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Abstract: Heterophylly is the phenomenon of leaf forms varying along the longitudinal axis within
a single plant. Populus euphratica, a heterophyllous woody plant, develops lanceolate leaves and
dentate broad-ovate leaves on the bottom and top of the canopy, respectively, which are faced with
different intensities of ambient solar radiation. However, the mechanism of the heteromorphic leaf
response to the microenvironment in P. euphratica remains elusive. Here, we show that the dentate
broad-ovate leaves have advantages in tolerating high light intensity, while lanceolate leaves are
excellent at capturing light. Compared with lanceolate leaves, more trichomes, higher stomatal
density, thicker lamina, and higher specific leaf weight were observed in dentate broad-ovate leaves.
Furthermore, high-throughput RNA sequencing analysis revealed that the expression patterns of
genes and long noncoding RNAs (lncRNAs) are different between the two heteromorphic leaves.
A total of 36,492 genes and 1725 lncRNAs were detected, among which 586 genes and 54 lncRNAs
were differentially expressed. Based on targets prediction, lncRNAs and target genes involved in light
adaption, protein repair, stress response, and growth and development pathways were differentially
expressed in heteromorphic leaves, 10 pairs of which were confirmed by quantitative real-time PCR.
Additionally, the analysis of interactions indicated that lncRNA–mRNA interactions were involved
in the response to the microenvironment of heteromorphic leaves. Taken together, these results
suggest that the morphological features and joint regulation of lncRNA–mRNA in heteromorphic
leaves may serve as survival strategies for P. euphratica, which could lead to optimal utilization of
environmental factors.
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1. Introduction

Heterophylly, the phenomenon of leaf forms varying along the longitudinal axis of a single plant,
results from the phenotypic plasticity of leaves and assists plants in adapting to environmental
variations [1]. For this reason, heterophyllous plants are the perfect models for research on
environmental adaptation [2,3]. Previous investigations have indicated that heterophylly contributes
to acclimatizing plants to heterogeneous environmental factors, such as light, temperature, water,
and so forth [2–5]. For example, in heterophyllous Nuphar lutea plants, owing to significant differences
in the chloroplast ultrastructure, chlorophyll fluorescence, and pigment content, floating and aerial
leaves were perceived to be sun adapted compared with submerged leaves [6]. In the study of
Rorippa aquatic, heterophylly was identified as an adaption to the ambient temperature [7]. It was
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reported that Hygrophila difformis evolved heteromorphic leaves to deal with fluctuating water levels [8].
Furthermore, due to the striking environmental heterogeneity induced by water level, many aquatic
and amphibious plants have developed heterophylly to acclimatize themselves to microclimate
variations [1,8]. Additionally, some terrestrial plants, such as Ginkgo biloba and Populus euphratica, also
exhibit heterophyllous characteristics [9–11], but as their habitat’s environmental heterogeneity seems
less pronounced than that of aquatic and amphibious plants, their mechanism of heterophylly may be
subtler. Therefore, a better understanding of the mechanism of heterophyllous woody plants using a
molecular biological approach is necessary.

Long noncoding RNAs (lncRNAs) refer to transcripts that have a length of more than 200
(nucleotides (nt) and contain no apparent coding sequence (CDS) [12,13]. lncRNAs can modulate gene
expression on various levels, by which biological pathways are finely tuned in plants to respond to
stress and adapt to adverse conditions [14]. According to the genomic site relative to protein-coding
genes, lncRNAs can be categorized into five groups: (a) intronic lncRNAs,(b) intergenic lncRNAs,
(c)antisense lncRNAs, (d) sense lncRNAs, (e) bidirectional lncRNAs [15]. Generally, they regulate
the transcriptional level of the target loci through cis-action or trans-action [16], showing obvious
tissue-specific expression patterns and responses to environmental change [17]. lncRNAs have long
been categorized as transcriptional “noise” because they cannot code for proteins. Recently, functions
of lncRNAs have been identified in model plant species, such as Arabidopsis spp. [18], rice [19],
maize [20], and Populus spp. [21]. In Gossypium hirsutum, 44 intergenic lncRNAs were differentially
accumulated under salt stress, and controlled protein-coding genes via cis-acting regulation [22].
Moreover, downregulated polyadenylation (DPA) lncRNAs were found to be enriched in rice exposed
to drought and salt, and they coexpressed with protein-coding genes related to stresses [23]. In tomato,
lncRNA–mRNA networks have been established, and lncRNA16397 was identified to modulate
SlGRX expression to reduce reactive oxygen species (ROS) accumulation, thus improving disease
resistance [24]. Therefore, research on lncRNAs and coexpressed mRNAs could uncover the regulatory
mechanism of biological processes in plants from a new angle, and progressive high-throughput RNA
sequencing (RNA-Seq) technologies have provided a powerful approach for this objective [25].

P. euphratica Oliv., a representative heterophyllous woody plant, is mainly distributed in arid and
semi-arid regions of China and has become a pioneer tree species in the area [26]. To efficiently adapt
to environmental heterogeneity and achieve optimal utilization of resources, P. euphratica evolved
heteromorphic leaves that vary from lanceolate leaves to dentate broad-ovate leaves distributed at
the bottom and top of the crown in adult trees, respectively [27]. There have been many studies
demonstrating that not only does the shape of the blades differ, but the structure and functional
features of the blades also vary among heteromorphic leaves of P. euphratica. For example, previous
studies demonstrated that dentate broad-ovate leaves are equipped with thicker cuticular wax than
lanceolate leaves, which could protect the leaves from high solar radiation and excessive water
loss by transpiration [26]. Recently, Hao et al. found that dentate broad-ovate leaves exhibit more
distinct xeromorphic characteristics due to their thicker cell wall and higher mechanical strength
compared with lanceolate leaves, which can support them to survive under arid and hot conditions [9].
Moreover, higher potential activity of photosystem II (PS II) and maximum photochemical efficiency of
PS II were found in dentate broad-ovate leaves compared with lanceolate leaves, suggesting a higher
photosynthetic capacity of dentate broad-ovate leaves to adapt to the higher intensity of solar light
at the top of the canopy [28]. However, to date, studies of heteromorphic leaves in P. euphratica have
mainly focused on structural and functional distinctions, and investigations of molecular regulation as
well as the response to the microenvironment remain to be further elucidated.

