturation deficit in weak roots and limited the biomass
accumulation of individual R. pseudoacacia [11]. The growth of the medicinal plant, L. japonica,
was reduced by 200 mM NaCl because of negative effects on the ionic uptake and their distribution
to plant organs [12]. Oxidative factors are prevalent in both lower and higher salinity conditions.
For instance, 50 mM NaCl caused a significant reduction in plant growth and photosynthetic
parameters accompanied by lipid peroxidation and hydrogen peroxide in Capsicum annuum L. [13].
In addition, 250 mM NaCl and 500 mM NaCl limited the growth of R. pseudoacacia by reducing the
antioxidant enzyme activity, combined with a reduction in the photosynthetic pigment contents,
damaging the chloroplast ultrastructure [14].

As a brassinosteroid (BR), 24-epibrassinolide (24-epiBL) has been used in many plant species to
regulate their tolerance to stress; for example, against chilling stress in young grapevine seedlings
(Vitis vinifera L.) [15], against Ca (NO3)2 stress in cucumber, Cucumis sativus (L., cv. ‘Jinyou No. 4′) [16],
and against low temperatures and poor light intensities in tomato (Lycopersicon esculentum Mill.) [17].
In addition, 24-epiBl has also been used to modify salinity stress, such as, 24-epiBL ameliorated saline
stress, and improved the productivity of wheat (Triticum aestivum L.) sprayed with 0.105 μM and
0.21 μM 24-epiBL by modifying the photosynthesis, chlorophyll, and nitrate levels in wheat leaves [18].
24-epiBL ameliorated salinity-induced injuries by reducing the K+ efflux in barley seedlings (Hordeum
vulgare cv. ‘Franklin′) when the seeds were soaked in 0.21, 0.53, or 1.05 μM 24-epiBL solutions [19].

Therefore, we hypothesized that soaking seeds, spraying leaves, and dipping roots of
R. pseudoacacia in 0.21–1.04 μM 24-epiBL could improve the ability of seedlings to adapt to saline
soils. This adaptation might result from response mechanisms, including maintaining the regular
structure and function of chloroplasts and modifying photosynthesis. Our approach could also reveal
the most suitable method for 24-epiBL application. Thus, we applied NaCl stress and 24-epiBL
treatments to greenhouse seedlings and then measured: (a) Photosynthesis parameters; (b) chlorophyll
fluorescence; (c) water content and membrane stability of leaves; (d) photosynthetic pigments in leaves;
(e) malondialdehyde (MDA), and antioxidant enzyme activities (peroxidase (POD) and superoxide
dismutase (SOD)) in leaves; (f) ions in chloroplasts; and (g) chloroplast ultrastructure. The results
obtained could help shed light on the most appropriate treatment to use to improve the salinity
tolerance of R. pseudoacacia seedlings for use in reforestation programs in areas of high salinity,
both along the coastline in Jiangsu and elsewhere.
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2. Materials and Methods

2.1. Plant Material and 24-epibrassinolide Treatments

The experiments ran from September 2014 to July 2015. 24-epiBL (Sigma-Aldrich, St. Louis, MO,
USA) was applied at the concentrations of 0.21, 0.62, and 1.04 μM for each treatment type: Seed soaking,
foliar spraying, and root dipping. Seeds were sown into trays containing quartz sand moistened with
either distilled water or the relevant concentration 24-epiBL. When the cotyledons were fully expanded,
the seedlings were transplanted into seedling bags. Seedlings were grown with no stress for 6 months
until Spring 2015, when they were ~45 cm tall. All seedlings were then washed to remove the rooting
medium. Seedlings grown from seeds pretreated with 24-epiBL (0.21, 0.62, or 1.04 μM) or distilled
water were replanted directly into plastic pots (40 cm × 25 cm × 15 cm; 1 plant per pot) containing
coarse sand and vermiculite 2:1 (v/v). After 1 week, seedlings were partly picked up of the seedlings
from seeds with distilled water for foliar spraying with 0.21, 0.62, or 1.04 μM 24-epiBL every 7 days,
each lasting 28 days. Other seedlings from untreated seeds were split into two groups and root dipped
for 48 h in either distilled water or 0.21, 0.62, or 1.04 μM 24-epiBL (refreshed every 12 h) before being
replanted using the methodology described earlier. Seedlings were watered to the drip-point every
7 days with a modified Hoagland’s nutrient solution [20]. The details of materials used to cultivate the
seedlings were as described by our previous paper [21].

2.2. Groups and Salt Stress Treatments

After a further 2 weeks of growth, seedlings of uniform height (~50 cm) were selected for the salt
stress treatments. There were four groups: (i) Seedlings never exposed to 24-epiBL (CK); (ii) seedlings
from seeds treated with 24-epiBL (Sew); (iii) seedlings foliar sprayed with 24-epiBL (Spw); and (iv)
seedlings root-dipped in 24-epiBL (Diw). Fifteen seedlings of each group were subjected to each of two
levels of salt stress (100 and 200 mM NaCl, both in Hoagland’s solution) and non-stress (Hoagland’s
solution). Pots were first flushed with their respective nutrient solutions and the water content was
then maintained near to saturation (40%) by automatic drip-feeding with fresh solution delivered
by an Intelligent Automatic Watering System (patent CN 201398356 Y). There were two salt stress
treatments (100 and 200 mM NaCl, designated SS-S1 and SS-S2, respectively) plus a zero-salt control
(CK), resulting in 21 treatment groups overall (Table 1).

Data for gas exchange, chlorophyll fluorescence, antioxidant systems, pigment content, ion content,
and chloroplast ultrastructure were collected as described below, and measurements began 45 days
after the treatments had started. Over the measurement period, the day/night temperature regime was
29 ◦C/18 ◦C, relative humidity varied from 45%–80%, and natural lighting provided a photoperiod of
~14 h and a mid-day photosynthetic photon flux density (PPFD) of ~1000 μmol m−2 s−1.

2.3. Photosynthesis

The net photosynthetic rate (Pn), stomatal conductance (Gs), and intercellular CO2 concentration
(Ci) were measured on 0.7 cm × 3.0 cm (2.1 cm2) of the sunlight-exposed leaves using an ambient CO2

concentration (Ca) of 380 μmol mol−1 by gas exchange analyzer (LI-6400, LI-COR Inc., Lincoln, NE,
USA). The ratio of intercellular to ambient CO2 concentration was calculated as Ci/Ca and the intrinsic
water-use efficiency (WUEi) was calculated as Pn/Gs. The measurement details were as described in
our previous paper [21].

Chlorophyll fluorescence was measured using a portable fluorometer (149 PAM-2500; Walz,
Effeltrich, Germany). We report the maximum quantum yield of photosystem II (PSII) as Fv/Fm,
thermal dissipation (Hd) as 1 − (Fv

′/Fm
′), and non-photochemical quenching (NPQ) as (Fm − Fm

′)/Fm
′

in this research. The measurement details were as described in our previous paper [21].
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Table 1. The different treatments’ details.

Name
Seeds Pretreatment Seedling Pretreatment Salt Stress

24-epiBL(μM) by
Seeds Soaking

24-epiBL(μM) by
Foliar Spraying

24-epiBL(μM) by
Roots Dipping

NaCl (mM)

CK — — —
SS-S1 — — 100
SS-S2 — — 200

Sew-0.21S1 0.21 — 100
Sew-0.62S1 0.62 — 100
Sew-1.04S1 1.04 — 100
Spw-0.21S1 0.21 100
Spw-0.62S1 0.62 100
Spw-1.04S1 1.04 100
Diw-0.21S1 0.21 100
Diw-0.62S1 0.62 100
Diw-1.04S1 1.04 100

Sew-0.21S2 0.21 — 200
Sew-0.62S2 0.62 — 200
Sew-1.04S2 1.04 — 200
Spw-0.21S2 0.21 200
Spw-0.62S2 0.62 200
Spw-1.04S2 1.04 200
Diw-0.21S2 0.21 200
Diw-0.62S2 0.62 200
Diw-1.04S2 1.04 200

Abbreviations: Control (CK); 100 mM NaCl treatment (SS-S1); 200 mM NaCl treatment (SS-S2); seeds soaking with
24-epiBL (0.21, 0.62, 1.04 μM) under 100 mM NaCl stress (Sew-0.21S1/0.62S1/1.04S1); foliar spraying with 24-epiBL
(0.21, 0.62, 1.04 μM) under 100 mM NaCl stress (Spw-0.21S1/0.62S1/1.04S1); roots dipping with 24-epiBL (0.21, 0.62,
1.04 μM) under 100 mM NaCl stress (Diw-0.21S1/0.62S1/1.04S1); seeds soaking with 24-epiBL (0.21, 0.62, 1.04 μM)
under 200 mM NaCl stress (Sew-0.21S2/0.62S2/1.04S2); foliar spraying with 24-epiBL (0.21, 0.62, 1.04 μM) under
200 mM NaCl stress (Spw-0.21S2/0.62S2/1.04S2); roots dipping with 24-epiBL (0.21, 0.62, 1.04 μM) under 200 mM
NaCl stress (Diw-0.21S2/0.62S2/1.04S2).

2.4. Estimation of Membrane Stability Index and Relative Water Content

The membrane stability index (MSI) and relative water content (RWC) were estimated following
the method from Yue et al. [21]. MSI and RWC was calculated using the formula given by Sairam [22]
and Hayat et al. [23] as follows:

MSI = [1 − C1/C2 × 100] and RWC = (FW − DW)/(TW − DW) × 100%. Electrical conductivity
bridge measured at 40 ◦C for 30 min (C1), electrical conductivity bridge measured at 100 ◦C for 100 min
(C2); fresh weight of leaves (FW), dry weight of leaves (DW) and turgor weight of leaves (TW).

2.5. Observation of Chloroplast Ultrastructure

The chloroplasts were observed using a Hitachi transmission electron microscope (Carl Zeiss,
Göttingen, Germany) and the details are described by Yue et al. [21].

2.6. Assays for Malondialdehyde and Antioxidant Enzyme Activities

200 mg of fresh leaf samples (n = 3) taken from the plant were pulverized with a mortar and
pestle in liquid nitrogen before adding 0.05M phosphate buffer (pH = 7.0) for further grinding. Then,
the suspension was collected in a test tube and diluted with the same buffer to 10 mL for testing
enzyme activity [24]. Superoxide dismutase (SOD) was assayed with the nitroblue tetrazolium (NBT)
method of Fridovich (1975) [25] and expressed in terms of units min−1 g−1 fresh weight (FW). One unit
(U) of SOD was defined as the amount of enzyme required to cause 50% inhibition of the reduction of
NBT as monitored at 560 nm. Peroxidase (POD) was measured according to Hammerschmidt et al.
(1982) [26] by monitoring the rate of guaiacol oxidation at 470 nm. The standard curve was constructed
using 4-methoxyphenol and activity was expressed as μg oxidized min−1 g−1 FW. Lipid peroxidation
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was determined by measuring the amount of malondialdehyde (MDA) produced per g FW by the
thiobarbituric acid reaction [27].

2.7. Assays for Chlorophyll Pigment Concentration

Chlorophyll pigment was obtained by 0.2 g of laminal tissue from three leaves ground in ice-cold
1:1 (v/v) ethanol: acetone using a mortar and pestle. The extracts were centrifuged at 6000g for 10 min,
washed with extractant, then centrifuged again. The absorbance of the combined supernatants was
at 645 nm and 663 nm. Total chlorophyll (Chl), chlorophyll a (Chl a), and chlorophyll b (Chl b) were
calculated according to our previous paper [21].

2.8. Isolation of Chloroplasts for Testing

Chloroplasts were isolated from fully expanded leaves by differential and density gradient
centrifugation as described by Cerović and Plesnicar (1984) [28] and Song and others (2006) [29]
with some modifications. The details were the same as Yue et al. [21]. For chloroplast Na+, Ca2+,
and K+ content, pelleted chloroplasts from a final 1 mL aliquot were extracted with 5 mL of 0.5 M
HCl by shaking on a water-bath at 50 ◦C for 45 min. The volume was brought up to 10 mL with
0.5 M HCl before filtering and diluting for inductively coupled plasma optical spectroscopy (ICP-OES)
as elemental analysis on a ICP-OES spectrometer (SPECTRO CIRO CCD, GmbH & Co KG, Kleve,
Germany) at wavelengths of 226-502 nm [30].

2.9. Statistical Analysis

All analyses had at least three biological replicates. The data of control, salt stress, the seeds
soaking, and roots dipping with 1.04 μM 24-epiBL in Pn, Gs, Fv/Fm, NPQ, RWC, and MSI was shown
in our previous paper [21], and other data were initial. Data were statistically analyzed with the
Statistical Package for the Social Sciences (SPSS) 19.0 (SPSS Inc., Chicago, IL, USA). One-way analyses
of variance (ANOVA) were employed to test the effects of treatment with 24-epiBL under salt stress.
Pairwise comparisons were by a Duncan test and considered significant at p < 0.05. Three-way analyses
of variance (ANOVA) were employed to test the effects of salt stress, 24-epiBL application methods,
24-epiBL usage concentration, and their interaction, and means were separated using Duncan’s
multiple range tests, with the significance considered as p < 0.05.

3. Results

3.1. Photosynthesis

Compared with the CK group, salt stress in the absence of any pretreatments with 24-epiBL
obviously reduced photosynthesis (Pn) and stomatal conductance (Gs), 4.4 and 1.67 times under
100 NaCl mM stress (SS-S1) and 6.3 and 5.2 times under 200 mM NaCl stress (SS-S2), respectively.
The change in Pn was not significant, but the difference in Gs was obvious between the two levels
of NaCl (Figure 1A,B). Consequently, Ci/Ca was decreased at both salt stress levels, as was WUEi,
although there were no significant difference in Ci/Ca between SS-S1 and CK and in WUEi between
SS-S2 and CK (Figure 1C,D). There were no significant differences in Pn, Ci/Ca, or WUEi in the SS-S1
versus SS-S2. This inhibition of photosynthesis was partially prevented by pretreatment with 24-epiBL
and the effect of 24-epiBL in SS-S1 was better than in SS-S2; Pn in Diw-1.04S1 > Diw-0.62S1 > Sew-1.04S1
> Spw-1.04S1 > Diw-0.21S1 > Sew-0.62S1 were significantly higher than in SS-S1 (Figure 1A), and Pn

in SS-S2 was obviously increased only by Diw-1.04S2 and Sew-1.04S2 (Figure 1A). Under 100 mM
NaCl stress, pretreatment with 24-epiBL did not significantly affect Gs relative to SS-S1 combined
with the decrease in Ci/Ca (except for Sew-0.21S1, Spw-0.21S1, and Spw-0.62S1) and increase in WUEi

(Figure 1B–D). The significant improvement in Gs following pretreatment with 24-epiBL was in contrast
to the lack of an effect on Ci/Ca or WUEi in the 200 mM NaCl groups, and the significant difference of
Gs existed in Diw-1.04S2 versus Spw-0.21/0.62S2; the increase of Ci/Ca was only in the Diw group
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(Figure 1B–D). All these changes were modified by increasing the concentration of 24-epiBL; the order
of the concentration effect was 1.04 > 0.62 > 0.21 μM. The effects of salt concentration (Sc), the 24-epiBL
application method (Am), and 24-epiBL application concentration (BRc) were obvious (p < 0.01), but the
interactions in the above three factors were not significant (p > 0.05) in Pn, Gs, and WUEi. The obvious
role of Ci/Ca was only shown in BRc and the interaction between the salt concentration and 24-epiBL
application method (Sc*Am) (p < 0.01).

Figure 1. Effects of exogenous 24-epibrassinolide (24-epiBL) on (A) net photosynthetic rate (Pn),
(B) stomatal conductance (Gs), (C) ratio of intercellular to ambient CO2 concentration (Ci/Ca), and (D)
intrinsic water use efficiency (WUEi) of leaves of black locust seedlings at 100 (SS-S1) or 200 (SS-S2)
mM NaCl. Each panel shows data for the zero salt control (CK, grey bar) and salt-stressed control (S1 &
S2, black bar) and salt-stressed plants pretreated with either 0.21, 0.62, or 1.04 mM 24-epiBL by seed
soaking (Sew, yellow bars), foliar spraying (Spw, green bars), or roots dipping (Diw, red bars). Each
bar represents the mean (± standard deviation (SE)) of three replicates. Different letters above the
bars show significant differences between means within each panel (p < 0.05). The p values are for the
salt concentration effect (Sc), the 24-epiBL application method effect (Am), the 24-epiBL application
concentration effect (BRc), the interaction effect between the salt concentration and 24-epiBL application
method (Sc*Am), the interaction effect between the salt concentration and 24-epiBL application
concentration (Sc*BRc), the interaction effect between the 24-epiBL application method and 24-epiBL
application concentration (Am*BRc), and the interaction effect among the salt concentration, 24-epiBL
application method, and 24-epiBL application concentration (Sc*Am*BRc), respectively. The significant
effect was p < 0.05. Control (CK); 100 mM NaCl treatment (S1); 200 mM NaCl treatment (S2); treatments
with 24-epiBL (0.21, 0.62, 1.04 μM) under 100 mM NaCl stress (0.21S1, 0.62S1, 1.04S1); treatments with
24-epiBL (0.21, 0.62, 1.04 μM) under 200 mM NaCl stress (0.21S2, 0.62S2, 1.04S2).
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3.2. Chlorophyll Fluorescence

Maximum quantum yield of photosystem II (PSII) (Fv/Fm) decreased in response to saline
treatments, whereas nonphotochemical quenching (NPQ) and thermal dissipation (Hd) significantly
increased at both levels of salt stress compared with unstressed controls (Figure 2). There were
no significant differences in Fv/Fm, NPQ, or Hd between the SS-S1 and SS-S2. Pretreatment with
24-epiBL by either Sew, Spw, or Diw had no effect on Fv/Fm, where Fv/Fm was equal to the CK level
at both salinity stress levels (98.8% and 97.6% of CK) (Figure 2A). Hd improvement was reduced
by all pretreatments with 24-epiBL, with the most significant effect in the Diw group at a 24-epiBL
concentration of 1.04 μM (Figure 2B). NPQ decreased with increasing concentrations of 24-epiBL in the
Sew, Spw, and Diw groups, although the values were higher than in SS-S1 and SS-S2. The treatment
groups, Diw-0.21S1 (93.7% of SS-S1), Diw-0.62S1 (82.0% of SS-S1), Diw-1.04S1 (78.1% of SS-S1),
Sew-1.04S2 (99.3% of SS-S2), and Diw-1.04S2 (90.9% of SS-0S2), showed a smaller decrease in NPQ in
response to the two levels of NaCl (Figure 2C). The effects of Sc, Am, and BRc were obvious (p < 0.05),
but the interactions in the above three factors were not significant (p > 0.05) in Fv/Fm, Hd, and NPQ.

Figure 2. Effects of exogenous 24-epiBL on (A) maximum yield of photosystem II (PSII) (Fv/Fm),
(B) thermal dissipation (Hd), and (C) non-photochemical quenching (NPQ) of leaves of black locust
seedlings at 100 (SS-S1) or 200 (SS-S2) mM NaCl. Other details as in Figure 1.

3.3. RWC and MSI

Salinity stress resulted in reductions in RWC and MSI, in particular in MSI at 100 and 200 mM
NaCl (Figure 3). Additionally, the significant reduction that compared 200 mM NaCl to 100 mM NaCl
only appeared in MSI. In general, 24-epiBL pretreatments reversed these effects. At 100 mM NaCl,
RWC was significantly increased in the Sew-1.04S1 and all Diw treatment groups compared with
salt-stressed plants (SS-S1), whereas the mean RWC was similar to the CK group. Responses to 200 mM
NaCl were similar and RWC was significantly greater than SS-S2 in the Sew-1.04S2 and Diw-1.04S2
groups (Figure 3A); the lower content of 24-epiBL in the Diw groups was obviously less effective
in SS-S2 than in SS-S1. For MSI at 100 mM NaCl, only the Sew-0.21S1, Sew-0.62S1, and Spw-0.21S1

pretreatments showed no differences with the salt-stressed control, whereas, at 200 mM NaCl, all nine
pretreatments were effective, and Sew-1.04S1, Diw-0.62S2, and Diw-1.04S2 showed values similar to
the CK group (Figure 3B). The effects of Sc, Am, and BRc were obvious (p < 0.01), but the interactions
in the above three factors were not significant (p > 0.05) in RWC and MSI.
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Figure 3. Effects of exogenous 24-epiBL on (A) relative water content (RWC) and (B) membrane stability
index (MSI) of leaves of black locust seedlings at 100 (SS-S1) or 200 (SS-S2) mM NaCl. Other details as
in Figure 1.