In the present study, morphological features of lanceolate leaves and dentate broad-ovate leaves,
which are the two representative heteromorphic leaves of P. euphratica, were measured and compared.
High-throughput lncRNA sequencing was employed to identify mRNAs and lncRNAs and to separately
examine their expression patterns in these two types of leaves. Furthermore, based on the mechanism
of cis-regulation or trans-regulationof lncRNAs, the interactions between differentially expressed genes
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(DEGs) and lncRNAs (DELs) were investigated to discern the role of lncRNAs in the regulation of
gene expression, and the expression levels of these DEGs and DELs were validated by quantitative
real-time PCR. In addition to this, the functions of lncRNAs of heteromorphic leaves in P. euphratica
were explored according to the interactions. These results could reveal the regulatory roles of lncRNAs
in response to the microenvironment of P. euphratica and provide new insights into the adaptation
mechanism of environmental heterogeneity in heterophyllous plants.

2. Results

2.1. Morphological Feature of Two Heteromorphic Leaves

The shape of the lanceolate leaf was significantly different from that of the dentate broad-ovate leaf
(Figure 1A). To examine the differences in morphological characteristics between the two types of leaves,
scanning electron microscopy (SEM) was applied to inspect their epidermis. Trichomes developed
on the epidermis of dentate broad-ovate leaves were observed (Figure 1C), while hardly any were
observedon lanceolate leaves (Figure 1B). We further found that the stoma morphology between the
two types of leaves was different (Figure 1D,E). The analysis results showed that the length of the stoma
of dentate broad-ovate leaves was slightly shorter than that of lanceolate leaves (Figure 1I) (t-test listed
in Table S1), while the stomatal density of dentate broad-ovate leaves was higher than that of lanceolate
leaves both on the adaxial and abaxial epidermis (Figure 1H) (t-test listed in Table S1). In addition,
we found that the laminas of dentate broad-ovate leaves were thicker than those of lanceolate leaves
(Figure 1F) (t-test listed in Table S1), and the specific leaf weight(SLW) of dentate broad-ovate leaves
was higher than that of lanceolate leaves (Figure 1G) (t-test listed in Table S1). These results suggest that
there are obvious differences between lanceolate and dentate broad-ovate leaves in terms of epidermis,
stoma, and lamina characteristics. In addition to measuring the morphological characteristics, we also
investigated the microenvironment of the two types of leaves. As shown in (Figure 2A), the light
intensity on dentate broad-ovate leaves was more than twice that of lanceolate leaves, which may
result from their canopy distribution. The leaf temperature of dentate broad-ovate leaves was also
higher than that of lanceolate leaves during the day, especially at noon; the temperature difference
between the two leaves reached almost 3 ◦C at noon (Figure 2B). These results suggest that dentate
broad-ovate leaves may undergo high radiation conditions coupled with high temperatures.
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Figure 1.Morphological feature of the two typical heteromorphic leaves distributed at the bottom 
and top of the canopy of Populus euphratica. (A) The shape of lanceolate and dentate broad-ovate 
leaves (bar = 2 cm), (B) the epidermis of lanceolate leaf, (C) the epidermis of dentate broad-ovate leaf, 
(D) the stoma of lanceolate leaf, (E) the stoma of dentate broad-ovate leaf, (F) lamina thickness of 
lanceolate and dentate broad-ovate leaves, (G) specific leaf weight of lanceolate and dentate 
broad-ovate leaves, (H) stomatal density of lanceolate and dentate broad-ovate leaves, (I)length of 
stoma of lanceolate and dentate broad-ovate leaves. The data shown are the mean ± standard 
deviation; different letters indicate significant difference (p< 0.05) between samples(t-test listed in 
Table S1); scale bar of electron microscopy images = 50μm; Lan, lanceolate leaves; Db, dentate 
broad-ovate leaves. 

Figure 1. Morphological feature of the two typical heteromorphic leaves distributed at the bottom and
top of the canopy of Populus euphratica. (A) The shape of lanceolate and dentate broad-ovate leaves
(bar = 2 cm), (B) the epidermis of lanceolate leaf, (C) the epidermis of dentate broad-ovate leaf, (D) the
stoma of lanceolate leaf, (E) the stoma of dentate broad-ovate leaf, (F) lamina thickness of lanceolate
and dentate broad-ovate leaves, (G) specific leaf weight of lanceolate and dentate broad-ovate leaves,
(H) stomatal density of lanceolate and dentate broad-ovate leaves, (I)length of stoma of lanceolate
and dentate broad-ovate leaves. The data shown are the mean ± standard deviation; different letters
indicate significant difference (p < 0.05) between samples (t-test listed in Table S1); scale bar of electron
microscopy images = 50 µm; Lan, lanceolate leaves; Db, dentate broad-ovate leaves.
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Figure 2.Environmental heterogeneity and phytohormone content of heteromorphic leaves in P. 
euphratica. (A) Intensity of light radiation on heteromorphic leaves, (B) leaf temperature of 
heteromorphic leaves, (C) net photosynthesis of heteromorphic leaves respond to different light 
intensity, (D) IAA content of heteromorphic leaves, (E) ABA content of heteromorphic leaves, (F) GA 
content of heteromorphic leaves, (G) zeatin content of heteromorphic leaves. Data are presented as 
mean±SD; each experiment was performed with more than five replicates; different letters indicate 
significant difference (p< 0.05) between samples(t-test listed in Table S1); Lan, lanceolate leaves; Db, 
dentate broad-ovate leaves. 

To understand the response of heteromorphic leaves to light, the photosynthetic rates of the 
two types of leaves in different light intensities were determined. Generally, the light saturation 
point (LSP) represents the upper limit of the light intensity that the blade can use [29], while the light 
compensation point (LCP) reflects the leaf’s utilization of weak light [30]. Our data showed that the 
LSP of broad-ovate leaves was higher than that of lanceolate leaves, while the LCP of lanceolate 
leaves was lower than that of broad-ovate leaves (Figure 2C). Additionally, given that light can 
regulate the biosynthesis of phytohormones in plants[31], measurements were taken of the 
phytohormones in the two types of leaves. As presented in Figure 2D–F, the indole-3-acetic acid 

Figure 2. Environmental heterogeneity and phytohormone content of heteromorphic leaves in
P. euphratica. (A) Intensity of light radiation on heteromorphic leaves, (B) leaf temperature of
heteromorphic leaves, (C) net photosynthesis of heteromorphic leaves respond to different light
intensity, (D) IAA content of heteromorphic leaves, (E) ABA content of heteromorphic leaves, (F) GA
content of heteromorphic leaves, (G) zeatin content of heteromorphic leaves. Data are presented as
mean ± SD; each experiment was performed with more than five replicates; different letters indicate
significant difference (p < 0.05) between samples (t-test listed in Table S1); Lan, lanceolate leaves; Db,
dentate broad-ovate leaves.

To understand the response of heteromorphic leaves to light, the photosynthetic rates of the two
types of leaves in different light intensities were determined. Generally, the light saturation point (LSP)
represents the upper limit of the light intensity that the blade can use [29], while the light compensation
point (LCP) reflects the leaf’s utilization of weak light [30]. Our data showed that the LSP of broad-ovate
leaves was higher than that of lanceolate leaves, while the LCP of lanceolate leaves was lower than
that of broad-ovate leaves (Figure 2C). Additionally, given that light can regulate the biosynthesis of
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phytohormones in plants [31], measurements were taken of the phytohormones in the two types of
leaves. As presented in Figure 2D–F, the indole-3-acetic acid (IAA)content of dentate broad-ovate
leaves was significantly higher than that of lanceolate leaves (t-test listed in Table S1), while the contents
of abscisic acid (ABA), gibberellic acid (GA), and zeatin showed no obvious difference between the
two types of leaves (t-test listed in Table S1). These results indicate that dentate broad-ovate leaves
can efficiently perform photosynthesis under higher intensity light compared with lanceolate leaves,
while the latter exhibits more efficient utilization of weak light. In addition, the difference in the light
microenvironment between the two types of leaves may have an effect on their IAA contents.

2.2. Global Data Analysis of mRNA and lncRNA Expression in Heteromorphic Leaves

To obtain a comprehensive profile of the RNA expression, three biological repeats of lanceolate leaf
(Lan) and dentate broad-ovate leaf (Db) samples were used for RNA-Seq, producing six strand-specific
libraries (Lan_1, Lan_2, Lan_3, Db_1, Db_2, and Db_3). As shown in Table 1, for each replicate, over
160,000,000 raw sequence reads and 24 G raw bases were generated. After raw data trimming, more
than 99,000,000 clean reads and 14.9 G clean bases were generated. The percentage of the GC content
in dentate broad-ovate leaves was a slightly higher than that in lanceolate leaves. Then, the ribosomal
RNA (rRNA) was removed, and nearly 75% of valid reads were mapped to the P. euphratica genome
(https://www.ncbi.nlm.nih.gov/genome/?term=Populus%20euphratica) for each replicate (Table S2).
The value of the Q20 proportion for all replicates wasmore than 99.6% (Table 1). In addition, the value
of all the Pearson correlation coefficients between replicates exceeded 0.95 (Figure S1), indicating that
the data from RNA sequencing were highly reliable.

Table 1. Statistical data of the RNA-seq reads for the six libraries constructed from heteromorphic
leaves of P. euphratica Oliv.

Sample Raw Data Valid Data Q20% Q30% GC Content%

Read Base Read Base

Lan_1 191446580 28.72G 135085944 20.26G 99.70 95.40 43.50

Lan_2 166688106 25.00G 112481178 16.87G 99.75 95.83 43.50

Lan_3 165831618 24.87G 110553910 16.58G 99.64 95.00 43.50

Db_1 163034286 24.46G 99461962 14.92G 99.68 95.73 44

Db_2 165850472 24.88G 111601846 16.74G 99.66 94.90 44

Db_3 172292388 25.84G 118538356 17.78G 99.65 95.60 44

Lan, lanceolate leaves; Db, dentate broad-ovate leaves; Q20%, proportion of the data for which quality values were
greater than Q20 in the raw data; Q30%, proportion of the data for which quality values were greater than Q20 in
the raw data.

After the sequences were assembled, a total of 36,492 genes (31,392 in Lan_1, 31,293in Lan_2,
31,410 in Lan_3, 31,399 in Db_1, 31,307 in Db_2, and 31,543 in Db_3) were obtained from the six libraries
(Table 2). Correspondingly, a total of1725 lncRNAs (1095 in Lan_1, 1164 in Lan_2, 1166 in Lan_3, 1189 in
Db_1, 1153 Db_2, and 1193 in Db_3) were generated through the screening process. Except for a few
genes that were specifically expressed in different samples, 26,106 genes were expressed in all replicates
of heteromorphic leaves, and 606 lncRNAs were identified in all of these replicates (Figure 3A).
The regulatory effect of a lncRNA is usually associated with its relative position to a protein-coding
gene [15]. Accordingly, the lncRNAs identified in the two types of leaves were divided into five
categories: intergenic lncRNA (coded as u), intronic lncRNA (coded as i), bidirectional lncRNA (coded
as j), sense lncRNA (coded as o), and antisense lncRNA (coded as x). Figure 3B showed that intergenic
lncRNA was the largest component, accounting for almost half of all lncRNAs in the two heteromorphic
leaves. The investigation of the sequence length demonstrated that 82% of protein-coding transcripts
were longer than 1000 bp, while only a small portion of lncRNAs (21%) was longer than 1000 bp

https://www.ncbi.nlm.nih.gov/genome/?term=Populus%20euphratica
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(Figure 4A). This suggests that lncRNAs are shorter than protein-coding transcripts in P. euphratica.
Moreover, compared with the protein-coding transcripts, lncRNAs contained fewer exons, 72% of
which contained only one exon, while most of the protein-coding transcripts (79%) had more than two
exons (Figure 4B). We further found that the length of open reading frames (ORFs) in 85% of lncRNAs
were shorter than 100 aa, while those in only 8% of protein-coding transcripts were shorter than
100 aa, indicating longer ORFs in protein-coding transcripts compared with lncRNAs (Figure 4C,D).
These results showed the differential expression pattern between protein-coding transcripts and
lncRNAs in P. euphratica.