3.4. Photosynthetic Pigments

Salinity stress had negative effects on pigment concentrations (Figure 4), although there were no
statistically significant differences at different salinity stress levels. Relative to the unstressed control
(CK), Chl a, Chl b, and total chlorophyll (Chl) were all reduced by 24%–28% under mild stress (SS-S1),
and by 36%–40% at the higher stress level (SS-S2). All 24-epiBL pretreatments resulted in complete
retention of these pigments at levels that were either statistically greater than the stressed control
or even greater than the unstressed control (i.e., Diw-0.62 and Diw-1.04 at 100 mM NaCl) except for
Chl b in the Sew-0.21S1 group, but the improvements were not obvious except Diw-1.04S1 in Chl
a, Sew-1.04S1 and Diw-0.64/1.04S1 in Chl b, and Spw-1.04S1 and Diw-0.62/1.04S1 in Chl. Overall,
the effects of regulation were Diw > Sew > Spw and the optimum concentration of 24-epiBL was
1.04 μM. The effect of Sc was obvious in Chl a, Chl b, and Chl (p < 0.01). The effects in Am (p = 0.03),
BRc (p = 0.01), and Sc*Am (p = 0.01) were significant only in Chl b.

Figure 4. Effects of exogenous 24-epiBL on (A) chlorophyll a (Chl a), (B) chlorophyll b (Chl b),
and (C) total chlorophyll (Chl) of leaves of black locust seedlings at 100 (SS-S1) or 200 (SS-S2) mM NaCl.
Other details as in Figure 1.
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3.5. MDA, POD, and SOD in Leaves

Compared with the unstressed control group (CK), salt stress obviously increased the
concentration of MDA by ~1.64-fold at 100 mM NaCl and by 2.04-fold at 200 mM NaCl (Figure 5A;
SS-S1 and SS-S2 were significantly different from each other). Pretreatment with 24-epiBL was
ineffective at reducing this increase to within just 1.18–1.92 times the unstressed value in all groups,
with clear distinction between the concentration or developmental stage of application except the
Sew-0.21S1,Spw-0.21S1, and Spw-0.21/0.62S2, which were no different to the salinity treatment
separately; the optimal application method and 24-epiBL concentration were Diw and 1.04 μM,
respectively, which resulted in a percentage modification of MDA of 72.4% of that of SS-S1 and 60.1%
of that of SS-S2. The effect of Sc (p < 0.01), Am (p < 0.01), BRc (p < 0.01), and Sc*Am (p = 0.02) were
significant in MDA (Figure 5A).

Salinity stress resulted in improved activities of POD, but these were only obvious in SS-S1
and the improvement of POD activities in SS-S1 was significantly better than SS-0S2. In general,
24-epiBL pretreatments increased POD activity and the regulated effect was much better in SS-S1
than SS-S2. The effective role of 24-epiBL pretreatments under 100 mM NaCl were Diw-1.04S1 >
Spw-1.04S1 > Sew-1.04S1 > Diw-0.62S1, and only Diw-1.04S1 was significantly different than the other
effective treatments. Under 200 mM NaCl, only Sew-0.21S2 and Spw-0.21S2 had no difference to
SS-S2; other treatments in POD activities had no significant difference between the application method
(Sew, Spw, Diw) and 24-epiBL contents (0.21, 0.62, 1.04 μM). The 24-epiBL pretreatment methods and
concentrations in order of obvious impact on POD activity in SS-S2 were as follows: Sew-1.04S2 >
Diw-1.04S2 > Sew-0.62S2 > Spw-1.04S2 > Spw-0.62S2 > Diw-0.62S2 > Diw-0.21S2. The effect of Sc
(p < 0.01), Am (p < 0.01), BRc (p < 0.01), Sc*Am (p = 0.05), and the interaction in salt concentration and
24-epiBL application concentration (Sc*BRc) (p < 0.01) were significant in POD (Figure 5B).

NaCl treatment significantly increased SOD activity, although this was obviously lower in the
SS-S2 than in the SS-S1, and the activities in SOD by 24-epiBL treatments in SS-S1 was higher than in
SS-S2. Under 100 mM NaCl stress, the three 24-epiBL pretreatment approaches significantly increased
SOD activity in contrast to CK, but only 1.04 μM 24-epiBL treatments resulted in higher SOD activity
compared with SS-S1 (Diw-1.04S1 > Sew-1.04S1 > Spw-1.04S1). No significant effects were seen in the
Sew-0.21S2, Spw-0.21S2, and Diw-0.21S2 groups compared with SS-S2. The optimum effects occurred
in the Sew-1.04S2 (1.58-fold of SS-S2) and Diw-1.04S2 (1.74-fold of SS-S2) and they had no difference
between each other. The effect of Sc (p < 0.01), Am (p < 0.01), BRc (p < 0.01), Sc*Am (p < 0.01), and the
interaction in the 24-epiBL application method and 24-epiBL application concentration (Am*BRc)
(p = 0.01) were significant in SOD (Figure 5C).

Figure 5. Effects of exogenous 24-epiBL on (A) malondialdehyde (MDA), (B) peroxidase (POD), and (C)
superoxide dismutase (SOD) of leaves of black locust seedlings at 100 (SS-S1) or 200 (SS-S2) mM NaCl.
Other details as in Figure 1.
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3.6. Variation in Na+, K+, and Ca2+ Content in Chloroplasts

There was a significant increase in Na+ content and decrease in K+ and Ca2+ accumulation in
chloroplasts with increasing NaCl concentration (Figure 6). 24-epiBL reduced Na+ accumulation,
although not significantly in each treatment, at both salinity levels, with Diw pretreatments resulting
in more of a decrease in Na+ compared with Sew and Spw, especially at 200 mM NaCl. The significant
effect only appeared in Sc in the Na+ increase (p < 0.01) (Figure 6A).

The higher the concentration of 24-epiBL, the greater the increase in K+, particularly in 200 mM
NaCl, with the order of effect being Diw-1.04S2 > Sew-1.04S2 > Spw-1.04S2 > Diw-0.62S2. In 100 mM
NaCl, although higher concentrations of 24-epiBL reduced the decrease in K+ under all 24-epiBL
treatments, there was no significant difference compared with SS-S1. The effects of Sc (p < 0.01),
Am (p = 0.03), BRc (p < 0.01), and Sc*BRc (p < 0.01) were significant in K+ reduction (Figure 6B).

The effect of 24-epiBL on regulating the decrease of Ca2+ was better in SS-S1 than in SS-S2.
Under 100 mM NaCl stress, the three 24-epiBL application methods inhibited the reduction in Ca2+.
The significantly effective inhibition was in the order compared to SS-S1: Diw-1.04S1 > Sew-1.04S1 >
Diw-0.62S1. In the 200 mM NaCl treatment, most 24-epiBL treatment groups showed a reduction in
the decrease of Ca2+ except Spw-0.21S2 and Spw-0.62S2, with the obvious effects compared to SS-S2
following the order: Diw-1.04S2 > Diw-0.62S2 > Sew-1.04S2 > Sew-0.62S2 > Diw-0.21S2 > Spw-1.04S2
(Figure 6C). The effects of Sc, Am, BRc, Sc*Am, and Sc*BRc were significant (p < 0.01 & p = 0.01) in
regulating Ca2+ reduction.

Figure 6. Effects of exogenous 24-epiBL on (A) the increase of Na+, (B) the decrease of K+, and (C)
decrease of Ca2+ in chloroplasts of leaves of black locust seedlings at 100 (SS-S1) or 200 (SS-S2) mM
NaCl. Other details as in Figure 1.

3.7. Ultrastructure of Chloroplasts and Thylakoids

Based on the physiological results detailed earlier, the optimal concentration of 24-epiBL for
application was 1.04 μM. Therefore, ultrastructure analyses were only performed on plants grown
using Sew, Spw, and Diw with 1.04 μM 24-epiBL. Alterations in the structure of chloroplasts and
thylakoids induced by salt stress are shown in Figures 7 and 8 relative to controls. The chloroplasts
of salt-stressed plants were swollen and partly separated from the plasma membrane, with a more
irregular lamellar structure to the thylakoids, particularly at 200 mM NaCl. Chloroplasts changed from
being elliptical in shape to almost round, particularly at 200 mM NaCl. Plastoglobuli were swollen,
but fewer in number compared with CK plants. Under higher salt stress (200mM NaCl), the cell wall
was bent, and starch granules were smaller and less well defined (Figures 7 and 8A–C).

These severe impacts on chloroplast and thylakoid structure were partly alleviated by 24-epiBL
pretreatments. Application of 24-epiBL increased the number of plastoglobuli relative to stressed controls
(Figure 7D–I). At 100 mM NaCl, all 24-epiBL pretreatments decreased the swelling of chloroplasts
and resulted in more plastoglobuli, particularly in the Diw groups (compare panels D–F with B in
Figure 7). The swelling of chloroplasts at 200 mM NaCl was significantly modified by Diw pretreatments
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(Figure 7G–I). Under 100 mM NaCl stress, the lamellae were more similar to CK plants in the Sew and
Diw groups than in the Spw group. However, at higher salinity (200 mM NaCl stress), the loose lamellae
were not modified significantly by 24-epiBL and Diw pretreatment resulted in less lamellar modification
compared with Sew and Spw (compare panels D–F and G–I with B,C in Figure 8).

Figure 7. Ultrastructure of chloroplasts of leaves of black locust seedlings at three levels of salt stress
(0, 100, or 200 mM NaCl), or with salt stress imposed after pretreatment with 1.04 μM 24-epiBL by
either seed soaking, foliar spraying, or roots dipping (see Table 1 for treatment designation). (A) CK;
(B) SS-S1; (C) SS-S2; (D) Sew-1.04S1; (E) Spw-1.04S1; (F) Diw-1.04S1; (G) Sew-1.04S2; (H) Spw-1.04S2;
(I) Diw-1.04S2. CW: cell wall, PM: plasma membrane, ChM: chloroplast membrane, SG: starch granule,
OS: osmiophilic plastoglobuli. Scale bars for chloroplasts are 2μm. Other details as in Figure 1.

Figure 8. Ultrastructure of thylakoid membranes of leaves of black locust seedlings at three levels of salt
stress (0, 100, or 200 mM NaCl), or with salt stress imposed after pretreatment with 1.04 μM 24-epiBL
by either seed soaking, foliar spraying, or roots dipping (see Table 1 for treatment designation). (A) CK;
(B) SS-S1; (C) SS-S2; (D) Sew-1.04S1; (E) Spw-1.04S1; (F) Diw-1.04S1; (G) Sew-1.04S2; (H) Spw-1.04S2;
(I) Diw-1.04S2. Thl: thylakoid lamella, SG: starch granule, OS: osmiophilic plastoglobuli. Scale bars for
thylakoids are 1μm. Other details are the same as Figure 1.
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4. Discussion

Many studies have reported the benefits of 24-epiBL applications on plants, although studies have
focused on herbaceous crops rather than woody plants and have used different doses and application
methods. For example, foliar spraying of melon cultivars (Cucumis melo L.) with 2.1 μM 24-epiBL
enabled the plants to adapt to higher temperatures [31], soaking radish seeds (Raphanus sativus L. cv.
‘Japanese White’) with 0.5–2 μM 24-epiBL enabled seedlings to adapt to zinc stress [32], and dipping
the roots of wheat seedlings in 0.052–0.156 μM 24-epiBL improved their salt tolerance [33]. Thus, in
the current study, we investigated the effects of 0.21–1.04 μM 24-epiBL pretreatments (seed soaking,
foliar spraying, and root dipping) on the adaptation to different levels of salinity by R. pseudoacacia
seedlings. Given that the number of potential treatment combinations was unwieldy, we focused
on a key subset (Table 1) to examine the effects of 24-epiBL and to select the optimal pretreatment
combination to inform the use of such treatments in the field.

4.1. Photosynthesis

NaCl inhibited photosynthesis (evidenced by a decrease in Pn, Gs, Ci/Ca, and WUEi compared
with CK) combined with a reduction in RWC and pigment content (Chl a, Chl b, Chl). There was
no significant difference between the impact of the two NaCl levels on the RWC and pigment
content. Gs was less severely impacted than Pn by 100 mM NaCl, leading to a large decrease in
WUEi; the reduction on Gs of 200 mM NaCl was much lower than that of 100 mM NaCl, Pn was
similar at both salinity levels, whereas WUEi was obvious higher in 200 mM NaCl compared with
SS-0S1.This suggests that mesophyll conductance (gm) at both levels of NaCl stress and stomatal
conductance under 200 mM NaCl negatively impacted photosynthesis. This result is similar to other
studies that showed that Gm was more seriously affected than Gs in poplars (Populus cathayana Rehder)
under alkaline (75mM Na2CO3) stress compared with control plants [34]. The decrease in Fv/Fm

observed in salt-stressed plants indicates a progressive reduction in the maximum quantum yield
of photosynthesis [35]. The increases in NPQ and Hd were consistent with reduced rates of carbon
fixation and greater energy dissipation as heat [36]. The above results were similar to the significant
inhibition of Pn, Gs, and WUEi caused by 200 mM NaCl in Brassica napus leaves accompanied with
the reduction in Chl a, Chl b, and total Chl after three days of salt stress [37]. 24-epiBL pretreatments
improved the photosynthetic rate by regulating the limitation on Gm and Gs given the significant
reduction in Ci/Ca and increase in WUEi in response to 100 mM NaCl and the change in Gs in response
to 200 mM NaCl. The most positive effects on photosynthesis were seen in the Diw-1.04S1 and
Diw-1.04S2 groups, also indicated by the reduction in Hd and changes in Fv/Fm and NPQ. 24-epiBL
application also modified the changes in pigment contents (21.1%–51.1% increase in Cha, 12.5%–91.6%
in Chb, and 15.5%–62.1% in Chl compared with SS-S1; and 23%–58.6% in Cha, 4.8%–25.8% in Chb,
and 16.9%–49.4% in Chl compared with SS-S2). In grape seedlings (V. vinifera L.) with 10% PEG stress,
the application of 0.105–0.42 μM 24-epiBL significantly increased the chlorophyll content (Chl a, Chl b,
and Chl), maximal fluorescence, Fv/Fm, and NPQ, to improve drought tolerance [38]. Thussagunpanit
and co-workers sprayed the foliage of rice (Oryza sativa L.) with 0.1 μM 24-epiBL and reported that
24-epiBL improved Pn, Gs, Fv/Fm, and Chl a, Chl b, and Chl contents with a reduction in Ci to protect
the plants from heat stress (47 ◦C) [39].

4.2. Antioxidative Effect in Leaves

NaCl increased the MDA content (1.64~2.04-fold compared with CK) and the activity of POD
and SOD (1.05~1.92-fold and 1.23~1.36-fold compared with CK, respectively), although POD activity
was not significantly different under 200 mM NaCl stress, whereas that of SOD and MDA was
significant at both levels of NaCl stress compared with controls. These results suggest that NaCl was
harmful to the leaves and induced oxidative stress at both levels of NaCl. A previous study reported
that 150 mM NaCl increased the MDA content and SOD activity in European larch needles (Larix
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decidua Mill.), also suggesting that salinity induces oxidative stress that negatively impacts on plant
growth (i.e., reduced the increases in stem length, fresh weight, and leaf water content compared with
controls) [40]. Application of 24-epiBL modified the MDA content (reduced by 6.3%–27.6% in SS-S1
and 5.6%–39.8% in SS-S2), antioxidant enzyme activity (increased the activities of SOD and POD by
0.8%–12% and 39.4%–90.4%, respectively, compared with SS-S1 and by 1.4%–41% and 43.1%–116.8%
compared with SS-S2, respectively). The weaker changes recorded at 100 mM NaCl and stronger
changes at 200 mM NaCl suggested the moderate tolerance of R. pseudoacacia seedlings to 100 mM
NaCl stress and that 24-epiBL could increase the tolerance of the plant to both levels of salt stress,
although this was more effective under the 200 mM NaCl stress. The optimal effects were seen with
Diw pretreatments and 1.04 μmol L−1 24-epiBL. These results indicate that 24-epiBL is able to modify
the oxidative stress induced by abiotic stressors. The antioxidant effects of BRs were also reported
by Xia et al., who showed that overexpression of the BR biosynthetic gene, Dwarf, enhanced the
ratio of reduced/oxidized 2-cysteine peroxiredoxin (2-Cys Prx) and activated antioxidant enzymes,
including APX, MDAR, DHAR, and GR, in correlation with a reduction in H2O2 in tomatos (Solanum
lycopersicum L.) under chilling stress [41]. Spraying 1μM 24-epiBL onto a single-cross maize hybrid
PMH 3 (LM 17 × LM 14) improved its adaptation to heat stress by arresting protein degradation and
improving the cell membrane stability, accompanied by modulation of the biochemical activities of
antioxidant enzymes (CAT, SOD, and POD), highlighting BRs as anti-stress agents [42]. The presence
of endogenous 28-norbrassinolide in a resistant (~4.8 pg mg−1 fresh mass) genotype (CE704) of maize
(Zea mays L.) resulted in higher chlorophyll and proline contents and lower MDA content, and reduced
membrane injury compared with a sensitive maize genotype (2023; ~1.5 pg mg−1 fresh mass) under
drought stress [43], also confirming the ability of BRs to regulate antioxidative effects under different
stressors, including salinity.

4.3. Ion Toxicity and Chloroplast Ultrastructure

NaCl induces an ion imbalance in leaves, with significant Na+ accumulation in plant organs
in most cases accompanying decreases in K+ and Ca2+ and damage to chloroplasts. The improved
salt tolerance of barley (H. vulgare) seedlings compared with wheat (T. turgidum L. ssp. durum Desf.)
correlated with a higher photosynthetic capacity and higher K+ and lower Na+ in the cytoplasm of
mesophyll cells [44]. In the current study, salinity caused 31.7%–54.1% and 9.2%–15.4% reductions in
MSI and RWC, respectively, and a 40–140 mg· mg−1prot increase in Na+ accompanied by a significant
decrease in K+ (2~5.5 mg·mg−1prot) and Ca2+ (18-33 mg·mg−1prot) in chloroplasts regardless of
NaCl concentration (Figure 6). These results were similar to the increased Na+ content reported in
chloroplasts of poplar leaves (P. euphratica and P. popularis) accompanied by reduced Pn under salt
stress [45]. These results support the occurrence of ion toxicity in leaves and chloroplasts in response to
saline stress. Na+ accumulation also induced changes to the chloroplasts, such as swollen chloroplasts
partly separated from the plasma membrane and the more irregular lamellar structure of thylakoids
(Figs 7 and 8). This was similar to the swollen chloroplasts and the looser thylakoid lamellar structures
reported in diploid (2×) R. pseudoacacia L., as well as increases in Na+ and decreases in K+/Na+ in
response to 500 mM NaCl stress for 15 days [14].

Three 24-epiBL pretreatment types reversed the changes to the chloroplasts (i.e., decreased
swelling, maintained normal size of starch granules, increased the number of plastoglobuli, and kept
a normal lamellar structure) and resulted in higher Pn, effects that were similar to putrescine (Put)
in regulating the salt tolerance of C. sativus by maintaining regular thylakoid membrane structures
with normal Pn and the photochemical efficiency of PSII, and reducing the ion toxicity (Na+ contents
in chloroplasts) under 75 mM NaCl [46]. These results were also similar to the ability of silicon (Si)
to maintain a normal chloroplast structure and normal thylakoid lamellae, accompanied by higher
Chl a and Chl b contents in leaves and lower electrolyte leakage in response to drought in tomatos
(S. lycopersicum) [47]. A study also reported the ability of exogenous K2SiO3 to maintain chloroplast
lamellae and reduce foliar Na+ levels to increase Pn and Gs of L. japonica under 100 and 200 mM NaCl
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stress [12]. In the current study, application of 24-epiBL inhibited the increase in Na+ and the reduction
of K+ and Ca2+ particularly in response to 200 mM NaCl. Ca2+ levels showed obvious changes
in response to the different 24-epiBL treatments, whereas K+ only showed significant differences
in response to 200 mM NaCl, and the Diw pretreatment group showed more significant responses
overall than either the Sew or Spw groups. The most effective pretreatments were Diw-1.04 S1 (64.2%
Na+ increase, 75.2% K+ decrease, and 37.8% Ca2+ decrease compared with SS-S1) and Diw-1.04 S2
(87.2% Na+ increase, 60.9% K+ decrease, and 39.7% Ca2+ decrease compared with SS-S2). Although the
concentration of 24-epiBL in our pretreatment groups differed, the effects were similar to a study in
which foliage was sprayed with 0.01–0.1 μM 24-epiBL to improve the salt tolerance (to 250 mM NaCl)
of perennial ryegrass (Lolium perenne L.), resulting in higher concentrations of leaf proline, K+, Mg2+,
Ca2+, and chlorophyll, increased Pn, and a weak reduction in Na+ [48]. In addition, soaking seeds in
0.0001~1μM 24-epiBL improved the tolerance of R. sativus L. seedlings to mercury (Hg) by increasing
Na+ and K+ and activating the antioxidative ability of the plant (i.e., reduced MDA and increased
activities of POD, SOD, glutathione reductase (GR), and dehydroascorbate reductase (DHAR)) [49].
Thus, we can conclude that 24-epiBL has the ability to improve the tolerance of plants to abiotic stress
by maintaining the ion balance and overcoming any ion toxicity.

5. Conclusions

Our results showed that salt stress greatly induced photoinhibition in R. pseudoacacia seedlings as
a result of oxidative stress and ion toxicity. Active oxygen can be generated from the interaction of O2

and an obstructed electron transport chain [50], damaging various photosynthetic components [51].
Ion toxicity also harms leaves and chloroplasts when combined with oxidative effects caused by
stressors [45,52]. Exogenous 24-epiBL pretreatments alleviated this photoinhibition and stabilized the
chloroplast structure, by reducing ion toxicity and increasing the activities of antioxidant enzymes.
Application of 24-epiBL by either Sew, Spw, or Diw was effective, although the Diw approach resulted
in the optimal overall performance, with the effects of the 24-epiBL concentration being in the order
1.04 > 0.62 > 0.21μM.

Author Contributions: J.Y. led to the submission, acquired data, wrote the draft and revised the manuscript;
Z.F. did the part of experiment and got some data used in this paper, L.Z. did the part of experiment and got some
data used in this paper, Z.Z. did the modification of manuscript and J.Z. conceived and designed the work and
applied all the funding.

Funding: Financial support for this study was provided by the Jiangsu Agriculture Science and Technology
Innovation Fund (Grant No. CX(17)1004), National Special Fund for Forestry Scientific Research in the Public
Interest (Grant No. 201504406), Major Fund for Natural Science of Jiangsu Higher Education Institutions (Grant No.
15KJA220004), National Foundation of Forestry Science and Technology Popularization (Grant No. [2015]17),
Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD), and the Doctorate
Fellowship Foundation of Nanjing Forestry University.

Acknowledgments: Financial support for this study was provided by the Jiangsu Agriculture Science and
Technology Innovation Fund (Grant No. CX(17)1004), National Special Fund for Forestry Scientific Research
in the Public Interest (Grant No. 201504406), Major Fund for Natural Science of Jiangsu Higher Education
Institutions (Grant No. 15KJA220004), National Foundation of Forestry Science and Technology Popularization
(Grant No. [2015]17), Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD),
and the Doctorate Fellowship Foundation of Nanjing Forestry University. We thank International Science Editing
(http://www.internationalscienceediting.com) for editing this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shahid, S.A. Developments in spoil salinity assessment, modeling, mapping, and monitoring from
regional to submicroscopic scales. In Developments in Soil Salinity Assessment and Reclamation; Shahid, S.A.,
Abelfattah, M.A., Taha, F.K., Eds.; Springer: Dordrecht, The Netherland, 2013; pp. 3–44. [CrossRef]

2. Wang, W.; Vinocur, B.; Altman, A. Plant responses to drought, salinity and extreme temperatures: Towards
genetic engineering for stress tolerance. Planta 2003, 218, 1–14. [CrossRef]

246



Forests 2019, 10, 4

3. Li, J.; Pu, L.; Han, M.; Zhu, M.; Zhang, R.; Xiang, Y. Soil salinization research in China: Advances and
prospects. J. Geogra. Sci. 2014, 24, 943–960. [CrossRef]

4. Chen, X.; Shen, Q.; Xu, Y. Hydraulic properties of typical salt-affected soils in Jiangsu Province, China.
Front. Environ. Sci. Eng. China 2007, 1, 443–447. [CrossRef]

5. DeGomez, T.; Wagner, M.R. Culture and use of black locust. HortTechnology 2001, 11, 279–288. [CrossRef]
6. Liu, W.N.; Jiang, H.Y.; Yang, M.S. Selection of salt—tolerance on Robinia pseudoacacia seedings and impact of

salt stress on seedlings’ physiological characteristics. J. Agric. Univ. Hebei 2010, 3, 62–66.
7. Sitzia, T.; Campagnaro, T.; Dainese, M.; Cierjacks, A. Forest Ecology and Management Plant species diversity

in alien black locust stands: A paired comparison with native stands across a north-Mediterranean range
expansion. For. Ecol. Manag. 2012, 285, 85–91. [CrossRef]

8. Tateno, R.; Tokuchi, N.; Yamanaka, N.; Du, S.; Otsuki, K.; Shimamura, T.; Xue, Z.; Wang, S.; Hou, Q.
Comparison of litterfall production and leaf litter decomposition between an exotic black locust plantation
and an indigenous oak forest near Yan’an on the Loess Plateau, China. For. Ecol. Manag. 2007, 241, 84–90.
[CrossRef]

9. Akatov, V.V.; Akatova, T.V.; Shadzhe, A.E. Robinia pseudoacacia L. in the Western Caucasus. Rus. J.
Biol. Invasion 2016, 7, 105–118. [CrossRef]

10. Holle, B.V.; Neill, C.; Largay, E.F.; Budreski, K.A.; Ozimec, B.; Clark, S.A.; Lee, K. Ecosystem legacy of the
introduced N2-fixing tree Robinia pseudoacacia in a coastal forest. Oecologia 2013, 172, 915–924. [CrossRef]

11. Mao, P.; Zhang, Y.; Cao, B.; Guo, L.; Shao, H.; Cao, Z.; Jiang, Q.; Wang, X. Effects of salt stress on
eco-physiological characteristics in Robinia pseudoacacia based on salt-soil rhizosphere. Sci. Total Environ.
2016, 568, 118–123. [CrossRef]

12. Zhao, G.; Li, S.; Sun, X.; Wang, Y.; Chang, Z. The role of silicon in physiology of the medicinal plant (Lonicera
japonica L.) under salt stress. Sci. Rep. 2015, 5, 12696. [CrossRef]

13. Manivannan, A.; Soundararajan, P.; Muneer, S.; Ko, C.H.; Jeong, B.R. Silicon mitigates salinity stress by
regulating the physiology, antioxidant enzyme activities, and protein expression in Capsicum annuum
“Bugwang”. BioMed Res. Int. 2016, 2016. [CrossRef]

14. Wang, Z.; Wang, M.; Liu, L.; Meng, F. Physiological and proteomic responses of diploid and tetraploid black
locust (Robinia pseudoacacia L.) subjected to salt stress. Int. J. Mol. Sci. 2013, 14, 20299–20325. [CrossRef]

15. Xi, Z.; Wang, Z.; Fang, Y.; Hu, Z.; Hu, Y.; Deng, M.; Zhang, Z. Effects of 24-epibrassinolide on antioxidation
defense and osmoregulation systems of young grapevines (V. vinifera L.) under chilling stress. Plant Growth
Regul. 2013, 71, 57–65. [CrossRef]

16. An, Y.; Zhou, H.; Zhong, M.; Sun, J.; Shu, S. Root proteomics reveals cucumber 24-epibrassinolide responses
under Ca (NO3)2 stress. Plant Cell Rep. 2016, 35, 1081–1101. [CrossRef]

17. Cui, L.; Zou, Z.; Zhang, J.; Zhao, Y.; Yan, F. 24-Epibrassinoslide enhances plant tolerance to stress from low
temperatures and poor light intensities in tomato (Lycopersicon esculentum Mill.). Funct. Integr. Genomic. 2016,
16, 29–35. [CrossRef]

18. Talaat, N.B.; Shawky, B.T. 24-Epibrassinolide ameliorates the saline stress and improves the productivity of
wheat (Triticum aestivum L.). Environ. Exp. Bot. 2012, 82, 80–88. [CrossRef]

19. Azhar, N.; Su, N.; Shabala, L.; Shabala, S. Exogenously applied 24-epibrassinolide (EBL) ameliorates
detrimental effects of salinity by reducing K+ efflux via depolarization-activated K+ channels. Plant Cell
Physiol. 2017, 58, 802–810. [CrossRef]

20. Hoagland, D.R.; Arnon, D.I. The water-culture method for growing plants without soil. Circ. Calif.
Agr. Ex. Stn. 1950, 347, 1–32.

21. Yue, J.M.; You, Y.H.; Zhang, L.; Fu, Z.Y.; Wang, J.P.; Zhang, J.C.; Guy, R.D. Exogenous 24-epibrassinolide
alleviates effects of salt stress on chloroplasts and photosynthesis in Robinia pseudoacacia L. seedlings. J. Plant
Growth Reg. 2018, 1–14. [CrossRef]

22. Sairam, R.K. Effects of homobrassinolide application on plant metabolism and grain yield under irrigated
and moisture-stress conditions of two wheat varieties. Plant Growth Regul. 1994, 306, 173–181. [CrossRef]

23. Hayat, S.; Ali, B.; Aiman Hasan, S.; Ahmad, A. Brassinosteroid enhanced the level of antioxidants under
cadmium stress in Brassica juncea. Environ. Exp. Bot. 2007, 60, 33–41. [CrossRef]

24. He, M.; Shi, D.; Wei, X.; Hu, Y.; Wang, T.; Xie, Y. Gender-related differences in adaptability to drought stress
in the dioecious tree Ginkgo biloba. Acta Physiol. Plant. 2016, 38. [CrossRef]

25. Fridovich, I. Superoxide Dismutases. Annu. Rev. Biochem. 1975, 44, 147–159. [CrossRef]

247



Forests 2019, 10, 4
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Abstract: Carpinus turczaninowii L., commonly known as hornbeam, has significant economic and
ornamental importance and is largely distributed in the northern hemisphere, including parts of
China and Korea, with high adaptation to harsh conditions in very unfertile soils. In this study, the
ecophysiological responses of C. turczaninowii seedlings to various salinity stress treatments (NaCl:
0, 17, 34, 51, 68, and 85 mM) were studied for 42 days by determining stress-induced changes in
growth parameters and biochemical markers. Salinity stress affected the values of all the examined
parameters, both morphological and physiological, and caused the inhibition of plant growth, the
degradation of photosynthetic capacity and stomatal behavior, a decrease in the photosynthetic
pigments contents and relative water content, an increase in the Malondialdehyde (MDA) content
and relative electrolytic conductivity, and the accumulation of Na+ and Cl− content. The presence of
relatively high concentrations of organic osmolytes, the activation of antioxidant enzymes, and the
ionic transport capacity from the root to shoots may represent a constitutive mechanism of defence
against stress in C. turczaninowii seedlings. Our results suggest that C. turczaninowii can tolerate
salinity at low and moderate concentrations (17–51 mM) under nursery conditions and can be widely
used in roadsides, gardens, parks, and other urban areas.

Keywords: Carpinus turczaninowii; salinity treatments; ecophysiology; photosynthetic responses;
organic osmolytes; ion homeostasis; antioxidant enzymes

1. Introduction

During growth, plants are often exposed to a variety of abiotic stresses that will affect their
growth and production [1]. Among these stresses, high soil salinity is a widespread problem, and
soil salinization has been one of the major reasons for the decrease of crop yield in arid and semi-arid
areas [2]. Salinity affects approximately one-third of the irrigated land, restricting the vegetative
and reproductive growth of plants by causing severe physiological disorders and direct or indirect
damaging effects [3]. In many temperate regions, de-icing salts are commonly used to keep the roads
dry and safe in winter, involving large amounts of NaCl. Every year, the releases of de-icing salt
are 400–1400 t in France, 2000 t in Germany, 2.2 million t in England, 4–5 million t in Canada, and
13.6–18 million t in the USA, and the use of de-icing salt is increasing in China; this country has recently
become the largest producer in the world [4]. Salt can increase soil salinity via runoff, splashing, and
aerosols and can modify roadside soil properties and plant communities [5]. Moreover, the airborne
deposition and distribution of de-icing salts extend the scope of impact areas [6]. Plants near the road
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are therefore suppressed due to salinity stress [7]. Their symptoms depend on whether the damage is
caused by the salinity of the soil or by deposition directly to the aboveground parts of the plants [8].

Many studies have been conducted on herbaceous halophytes [9,10], sensitive or tolerant crop
species [11], and tolerant woody species [12]. However, there have been fewer studies on the
physiological responses of woody plants sensitive to salinity stress compared to those on other
plants. Salinity levels can be expressed by the electrical conductivity (EC) of the irrigation water or
an aqueous extract of the soil. According to Richards (1954) [13], the levels of soils were: 0–2 dS m−1,
not saline; 2–4 dS m−1, slightly saline; 4–8 dS m−1, saline; 8–16 dS m−1, strongly saline; >16 dS m−1,
extremely saline. Different plants may differ in their sensitivity to salt stress, and the ability of plants
to adapt to stress depends on the type, intensity and duration of stress as well as the species of
plants and stage of stress [14]. Salinity stress will have multiple adverse effects on plants, including
negative effects on morphology, photosynthesis, and physiological and biochemical processes [15].
High concentrations of Na+ and Cl− ions will induce water stress and ion deficiencies, impair
membrane function, decrease chlorophyll content and some enzyme activities, and disturb metabolic
processes, such as photosynthesis, stomatal behavior, protein synthesis, and carbohydrate and lipid
metabolism [16]. It has been confirmed that many salt-stressed plants can participate in the inhibition
of stress throughout a plant’s life cycle; endurance can also occur at the cellular level, for example,
compatible organic solutes can be synthesized, such as prolines, sugars, and proteins, which will
contribute to the protection of cell structure against dehydration [17]. The activation of antioxidant
systems can help to prevent or reduce oxidative damage to proteins and membranes, which is also a
general reaction to abiotic stresses that cause oxidative stress through the generation of reactive oxygen
species (ROS) [18]. Antioxidant enzymes include superoxide dismutase (SOD), peroxidase (POD),
ascorbate peroxidase (APX), and glutathione reductase (GR) [19]. Most forest tree species growing
alongside roads and highways in temperate regions are described as salt sensitive, and the impact of
salt on these species needs to be assessed.

Carpinus turczaninowii L. is a member of the Betulaceae family, a well-known deciduous tree
mainly distributed in the Northern Hemisphere as a dominant forest species [20]. This plant can
reach a height of 15 m and grows in forests on hills and in valleys between 500 and 2000 m above
sea level. C. turczaninowii has strong adaptability, which can be resistant to drought and barren soil,
and can tolerate very low temperatures, even below −20 ◦C [21]. The fallen leaves of this species
can display a beautiful orange-red color in the autumn. They are commonly used for bonsai and
landscaping in gardens or along roadsides in China, Korea, and Japan. The wood of C. turczaninowii
is very hard, dense, and fine textured, and has often been used for making agricultural tools and
furniture [22]. Previous chemical investigations have indicated that this plant has anti-inflammatory
and antioxidative properties in extracts from its leaves and branches, making it a potential candidate
for use in pharmaceuticals and cosmetics [23,24]. Even though C. turczaninowii does not grow naturally
in saline environments, as a type of ornamental plant, it is now used in many places. It may be affected
by relatively high salinity concentrations in locations close to mountain roads because of the use
of de-icing salts in winter, a widespread practice worldwide. In addition, C. turczaninowii is often
planted in parks or gardens for landscaping, where these trees may be irrigated with low-quality
water containing different concentrations of salts. However, little research has been conducted on the
responses of C. turczaninowii to salinity stress, experimental data are very scarce, and its salt tolerance
is not fully understood. The aim of this study was to evaluate the resistance to salinity stress in
C. turczaninowii seedlings.

We hypothesize that C. turczaninowii seedlings will be affected by salinity stress and that the
plants may develop relevant response mechanisms to stress, such as the biosynthesis of osmolytes
and the activation of antioxidant mechanisms. To test this hypothesis, we evaluated the growth and
ecophysiological responses of C. turczaninowii seedlings to different levels of salinity stress under
controlled greenhouse conditions. These results may help to better design, implement conservation
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and cultivation practices for C. turczaninowii. We also can provide useful reference data for the selection
of ornamental plant species for landscaping in urban areas.

2. Materials and Methods

2.1. Plant Material

The C. turczaninowii seeds were obtained from the Ta-pieh Mountains, Henan, China. The seeds
were sown in containers to initiate growth in March 2012 at the landscape experimental teaching
centre of Nanjing Forestry University in Nanjing, Jiangsu, China. After one year of growth, in March
2013, we selected well-grown seedlings that were approximately 0.8 cm in diameter with 30.0 cm-tall
stems and transplanted them into pots with dimensions of 10 cm in diameter and 15 cm in height
and filled with well-mixed loamy soil, peat, vermiculite, and pearlite (1:1:1:1, v/v/v/v) with a pH
of 6.5. The content of soil nutrients was determined by a TFW-VI soil nutrient and moisture tester
(TFW-VI, Wuhan, China). The soil contained 50.18 mg kg−1 available N, 12.15 mg kg−1 available P,
145 mg kg−1 available K. Each pot contained one seedling and 0.5 kg of soil. The seedlings received
0.5 L of full-strength Hoagland’s nutrient solution biweekly before salt stress treatment according to
the method of Seth D. Hothem (2003) [25]. The C. turczaninowii seedlings were grown in an artificially
controlled greenhouse under natural sunlight conditions at a temperature of 25–27 ◦C and relative
humidity of 65–75%.

2.2. Salt Stress Treatments

The trials were conducted when the C. turczaninowii seedlings had grown in the greenhouse for one
month. In April 2013, we chose uniform seedlings that were approximately 30.0 cm tall and had similar
leaf numbers. The seedlings were subjected to a 0 (control), 17, 34, 51, 68, and 85 mM NaCl solution.
The electrical conductivity of the substrates was 1.6, 3.3, 4.4, 6.2, 8.4, and 10.5 dS m−1, respectively.
These concentrations were selected according to our preliminary experiments on C. turczaninowii seedlings.
Each treatment had three replicates with 25 random seedlings per replicate, and one seedling per pot.
They were grown in the greenhouse with same plant maintenance and management. The control plants
were watered with 200 mL of water per plant, whereas for the salt treatment plants, the same volume of
17, 34, 51, 68, or 85 mM NaCl solution was used. To avoid osmotic shock, the NaCl solution was added in
three equal parts on alternating days until the target concentration was reached. We also placed a plastic
tray at the bottom of the pot to retain any excess solution that had been applied, and this was placed back
into the pot to ensure the accuracy of the experimental design. The stress treatments were conducted
for 42 days, and after the midpoint (21 days) and the end time (42 days) of growth, measurements were
carried out, and samples were collected for different physiological analyses. The whole plants were
harvested after 42 days of treatment. Each measured parameter had three replicates.

2.3. Determination of Plant Growth Parameters

The following growth parameters were recorded, with three replicates: stem length increase and
diameter increase (measured on the first day and the last day of the salt stress treatments, the location
on the seedlings of the stem diameter measurements was 2.0 cm above the soil surface); seedling
survival at the end of the trial; biomass of different tissues (dry weight, DW; the plants were separated
into roots, stems and leaves, which were dried at 80 ◦C in an oven for 48 h); taproot length (roots were
washed with distilled water, blotted dry on filter paper, measured the taproot length with a ruler); leaf
area, measured with a portable leaf area meter (LI-3000C, LI-COR, Lincoln, NE, USA); and root/shoot
ratio, which was calculated as the dry mass of the aboveground parts/belowground parts.

2.4. Measurement of Photosynthetic Parameters and Chlorophyll Fluorescence

Photosynthetic parameters were evaluated using a portable photosynthetic system (Ciras-2,
Shanghai, China). The net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs),
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and intercellular CO2 concentration (Ci) were measured in the first fully expanded leaves of each
plant on the final day of the salinity treatments from 8:00 a.m. to 11:00 a.m. on a sunny, cloudless
day. The water use efficiency (WUEi) was calculated as Pn/Tr. To obtain a stable photosynthetic rate,
the air temperature was 25 ◦C, the intensity of the light was 1000 μmol m−2s−1, the relative humidity
was 65%, and the concentration of reference CO2 was 380 μmol mol−1. Chlorophyll fluorescence
parameters were determined on the same day that the gas exchange measurements were taken with the
fluorescence leaf chamber of the Ciras-2 photosynthetic system, including the photochemical quantum
efficiency (ΦPSII), maximum quantum yield efficiency of photosystem II (Fv/Fm), photochemical
quenching parameter (qP), electron transfer rate (ETR), and non-photochemical quenching parameter
(NPQ) on the dark-adapted leaves. All the parameter measurements were performed on three leaves
per plant.

2.5. Scanning Electron Microscopy

The anatomical features (including the leaf surface and cross-section) of the leaves of
C. turczaninowii seedlings in the control and salinity treatments were analyzed using scanning electron
microscopy (SEM) (Quanta 200, FEI, Hillsborough, OR, USA). On the final day of the salinity treatments,
the leaves were collected, properly cleaned with tap water and cut into pieces (5 × 5 mm) with a
sharp blade. Formalin acetic acid (FAA) was used for one week for fixation. Then, the samples
were dehydrated with a graded ethanol series, placed in isoamyl acetate aldehyde, and subjected to
critical-point drying (K850, Emitech, London, UK), mounting, and gold coating using an ion sputtering
apparatus (E1010, Hitachi, Tokyo, Japan). Finally, SEM was performed to observe the blade surface and
cross-section of the leaves. The stomatal characteristics, including the stomatal density (stomata mm−2)
and size (length and width), were evaluated following the method reported by Camposeo et al. [26].
The leaf thickness and palisade tissue thickness of the leaves were measured by the photomicroscope
system with a computer attachment.