Table 2. Statistics of genes and lncRNAs expressed in the six libraries constructed from
heteromorphic leaves.

Sample Lan_1 Lan_2 Lan_3 Db_1 Db_2 Db_3 Total

Expressed Gene 31,392 31,293 31,410 31,399 31,307 31,543 36,492
Expressed lncRNA 1095 1164 1166 1189 1153 1193 1725

Lan, lanceolate leaves; Db, dentate broad-ovate leaves.
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Figure 3. Status of genes and lncRNAs expressed in the six libraries. (A) Flower plot showing the
numbers of genes and lncRNAs identified in the six libraries, (B) proportion of the different types of
lncRNAs in the six libraries. Lan, lanceolate leaves; Db, dentate broad-ovate leaves. i (intronic lncRNA),
j (bidirectional lncRNA), o (sense lncRNA), u (intergenic lncRNA), x (antisense lncRNA).
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Figure 4. Comparisons of properties and differentially expressed mRNAs and lncRNAs between two
heteromorphic leaves in P. euphratica. (A) Transcript length distribution of protein-coding transcripts
and lncRNAs, (B) exon number of protein-coding transcripts and lncRNAs, (C) statistics of ORF length
in protein-coding transcripts, (D) statistics of ORF length in lncRNAs, (E) the number of differentially
expressed genes, (F) distribution of differentially expressed genes, (G) the number of differentially
expressed lncRNAs, (H) distribution of differentially expressed lncRNAs. ORF, open reading frame;
DEG, differentially expressed gene; DEL, differentially expressed lncRNA; Lan, lanceolate leaves; Db,
dentate broad-ovate leaves.



Int. J. Mol. Sci. 2019, 20, 5148 9 of 24

2.3. Identification of Differentially Expressed Genes and lncRNAs

To investigate the differences in the expression level of genes and lncRNAs between lanceolate and
dentate broad-ovate leaves, the fragments per kilobase per million mapped reads (FPKM) method was
used to measure the expression level. Genes or lncRNAs with |log2 (fold change)|≥ 1 and with statistical
significance (p-value < 0.05) were considered as differentially expressed genes (DEGs) or differentially
expressed lncRNAs (DELs). Comparing dentate broad-ovate leaves with lanceolate leaves, a total of
586 DEGs (Additional file 1) were discovered, including 306 upregulated DEGs and 280 downregulated
DEGs (Figure 4E,F). Moreover, 28 upregulated DELs and 26 downregulated DELs were found in the
comparison (Figure 4G,H), so the total number of DELs was less than that of DEGs. Gene Ontology
(GO) annotation was further applied to evaluate the functions of DEGs which were classified into
“biological process”, “cellular component” and “molecular function” categories (Figure 5A). There are
functional differences between lanceolate leaves and dentate broad-ovate leaves in responding to the
microenvironment. To decipher biological processes that involved in response to the microenvironment,
GO enrichment of DEGs was performed. A number of DEGs were identified to be associated with
“protein serine/threonine kinase activity” and “extracellular region” which could accept signals from
receptors that perceive microenvironment and transform it into proper outputs such as regulation in
metabolism. As the results of the enrichment analysis of GO annotation of DEGs shown in Figure 5B,
DEGs were mainly significantly enriched in “protein serine/threonine kinase activity” (33 DEGs) and
“extracellular region” (30 DEGs) GO terms. Furthermore, by performing the enrichment analysis of
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, a number of DEGs related to amino
acid metabolism, secondary metabolism, plant-pathogen interaction were identified in the two types
of leaves, which could be involved in metabolism regulation and signal transduction of response to
microenvironment in heteromorphic leaves. As shown in Figure 5C, DEGs were primarily significantly
enriched in “plant–pathogen interaction”(36 DEGs);“tyrosine metabolism”(11 DEGs); “isoquinoline
alkaloid biosynthesis”(10 DEGs); and “glycine, serine, and threonine metabolism”(10 DEGs) pathways.
These results indicate that genes are differentially expressed between the two types of heteromorphic
leaves, which could be mainly involved in protein serine/threonine kinase activity, amino acid
metabolism, secondary metabolism, and plant–pathogen interaction pathways in responding to the
microenvironment in P.euphratica.
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Figure 5. GO and KEGG pathways analysis of differentially expressed genes and target genes between
two heteromorphic leaves in P. euphratica. (A) GO annotation of differentially expressed genes between
lanceolate and dentate broad-ovate leaves, (B) statistics of GO enrichment of differentially expressed
genes, (C) statistics of KEGG pathway enrichment of differentially expressed genes. (D) statistics of GO
enrichment of differentially expressed target genes of differentially expressed lncRNAs, (E) statistics of
KEGG pathway enrichment of differentially expressed target genes of differentially expressed lncRNAs.
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2.4. Identification of Differentially Expressed lncRNA-mRNA Interaction Pairs

To determine the function of differentially expressed lncRNAs and their potential target mRNAs,
interaction pairs of lncRNAs and mRNAs were predicted based on cis-acting and trans-acting regulation
patterns. The results showed that 487 differentially expressed mRNA were identified as potential targets
for the 50 differentially expressed lncRNAs in heteromorphic leaves of P. euphratica (Additional file
2). Then, based on the enrichment analysis of GO annotation, we identified a number of target genes
associated with ion homeostasis and protein phosphorylation, which are essential for plant growth
regulation and environmental response. As shown in Figure 5D, the differentially expressed target genes
were mainly enriched in “transition metal ion binding”, “cellular transition metal ion homeostasis”,
and “protein phosphorylation” GO terms. Furthermore, by performing the enrichment analysis of the
KEGG pathway, a number of target genes related to signal transduction, photosynthesis, and plant circadian
rhythm were identified in heteromorphic leaves, which may play important roles in responding to the
microenvironment, especially the light environment. As shown in Figure 5E, the target genes were
mainly enriched in the “spliceosome”, “phosphatidylinositol signaling system”, “circadian rhythm−plant”,
and “photosynthesis−antenna proteins” pathways. These results demonstrate that the differentially
expressed lncRNA–mRNA interaction pairs may participate in photosynthesis and plant circadian rhythm
pathways which could be affected by the light condition, to respond to the microenvironment.

2.5. Interaction of lncRNAs and Target Genes Response to Microenvironment of Heteromorphic Leaves

lncRNAs could be involved in the response to different microenvironments through regulating
their potential target genes. Based on the functional enrichment of target genes described above,
we focused on the differentially expressed target genes related to light, stress response, protein repair,
and growth and development functional clusters (Additional file 3). Furthermore, in order to visualize
the interaction relationship, networks were constructed by using Cytoscape software (Figure 6).
Among the interactions, most of the potential target genes were regulated by several lncRNAs, while
very few genes were merely potentially regulated by one lncRNA.

Given that there were significant differences in light intensity between the two heteromorphic
leaves (Figure 2), we therefore analyzed the lncRNA–mRNA interaction pairs involved in the response
to light. In this functional cluster, five differentially expressed genes were predicted as the target
genes of 26 differentially expressed lncRNAs, and their expression changes showed both positive
and negative correlation relationships in the interactions (Additional file 3). Among these five target
genes, two genes (LOC105130000 and LOC105121245) involved in the wax biosynthesis process were
obviously upregulated, and one gene (LOC105112019) involved in xanthophyll cycle-dependent
photoprotection was upregulated; the remaining two genes (LOC105113472 and LOC105116063)
associated with antenna proteins of photosynthesis were down-regulated. Furthermore, we found that
LOC105130000 (3-ketoacyl-CoA synthase 11-like) was regulated by only one DEL (MSTRG.25118.1),
while other genes interacted with more than nine DELs (Figure 6A).

To acclimatize to various living environments, plants, as sessile organisms, have evolved accurate
and complex stress response mechanisms over their long-term evolution. As to the cluster of stress
response, four genes related to stress response were significantly upregulated, including LOC105128875
(peptidyl-prolyl cis-trans isomerase), LOC105116349 (WRKY transcription factor 6-like), and genes
(LOC105139996 and LOC105141847) of two leucine-rich repeat receptor-like protein kinases, which were
identified as the putative target genes of 22 differentially expressed lncRNAs (Additional file 3). Each of
these up-regulated genes was targeted by at least five DELs (Figure 6C). In addition, the protein repair
system is important for plants to sustain their normal functions under disadvantageous conditions,
such as the high-light and high-temperature environments which dentate broad-ovate leaves may
encounter (Figure 2A,B). For the interactions of protein repair, 3 up-regulated genes (LOC105123158,
LOC105122307, and LOC105128901) closely interacted with 18 differentially expressed lncRNAs
(Additional file 3), 11 of which were up-regulated and 9 were down-regulated in the comparison
of dentate broad-ovate to lanceolate leaves (Figure 6B). Moreover, all three upregulated genes were
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involved in the cysteine and methionine metabolism pathway, which plays a vital role in repairing
reversible modifications of proteins in plants.

Genes related to phytohormones and circadian rhythm, which can regulate the growth and
development of plants, may play important roles in the regulation of heteromorphic leaves. In terms
of the growth and development cluster, four differentially expressed genes associated with the growth
and development process closely interacted with 17 differentially expressed lncRNAs (Figure 6D).
Among these protein-coding genes, one AUX/IAA gene (LOC105129495) and two CONSTANS-LIKE
genes (LOC105142529 and LOC105110021) were up-regulated, while one CONSTANS-LIKE gene
(LOC105123992) was down-regulated (Additional file 3).Int. J. Mol. Sci. 2019, 20, x 12 of 25 
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nodes represent differentially expressed lncRNAs and differentially expressed target genes, respectively.
The red and blue square nodes represent upregulated and downregulated genes, respectively. Details of the
interaction relationships among lncRNAs and target protein-coding genes are shown in Additional file 3.

2.6. Validation of qRT-PCR

Based on functional analysis of target genes and lncRNAs, 10 DEGs and 10 DELs were randomly
selected for qRT-PCR validation using the same samples as for RNA-seq to confirm the data of gene and
lncRNA expression. The primers of DEGs and DELs are exhibited in Table S3. The expression levels
of seven target genes (LOC105121245, LOC105112019, LOC105122307, LOC105116349, LOC105129495,
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LOC105142529, and LOC105110021) that relate to the biosynthesis of wax, photoprotection, growth and
development process, and stress response were higher in dentate broad-ovate leaves than in lanceolate
leaves. The expression of two genes (LOC105113472 and LOC105116063) of chlorophyll a/b-binding protein,
which is associated with light energy capture in photosynthesis, and a COL 6 gene were markedly lower in
dentate broad-ovate leaves compared with lanceolate leaves (Figure 7A). In addition, the expression levels
of six candidate lncRNAs were significantly higher in dentate broad-ovate leaves than in lanceolate leaves,
whereas the remaining four candidate lncRNAs exhibited lower expression levels in dentate broad-ovate
leaves compared with lanceolate leaves (Figure 7B). Overall, the results showed that the expression profiles
of the candidate genes and lncRNAs obtained from qRT-PCR analysis were relatively consistent with those
from the high-throughput RNA sequencing (Figure 7A,B). Additionally, a significantly positive correlation
was found in the linear regression analysis between the expression changes (DEGs and DELs) determined
by lncRNA-seq and qRT-PCR (Figure 7C). These results indicate that the profiles of gene and lncRNA
expression from high-throughput RNA sequencing are reliable, and they further confirm the differences
in biosynthesis of wax, photoprotection, light-harvesting, growth and development process, and stress
response between the two heteromorphic leaves.Int. J. Mol. Sci. 2019, 20, x 14 of 25 
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gene interactions, (C) coefficient analysis for expression fold change of the validation candidates from
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Int. J. Mol. Sci. 2019, 20, 5148 14 of 24