2.6. Photosynthetic Pigments

The chlorophyll a (Chl a), chlorophyll b (Chl b), and total carotenoids (Caro) contents of the leaves
were measured with the spectrophotometric method. Fresh leaves were cleaned with distilled water,
and chlorophyll was extracted with a mixture of acetone and 95% ethanol (v:v = 1:1). After mixing
overnight in an orbital shaker and following 10 min of centrifugation at 9,000 rpm, the absorbance
of the supernatant was measured at wavelengths of 645, 663, and 470 nm by ultraviolet-visible
spectrophotometry (Lambda25, PerkinElmer, Waltham, MA, USA). The chl and carotenoid contents
were expressed as mg g−1 fresh weight according to the method of H.K. Lichtenthaler [27].

2.7. Relative Water Content (RWC)

The relative water content was calculated on the basis of the fresh and dry weight of the leaves
according to the method of Vivekanandan [28] using the equation RWC = [(FW − DW)/(TW − DW)]
× 100%, where FW is the fresh leaf weight, DW is the dry weight, and TW is the turgid weight.

2.8. Organic Osmolytes

Three main types of organic osmolytes were analyzed: soluble sugars, soluble proteins, and
proline. The soluble sugar content was quantified according to the method of Magné et al. [29].
Samples (0.1 g) were mixed with 10 mL of deionized water and incubated in water for 30 min at 100 ◦C,
and then the extracts were cooled and filtered into a 25-mL volumetric flask filled with distilled water.
One-half millilitre of supernatant was mixed with 1.5 mL of distilled water, 0.5 mL of anthrone-ethyl
acetate, and 5 mL of 98% sulfuric acid. The tube was thoroughly shaken with an oscillator and
immediately placed into boiling water for 1 min. After cooling, the absorbance of the supernatant
was measured at 630 nm. The value for the soluble sugars was input into a glucose standard curve to
identify the appropriate content.
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To determine the soluble protein, samples were homogenized in phosphate buffer solution (pH 7.8)
at 4 ◦C after centrifugation at 9000 rpm for 20 min, and the supernatant was used to determine the
soluble protein. Supernatant and a volume of 0.1 mL was mixed with 5 mL of Coomassie brilliant
blue G-250 solution. The absorbance of the supernatant was measured at 595 nm after 5 min. The leaf
soluble protein was determined according to the method of Bradford [30]. Bovine serum albumin
(BSA) was used to generate the standard curve.

Free proline was determined according to the method of Steinert et al. [31]: Extracts were prepared
in 3% sulfosalicylic acid solution and then centrifuged at 4000 rpm at 4 ◦C for 20 min. The supernatant
was mixed with acetic acid and acid ninhydrin and incubated in water for 1 h at 100 ◦C. The absorbance
of the organic phase was measured at 520 nm. Proline was used to generate a standard curve.
The proline content was calculated in mg g−1.

2.9. Measurements of the Na+, Cl−, K+, Ca2+, and Mg2+ Contents of Different Organs

All plants were harvested at the end of the experiment. The contents of sodium (Na+), chloride
(Cl−), potassium (K+), calcium (Ca2+), and magnesium (Mg2+) were determined in the roots, stems,
and leaves. The different tissues of the samples were dried at 85 ◦C for 48 h and weighed. Then, the
dried samples were digested with a mixture of HNO3 acid and HClO4 acid (5:1 v:v). The Na+, Cl−, K+,
Ca2+, and Mg2+ ion concentrations in the digested samples were measured using a plasma emission
spectrometer (OPTIMA PE-4300DV, Waltham, MA, USA).

2.10. Malondialdehyde Concentration (MDA) and Cell Membrane Stability

An enzyme solution was prepared: 0.3 g leaves were ground at 4 ◦C in a mortar in 6 mL of
a pH 7.8 phosphate buffer solution. The supernatants were collected from the homogenate after
centrifugation at 9000 rpm at 4 ◦C for 20 min. The MDA content was quantified according to the
method described by Hodges et al. [32]. Two millilitres of the enzyme solution was mixed with 3 mL
of 0.5% thiobarbituric acid (TBA) and 8% trichloroacetic acid (TCA), which was then incubated at
100 ◦C for 20 min. After cooling the extracts on ice and centrifugation at 9000 rpm for 30 min at 4 ◦C,
the absorbance of the supernatant was measured at 532 and 600 nm.

Cell membrane stability was expressed as the relative electrolytic conductivity (REC). Fresh leaves
were cleaned with deionized water and cut into segments and incubated in hermetic tubes containing
20 mL of deionized water for 6 h at room temperature. The first electrical conductivity (EC1) of
the leaf solution was determined with a conductivity meter (DDS-307, Shanghai, China). Then, the
maximum conductivity (EC2) was obtained by placing the tubes containing leaf samples in water
at 100 ◦C for 20 min to release all electrolytes. Leaf electrolyte leakage was calculated as follows:
REC = (EC1/EC2) × 100%, according to Dionisio-Sese and Tobita [33].

2.11. Antioxidant Enzyme Activities

The activity of superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX),
and glutathione reductase (GR) were determined in C. turczaninowii leaf extracts. Frozen leaves
(0.3 g) were ground in liquid N2 using a mortar with 6 mL of phosphate buffer solution (pH 7.8).
After centrifugation at 9000 rpm at 4 ◦C for 20 min, the supernatant was collected as the enzyme extract
for measurements. Enzyme activities were assayed using a spectrophotometer.

The SOD activity was assayed according to Beyer et al. [34]. The reaction mixture contained
0.1 mL of enzyme solution, 1.5 mL of sodium phosphate buffer, 0.3 mL of 130 mM methionine, 0.3 mL
of 20 μM riboflavin, 0.3 mL of 100 μM EDTA, 0.3 mL of 750 μM nitroblue tetrazolium (NBT), and
0.5 mL of distilled water. The reaction was started by exposing the mixture to white fluorescent light
for 15 min. The reaction was stopped by turning the light off. Reduced NBT was measured at 560 nm,
and one unit of SOD activity was defined as the amount of enzyme causing 50% inhibition of NBT
reduction per min under the assay conditions.
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The POD activity in the enzyme extracts was assayed by the method of Civello et al. [35].
The reaction mixtures contained 1 mL of enzyme solution, 3.8 mL of 0.3% guaiacol reaction solution,
and 0.1 mL of 3% H2O2. The increase in absorbance was recorded at 470 nm three times per min.

APX activity was monitoring at the decrease in absorbance at 290 nm according to
Nakano et al. [36]. The reaction system contained 1.8 mL of 50 mM phosphate buffer (pH 7.0), 0.1 mL
of 5 mM ascorbate (ASA), 1 mL of 30 mM H2O2, and 0.1 mL enzyme extracts. H2O2 was added to start
the reaction.

The method of Fengwang Ma [37] was used for GR assays by monitoring the decrease in
absorbance at 340 nm. The reaction system contained 0.1 mL of 1 mM NADPH, 2.7 mL of 0.1 mM
phosphate buffer (pH 7.8), 0.1 mL of 5 mM GSSG, and 0.1 mL enzyme extracts. The reaction was
initiated by adding NADPH.

2.12. Statistical Analysis

All the results are presented as the means ± standard deviation (S.D., n = 3). One-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparison test at the 5% probability level were
performed with the SPSS statistical package version 22.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Plant Growth

Salinity stress inhibited the growth of C. turczaninowii seedlings, as shown by the reduction of
growth parameters in the stressed plants compared to the control plants (Table 1). ANOVA results
showed that salinity treatments had significant effects on growth parameters (p < 0.05). The effect of the
salinity treatments on the plant survival rate was significant at high salinities (68–85 mM); more than
55% of the plants died after being subjected to 85 mM salinity stress after 42 days. The reductions in
stem, root, and leaf growth compared to the control plants became more pronounced with an increase
in the salinity levels. The root/shoot ratio of the treatment group was significantly higher than that of
the control group under 51–68 mM NaCl.

Table 1. Effects of various salinities on the survival rate, stem length increase, diameter increase, stem
biomass, taproot length, root biomass, root/shoot ratio, leaf area, leaf biomass and total biomass of
Carpinus turczaninowii L. after 42 days.

Salinity Level
(mM)

Survival Rate
(%)

Stem Length
Increase (cm)

Diameter
Increase (cm)

Stem Biomass
(DW, g)

Taproot
Length (cm)

CK 100 ± 0.00 a 9.03 ± 0.76 a 0.103 ± 0.10 a 2.21 ± 0.22 a 22.33± 1.86 a
17 100 ± 0.00 a 8.90 ± 0.79 a 0.095 ± 0.04 ab 2.02 ± 0.09 ab 21.24 ± 1.54 a
34 100 ± 0.00 a 8.57 ± 0.60 a 0.089 ± 0.07 ab 1.72 ± 0.04 bc 20.01 ± 1.06 ab
51 92 ± 2.00 ab 7.87 ± 0.78 a 0.079 ± 0.09 b 1.51 ± 0.15 cd 18.65 ± 0.25 b
68 75 ± 1.67 b 5.07 ± 0.74 b 0.060 ± 0.06 c 1.38 ± 0.22 cd 15.58 ± 0.88 bc
85 45 ± 2.33 c 4.67 ± 0.76 b 0.048 ± 0.04 c 1.18 ± 0.20 d 12.91 ± 0.75 c

Salinity Level
(mM)

Root Biomass
(DW, g)

Leaf Area
(cm2)

Leaf Biomass
(DW, g)

Root/Shoot
Ratio (R/S)

Total Biomass
(DW, g)

CK 1.63 ±0.10 a 9.82 ± 0.48 a 2.13 ± 0.24 a 0.38 ± 0.02 b 5.96 ± 0.55 a
17 1.41 ± 0.09 ab 9.32 ± 1.22 a 1.88 ± 0.07 ab 0.36 ± 0.03 c 5.31 ± 0.15 ab
34 1.27 ± 0.02 b 8.89 ± 1.56 ab 1.60 ± 0.04 bc 0.38 ± 0.01 b 4.60 ± 0.09 bc
51 1.19 ± 0.12 b 8.52 ± 1.01 ab 1.33 ± 0.09 cd 0.42 ± 0.01 a 4.03 ± 0.35 cd
68 1.12 ± 0.18 bc 7.14 ± 1.33 b 1.23 ± 0.09 cd 0.43 ± 0.02 a 3.72 ± 0.49 cd
85 0.83 ± 0.15 c 6.53 ± 0.68 c 1.05 ± 0.21 d 0.37 ± 0.01 bc 3.05 ± 0.55 d

Data in the table are the means ± S.D. (n = 3); different lowercase letters in each column indicate significant
differences among treatments (p < 0.05).
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3.2. Photosynthesis, Chlorophyll Fluorescence, and Stomatal Behavior

ANOVA results indicated that photosynthesis, chlorophyll fluorescence parameters of
C. turczaninowii differed among salinity treatments (p < 0.05). The Pn, Gs, and WUEi decreased
with increasing salt concentration after 42 days of growth, while the Ci increased with increasing
salinity (Table 2). There was a significant difference in the Pn between the 51–85 mM treatments and
the control, especially under 85 mM NaCl, with the Pn reduced by 84.00% compared to that of the
control. A significant decrease in the Tr occurred in the plants treated with high (68–85 mM) salinity.
We found that 51–85 mM NaCl had the most pronounced effect on the Gs, Ci, and WUEi. The Ci
increased by 47.17% compared to that in the control treatment under 85 mM salinity. Salinity stress
did not negatively influence the chlorophyll fluorescence parameters, including the ΦPSII, Fv/Fm, qP,
and ETR, at NaCl concentrations less than 85 mM. These chlorophyll fluorescence parameters were
lower than those in the control under high salinity stress, except for the NPQ, which increased with
the salt concentration and reached a maximum at 85 mM, 1.75 times that of the control.

Table 2. Effects of various salinities on photosynthesis and chlorophyll fluorescence parameters
in C. turczaninowii after 42 days. Pn, net photosynthetic rate; Tr, transpiration rate; Gs, stomatal
conductance; Ci, intercellular CO2 concentration; WUEi, water use efficiency; ΦPSII, photochemical
quantum efficiency; Fv/Fm, maximum quantum yield of photosystem II; qP, photochemical quenching
parameter; ETR, electron transfer rate; NPQ, non-photochemical quenching parameter.

Salinity Level
(mM)

Pn
(μmol m−2s−1)

Tr
(mmol m−2s−1)

Gs
(μmol m−2s−1)

Ci
(μmol m−2s−1)

WUEi

CK 7.50 ± 0.70 a 2.21 ± 0.09 a 86.33 ± 6.03 a 212.00 ± 19.67 d 3.40 ± 0.39 a
17 7.20 ± 0.66 a 2.47 ± 0.08 a 82.33 ± 8.08 ab 227.67 ± 11.93 cd 2.92 ± 0.33 a
34 6.10 ± 0.46 ab 2.31 ± 0.07 a 70.00 ± 11.14 abc 257.00 ± 14.93 bc 2.64 ± 0.17 ab
51 4.90 ± 0.50 b 2.15 ± 0.11 a 61.67 ± 6.11 bc 264.33 ± 20.13 bc 2.28 ± 0.19 b
68 3.40 ± 0.40 c 1.67 ± 0.11 b 58.00 ± 8.54 c 277.33 ± 10.07 ab 2.05 ± 0.41 b
85 1.20 ± 0.20 d 1.47 ± 0.12 c 51.33 ± 7.10 c 312.00 ± 6.56 a 0.82 ± 0.16 c

Salinity Level
(mM)

ΦPSII Fv/Fm qP
ETR

(μmol m−2s−1)
NPQ

CK 0.50 ± 0.08 a 0.64 ± 0.04 a 0.91 ± 0.06 a 274.99 ± 19.11 a 0.81 ± 0.06 c
17 0.47 ± 0.03 a 0.66 ± 0.05 ab 0.94 ± 0.08 a 287.89 ± 25.37 a 0.95 ± 0.08 b
34 0.52 ± 0.04 a 0.58 ± 0.03 abc 0.96 ± 0.06 a 266.40 ± 21.18 ab 1.12 ± 0.13 ab
51 0.45 ± 0.04 a 0.53 ± 0.04 abc 0.87 ± 0.07 ab 256.81 ± 15.50 ab 1.25 ± 0.07 ab
68 0.41 ± 0.03 ab 0.49 ± 0.10 bc 0.81 ± 0.09 ab 225.57 ± 22.38 b 1.34 ± 0.10 a
85 0.38 ± 0.06 b 0.47 ± 0.06 c 0.72 ± 0.06 b 217.86 ± 25.25 b 1.42 ± 0.12 a

Data in the table are the means ± S.D. (n = 3); different lowercase letters in each column indicate significant
differences among treatments (p < 0.05).

The stomatal density and size as a function of the soil salinity levels are shown in Table 3 and
Figure 1a. At 17–51 mM salinity, the stomatal density of the C. turczaninowii leaves was not significantly
different from that in the control but was pronounced under high (68–85 mM) salinity stress. Salinity
levels of 51–85 mM caused a significant reduction in stomatal length and stomatal width, leading
to smaller stomatal sizes. Finally, the stomata was nearly closed under high salinity (68–85 mM)
treatments, with the guard cells becoming gradually deformed, and the epidermal tissue shrank.

The leaf thickness was higher than that in the control at low salinities (17–34 mM) but decreased
significantly at 84 mM NaCl (Table 3). The palisade tissue thickness and palisade tissue thickness/leaf
thickness of the C. turczaninowii leaves were noticeably higher than those in the control treatment at
51–85 mM salinity. Figure 1b shows a typical scanning electron micrograph of a C. turczaninowii leaf,
including the upper and lower epidermis, epidermal hairs, and palisade and spongy tissues, which
were densely arranged. However, the leaf cross-section characteristics were significantly different from
those in the control under the high salinity treatments (68–85 mM), and the palisade and spongy tissues
were loosely arranged. The spaces between the tissues became larger, and some of the tissues degraded.
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Table 3. Effects of various salinities on the leaf stomatal density, stomatal length, stomatal
width, leaf thickness, palisade tissue thickness, and palisade tissue thickness/leaf thickness of
Carpinus turczaninowii L. after 42 days.

Treatment
(mM)

Stomatal
Density

(number mm−2)

Stomatal
Length (μm)

Stomatal
Width (μm)

Leaf
Thickness

(μm)

Palisade
Tissue

Thickness
(μm)

Palisade
Tissue

Thickness/Leaf
Thickness (%)

CK 242.40 ± 22.12 ab 15.54 ± 1.21 a 12.69 ± 1.98 a 69.23 ± 5.02 ab 18.46 ± 3.21 c 26.67 ± 3.68 c
17 264.58 ± 25.38 a 13.23 ± 1.43 a 11.02 ± 2.06 a 84.62 ± 6.87 a 22.08 ± 2.60 bc 26.09 ± 2.02 c
34 230.06 ± 20.08 ab 11.15 ± 1.51 ab 9.68 ± 1.32 ab 73.85± 6.93 ab 24.34 ± 2.88 bc 32.96 ± 4.41 bc
51 190.65 ± 17.33 b 9.87 ± 1.06 bc 7.12 ± 1.58 b 64.62 ± 7.11 bc 25.69 ± 3.21 ab 39.76 ± 4.12 ab
68 162.58 ± 15.11 c 8.23 ± 1.22 bc 5.33 ± 1.82 c 61.54 ± 5.04 bc 27.54 ± 4.08 a 44.75 ± 5.05 ab
85 135.62 ± 12.49 d 7.85 ± 1.18 c 4.58 ± 0.95 c 59.61 ± 5.36 c 28.77 ± 4.65 a 48.26 ± 3.82 a

Data in the table are the means ± S.D. (n = 3); different lowercase letters in each column indicate significant
differences among treatments (p < 0.05).

Figure 1. Stomatal structure on the leaf surface (a), ×1200, and leaf cross-section (b), ×600, of
C. turczaninowii under salinity treatments.
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3.3. Photosynthetic Pigments

The results showed that the contents of photosynthetic pigments (chl a and b, total chlorophyll,
and carotenoids) in C. turczaninowii plants decreased when the plants were subjected to salinity
(p < 0.05), and the differences between the control and 51–85 mM salinity treatments were significant
after 42 days of growth (Figure 2a–d). At a concentration of 85 mM NaCl, the total chlorophyll content
was reduced by 28.92% after 42 days of growth.

Figure 2. Effect of increasing levels of soil salinity on the content of chlorophyll a (a), chlorophyll b
(b), total chlorophyll (c), and total carotenoids (d), relative water content (e), soluble sugars (f), soluble
proteins (g), and proline content (h) in leaves of C. turczaninowii plants grown for 21 and 42 days.
Different lowercase letters indicate significant differences among treatments (p < 0.05), n = 3.
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3.4. Relative Water Content (RWC)

The relative water content of the C. turczaninowii leaves decreased with increasing salinity
concentrations (Figure 2e). There was no difference of the RWC between the low salt stress treatment
(17 mM) and the control plants, while a significant decrease was observed in the 68–85 mM salt
treatments after 42 days (p < 0.05), with the RWC decreasing by 20.36% and 23.88%, respectively.

3.5. Organic Osmolytes

ANOVA results indicated that salinity treatments had significant effects on the organic solutes
of C. turczaninowii seedlings (p < 0.05). With the increase in salinity stress, the soluble sugar content
showed a tendency of first increasing and then falling, with a significant change in leaves in the
34~85 mM salinity treatments after 21 and 42 days of growth. After 42 days of growth, the soluble
sugar content reached a maximum when the salt concentration was 51 mM, with a value of more than
double of that in the control plants (Figure 2f). The soluble protein content did not change significantly
under the slight (17–34 mM) and moderate (51 mM) salinity treatments, but a great reduction in soluble
protein content was found in the high (68–85 mM) salinity treatments (Figure 2g). Proline is a type of
amino acid that is easily accumulated under osmotic stress. The proline content of C. turczaninowii
seedlings gradually increased with increasing salt concentration after 21 and 42 days of growth and
was significantly higher than that of the control plants in the high (68–85 mM) salinity treatments
(Figure 2h).