3. Discussion

3.1. Heteromorphic Leaves Exhibit Different Morphological and Physiological Features to Respond to the
Heterogeneous Microenvironments

Leaf variations induced by phenotypic plasticity play a crucial part in environmental adaptation
and resource utilization for plants [32]. When leaf variations occur within a single plant, this is known
as heterophylly [1]. Although single-plant heteromorphic leaves form within the same environmental
habitat, their respective microenvironments may vary along the longitudinal axis of the plant [3].
Previous studies found that in some aquatic and amphibious plants, heteromorphic leaves evolved as a
survival strategy, where the different relative positions to the water surface caused microenvironmental
heterogeneity [2,8]. These heteromorphic leaves exhibit differences not only in leaf shape but also in
morphological and physiology features [7]. In terrestrial plants, microenvironmental heterogeneity
also exists, but it is not as obvious as that of aquatic and amphibious plants [1]. Even so, heterophylly
has also evolved in some terrestrial plants, especially woody plants such as P. euphratica [9], Syringa
oblate [11], and G. biloba [10]. In the present study, we found that the shapes of lanceolate and dentate
broad-ovate leaves in P. euphratica were quite different (Figure 1A). We further showed that, compared
with lanceolate leaves, dentate broad-ovate leaves were exposed to higher solar radiation due to
their upper canopy position (Figure 2A).Further, the leaf temperature of dentate broad-ovate leaves
was also higher than lanceolate leaves in the daytime (Figure 2B), which may be influenced by the
different intensities of solar radiation on the blades, indicating that environmental heterogeneity exists
in heteromorphic leaves of P. euphratica.

Microenvironmental changes may bring about variations of leaves, both in terms of morphology
and physiology [7,33]. TATTINI et al. demonstrated that trichomes are efficient at attenuating excess
solar irradiance [34]. In the present study, trichomes were mainly observed on the epidermis of dentate
broad-ovate leaves (Figure 1B,C), which could protect this type of leaf from the high solar radiation
at midday. Previously, decreased stomatal length and increased stomatal density were observed in
alfalfa under adverse environmental conditions [35]. Here, we found that, compared with lanceolate
leaves, the stomata size was smaller and the stomata density was higher in dentate broad-ovate leaves
(Figure 1H,I), which may be conducive to efficiently regulating water loss by transpiration, especially
under the relatively higher light intensity and temperature conditions. It has also been reported that
increased SLW and leaf thickness are regarded as a response to high light radiation [11,36], which
was also observed in the dentate broad-ovate leaves in our study. Conversely, a lower SLW usually
exists in shade plants as a shade tolerance strategy [37]. For example, the SLW of shade trees was
found to be significantly lower than that of sun trees in Syringa oblata [11]. Similarly, we found that
the SLW was lower in lanceolate leaves compared with dentate broad-ovate leaves, indicating that
the investment per unit of light capture surface area of these bottom leaves was less than that of
the top leaves in P. euphratica. In addition, by comparing five contrasting trees species, Urban et al.
found that sun trees had significantly higher maximum net photosynthetic rates than shade trees [38].
Through the investigation of trends in net photosynthetic rate of the two heteromorphic leaves in
different light intensities (Figure 2C), we found that higher intensity light could be utilized in dentate
broad-ovate leaves compared with lanceolate leaves. These results suggest that heteromorphic leaves
exhibit differences in morphological and physiological properties as a response to the heterogeneous
microenvironment of P. euphratica, which may be a delicate survival mechanism for this heterophyllous
woody plant.

3.2. Differential Expression Pattern of Genes and lncRNAs in Heteromorphic Leaves

It has been reported that gene expression regulation plays a crucial role in environmental
adaptation in plants [39,40]. Recently, the expression pattern of lncRNA and its regulatory functions
have received more attention, and some research has demonstrated that lncRNAs can regulate
the expression of target genes involved in the response of plants to their surroundings [22,41,42].
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Our high-throughput RNA sequencing results revealed that nearly 120,000,000 and 110,000,000 valid
data were generated from lanceolate leaves and dentate broad-ovate leaves in P. euphratica, respectively
(Table 1). The abundant valid data provided by the high-throughput sequencing allowed us to
comprehensively survey gene and lncRNA expression in heteromorphic leaves, and 36,492 genes
and 1725 lncRNAs were detected in P. euphratica (Table 2). The number of lncRNAs obtained in this
research was more than that which was determined in Populus tomentosa [21], which may be due to
species-specific of lncRNA. We found that lncRNAs possess a shorter transcript length and fewer
exons compared with protein-coding transcripts in P. euphratica (Figure 4A,B), which are findings that
are similar to previous results for other species, such as Cleistogenes songorica [42], Ginkgo biloba [43],
and Medicago truncatula [44]. Previously, He et al.identified6822 differentially expressed genes between
different samples of Potamogeton octandrus, a heterophyllous aquatic plant [4]. In our investigation,
586 differentially expressed genes and 54 differentially expressed lncRNAs were identified between the
two heteromorphic leaves (Figure 4E,G), implying their specific expression pattern in P. euphratica,
which may contribute to the response to environmental heterogeneity of these two heteromorphic
leaves distributed in different layers of the canopy in P. euphratica.