3.6. Inorganic Ion Content of Various Organs

The changes in ionic contents in C. turczaninowii seedlings are shown in Figure 3a–e. The Na+

and Cl− content of the root, stem, leaf, and the whole plant prominently increased with the salinity
levels (p < 0.05), and mainly accumulated in the root and then in the stem (Figure 3a,b). In 85 mM
NaCl treatment, the Na+ content in the stem and leaf increased remarkably, 19.06 and 20.63 times,
respectively, compared to that in the control group, and Cl− content also reached a maximum value in
this salt concentration. The K+ content increased in the stem and leaf but decreased in the root and
mostly accumulated in the leaf, followed by the stem (Figure 3c). In the whole plant, the K+ ion content
in the treatment groups was higher than that in the control (p < 0.05). The Ca2+ content remained high
in the stem and leaf (Figure 3d). The differences in the Ca2+ content in the root among the various
salinity treatments were not obvious, but the Ca2+ contents were all higher than that in the control.
Under high salinity stress (68–85 mM), the Ca2+ content increased by 24.68% and 18.29%, respectively,
in the whole plant. Differences in the Mg2+ content in the different tissues of C. turczaninowii seedlings
were not obvious (Figure 3e). In the stem, the Mg2+ content in the 34–85 mM treatments was noticeably
higher than that in the control group, and in the whole plant, little change was found in the 34 mM
salinity stress treatment.

The K/Na, Mg/Na, and Ca/Na ratios in the C. turczaninowii seedlings under salinity treatments
are shown in Table 4. It was found that all ion ratios significantly decreased under salinity stress in
different tissues. In addition, the ion ratios in the aboveground parts (stem and leaf) were higher than
the underground part (root), and the Ca/Na ratio was higher than the K/Na and Mg/Na ratios. These
results indicate that the ability of C. turczaninowii to absorb Na+ ions increased under salinity stress,
and the absorption of K+, Ca2+, and Mg2+ by the leaves was higher than other tissues.

259



Forests 2019, 10, 96

Figure 3. Effects of increasing levels of soil salinity on the Na+ (a), Cl− (b), K+ (c), Ca2+ (d) and Mg2+

(e) content in root, stem, leaf, and whole plant of C. turczaninowii seedlings after 42 days. Different
lowercase letters indicate significant differences among treatments (p < 0.05), n = 3.

Table 4. Effects of various salinities on the K/Na, Ca/Na, and Mg/Na ratios in the root, stem, leaf, and
whole plant of C. turczaninowii seedlings after 42 days.

Salinity Level (mM) K/Na Ca/Na Mg/Na

Root

CK 4.34 ± 0.56 a 6.20 ± 0.99 a 2.23 ± 0.35 a
17 1.97 ± 0.36 b 4.89 ± 0.74 a 1.53 ± 0.27 b
34 0.98 ± 0.13 c 3.62 ± 0.35 b 0.77 ± 0.10 c
51 0.82 ± 0.01 c 2.45 ± 0.04 b 0.67 ± 0.12 c
68 1.23 ± 0.15 bc 2.70 ± 0.31 b 0.87 ± 0.11 c
85 1.00 ± 0.10 c 2.58 ± 0.13 b 0.75 ± 0.04 c

Stem

CK 33.77 ± 4.87 a 101.68 ± 14.97 a 10.52 ±1.44 a
17 18.52 ±0.88 b 57.57 ± 2.65 b 5.41 ± 0.20 b
34 8.45 ± 0.50 c 23.59 ± 1.54 bc 2.70 ± 0.16 c
51 12.54 ± 0.72 c 28.79 ± 0.94 c 3.94 ± 0.23 bc
68 7.92 ± 0.24 c 26.93 ± 0.27 c 2.89 ± 0.01 c
85 2.09 ± 0.03 d 7.34 ± 0.16 d 0.86 ± 0.04 d
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Table 4. Cont.

Salinity Level (mM) K/Na Ca/Na Mg/Na

Leaf

CK 90.77 ± 15.49 a 236.54 ± 39.71 a 42.86 ± 6.34 a
17 71.10 ± 12.75 ab 150.01 ± 24.05 b 26.05 ± 4.08 b
34 59.19 ± 3.42 bc 112.56 ± 3.62 bc 21.23 ± 0.87 b
51 37.55 ± 2.41 cd 66.32 ± 3.21 cd 12.02 ± 0.74 c
68 19.81 ± 1.04 de 40.44 ± 2.13E de 6.75 ± 0.22 dc
85 7.10 ± 0.19 e 12.52 ± 0.10 e 2.40 ± 0.03 d

Whole plant

CK 128.88 ± 20.92 a 344.43 ± 55.67 a 55.61 ± 8.13 a
17 91.58 ± 13.99 b 212.47 ± 27.45 b 33.00 ± 4.55 b
34 68.63 ± 4.05 c 139.77 ± 5.51 c 24.70 ± 1.12 bc
51 50.91 ± 3.13 c 97.56 ± 4.19 cd 16.64 ± 1.09 cd
68 28.96 ± 1.43 d 70.07 ± 2.70 d 10.52 ± 0.35 d
85 10.19 ± 0.32 d 22.44 ± 0.39 e 4.01 ± 0.11 e

Data in the table are the means ± S.D. (n = 3); different lowercase letters in each column indicate significant
differences among treatments (p < 0.05).

3.7. Malondialdehyde Content (MDA) and Cell Membrane Stability

The MDA content can be used to measure the damage to the leaf cell membrane. The MDA content
of C. turczaninowii continued to increase with the salinity concentration (Figure 4a). After 21 days,
MDA content was not affected under the low salinity (17–34 mM) treatments, but 51–85 mM NaCl
had a prominent effect on the MDA content (p < 0.05). After 42 days, the MDA content increased by
35.60% and 45.74% in the 68 mM and 85 mM salinity treatments, respectively, compared to the control.
The relative electrolytic conductivity is an index of cell membrane stability. As shown in Figure 4b, the
relative electrolytic conductivity increased with salinity levels and was noticeably higher among the
treatment and control groups after 42 days of growth (p < 0.05). These results indicated that salt stress
caused damage to the membranes of C. turczaninowii seedlings and that the damage was more serious
at high concentrations.

Figure 4. Cont.
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Figure 4. Effects of increasing levels of soil salinity on the MDA content (a), cell membrane stability (b),
SOD activity (c), POD activity (d), APX (e), and GR (f) in leaves of C. turczaninowii grown for 21 and
42 days. Different lowercase letters indicate significant differences among treatments (p < 0.05), n = 3.

3.8. Antioxidant Enzyme Activities

ANOVA results indicated that antioxidant enzyme activities differed among salinity treatments
(p < 0.05). The SOD and GR activities of C. turczaninowii leaves first increased then decreased with the
level of salt stress (Figure 4c,f). The SOD activity was significantly higher than that in the control at
34–51 mM NaCl after 21 days. After 42 days, the SOD activity reached a maximum value of 475.17 U/g
at 17 mM, increasing by 21.81% compared to the control, and little change was found at 51–85 mM NaCl.
Salt treatments caused significant increase in the activity of GR after 21 days, and a maximum value
was found at 34 mM after 42 days. The POD and APX activities increased as the results of the salinity
treatments after 21 days, and the differences were remarkable at 34~85 mM salinity (Figure 4d,e).
However, after 42 days, the POD activity was obviously higher than that in the control at low salinity
(17–34 mM) and decreased at high salinity (85 mM), being only 69.15% that of the control, and APX
actvity was significant higher than the control at 34–68 mM salinity, also decreased at 85 mM NaCl.

4. Discussion

The present study provides valuable information about C. turczaninowii traits that may affect
seedling survivorship and growth under salt stress in nursery conditions. Salinity stress induced
depressive effects on all the examined parameters, including the changes in survival rate, the
production parameters, the morphological and physiological parameters. This research was the
first attempt to look for the salt tolerance of C. turczaninowii seedlings, and confirm that salinity is one
of the major abiotic stresses limiting the growth and productivity of this species.

4.1. Seedling Growth

Salinity affects plants in many different ways, the most obvious being a decrease in growth,
which may be related to a reduction in water uptake, photosynthetic activity, and other affected
physiological pathways [38]. Our results show that salinities over 68 mM inhibited the growth of
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C. turczaninowii seedlings, including the survival rate, stem length and diameter increase, taproot
length, biomass, and leaf area. Many studies have also described similar responses of plants to high
salinity, a decrease in leaf area or root and stem length, and a change in the root/shoot ratio was
also observed in oak (Quercus robur L.) seedlings [39]. Mulberry (Morus alba L.) seedlings suffered
great reductions in root, shoot, and leaf growth under various levels of NaCl stress [40]. These results
confirm that salinity is one of the major environmental factors that restricts the growth and productivity
of plants. As expected, salinity caused a significant reduction in leaf area at 68~85 mM NaCl, which
may have been caused by the inhibition of cell expansion after salt stress [41]. The same phenomenon
was observed for stomatal behavior; the stomatal density and stomatal size of C. turczaninowii leaves
were pronounced decreased under high salinity stress, with nearly closed stomata. Stomata in the
epidermis of the leaf provide an important channel that allows plants to exchange materials such
as CO2 and H2O with the external environment. Salinity stress can cause the close of stomata, the
decrease of stomatal size and leaf thickness, and the atrophy of leaf tissues [42]. In our previous study
on Carpinus betulus L. [43], we found the stomata, palisade, and spongy parenchyma tissues were
seriously influenced over 51 mM NaCl, worse than C. turczaninowii. These changes in leaf morphology
can adversely affect photosynthesis in plants. Under salinity stress, plants often face water deficiencies,
which will lose water, wither, and even die. The RWC of the leaves decreased with increasing salinity
levels and reached a minimum value at 85 mM NaCl after 42 days. This occurs by a reduction in the
external water potential due to high salt concentrations in the solution of the soil and its accumulation
in the extracellular region of the plants. Under 0–240 mM NaCl, the RWC in Phoenix dactylifera L. also
significantly declined [44]. Alterations to the water content of plants may induce reductions in the
photosynthetic rate and the growth of seedlings. According to Tuteja [45], salt sensitive plants cannot
grow at 100 mM NaCl or above, and are called glycophytes, we believed that C. turczaninowii was a
kind of salt sensitive plants.

4.2. Physiological Parameters

High salinity is associated hyperosmotic stress, inducing secondary effects or pathologies and
ion toxicity [46]. The mechanism of photosynthesis response to salt stress is complex, including the
influence of photochemistry, CO2 diffusion, and the activities of enzymes involved in photosynthesis.
In our study, the leaf gas exchange and chlorophyll fluorescence parameters were restricted with
increasing levels of salinity in C. turczaninowii leaves. The Pn, Tr, Gs, and WUEi under 51~85 mM
salinity were lower than those in the control, while the Ci increased with the salt concentration. Similar
behaviors were reported in Pistacia lentiscus and Salsola inermis, with reductions in stomatal conductance
and the net photosynthetic rate [47]. Stomatal behavior was adversely affected under salinity stress,
which inhibited the transpiration and photosynthetic rates of the plants. The chlorophyll fluorescence
parameters, including the ΦPSII, Fv/Fm, qP, and ETR, were negatively influenced at 85 mM NaCl
concentration, and were lower than those in the control. The NPQ increased with salt stress, which may
be a mechanism to protect the photosystems from the damage caused by photoinhibition under high
salt stress [48]. A reduction of photosynthetic pigments contents in the leaves of plants is also a general
response to salinity stress. In this study, the photosynthetic pigments contents of C. turczaninowii
were not notably reduced at a salinity of 17~34 mM; however, salinities over 51 mM significantly
reduced the content of Chl, and carotenoids after 42 days of treatment. This is consistent with previous
reports on European Larch [49], Phragmites australis and Spartina alterniflora [50]. The photosynthetic
apparatus of the plants was likely impaired and the chloroplast pigments were likely degraded under
high salinity stress, thus inhibiting photosynthesis in the seedlings.

Osmotic adjustment is one of the cellular responses for the maintenance of turgor in saline
environments to maintain stomatal opening and growth expansion [51]. A high concentration of
organic solutes in the leaves of C. turczaninowii was also detected as the salinity levels increased,
including the soluble sugar and proline contents, likely because the seedlings produce some organic
molecules in response to salinity stress. The high production of these organic solutes decrease the
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leaf osmotic potential, increase the leaf turgor pressure, and provide additional evidence of osmotic
adjustment [52]. According to other studies, salt stress can increase the content of soluble sugars
(sucrose, glucose, and fructose) in plant leaves to act as a factor in maintaining turgor and reducing
osmotic pressure, as occurs in apples [53]. A large number of studies have verified a positive correlation
between the proline content and environmental stress [54], and our results confirm this viewpoint.
C. turczaninowii can maintain its leaf osmotic potential and turgor pressure at a normal level when
treated with salinities of less than 51 mM, but a significant difference was found in the high (68–85 mM)
salinity treatments, indicating insufficient resistance to salt stress. According to Zidan [55], salt stress
can promote protein synthesis through the transformation of free amino acids into protein in plants.
However, the content of soluble protein in C. turczaninowii was significantly lower than that in the
control at high salinity treatments. The same results were found in pear (Pyrus communis), the protein
content also decreased with the salinity levels (40–160 mM), which may be due to a reduction in N
synthesis, the degradation of protein structure, damage to biosynthesis pathways, and a reduction in
the synthesis of protein [56].

4.3. Mineral Content and Uptake

Na+ and Cl− ions are the most destructive elements when plants are exposed to salinity.
With respect to Na+ and Cl− content in the C. turczaninowii seedlings, a trend of higher values
was observed with increasing salinity levels, confirming the findings obtained by Giuseppe Cristiano
in Pistacia lentiscus [57]. A higher content of Na+ was found in the roots under salt treatments in
C. turczaninowii seedlings, as well as Cl− content, while K+ mostly accumulated in leaves, suggesting
a defence mechanism for sodium toxicity through the compartmentalization of this ion in the
roots. This mechanism has already been observed in other plants, such as Salvadora oleoides [58].
Controlling the uptake and transport of Na+ and Cl− ions to the shoot is a defence mechanism used by
plants against excessive salt. A similar result was found in maize, the Na+ and Cl− contents were also
higher in the root than in the leaf when growing under 34–102 mM NaCl salinity stress [59]. The ability
of C. turczaninowii seedlings to maintain adequate selectivity in the uptake of K+ in saline environment
is associated with salt tolerance. The uptake of Ca2+ and Mg2+ did not change obviously based on the
different levels of salinity, in agreement with findings in olive trees (Olea europaea) [60]. The ion ratios
(K/Na, Ca/Na, and Mg/Na) decreased significantly with salinity levels but were higher in the stem
and leaf than in the root, which mainly occurred because of the accumulation of Na+ in accordance
with the salinity levels in different tissues, especially in the roots. We can see that the capability of
maintaining ion homeostasis in C. turczaninowii was limited under high salt stress (68–85 mM), causing
a decline in biomass and even plant death. High salt stress can induce both metabolic changes and ion
toxicity in plants resulting from ion imbalance with the accumulation of Na+ and a reduction in K+

content [61]. Because K+ is an important activator of many enzymes, a reduction in K+ may inhibit the
growth of C. turczaninowii seedlings.

4.4. Oxidative Stress and Antioxidant Mechanisms

MDA is used as a marker for evaluating lipid peroxidation, which increases under saline stress
conditions [62]. The relative electrolytic conductivity is usually used as an index for cell membrane
stability, which can reflect the extent of lipid peroxidation caused by ROS [63]. In our results, the MDA
content and the relative electrolytic conductivity of C. turczaninowii continued to increase with salinity
concentration and were noticeably higher than those in the control group under moderate and high
salt stress after 42 days, indicating that more lipid peroxidation products were formed due to cell
damage under severe salinity stress. The increase in lipid peroxidation may be due to the incapability
of antioxidants to scavenge ROS under salt stress. Antioxidant enzymes activities can be induced
as a response to salinity stress, which can help alleviate oxidative stress. In our study, the activities
of four important antioxidant enzymes first increased then decreased with the degree of stress in
C. turczaninowii seedlings at last. At a NaCl concentration over 51 mM, there was a lower efficiency to
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eliminate ROS from the seedlings due to the imbalance between ROS and antioxidant formation, thus
leading to the aggravation of oxidative stress. In Lavandula angustifolia, the same changes were found in
SOD and POD activities at 25–100 mM salt concentrations [62]. While in European Larch seedlings, the
SOD, APX, and GR activities were remarkable higher than the control at high salt stress (150 mM) [49],
the results differed with ours. The increased antioxidant activity of enzymes under low salinity stress
conditions suggests that the activation of an efficient free radical scavenging system can minimize the
negative effects of peroxidation, thus contributing to the maintenance of membrane stability. However,
under moderate and high salt stress, the activity of protective enzymes was limited, causing a negative
effect on the survival and growth of the seedlings. Plant tolerance to salinity is correlated with the
stimulation of antioxidant enzymes and their enhanced ability to scavenge ROS [64], our research
supports these views.

5. Conclusions

This study presents new information on C. turczaninowii seedlings regarding their ecophysiological
responses to salinity stress. C. turczaninowii was affected by salinity stress through the inhibition of
growth, photosynthetic capacity, and stomatal behavior, the increase in MDA content and relative
electrolytic conductivity, and the accumulation of Na+ and Cl− content, suggesting a limited degree
of salt tolerance. Our results show that C. turczaninowii seedlings can activate relevant mechanisms
to adapt to salinity stress, such as accumulating relatively high concentrations of organic solutes
to maintain cellular osmotic balance and improving the activity of antioxidant enzymes and ionic
transport capacity from the root to shoots in defence against salinity stress. A reduction in the growth
of C. turczaninowii seedlings was observed under high (68~85 mM) NaCl stress. Our study is relevant
for a better understanding of the responses of C. turczaninowii to salinity stress and may help in
the administration of conservation and reforestation programs for this species. The cultivation of
this species as an ornamental tree has the potential to be expanded in areas with low and moderate
salinization conditions.

Author Contributions: Q.Z. and Z.Z. conceived and designed the experiments; Q.Z., M.S., and L.X. performed
the experiments and analyzed the data; and Q.Z. wrote the paper. All authors read and approved the final paper.

Funding: This research was financially supported by the National Natural Science Foundation of China
(no. 31770752), the Jiangsu Science and Technology Support Program (BY2015006-01), the Jiangsu Province
Six Big Talent Peak Project (NY-029), the Fifth Stage Funded Research Projects of 333 in Jiangsu Province and the
Excellent Doctoral Dissertation of Nanjing Forestry University.

Acknowledgments: We would like to thank Jing Yang, a laboratory specialist at Advanced Analysis Testing
Center (AATC), Nanjing Forestry University, China, for assistance with stomatal measurements. We express
our gratitude to Feibing Wang, a research assistant at the College of Landscape Architecture, Nanjing Forestry
University, China, for her help in the cultivation of the seedlings.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dobbertin, M. Tree growth as indicator of tree vitality and of tree reaction to environmental stress: A review.
Eur. J. For. Res. 2006, 125, 89. [CrossRef]

2. Amira, M.S.; Abdul, Q. Effect of salt stress on plant growth and metabolism of bean plant Vicia faba (L.).
J. Saudi Soc. Agric. Sci. 2011, 10, 7–15. [CrossRef]

3. Dashti, A.; Khan, A.A.; Collins, J.C. Effects of salinity on growth, ionic relations and solute content of
Sorghum Bicolor (L.) Monench. J. Plant Nutr. 2009, 32, 1219–1236. [CrossRef]

4. Houska, C. Deicing Salt-Recognizing the Corrosion Threat; TMR Consulting: International Molybdenum
Association: Pittsburgh, PA, USA, 2007; pp. 1–11.

5. Cunningham, M.A.; Snyder, E.; Yonkin, D.; Ross, M.; Elsen, T. Accumulation of deicing salts in soils in an
urban environment. Urban Ecosyst. 2008, 11, 17–31. [CrossRef]

6. Lundmark, A.; Olofsson, B. Chloride Deposition and distribution in soils along a deiced highway- assessment
using different methods of measurement. Water Air Soil Pollut. 2007, 182, 173–185. [CrossRef]

265



Forests 2019, 10, 96

7. Kayama, M.; Quoreshi, A.M.; Kitaoka, S.; Kitahashi, Y.; Sakamoto, Y.; Maruyama, Y. Effects of deicing salt
on the vitality and health of two spruce species, Picea abies Karst., and Picea glehnii Masters planted along
roadsides in northern Japan. Environ. Pollut. 2003, 124, 127–137. [CrossRef]

8. Randrup, T.B. Differences in salt sensitivity of four deciduous tree species to soil or airborne salt. Physiol. Plant.
2010, 114, 223–230. [CrossRef]

9. Rozentsvet, O.A.; Nesterov, V.N.; Bogdanova, E.S. Membrane-forming lipids of wild halophytes growing
under the conditions of Prieltonie of South Russia. Phytochemistry 2014, 105, 37–42. [CrossRef]

10. Jinbiao, X.I.; Zhang, F.; Chen, Y.; Mao, D.; Yin, C.; Tian, C. A preliminary study on salt contents of soil in
root-canopy area of halophytes. Chin. J. Appl. Ecol. 2004, 15, 53–58. (In Chinese) [CrossRef]

11. Ashraf, M.; Orooj, A. Salt stress effects on growth, ion accumulation and seed oil concentration in an arid
zone traditional medicinal plant ajwain (Trachyspermum ammi [L.] Sprague). J. Arid Environ. 2006, 64, 209–220.
[CrossRef]

12. Schiop, S.T.; Hassan, M.A.; Sestras, A.F.; Boscaiu, N.; Mónica, T.; Vicente, M.; Óscar. Identification of salt
stress biomarkers in Romanian Carpathian populations of Picea abies (L.) Karst. PLoS ONE 2015, 10, 980–981.
[CrossRef] [PubMed]

13. Richards, L.A. Diagnosis and improvement of saline and alkaline soils. Soil Sci. 1954, 78, 154. [CrossRef]
14. Volkmar, K.M.; Hu, Y.; Steppuhn, H. Physiological responses of plants to salinity: A review. Can. J. Plant Sci.

1998, 78, 19–27. [CrossRef]
15. Ashraf, M.; Ozturk, M.; Ahmad, M.S.A. Structural and Functional Adaptations in Plants for Salinity Tolerance;

Springer: Dordrecht, The Netherlands; Berlin, Germany, 2010; pp. 151–170. [CrossRef]
16. Negrão, S.; Schmöckel, S.M.; Tester, M. Evaluating physiological responses of plants to salinity stress.

Ann. Bot. 2017, 119, 1–11. [CrossRef] [PubMed]
17. Singh, M.; Kumar, J.; Singh, S.; Singh, V.P.; Prasad, S.M. Roles of osmoprotectants in improving salinity and

drought tolerance in plants: A review. Rev. Environ. Sci. Bio/Technol. 2015, 14, 407–426. [CrossRef]
18. Fardus, J.; Matin, M.A.; Hasanuzzaman, M.; Hossain, M.S.; Nath, S.D.; Hossain, M.A. Exogenous salicylic

acid-mediated physiological responses and improvement in yield by modulating antioxidant defense system
of wheat under salinity. Not. Sci. Biol. 2017, 9, 219–232. [CrossRef]

19. Esfandiari, E.; Gohari, G. Response of ROS-scavenging systems to salinity stress in two different wheat
(Triticum aestivum L.) cultivars. Not. Bot. Horti Agrobot. 2017, 45, 287–291. [CrossRef]

20. Chen, Z.D.; Xing, S.P.; Liang, H.X.; Lu, A.M. Morphogenesis of female reproductive organs in Carpinus
turczaninowii and Ostryopsis davidiana (Betulaceae). Acta Bot. Sin. 2001, 43, 1110–1114. (In Chinese) [CrossRef]

21. Cheng, L.X.; Jin, C.Z.; Zhu, Z.L. Growth characteristics of Carpinus turczaninowii and chlorophyll fluorescence
annual variation. J. Shanghai Jiaotong Univ. 2014, 32, 21–26. (In Chinese) [CrossRef]

22. Ko, H.N.; Kim, J.M.; Bu, H.J.; Lee, N.H. Chemical constituents from the branches of Carpinus turczaninowii
with antioxidative activities. J. Korean Chem. Soc. 2013, 57, 520–524. [CrossRef]

23. Kang, J.M.; Kim, J.E.; Lee, N.H. Anti-melanogenesis active constituents from the extracts of Carpinus
turczaninowii leaves. J. Soc. Cosmet. Sci. Korea 2017, 43, 35–41. [CrossRef]

24. Yeo, J.H.; Son, Y.K.; Bang, W.Y.; Kim, O.Y. Carpinus truczaninowii extract showed anti-inflammatory response
on human aortic vascular smooth muscle cells. Planta Med. 2016, 82, S1–S381. [CrossRef]

25. Hothem, S.D.; Marley, K.A.; Larson, R.A. Photochemistry in Hoagland’s Nutrient Solution. J. Plant Nutr.
2003, 26, 845–854. [CrossRef]

26. Camposeo, S.; Palasciano, M.; Vivaldi, G.A.; Godini, A. Effect of increasing climatic water deficit on some
leaf and stomatal parameters of wild and cultivated almonds under Mediterranean conditions. Sci. Hortic.
2011, 127, 234–241. [CrossRef]

27. Lichenthaler, H.K.; Wellburn, A.R. Determinations of total carotenoids and chlorophylls a and b of leaf
extracts in different solvents. Biochem. Soc. Trans. 1983, 11, 591–592. [CrossRef]

28. Vivekanandan, M. Drought-induced responses of photosynthesis and antioxidant metabolism in higher
plants. J. Plant Physiol. 2004, 161, 1189–1202. [CrossRef]

29. Magné, C.; Saladin, G.; Clément, C. Transient effect of the herbicide flazasulfuron on carbohydrate physiology
in Vitis vinifera L. Chemosphere 2006, 62, 650–657. [CrossRef]

30. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

266



Forests 2019, 10, 96

31. Steinert, A.; Bielka, S. Determination of free proline in stressed plants. Arch. Züchtungsforsch. 1990, 20,
199–204.

32. Hodges, D.M.; Delong, J.M.; Forney, C.F.; Prange, P.K. Improving the thiobarbituric acid-reactive-substances
assay for estimating lipid peroxidation in plant tissues containing anthocyanin and other interfering
compounds. Planta 1999, 207, 604–611. [CrossRef]

33. Dionisio-Sese, M.L.; Tobita, S. Antioxidant responses of rice seedlings to salinity stress. Plant Sci. 1998, 135,
1–9. [CrossRef]

34. Beyer, W.F.; Fridovich, I. Assaying for superoxide dismutase activity: Some large consequences of minor
changes in conditions. Anal. Biochem. 1987, 161, 559–566. [CrossRef]

35. Civello, P.M.; Martinez, G.A.; Chaves, A.R.; Anon, M.C. Peroxidase from strawberry fruit (Fragaria ananassa
Duch.): Partial purification and determination of some properties. J. Agric. Food Chem. 1995, 43, 2596–2601.
[CrossRef]

36. Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate specific peroxidase in spinach
chloroplasts. Plant Cell Physiol. 1981, 22, 867–880. [CrossRef]

37. Ma, F.; Cheng, L. The sun-exposed peel of apple fruit has higher xanthophyll cycle-dependent thermal
dissipation and antioxidants of the ascorbate–glutathione pathway than the shaded peel. Plant Sci. 2003, 165,
819–827. [CrossRef]

38. Niu, G.H.; Cabrera, R.I. Growth and physiological responses of landscape plants to saline water irrigation:
A review. Hortscience 2010, 45, 1605–1609. [CrossRef]

39. Laffray, X.; Alaoui-Sehmer, L.; Bourioug, M.; Bourgeade, P.; Alaoui-Sossé, B.; Aleya, L. Effects of sodium
chloride salinity on ecophysiological and biochemical parameters of oak seedlings (Quercus robur L.) from
use of de-icing salts for winter road maintenance. Environ. Monit. Assess. 2018, 190, 266. [CrossRef]

40. Lu, N.; Luo, Z.; Ke, Y.; Dai, L.; Duan, H.D.; Hou, R.X.; Cui, B.B.; Dou, S.H.; Zhang, Y.D.; Sun, Y.H. Growth,
physiological, biochemical, and ionic responses of Morus alba L. seedlings to various salinity levels. Forests
2017, 8, 488. [CrossRef]

41. Christian, Z.R.; Mühling, K.H.; Ulrich, K.; Christoph-Martin, G. Salinity stiffens the epidermal cell walls of
salt-stressed maize leaves: Is the epidermis growth-restricting? PLoS ONE 2015, 10, e118406. [CrossRef]

42. Wang, B.X.; Zeng, Y.H.; Wang, D.Y.; Zhao, R.; Xu, X. Responses of leaf stomata to environmental stresses in
distribution and physiological characteristics. Agric. Res. Arid Areas 2010, 28, 112–122. (In Chinese)

43. Zhou, Q.; Zhu, Z.L.; Shi, M.; Cheng, L.X. Growth and physicochemical changes of Carpinus betulus L.
influenced by salinity treatments. Forests 2018, 9, 354. [CrossRef]

44. Kharusi, L.A.; Assaha, D.; Al-Yahyai, R.; Yaish, M.W. Screening of Date Palm (Phoenix dactylifera L.) cultivars
for salinity tolerance. Forests 2017, 8, 136. [CrossRef]

45. Tuteja, N. Mechanisms of high salinity tolerance in plants. Methods Enzymol. 2007, 428, 419–438. [CrossRef]
[PubMed]

46. Hasegawa, P.M.; Bressan, R.A.; Zhu, J.K.; Bohnert, H.J. Plant cellular and molecular responses to high salinity.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 2000, 51, 463–499. [CrossRef] [PubMed]

47. Barazani, O.; Golan-Goldhirsh, A. Salt-driven interactions between Pistacia lentiscus and Salsola inermis.
Environ. Sci. Pollut. Res. Int. 2009, 16, 855. [CrossRef] [PubMed]

48. Müller, P.; Li, X.P.; Niyogi, K.K. Non-photochemical quenching. A response to excess light energy.
Plant Physiol. 2001, 125, 1558–1566. [CrossRef] [PubMed]

49. Ioana, M.P.; Sara, G.O.; Mohamad, A.H.; Adriana, F.S.; Oscar, V.; Jaime, P.; Radu, E.S.; Monica, B. Effects of
drought and salinity on European Larch (Larix decidua Mill.) Seedlings. Forests 2018, 9, 320. [CrossRef]

50. Li, S.H.; Ge, Z.M.; Xie, L.N.; Chen, W.; Yuan, L.; Wang, D.Q. Ecophysiological response of native and exotic
salt marsh vegetation to waterlogging and salinity: Implications for the effects of sea-level rise. Sci. Rep.
2018, 8, 2441. [CrossRef]

51. Silveira, J.A.G.; Araujo, S.A.M. Roots and leaves display contrasting osmotic adjustment mechanisms in
response to NaCl-salinity in Atriplex nummularia. Environ. Exp. Bot. 2009, 66, 1–8. [CrossRef]

52. Abdullakasim, S.; Kongpaisan, P.; Thongjang, P.; Saradhuldhat, P. Physiological responses of potted
Dendrobium orchid to salinity stress. Hortic. Environ. Biotechnol. 2018, 59, 491–498. [CrossRef]

53. Sotiropoulos, T.E. Effect of NaCl and CaCl2 on growth and contents of minerals, chlorophyll, proline and
sugars in the apple rootstock M 4 cultured in vitro. Biol. Plant. 2007, 51, 177–180. [CrossRef]

267



Forests 2019, 10, 96

54. Hayat, S.; Hayat, Q.; Alyemeni, M.N.; Wani, A.S.; Pichtel, J.; Ahmad, A. Role of proline under changing
environments: A review. Plant Signal Behav. 2012, 7, 1456–1466. [CrossRef]

55. Zidan, M.A.; Elewa, M.A. Effect of salinity on germination, seedling growth and some metabolic changes in
four plant species (Umbelliferae). Indian J. Plant Physiol. 1995, 38, 57–61. [CrossRef]

56. Fatemeh, Z.; Mohammad, E.A.; Alireza, N.; Parviz, A. Physiological and morphological responses of the
‘Dargazi’ pear (Pyrus communis) to in vitro salinity. Agric. Conspec. Sci. 2018, 2, 169–174.

57. Cristiano, G.; Camposeo, S.; Fracchiolla, M.; Vivaldi, G.A.; Lucia, B.D.; Cazzato, E. Salinity differentially
affects growth and ecophysiology of two Mastic tree (Pistacia lentiscus L.) accessions. Forests 2016, 7, 156.
[CrossRef]

58. Ramoliya, P.J.; Pandey, A.N. Effect of increasing salt concentration on emergence, growth and survival of
seedlings of Salvadora oleoides (Salvadoraceae). J. Arid Environ. 2002, 51, 121–132. [CrossRef]

59. Hajlaoui, H.; Ayeb, N.E.; Garrec, J.P.; Denden, M. Differential effects of salt stress on osmotic adjustment and
solutes allocation on the basis of root and leaf tissue senescence of two silage maize (Zea mays L.) varieties.
Ind. Crop. Prod. 2010, 31, 122–130. [CrossRef]

60. Aragüés, R.; Puy, J.; Royo, A.; Espada, J.L. Three-year field response of young olive trees (Olea europaea L. cv.
Arbequina) to soil salinity: Trunk growth and leaf ion accumulation. Plant Soil 2005, 271, 265–273. [CrossRef]

61. Munns, R.; Tester, M. Mechanisms salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef]
62. Chrysargyris, A.; Michailidi, E.; Tzortzakis, N. Physiological and biochemical responses of Lavandula

angustifolia to salinity under mineral foliar application. Front. Plant Sci. 2018, 9, 1–23. [CrossRef]
63. Ashraf, M.; Ali, Q. Relative membrane permeability and activities of some antioxidant enzymes as the key

determinants of salt tolerance in canola (Brassica napus L.). Environ. Exp. Bot. 2008, 63, 266–273. [CrossRef]
64. Tarchoune, I.; Sgherri, C.; Izzo, R.; Lachaal, M.; Navari-Izzo, F.; Ouerghi, Z. Changes in the antioxidative

systems of Ocimum basilicum L. (cv. Fine) under different sodium salts. Acta Physiol. Plant. 2012, 34,
1873–1881. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

268



Article

Growth and Physicochemical Changes of Carpinus
betulus L. Influenced by Salinity Treatments

Qi Zhou 1,2, Zunling Zhu 1,2,3,*, Man Shi 1,2 and Longxia Cheng 1,2

1 Co-Innovation Center for Sustainable Forestry in Southern China, Nanjing Forestry University,
Nanjing 210037, China; zhouqi514@njfu.edu.cn (Q.Z.); shiman1031@126.com (M.S.);
zwahzchenglx@163.com (L.C.)

2 College of Landscape Architecture, Nanjing Forestry University, Nanjing 210037, China
3 College of Arts & Design, Nanjing Forestry University, Nanjing 210037, China
* Correspondence: zhuzunling@njfu.edu.cn; Tel.: +86-025-6963-8089

Received: 7 May 2018; Accepted: 12 June 2018; Published: 14 June 2018

Abstract: Carpinus betulus L. is a deciduous tree widely distributed in Europe with strong adaptation,
and it plays a key role in landscaping and timbering because of its variety of colors and shapes.
Recently introduced to China for similar purposes, this species needs further study as to its
physiological adaptability under various soil salinity conditions. In this study, the growth and
physicochemical changes of C. betulus seedlings cultivated in soil under six different levels of salinity
stress (NaCl: 0, 17, 34, 51, 68, and 85 mM) were studied for 14, 28 and 42 days. The plant growth and
gas exchange parameters were not changed much by 17 and 34 mM NaCl, but they were significantly
affected after treatments with 51 ~ 85 mM NaCl. The chlorophyll content was not significantly affected
at 17 and 34 mM salinity, and the relative water content, malondialdehyde content and cell membrane
stability of C. betulus did not change obviously under the 17 and 34 mM treatments, indicating that
C. betulus is able to adapt to low-salinity conditions. The amount of osmotic adjustment substances
and the antioxidant enzyme activity of C. betulus increased after 14 and 28 days and then decreased
with increasing salinity gradients, but the proline content was increased during the entire time for
different salinities. The Na content of different organs increased in response to salinity, and the K/Na,
Ca/Na, and Mg/Na ratios were significantly affected by salinity. These results suggest that the
ability of C. betulus to synthesize osmotic substances and enzymatic antioxidants may be impaired
under severe saline conditions (68 ~ 85 mM NaCl) but that it can tolerate and accumulate salt at low
salinity concentrations (17 ~ 34 mM NaCl). Such information is useful for land managers considering
introducing this species to sites with various soil salinity conditions.

Keywords: salinity; Carpinus betulus; morphological indices; gas exchange; osmotic adjustment
substances; antioxidant enzyme activity; ion relationships

1. Introduction

Salinity stress is one of the main abiotic stresses affecting the growth of plants. Due to the influence
of human population growth, increased industrial pollution, and improper irrigation, the existing
salinized land in the world covers approximately 9.5 × 108 hm2, approximately 22% of agricultural
land worldwide [1,2]. The area of saline-alkaline land in China is approximately 9.9 × 107 hm2, which
accounts for 25% of the arable land in China [3]. Soil salinization has caused problems over vast areas in
the world. In addition to soil salinity, de-icing salts have become a serious constraint for plant growth,
particularly in cities [4]. Although de-icing salts help to keep pavements dry and safe during ice and
snow, their extensive use can cause damage to plants along sidewalks, walkways, and driveways.
Trees and shrubs can be injured by the dissolved salt that spreads into the soil. High levels of salinity
will negatively affect the morphology, photosynthesis, metabolism, and physiological and biochemical
processes of plants [5,6].
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To resist salt stress, plants have evolved complex mechanisms to adapt to the living
environment [7]. The mechanisms include osmotic adjustments by the accumulation of compatible
solutes (proline, betaine, polyols, and soluble sugars), scavenging the reactive oxygen species (ROS)
by increasing the activity of antioxidant enzymes, such as superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT), and maintaining a balance of intracellular ions by lowering the toxic
concentration of ions in the cytoplasm. In addition to these responses, some plants can also change their
morphological structure to adjust to saline conditions [8]. Plant species do vary in their sensitivity to
salt damage [9,10]. Therefore, research of the changes in the morphology, physiological and biochemical
processes of the plant in relation to the various salinity levels of the environment, the mechanisms
involved in the plant response to salt stress, and the identification of trees more tolerant to salt for
planting purposes, are of great significance [11].

Carpinus betulus L. (European hornbeam) is a well-known deciduous tree that originated in central
Europe and Asia Minor as a dominant species in the forest canopy and has recently been introduced
to China [12]. C. betulus is long-lived and has strong wood, which can tolerant a wide range of soil
conditions, from coarse sand to clay, as well as acidic or alkaline soil pH levels [13,14]. These trees
are very important landscaping trees in private and public green areas due to their rustic nature,
beautiful shapes and strong adaptability, and they can readily be found in urban parks, gardens and
along roadsides [15,16]. The wood of C. betulus is suitable for making pianos, violins, joinery, flooring,
batons, pulleys, wooden gears and so on [14]. Recent studies have found remarkable antioxidant-
and anticancer-related properties of C. betulus leaf extracts, making it a possible raw material for
medicine [17]. The high ornamental and economic value of C. betulus makes it extremely popular
all over the world. A considerable number of studies have been conducted related to C. betulus,
including studies on breeding [18], seed biology [19], hybridization [20], heat resistance [21] and
drought tolerance [22,23]. However, information on the response of C. betulus to salinity is scarce.
Whether C. betulus can grow well in saline areas in China still remains unknown [24]. Therefore,
the main objective of the study is to make a comprehensive assessment of the influence of salinity
stress on C. betulus and to establish the mechanisms of adaptation it employs to tolerate salinity
stress. We tested the hypothesis that the growth, biomass accumulation and leaf gas exchanges of
the seedlings will decrease under the effect of salinity. We examine the growth and physicochemical
changes of the seedlings in response to salinity stress to provide scientific data and findings related to
the cultivation of C. betulus and to make better use of Carpinus species in landscaping.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

The trials were conducted in the landscape experimental teaching center of Nanjing Forestry
University in April 2013, in Nanjing (33◦04’ N, 118◦47’ E), Jiangsu Province, China, in a warm and
humid subtropical monsoon climate, with annual rainfall of 1047 mm. The average annual, maximum
and minimum temperatures are 15.7 ◦C, 40.7 ◦C, and −14 ◦C, respectively.

The C. betulus seeds were obtained from Hungary (imported by the China National Tree Seed
Corporation). The seeds were treated with variable temperature stratification (23 ◦C, 30 days, then 5 ◦C,
4 months in moist sand) in November 2011 and sown in containers during March of 2012 to initiate
growth. During March 2013, we selected well-grown seedlings, approximately 0.5 cm in diameter at
ground level with 20-cm tall stems, and transplanted them into pots (10 cm in diameter and 15 cm tall)
for uniform management. The experimental loamy clay soil was a mixture of equal amounts of soil,
peat, vermiculite, and pearlite and had an acidic pH of 6.5. TFW-VI soil nutrient and moisture tester
(TFW-VI, Wuhan, China) was used to determine the content of soil nutrients. The soil nutrient status
was 32.05 mg g−1 total N, 12.15 ppm available P, 145 ppm available K, 687 ppm Ca, and 260 ppm Mg.
Each pot had 500 g soil and one seedling. The potted plants received 0.5 L of Hoagland’s nutrient
solution at 2-week intervals. The potted plants were kept in a greenhouse under natural sunlight
conditions at a temperature of 25 ◦C and relative humidity of 75%.
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2.2. Salt Treatments and Experimental Design

Salt treatments were carried out when the seedlings were approximately 20 cm long with similar
leaf number and leaf area, in April 2013. Each treatment had three replicates, and each replicate
consisted of 25 random basins, with one seedling per pot. The pots were subjected to S0 (0 mM, control)
and S1 ~ S5 (17, 34, 51, 68, and 85 mM) NaCl concentrations. Different salinity levels (S1 ~ S5) were
developed by dissolving sodium chloride (NaCl) in distilled water as g L−1 and then recalculated
into mM. The electrical conductivity of the substrates was 1.6 (S0), 3.3 (S1), 4.4 (S2), 6.2 (S3), 8.4 (S4)
and 10.5 (S5) dS m−1, respectively. In each pot, 200 mL of treatment water was applied based on the
requirements for each treatment. To avoid osmotic shock, salt solutions were added in three equal
parts on alternating days until the expected concentration was reached. Standard agronomic practices
were adopted, and tree protection measures were carried out as necessary. To ensure the accuracy
of the experimental design, we put a plastic tray at the bottom of the pot to retain any overflow
solution, and this was placed back into the pot. The plants were monitored under the treatments for
42 days. After 14, 28 and 42 days of growth, measurements were carried out and samples collected for
various physiological analyses, with three replicates for the measured parameters. Whole plants were
harvested after 42 days of treatment.