3.3. lncRNA–mRNA Interaction Involved in Response to Light

Plant leaves absorb light for photosynthesis, but there are differences in terms of the light intensity
on leaves in different layers of the canopy [45]. Similarly, this situation was also found in the present
study of P. euphratica (Figure 1), where the light intensity on the top canopy was much higher than that
on the bottom canopy. Notably, excess light may damage leaves. To maintain normal physical activity,
plants have evolved some protection systems to respond to high light intensity [46,47]. For example,
cuticular waxes serve as the first barrier protecting leaves from excess radiation, which could limit
light transmittance [48], and mainly consist of very long-chain hydrocarbon compounds [49,50].
Biosynthesis of cuticular waxes starts from fatty acid (FA) elongation, which is regulated by the
rate-limiting enzyme 3-KETOACYL-CoA SYNTHASE (KCS) [51]. Previous research indicated that
leaf wax crystal formation is positively correlated with the expression level of the KCS gene in
rice [52]. In this study, we found that the expression of KCS (LOC105130000), targeted by lncRNAs
(MSTRG.21896.1 and MSTRG.25118.1) (Figure 6A), was obviously upregulated, which may increase the
content of cuticular waxes in dentate broad-ovate leaves. Moreover, the encoding gene (LOC105121245)
of protein ECERIFERUM 3 (CER3), which has been proven to promote the biosynthesis of leaf wax
after the FA elongation process [53], was also upregulated in dentate broad-ovate leaves and was
targeted by differentially expressed lncRNAs (MSTRG.20637.1, MSTRG.4764.1, MSTRG.20656.1, etc.)
(Figure 6A). Consistent with previous investigations of the molecular mechanism and function of
cuticular wax [54,55], the expression levels of these genes (LOC105130000 and LOC105121245) related
to wax biosynthesis were obviously up-regulated in dentate broad-ovate leaves. Therefore, we propose
that the increase of wax biosynthesis could be one form of plant photoprotection mechanism in
P. euphratica.

For higher plants, xanthophyll cycle-dependent photoprotection is an efficient pathway to dissipate
surplus light energy to avoid photodamage [56], and zeaxanthin epoxidase serves as the rate-limiting
enzyme in the xanthophyll cycle [57]. Here, the expression of the encoding gene (LOC105112019) of
zeaxanthin epoxidase was significantly up-regulated in dentate broad-ovate leaves (Additional file 3),
suggesting that this type of leaf may have advantages in the xanthophyll cycle to dissipate excess
radiation (Figure 8). In addition, the available light resources for lanceolate leaves are limited due to
their distribution on the bottom of the canopy. Thus, they need to capture as much light as possible
to perform photosynthesis. Regarding Arabidopsis, Umate et al. reported that the antenna protein is
known to play a vital role in light harvesting for photosynthesis [58]. In the present study, two encoding
genes (LOC105113472 and LOC105116063) of the chlorophyll a/b-binding protein, which is a type of
antenna protein in plants [58], were both found to be upregulated in lanceolate leaves. This result
indicates that lanceolate leaves may be more efficient at light harvesting, which helps them make
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full use of the lower solar radiation (Figure 8). Together, these results suggest that the xanthophyll
cycle and light-harvesting systems are enhanced in dentate broad-ovate leaves and lanceolate leaves,
respectively, to respond to their light microenvironment.Int. J. Mol. Sci. 2019, 20, x 17 of 25 
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3.4. lncRNA–mRNA Interaction Involved in Response to Adverse Environment

Commonly, high-light and high-temperature conditions lead to excess ROS accumulation in
leaves and further cause oxidative stress [59]. Oxidative stress may lead to deleterious modifications
of proteins [60], which can be classified into reversible and irreversible forms [61,62], but plants have
evolved protective systems that allow them to repair these modifications. Reversible modifications
merely occur in methionine and cysteine, since these two sulfur-containing amino acids can be
reduced by a cellular antioxidative process [63]. In the present study, the expression levels of three
crucial protein-coding genes (LOC105123158, LOC105122307, and LOC105128901) in cysteine and
methionine metabolism pathways were all significantly upregulated in dentate broad-ovate leaves,
which endure high-light and high-temperature conditions, and potentially targeted by interaction
DELs (MSTRG.3331.1, MSTRG.6124.1, MSTRG.20656.6, etc.) (Figure 6B). Taken together, we conclude
that cysteine and methionine metabolism may play an important role in heteromorphic leaves of P.
euphratica to deal with reversible protein modification.

Under adverse environmental conditions, peptidyl-prolyl cis-trans isomerase, a heat-induced
enzyme, can assist plants to maintain the protein’s natural conformation [64,65]. In the present study,
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our results showed that the expression of the encoding gene (LOC105128875) of peptidyl-prolyl
cis-trans isomerase was significantly upregulated in dentate broad-ovate leaves, which withstand
higher temperatures in the upper canopy, indicating that this enzyme may be crucial for dentate
broad-ovate leaves to maintain the protein’s natural conformation. Previously, the plant-specific
transcription factor family WRKY was identified to be the vital transcription factor that regulates abiotic
stress tolerance in plants at the post-transcriptional level [66]. It was observed that overexpression
of WRKY 39, a heat-induced WRKY member, enhances thermotolerance in transgenic Arabidopsis
thaliana [67]. In our study, the expression level of the gene WRKY transcription factor 6 (LOC105116349)
was obviously increased indentate broad-ovate leaves, indicating that WRKY 6 may be induced
by high-radiation and/or high-temperature environments. Furthermore, it was reported that
lncRNA–mRNA interactions were involved in responses to some adverse conditions in plants [22,68].
By further analysis of lncRNA–mRNA interaction, we found that the expression levels of two
encoding genes (LOC105139996 andLOC105141847) of leucine-rich repeat receptor-like protein kinases
(LRR-RLKs), which are involved in plant stress responses [69,70], were both increased in dentate
broad-ovate leaves. The above results indicate that the interaction of these DELs and their targets
could play a crucial role in the response to adverse environments in dentate broad-ovate leaves of P.
euphratica. Thus, we propose that a higher tolerant ability is exhibited in dentate broad-ovate leaves
under adverse environmental conditions compared with lanceolate leaves (Figure 8), which agrees
with previous investigations of heteromorphic leaves of P. euphratica [9,26,71].