2.3. Growth Parameters

Before the salt stress treatment, three seedlings were selected in each group to calculate their
seedling height (H0), diameter (D0) and leaf number (L0). At the final day of treatment, the height
(H1), diameter (D1) and leaf number (L1) were determined again. Height growth = H1 − H0; diameter
growth = D1 − D0; leaf number increment = L1 − L0. After the treatment of 42 days of salt stress,
the plants were separated into roots, stems and leaves, the leaf number was calculated, and the root
length was measured; then, the samples were dried at 80 ◦C in an oven for 48 h, and their dry weights
were recorded. The leaf area of each plant was determined using a portable leaf area meter (LI-3000C,
LI-COR, Lincoln, NE, USA). Portions of these samples were frozen in liquid nitrogen stored at −80 ◦C.

2.4. Leaf Stomatal and Section Characteristics

Leaves of C. Betulus seedlings were collected at the final day of salinity treatment. The properly
cleaned samples were cut into small pieces (approximately 5 × 5 mm) with a sharp blade. The excised
leaves were placed in formalin acetic acid (FAA), dehydrated in a graded ethanol series of 30%, 50%,
70%, 90%, 95%, and 100% for 30 min each, penetrated with isoamyl acetate aldehyde, and dried
in a critical point drying apparatus (K850, Emitech, London, UK). The tissues were mounted on
stubs and coated with gold using an ion sputtering apparatus (E1010, Hitachi, Tokyo, Japan); then,
the blade surface and cross-section were viewed under a scanning electron microscope (Quanta 200,
FEI, Hillsborough, OR, USA), and the images were taken using the same instrument.

The stomatal density was calculated by the number of stomata per mm2, and the stomatal size
was reflected by the length between the junctions of the guard cells of each stoma. The number
of open stomata, leaf thickness and palisade tissue thickness for each sample was measured under
a photomicroscope system with a computer attachment.

2.5. Leaf Gas Exchanges and Chlorophyll Fluorescence Parameters

Photosynthetic parameters were determined in the third fully expanded leaves of each plant at
the final day of salt treatments using a portable photosynthetic system (Ciras-2, Shanghai, China).
The temperature was 25 ◦C, the intensity of the light was 1000 μmol m−2s−1, and the concentration
of reference CO2 was 380 μmol mol−1. The parameters recorded included the net photosynthetic
rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO2 concentration (Ci).
The water use efficiency (WUEi) was calculated as follows: WUEi = Pn/Tr. Chlorophyll fluorescence
parameters were determined by the fluorescence leaf chamber of the Ciras-2 photosynthetic system.
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The photochemical quantum efficiency (ΦPSII), maximum photochemical efficiency of photosystem II
(Fv/Fm), photochemical quenching parameter (qP), non-photochemical quenching parameter (NPQ),
and electron transfer rate (ETR) were measured on dark-adapted leaves. Three seedlings were
randomly determined for each treatment, and each seedling was measured 3 times.

2.6. Chlorophyll Content and Relative Water Content (RWC)

For the chlorophyll content of the leaves, chlorophyll was extracted from 4 ~ 5 pieces of fresh
leaves with a mixture of acetone and 95% ethanol (v:v = 1:1), and the absorbance of the resulting
extracts was measured by ultraviolet-visible spectrophotometry (Lambda25, PerkinElmer, Waltham,
MA, USA) at wavelengths of 645 nm and 663 nm. The chlorophyll concentration (mg g−1) was then
calculated following the method of Porra et al. (1989) [25].

The relative water content (RWC) was measured according to Vivekanandan (2004) [26]. The fresh
leaf tissues were weighed to obtain the fresh weight (W1); then, they were placed in water and
incubated at room temperature for 24 h to absorb water to reach a saturated state. The leaves were
later taken out, blotted dry, and weighed to obtain the turgid weight (W2). Finally, the tissues were
dried at 80 ◦C for 24 h and weighed to obtain the dry weight (W3). The relative water content (RWC)
was then calculated according to the following formula:

RWC = (W1 − W3/W2 − W3) × 100% (1)

2.7. Malondialdehyde Concentration (MDA) and Cell Membrane Stability

MDA content was measured as reported by Hodges et al. (1999) [27]. First, 0.3 g of leaves were
ground at 4 ◦C in a mortar in 6 mL of a pH 7.8 phosphate buffer solution. The homogenate was
centrifuged at 9000 rpm at 4 ◦C for 20 min. Then, 2 mL of an enzyme solution were homogenized in
3 mL of 0.5% thiobarbituric acid and 8% trichloroacetic acid, and the extracts were incubated at 100 ◦C
for 20 min. After a brief passage in ice, the samples were centrifuged at 9000 rpm for 30 min at 4 ◦C,
and the absorbance of the supernatant was measured at 532 and 600 nm.

The cell membrane stability was measured by the relative electrolytic conductivity (REC): 0.2 g
sample of fresh leaves was rinsed three times with deionized water and incubated in hermetic tubes
containing 20 mL deionized water for 5 h at 25 ◦C. The electrical conductivity of the leaf solution (S1)
was determined with a conductivity meter (DDS-307, Shanghai, China). Then, the tubes containing
leaf samples were put in boiling water at 100 ◦C for 20 min to determine the electrical conductivity
after release of all electrolytes (S2). Leaf electrolyte leakage was determined according to Dionisio-Sese
and Tobita (1998) [28] and calculated as follows:

REC = (S1/S2) × 100% (2)

2.8. Soluble Sugars, Soluble Proteins, and Proline

Leaf soluble sugars content was measured by the method of Magné et al. (2006) [29]. First,
0.1 g of leaves was incubated in hermetic tubes containing 10 mL of deionized water, placed in
boiling water for 30 min, cooled and filtered into a 25-mL volumetric flask that was then filled with
distilled water. The reaction mixtures contained 0.5 mL of extract, 1.5 mL of distilled water, 0.5 mL
of anthrone ethyl acetate and 5 mL of 98% sulfuric acid. Each tube was thoroughly shaken with the
oscillator and immediately put into boiling water for 1 min. The absorbance of the supernatant was
measured at 630 nm after cooling. Then, the value was put into glucose standard curve to find the
appropriate content.

The content of soluble proteins was measured by the method of Coomassie brilliant blue G-250
staining. The reaction mixtures contained 0.1 mL of enzyme solution and 5 mL of Coomassie brilliant
blue G-250 solution. The absorbance of the supernatant was measured at 595 nm after standing for
5 min. The leaf soluble proteins content was determined in the supernatant according to the method of
Bradford (1976) [30] using bovine serum albumin (BSA) as the standard.
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Proline was extracted and determined using the method of Steinert et al. (1990) [31]: Samples
were homogenized with 3% sulfosalicylic acid and then centrifuged at 4000 rpm at 4 ◦C for 20 min.
The supernatant was treated with acetic acid and acid ninhydrin and boiled in water for 1 h; then,
the absorbance was measured at 520 nm. Proline was used to generate a standard curve.

2.9. Measurement of Antioxidant Enzyme Activities

Frozen leaves weighing 0.3 g were ground at 4 ◦C in a mortar in 6 mL of a pH 7.8 phosphate
buffer solution. The homogenate was centrifuged at 9000 rpm at 4 ◦C for 20 min. The supernatant was
collected as a crude enzyme extract for enzyme measurements and stored at 4 ◦C.

The SOD activity was analyzed according to Beyer et al. (1987) [32] with some modifications.
The reaction mixture contained 1.5 mL of sodium phosphate buffer, 0.1 mL of enzyme solution, 0.3 mL
of 130 mmol L−1 methionine, 0.3 mL of 20 μmol L−1 riboflavin, 0.3 mL of 100 μmol L−1 EDTA, 0.3 mL
of 750 μmol L−1 nitroblue tetrazolium (NBT), and 0.5 mL of distilled water. The reaction was started by
exposing the mixture to white fluorescent light for 15 min, and reduced NBT (blue color) was measured
at 560 nm such that one unit of SOD activity caused 50% inhibition of NBT reduction per min.

The POD activity was determined according to Civello et al. (1995) [33]. The reaction mixtures
contained 1 mL of enzyme solution, 3.8 mL of 0.3% guaiacol reaction solution, and 0.1 mL of 3% H2O2.
The increase in absorbance (tetraguaiacol formation) was recorded at 470 nm every 1 min 3 times.

2.10. Measurements of the Sodium (Na), Potassium (K), Calcium (Ca), and Magnesium (Mg) Content

The roots, stems and leaves of seedlings were separately dried at 85 ◦C for 48 h. The dried samples
were later digested with concentrated HNO3 acid and HClO4 acid (5:1 v:v). The Na, K, Ca, and Mg
ion concentrations in the digested samples were measured using a plasma emission spectrometer
(OPTIMA PE-4300DV, Waltham, MA, USA). Each test was repeated three times, taking the average.

2.11. Statistical Analysis

All data were analyzed by calculating the means and standard deviation (SD), using the one-way
ANOVA, and the means were separated with Duncan’s multiple range test at the 5% probability level
using the SPSS statistical package version 22.0 (IBM Corp, Amonk, NY, USA).

3. Results

3.1. Changes in Growth under Increasing Levels of Soil Salinity

Growth inhibition and biomass reduction are the most sensitive physiological responses of plants
under salt stress. The results showed that (Table 1) the reductions in growth became more pronounced
with the increasing levels of salt in the soil; however, the root length, leaf area, dry weight of leaves
were slightly higher under low salinity conditions (S1) than those in the control plants, which indicated
that moderate (S3) and high (S4, S5) salt concentrations had obvious inhibitory effects on C. betulus
but that the low concentration of salt treatment (S1) may promote the growth of the roots and leaves.
The root/shoot ratio continued increasing with soil salinity, and the ratio of the treatment group was
significantly higher than that of the control group.
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Table 1. Effect of increasing levels of soil salinity on height growth, diameter growth, root length,
leaf area, leaf number increment, dry weight of roots, stems and leaves, root/shoot ratio (R/S) and
total biomass of Carpinus betulus L. after 42 days. S0 ~ S5 represents 0 ~ 85 mM NaCl respectively.
The data in the table are the mean ± standard deviation (n = 3); different lowercase letters in each
column indicate significant differences between treatments (p < 0.05).

Treatment
Height

Growth (cm)
Diameter

Growth (cm)
Root Length

(cm)
Leaf Area (cm2)

Leaf Number
Increment

S0 4.89 ± 0.40 a 0.07 ± 0.008 a 18.55 ± 1.90 ab 10.48 ± 0.57 a 16.33 ± 3.06 a
S1 4.10 ± 0.72 ab 0.068 ± 0.004 a 20.04 ± 1.11 a 11.00 ± 0.98 a 14.33 ± 2.08 ab
S2 3.80 ± 0.60 b 0.058 ± 0.005 b 16.79 ± 0.80 bc 9.64 ± 1.52 ab 11.00 ± 2.65 bc
S3 2.50 ± 0.44 c 0.047 ± 0.005 c 15.23 ± 1.18 c 8.74 ± 1.08 abc 9.00 ± 2.00 cd
S4 1.97 ± 0.25 c 0.043 ± 0.006 cd 12.35 ± 1.16 d 7.52 ± 1.45 bc 7.67 ± 2.08 cd
S5 1.73 ± 0.25 c 0.037 ± 0.004 d 10.29 ± 1.56 d 6.81 ± 1.55 c 6.00 ± 1.00 d

Treatment Root (DW, g) Stem (DW, g) Leaf (DW, g)
Root/Shoot Ratio

(R/S)
Total Biomass

(DW, g)

S0 0.16 ± 0.006 a 0.23 ± 0.008 a 0.27 ± 0.008 a 0.314 ± 0.002 e 0.66 ± 0.02 a
S1 0.16 ± 0.007 a 0.18 ± 0.012 b 0.28 ± 0.007 a 0.363 ± 0.005 d 0.62 ± 0.03 b
S2 0.14 ± 0.005 b 0.16 ± 0.007 c 0.21 ± 0.006 b 0.383 ± 0.002 c 0.52 ± 0.02 c
S3 0.13 ± 0.007 c 0.15 ± 0.010 c 0.16 ± 0.011 c 0.423 ± 0.006 b 0.43 ± 0.03 d
S4 0.12 ± 0.005 cd 0.13 ± 0.006 d 0.12 ± 0.008 d 0.476 ± 0.008 a 0.37 ± 0.02 e
S5 0.11 ± 0.006 d 0.11 ± 0.007 e 0.11 ± 0.007 d 0.482 ± 0.003 a 0.33 ± 0.02 e

3.2. Stomata Density, Size, and Leaf Section Characteristics

At the low salinity concentration (S1), the leaf stomata and leaf section characteristics of the C.
betulus leaves were not significantly different from those with the S0 treatment (Table 2). However,
with the increased salinity concentrations (S2 ~ S5), the stomata density of leaves decreased gradually.
At a salt concentration of 85 mM, the stomata density was 65% of that of the control. Opened stomata
and leaf thickness decreased with the increasing salinity. Only 17.66% open stomata were observed
with the salinity concentration of 85 mM. The stomata shape, palisade and parenchyma tissues of
C. betulus seedlings had different degrees of change under various levels of salinity (Figure 1a,b).
The opening degree of the stomata decreased with the increase in salt stress, and the stomata formed
only a thin seam at a salt concentration of S3. At S4, the guard cells were deformed, and the epidermal
tissue was atrophied. In the S5 treatment, the stomata were nearly closed. The palisade tissue of C.
betulus was elongated and arranged orderly in the control (Figure 1b, S0). The difference of leaf section
characteristics under S1 and S2 salinity treatments was insignificant with the control, so we didn’t
attach the pictures. However, at the salinity concentrations of the S3–S5 treatments, the palisade and
spongy parenchyma tissues were loosely arranged, and part of these tissues had started to shrink.

Table 2. The main effects of salinity on leaf stomata and leaf section characteristics of C. betulus. The
parameters measured include stomata density, stomata length, opened stomata, leaf thickness, palisade
tissue thickness, and palisade tissue thickness/leaf thickness. S0 ~ S5 represents 0 ~ 85 mM NaCl
respectively. The data in the table are the mean ± standard deviation (n = 3); different lowercase letters
in each column indicate significant differences between treatments (p < 0.05).

Treatment
Stomata Density
(Number mm−2)

Stomata
Length (μm)

Opened
Stomata (%)

Leaf
Thickness

(μm)

Palisade Tissue
Thickness (μm)

Palisade Tissue
Thickness/Leaf
Thickness (%)

S0 193.33 ± 16.04 ab 14.87 ± 1.70 a 98.04 ± 2.49 a 69.33 ± 4.21 a 19.30 ± 19.30 ab 27.79 ± 1.28 ab
S1 215.00 ± 15.00 a 15.70 ± 1.75 a 90.66 ± 2.14 a 67.89 ± 6.52 ab 20.32 ± 2.93 a 29.85 ± 2.01 a
S2 184.67 ± 19.43 bc 13.50 ± 1.70 ab 80.70 ± 1.66 b 64.26 ± 6.00 ab 19.10 ± 2.07 ab 29.70 ± 0.59 a
S3 158.67 ± 13.01 cd 11.60 ± 1.28 bc 68.57 ± 5.42 c 59.47 ± 5.39 b 16.13 ± 1.59 bc 27.12 ± 0.43 bc
S4 147.33 ± 13.01 de 10.57 ± 1.66 c 42.87 ± 2.00 d 57.75 ± 4.06 b 15.63 ± 1.95 bc 27.00 ± 1.52 bc
S5 125.67 ± 15.63 e 9.17 ± 1.25 c 17.66 ± 1.45 e 56.73 ± 7.91 b 14.13 ± 1.88 c 24.92 ± 0.20 c
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(a) 

 
(b) 

Figure 1. Stomata structure on the leaf surface (a), ×5000 and leaf section (b), ×600 of C. betulus under
salinity treatments; S0 ~ S5 represents 0 ~ 85 mM NaCl respectively.

3.3. Leaf Gas Exchanges, and Chlorophyll Fluorescence Parameters

A significant reduction in the net photosynthetic rate was observed after 42 days of the S2
treatment (Table 3). The water-use efficiency (WUEi) and stomatal conductance (Gs) of leaves
decreased with increasing salt concentrations, with S2 ~ S5 NaCl having the most pronounced effect.
The intercellular CO2 (Ci) did not change significantly under S1 NaCl but did increase under the
S2 ~ S5 salinity treatments. However, a significant increase in transpiration rates (Tr) occurred in
the plants treated with S1 and S2 NaCl. Leaf fluorescence parameters, such as ΦPSII, Fv/Fm, qP and
ETR were not negatively influenced at less than S3 treatment, while only NPQ exhibited the most
pronounced effect under all salinity treatments, which increased with the salt concentration.
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Table 3. The main effects of salinity on gas exchange and chlorophyll fluorescence parameters of
C. betulus. The parameters measured include the net photosynthetic rate (Pn), transpiration rate
(Tr), water use efficiency (WUEi), stomatal conductance (Gs), intercellular CO2 concentration (Ci),
photochemical quantum efficiency (ΦPSII), maximum photochemical efficiency of photosystem II
(Fv/Fm), photochemical quenching parameter (qP), non-photochemical quenching parameter (NPQ),
and the electron transfer rate (ETR). S0 ~ S5 represents 0 ~ 85 mM NaCl respectively. The data in the
table are the mean ± standard deviation (n = 3); different lowercase letters in each column indicate
significant differences between treatments (p < 0.05).

Treatment
Pn

(μmol m−2 s−1)
Tr

(mmol m−2 s−1)
WUEi

Gs
(μmol m−2 s−1)

Ci
(μmol m−2 s−1)

S0 6.47 ± 0.81 a 1.13 ± 0.09 bc 5.77 ± 1.02 a 76.67 ± 9.87 a 243.67 ± 9.45 e
S1 6.97 ± 1.12 a 1.38 ± 0.08 a 5.08 ± 1.07 ab 70.33 ± 8.02 ab 234.00 ± 20.66 e
S2 5.50 ± 0.70 b 1.28 ± 0.07 a 4.31 ± 0.52 bc 60.00 ± 5.00 bc 268.00 ± 11.79 d
S3 3.50 ± 0.30 c 1.11 ± 0.11 bc 3.16 ± 0.27 c 52.33 ± 8.39 cd 296.33 ± 4.04 c
S4 1.53 ± 0.50 d 1.00 ± 0.11 cd 1.52 ± 0.43 d 51.33 ± 7.57 cd 355.00 ± 14.53 b
S5 0.50 ± 0.20 d 0.88 ± 0.13 d 0.57 ± 0.25 d 44.67 ± 5.13 d 380.00 ± 13.53 a

Treatment ΦPSII Fv/Fm qP NPQ
ETR

(μmol m−2 s−1)

S0 0.49 ± 0.02 a 0.63 ± 0.03 a 1.03 ± 0.13 a 0.67 ± 0.04 f 255.48 ± 17.60 ab
S1 0.53 ± 0.07 a 0.59 ± 0.06 ab 0.97 ± 0.04 ab 0.77 ± 0.03 e 260.78 ± 25.76 a
S2 0.51 ± 0.03 a 0.54 ± 0.04 abc 0.90 ± 0.07 abc 0.88 ± 03 d 254.48 ± 12.81 ab
S3 0.47 ± 0.04 a 0.49 ± 0.09 abc 0.85 ± 0.10 bc 1.12 ± 0.04 c 226.42 ± 13.22 bc
S4 0.39 ± 0.05 b 0.45 ± 0.11 c 0.75 ± 0.10 cd 1.21 ± 0.03 b 206.02 ± 15.70 c
S5 0.36 ± 0.04 b 0.41 ± 0.06 c 0.60 ± 0.08 d 1.33 ± 0.03 a 200.28 ± 17.71 c

3.4. Chlorophyll Content, and Relative Water Content (RWC)

Chlorophyll is an essential molecule for the capture and transfer of energy in the photosynthetic
machinery. The results showed that there were no significant differences between the control and
S1 ~ S4 salinity after 14 and 28 days, but after 42 days, a significant reduction in chlorophyll
concentrations was found under moderate (S3) and high (S4, S5) salinity treatments (Figure 2a).
The water status of a plant is important for maintaining cellular and metabolic functions under salt
stress. Under low salt stress (S1), the leaves maintained a higher RWC than those of the control, while
a strong decrease was observed with S4 and S5 treatments after 14 days. However, it was significantly
reduced after 28 and 42 days under different salt stress (Figure 2b).

3.5. Malondialdehyde Concentration (MDA) and Cell Membrane Stability

With the increased salinity treatments, the MDA content continued increasing, and the low
salinity (S1, S2) treatments did not significantly affect the MDA content in leaves after 14 and 28 days
(Figure 2c), while after 42 days, a significant increase in the MDA content occurred under S2~S5 salt
concentrations. Cell membrane stability remained unchanged after 14 days under NaCl treatments
less than S4 in leaves, but a significant increase was observed after 42 days under different treatments
(Figure 2d).

3.6. Soluble Sugars, Soluble Proteins, and Proline

The soluble sugars content did not change significantly in leaves under S1 ~ S4 salinity treatments
after 14 days of growth but continued increasing after 28 days under various salt stress, while after 42
days of growth, the soluble sugars content in high (S4, S5) salinity treatments was not significantly
different than the control as well as plants treated with S1, while it was higher in S2 and S3 treatments
(Figure 2e). The soluble proteins content was not significantly affected by salinity treatments after 14
and 28 days, but after 42 days, the content in S1was higher than the control, and a great reduction in
protein content was found in S5 treatment (Figure 2f). We observed that the proline content in leaves
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under S1 ~ S3 salt stress was not obviously increased after 14 days, however, after 28 and 42 days
of growth, the proline content was significantly higher than that of the control group under S2 ~ S5
treatments (Figure 2g).

 
(a) (b) 

 
(c) (d) 

  
(e) (f) 

 

 

(g)  

Figure 2. Chlorophyll content (a), relative water content (b), MDA content (c), cell membrane stability
(d), soluble sugars (e), soluble proteins (f), and proline content (g) in leaves of C. betulus plants grown for
14, 28 and 42 days with increasing levels of soil salinity. Different lowercase letters indicate significant
differences between treatments (p < 0.05), n = 3, S0 ~ S5 represents 0 ~ 85 mM NaCl respectively.
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3.7. Antioxidant Enzyme Activities

The SOD activity increased at all concentrations of NaCl compared to that of the control plants
after 14 and 28 days, as shown in Figure 3a. After 28 days, the SOD activity increased with increasing
salt concentrations, with a peak value at S3. However, after 42 days, the SOD activity was higher at
low salinity (S1) than the control and was not changed too much under S2 ~ S5 salt stress. Salt stress
increased the POD activities in all treatments after 14 and 28 days (Figure 3b), while it was higher in
S1 ~ S3, and POD was not obviously affected under high salinity (S4, S5) treatments than the control
group after 42 days of stress.

  
(a) (b) 

Figure 3. Effect of soil salinity on SOD activity (a), and POD activity (b) in leaves of C. betulus grown for
14, 28 and 42 days with increasing levels of soil salinity. Different lowercase letters indicate significant
differences between treatments (p < 0.05), n = 3, S0 ~ S5 represents 0 ~ 85 mM NaCl respectively.

3.8. Sodium (Na), Potassium (K), Calcium (Ca), and Magnesium (Mg) Content of Various Organs

The Na concentration of the whole plant of C. betulus seedlings was increasingly pronounced with
the increase in salinity concentration (Table 4). The Na content was significantly increased in stems and
leaves under S2 ~ S5 salt treatments, while it was higher than the control in all salinity stress levels in
the roots. In particular, the content of Na in the stem was higher than that in the roots and leaves and
was significantly different from that of the control, reaching a maximum value at the concentration of
S5, which was 20 times that of S0. The K concentration in leaves was significantly higher than that of
the control under the salinity treatments, but the K content decreased in the roots. The concentrations
of K ions in the roots and stems were lower than those in the leaves under all salt treatments. The Ca
content increased in response to the salt treatment in leaves but remained unchanged in the roots and
stems with NaCl concentrations less than S3. The Mg content increased significantly in stems, leaves
and the whole plants in the S3 ~ S5 treatments, but it decreased in the roots. This result showed that
the Ca content remained high in the stems, while the Mg content was the opposite and was higher in
roots and leaves. The K/Na, Mg/Na, and Ca/Na ratios decreased significantly with salinity levels,
which indicated that with the increased concentration of salt stress, the absorption of Na increased,
while the absorption of other nutrients was relatively reduced. We also found that the ratio of each
nutrient ion to Na in the leaves was greater than that of the roots and stems, indicating that the relative
absorption of the leaves was higher than that of the roots and stems.
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Table 4. Effect of different levels of soil salinity on Na, K, Ca and Mg content in roots, stems, and leaves
of C. betulus seedlings. S0 ~ S5 represents 0 ~ 85 mM NaCl respectively. The data in the table are
the mean ± standard deviation (n = 3); different lowercase letters in each column indicate significant
differences between treatments (p < 0.05).

Treatment Na (mg g−1) K (mg g−1) Ca (mg g−1) Mg (mg g−1) K/Na Ca/Na Mg/Na

Root

S0 1.61 ± 0.05 e 7.92 ± 0.23 a 12.78 ± 0.36 b 4.18 ± 0.14 a 4.92 ± 0.04 a 7.59 ± 0.24 a 2.60 ± 0.11 a
S1 3.61 ± 0.20 d 6.15 ± 0.28 b 12.43 ± 0.54 b 3.24 ± 0.24 bc 1.71 ± 0.15 b 3.45 ± 0.09 b 0.90 ± 0.02 b
S2 4.75 ± 0.19 c 4.09 ± 0.16 cd 12.88 ± 0.40 b 2.89 ± 0.13 bc 0.86 ± 0.07 c 2.71 ± 0.07 d 0.61 ± 0.03 c
S3 6.48 ± 0.27 a 3.85 ± 0.12 d 13.28 ± 0.60 b 2.77 ± 0.31 c 0.59 ± 0.01 d 2.05 ± 0.03 e 0.43 ± 0.05 d
S4 5.44 ± 0.22 b 4.23 ± 0.08 c 16.29 ± 0.28 a 3.25 ± 0.38 bc 0.78 ± 0.05 c 3.00 ± 0.08 cd 0.60 ± 0.10 c
S5 4.93 ± 0.25 c 4.39 ± 0.12 c 15.59 ± 1.11 a 3.32 ± 0.30 b 0.89 ± 0.06 c 3.17 ± 0.34 ab 0.67 ± 0.05 c

Stem

S0 0.85 ± 0.06 e 6.14 ± 0.24 b 30.22 ± 0.29 bc 2.18 ± 0.11 b 7.26 ± 0.71 a 35.68 ± 2.65 a 2.57 ± 0.22 a
S1 1.75 ± 0.04 e 6.22 ± 0.17 b 25.17 ± 1.56 de 2.03 ± 0.09 b 3.56 ± 0.16 b 14.40 ± 1.22 b 1.16 ± 0.03 b
S2 6.83 ± 0.12 d 3.83 ± 0.04 c 26.97 ± 0.35 de 2.01 ± 0.18 b 0.56 ± 0.01 c 3.95 ± 0.03 c 0.30 ± 0.03 c
S3 9.83 ± 0.35 c 5.65 ± 0.17 b 33.30 ± 1.04 a 2.80 ± 0.09 a 0.58 ± 0.01 c 3.39 ± 0.04 dc 0.29 ± 0.01 c
S4 15.87 ± 1.15 b 4.68 ± 1.24 c 31.16 ± 2.03 ab 3.01 ± 0.29 a 0.29 ± 0.06 c 1.96 ± 0.04 dc 0.19 ± 0.02 c
S5 17.21 ± 0.40 a 7.30 ± 0.24 a 28.15 ± 1.43 cd 3.08 ± 0.18 a 0.42 ± 0.01 c 1.64 ± 0.07 d 0.18 ± 0.01 c

Leaf

S0 0.27 ± 0.03 e 7.25 ± 0.41 c 19.55 ± 0.50 d 3.47 ± 0.09 d 26.79 ± 2.52 a 72.30 ± 7.43 a 12.85 ± 1.35 a
S1 0.45 ± 0.07 e 11.36 ± 0.22 a 22.01 ± 0.52 de 3.75 ± 0.11 bcd 25.49 ± 3.63 b 49.31 ± 6.25 b 8.38 ± 0.98 b
S2 3.31 ± 0.64 d 9.22 ± 0.56 b 20.56 ± 1.94 cd 3.68 ± 0.30 cd 2.86 ± 0.57 c 6.36 ± 1.25 c 1.14 ± 0.23 c
S3 9.08 ± 0.33 a 9.02 ± 0.30 b 24.29 ± 1.01 a 4.63 ± 0.20 a 0.99 ± 0.01 c 2.67 ± 0.02 c 0.51 ± 0.01 c
S4 6.33 ± 0.07 b 8.60 ± 0.27 b 23.86 ± 0.94 ab 4.01 ± 0.23 bc 1.36 ± 0.04 c 3.77 ± 0.17 c 0.63 ± 0.04 c
S5 5.92 ± 0.18 b 9.06 ± 0.21 b 24.32 ± 1.37 a 4.12 ± 0.26 b 1.53 ± 0.01 c 4.10 ± 0.11 c 0.70 ± 0.02 c

Whole
plant

S0 2.73 ± 0.09 e 21.31 ± 0.55 b 62.54 ± 0.84 b 9.83 ± 0.25 ab 38.97 ± 2.81 a 115.93 ± 3.06 a 18.02 ± 1.19 a
S1 5.81 ± 0.29 d 23.73 ± 0.54 a 59.61 ± 2.22 b 9.02 ± 0.42 bc 30.76 ± 3.93 b 67.16 ± 4.08 b 10.44 ± 0.94 b
S2 14.89 ± 0.68 c 17.14 ± 0.70 d 60.41 ± 1.69 b 8.58 ± 0.26 c 4.28 ± 0.58 c 13.02 ± 2.04 d 2.04 ± 0.24 c
S3 25.39 ± 0.25 b 18.52 ± 0.23 c 70.87 ± 0.58 a 10.21 ± 0.37 a 2.16 ± 0.01 c 8.11 ± 0.87 c 1.22 ± 0.05 c
S4 27.64 ± 1.17 a 17.51 ± 1.13 cd 71.30 ± 2.72 a 10.27 ± 0.85 a 2.43 ± 0.10 c 8.73 ± 2.89 c 1.42 ± 0.15 c
S5 28.07 ± 0.53 a 20.75 ± 0.52 b 68.06 ± 3.48 a 10.52 ± 0.53 a 2.85 ± 0.04 c 8.91 ± 3.96 c 1.55 ± 0.08 c

4. Discussion

The salinity stress can produce two kinds of stresses on plants: osmotic stress and ion toxicity [34],
which cause the decline or injury of plant growth, photosynthetic ability, cytoplasmic membrane
permeability and so on. Plants must be adapted to these two stresses to grow properly in saline
conditions. Plants can change their morphological structure or enhance their own resistance by
physiological and biochemical transformation to adapt to the adverse environment: for example,
the protective effect of the accumulation of osmotic regulating substances and scavenging ROS by
antioxidant enzymes. Different salinity stress levels may have various effects on plants, and the
physiological and biochemical reactions in response to different salt stress levels of plants also differ.

In this study, we found that the salinity stress caused a prominent inhibition in the growth of C.
betulus seedlings by the changes of height growth, diameter growth, the increment in leaf number,
and dry weight of total biomass. A reduction in plant growth is a common effect of salt stress in other
tree species, such as Morus alba [35] and Melia azedarach [36], and morphological changes and growth
reductions provide visual evidence of the degree of injury caused by salt [37]. Salinity stress had
a significantly higher inhibitory effect on the aboveground parts of C. betulus seedlings than on the
belowground parts, which caused a significant increase in the root/shoot ratio. It is noteworthy that
the growth parameters were significantly changed under S3 ~ S5 (6.2 ~ 10.5 dS m−1) salt concentrations,
which indicates that C. betulus cannot endure high salinity. According to Richards (1954) [38], sensitive
crops do not thrive as the electrical conductivity of the soil is over 4 dS m−1, and hence we can know
that C. betulus is sensitive to salt stress.

Salinity stress will change the osmotic potential of roots, causing physiological drought in plants.
Stomatae provide a channel for controlling the exchange of water and gas in plants, which has a direct
effect on transpiration in plants. The characteristics of stomatae on the surfaces of the leaves, as well
as their distribution, density, and open stomata, are greatly influenced by environmental moisture
conditions. In this study, the stomata density, size, and leaf section characteristics were unchanged
until the S2 treatment, while a significant decrease in those properties was found under the S3 ~ S5
treatments. The open stomatae and the degree of opening in C. betulus seedlings decreased with
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increasing salinity, and the guard cells became deformed and shrank at high salt concentrations;
these changes may produce negative effects on the photosynthetic efficiency of plants. Salt stress
can lead to the closing of stomatae on leaf surfaces to different degrees and can reduce the size of
the stomatal aperture [39]; a similar phenomenon has also been observed in Fragaria ananassa [40].
This change may be a physiological adaptation of plants to environmental stress, and our study also
confirmed the observation. The leaf thickness, palisade tissue thickness and palisade tissue/leaf
thickness ratio of C. betulus decreased significantly, the palisade and spongy parenchyma tissues
became loosely arranged, and part of the group started to shrink when the salt concentration was
over 51 mM. Some research found that the main reason for the reduction of leaf thickness under salt
stress was that the length of palisade cells and the thickness of spongy parenchyma tissues decreased,
and these changes caused an inhibition of photosynthesis and stunted the growth of seedlings [41].
The degree of the stomatal opening directly determines the transpiration and photosynthetic rates of
plants [42]. The closing of stomatae can slow the rate of gas exchange, resulting in a decline in the
photosynthetic and transpiration rates. These reasons may explain the reduction in the gas exchange
parameters of C. betulus under salinity stress.

Soil salinity stress makes it difficult for plants to absorb nutrient elements (N, P), inhibits the
synthesis of chlorophyll, accelerates the decomposition of chlorophyll, and reduces the absorption of
light energy by chloroplasts. The chlorophyll content of C. betulus increased first and then decreased
with the degree of salt stress. Some studies have postulated that low salt stimulation can increase the
chlorophyll content in plants; for example, NaCl stress (8.5 ~ 34 mM) caused an increase in chlorophyll
content in strawberry plants [43], and our study supported this idea. Stomatal regulation was adversely
affected in plants under salinity stress [44]. In this study, the reduction of Pn, Tr, and WUEi under
moderate (S3) and high salinity (S4, S5) conditions may have been due to the negative regulation of
stomatal conductance, while Ci was increased with the salt stress and negatively correlated with the
other photosynthetic indices. It is generally believed that with the reduction of the photosynthetic rate
in adversity, including porosity and non-stomatal factors, we can judge the main factor through the
change trend of Ci [45], and the two factors can both exist under salt stress. In our study, the reduction of
the photosynthetic rate of C. betulus contained the two factors. Of the different chlorophyll fluorescence
parameters measured in C. betulus leaves in this study, we found that the NPQ was increased with
salinity concentrations, and this effect may be a mechanism of C. betulus to protect the photosystems
from damage caused by photoinhibition under salt stress [46]. The leaf chlorophyll fluorescence
parameters were not significantly affected when subjected to S1 and S2 NaCl treatments, indicating
that the electron transport and photosystems were not impaired, but a NaCl concentration over S3
caused severe damage to the plants, reducing the conversion and utilization efficiency of light energy
by chloroplasts and inhibiting photosynthesis.

With the increase in the salt concentration after 28 and 42 days, the RWC of C. betulus leaves
decreased significantly, which may be closely related to the accumulation of sodium ions in the leaves.
Soil salinity can affect soil osmotic potential, which makes it difficult for the plant to absorb water
and inhibits the growth of plants. Membrane damage is one of the main negative impacts of salinity
stress on plants. The accumulation of MDA content in cells is the result of lipid peroxidation, which
is often used to evaluate the membrane damage [47]. Cell membrane permeability can reflect the
extent of lipid peroxidation caused by ROS and is also used as an important criterion for salt tolerance
in the plants [48]. In this study, the content of MDA and cell membrane stability in the leaves of
C. betulus seedlings increased as the period of salinity stress continued and reached a maximum at last,
indicating that salinity stress caused damage to cell membranes and that the membrane protection
system was destroyed under high salt concentrations. To relieve the oxidative stress, most plants can
synthesize antioxidant enzymes to counteract the ROS in response to salt stress. SOD and POD can
effectively eliminate the ROS and prevent the oxidative damage to the cell membrane [49]. In this
study, the activities of the two enzymes increased after 14 and 28 days of different treatments, but
a reduction in antioxidant enzyme activities was found at S3 ~ S5 NaCl stress after 42 days. This result
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was similar to the result of Quercus variabilis seedlings [50]. Under low salt concentrations, the activity
of protective enzymes in C. betulus was increased to scavenge the free radicals, but this ability was
limited under moderate and high salt stress due to the decrease in protein synthesis, thus affecting the
survival and growth of seedlings.

The ability of osmotic regulation is a key factor for plants to adapt to environmental stress.
Osmotic regulation substances mainly include inorganic ions and some soluble organic substances,
such as soluble sugars, soluble proteins, and proline [51]. Certain halophyte plants are resistant to
salinity up to 200 mM NaCl or more, and can endure salinity by controlling the synthesis of organic
‘compatible’ solutes [52]. Soluble sugars are the product of photosynthesis, and the accumulation of
soluble sugars can regulate the osmotic potential of plant tissue and help improve the resistance of
plants to environmental stress. The results showed that the amount of soluble sugars in the C. betulus
seedlings continuously increased before 28 days but changed insignificantly from that in the control
as the salt concentration increased to S4 after 42 days; this result may be because of the decline of
photosynthesis under high salt stress. Soluble proteins are materials involved in plant metabolism.
The soluble proteins of C. betulus were negatively affected by high salinity treatments after 42 days,
which was probably caused by the reduction in the assimilation of nitrogen substances or protein
proteolysis induced by high salt levels. Proline plays an important role to maintain the osmotic
pressure in salt-stressed plants. Reports have verified the function of proline in osmotic adjustment
and cell structure protection, and a positive correlation has been observed between proline and tissue
sodium content under salinity stress, as in where proline in rice (Oryza sativa L.) increased with salinity
levels (4 ~ 12 dS m−1) [53]. In C. betulus seedlings, the proline content continuously increased as the
degree of salinity increased after 42 days’ stress, which was of positive significance for the plant to
adapt to the salt environment.

The separation distribution of ions is one of the important characteristics of plant salt tolerance.
The accumulation of Na ions in photosynthetic tissues is extremely deleterious because it will interfere
with K functions, including deactivating enzyme activity [54]. The normal activities of many cytosolic
enzymes and the maintenance of membrane integrity are mainly decided by Na and K homeostasis
in cells. The Na concentration of C. betulus significantly increased with the salinity concentration
and mainly accumulated in the roots at low salt stress, thus reducing the damage caused by salt ions
in the leaves. The K concentration in leaves was significantly higher than that of the control under
salinity treatments. The Ca and Mg content changed minimally during the salt treatments. However,
the K/Na, Mg/Na and Ca/Na ratios decreased significantly with salinity levels, which was mainly
attributed to the increase in Na ions. These results indicated that C. betulus plants may be able to
maintain ion homeostasis in the plants under low salt stress, while this capability is limited under
moderate and high salt stress, causing the decline of biomass and photosynthesis.

5. Conclusions

This study showed that the growth and physicochemical parameters of C. betulus seedlings
were inhibited under high salinity stress, including reduced gas exchange and increased MDA
content, membrane permeability, and sodium accumulation, suggesting a limited degree of salt
tolerance. We found that C. betulus seedlings can adapt to low salinity stress (S1, S2) by increasing
the accumulation or synthesis of key osmotic adjustment substances and improving the activity of
antioxidant enzymes and ionic homeostasis. However, the salt tolerance of C. betulus is limited
under moderate (S3) and high salinity (S4, S5); the plant develops an insufficient resistance to the
soil environments and has a difficult time growing. The inhibition of photosynthetic gas exchange,
the restriction of the ability to synthesize osmotic adjustment substances and antioxidant enzymes,
and the failure to restrict sodium exclusion may be the main reasons for the reduction of growth under
high salinity levels for C. betulus seedlings. Therefore, C. betulus can be planted and popularized in low
salinization areas, and its adaptability should be further observed.
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