3.5. lncRNA–mRNA Interaction Involved in Growth and Development

Light is not only an energy resource for plants but also a crucial environmental signal influencing
plant growth and development [72]. Light signals can affect the circadian rhythm of plants to regulate
their growth and development [73]. In this process, CONSTANS-LIKE (COL) is a vital modulator for
the connection between the light signal and circadian clock to form a control for plant development.
In this study, the expression of COL 2 (LOC105142529) and COL 11 (LOC105110021) were significantly
increased in dentate broad-ovate leaves, while the expression level of COL 6 (LOC105123992) was
downregulated. The further phylogenetic analysis showed that there was a close phylogenetic
relationship between COL 2 and COL 11, whereas COL 6 was distantly phylogenetically related to
them (Figure S2), implying that there are differences in their biological functions. Previous studies
have demonstrated that COL transcription factors can regulate the growth and development process
of flowers [74] and roots [75]. In contrast, we found that these COL genes were differentially expressed
in heteromorphic leaves, suggesting that the regulators of circadian rhythm may also influence the
growth and development of heteromorphic leaves induced by light heterogeneity in P. euphratica
(Figure 8). Furthermore, it was reported that light could affect the biosynthesis of phytohormones [31].
For example, the Auxin IAA, the biosynthesis of which is affected by light conditions, could participate
in the growth and development processes of plants [76]. In our investigation, the examination of
phytohormones showed that the auxin content was significantly higher in dentate broad-ovate leaves
than in lanceolate leaves (Figure 2D). Moreover, the analysis of the RNA-sequence showed that the
expression of the AUX/IAA gene (LOC105129495) was significantly increased in dentate broad-ovate
leaves, which was targeted by DELs (MSTRG.6124.1, MSTRG.5613.1, etc.) (Figure 6D). Overall, these
results imply that the circadian rhythm and the auxin signaling pathway, which are induced by light
signals, may be involved in the growth and development of heteromorphic leaves in P.euphratica.

4. Materials and Methods

4.1. Plant Materials

The samples used in this study were collected from adult P. euphratica Oliv. trees growing
under natural conditions at Beijing Forestry University, northwestern Beijing, China. P. euphratica
simultaneously generate numerous types of leaf shapes within an individual plant, and the two typical
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heteromorphic leaves located at the bottom and the top of the crown are lanceolate leaves and dentate
broad-ovate leaves (Figure 1A), referred to as Lan and Db samples, respectively, in our study. All of
the leaves obtained from every tree were healthy, mature, and unbroken.

4.2. Measurement of Leaf Morphological and Physiological Features

To survey the SLW of the heteromorphic leaves (Figure 1A), 15 blade discs with a given area per
piece were obtained from mature and integrated leaves by a borer. Then, these blade discs were dried
at 60 ◦C for 30 h, after which constant weight determination was conducted with an electron balance.
The SLW was calculated by dividing the leaf dry weight by the relevant leaf area (g/m2) [77]. The two
heteromorphic leaf tissues were collected from three P. euphratica and prepared, then scanned and
imaged by a Phenom Pro (Phenom, Netherlands) scanning electron microscope. Measurement was
conducted in nine replicates.

Photosynthetic rates of heteromorphic leaves in different light intensities were measured by a
LI-COR 6400 Portable Photosynthesis System (Li-Cor Inc., Lincoln, NE, USA) with an LED 2×3 red and
blue light chamber. The light intensities of the measurements were separately set to 0, 50, 100, 200, 300,
400, 500, 700, 900, 1100, 1300, 1500, and 1800 µmoL·m−2

·s−1. The solar radiation intensity on the leaf
and the leaf temperature in the daytime were determined using a LI-COR 6400 Portable Photosynthesis
System (Li-Cor Inc., Lincoln, NE, USA). Phytohormone extraction and purification of heteromorphic
leaves were conducted according to the method of Atici et al. [78]. Then, extracts were injected into an
Agilent 1100 HPLC-MS/MS system (Agilent Technologies, Böblingen, Germany) to determine auxin
(IAA), abscisic acid (ABA), gibberellic acid (GA), and zeatin contents. Experiments were performed in
five to nine replicates.

4.3. cDNA Library Construction and SEQUENCING

Total RNA was extracted from the two heteromorphic leaves of P. euphratica using Trizol reagent
(Invitrogen, CA, USA) following themanufacturer’s instructions. A Bioanalyzer 2100 and an RNA
6000 Nano LabChip Kit (Agilent, Palo Alto, CA, USA) were used for testing the total RNA quantity and
purity. Approximately 10µgof total RNA was used to deplete rRNA according to the instructionsfor
the Epicentre Ribo-Zero Gold Kit (Illumina, San Diego, CA, USA). After purification, the poly(A)- or
poly(A)+ RNA fractions were fragmented into small pieces using divalent cations. Then, the cleaved
RNA fragments were reverse-transcribed to generate the final cDNA library following the protocol for
the mRNA-Seq sample preparation kit (Illumina, San Diego, CA, USA). The average insert size for
the paired-end libraries was 300 bp (±50 bp). After that, paired-end sequencing was conducted with
anIllumina Hiseq 4000. Three biological repeats were used in the construction of the libraries.

4.4. Transcripts Assembly

First, Cutadapt [79], was used to remove the reads that contained adaptor contamination,
undetermined bases, and low-quality bases. Sequence quality was then identified by FastQC (http:
//www.bioinformatics.babraham.ac.uk/projects/fastqc/). Bowtie2 [80] and topaht2 [81] were used to
map reads to the genome of P. euphratica (https://www.ncbi.nlm.nih.gov/genome/?term=Populus%
20euphratica). The assembly of mapped reads and the mergence of all transcriptomes from samples
were both performed by using StringTie software [82]. After the transcriptome was generated,
StringTie [82] and Ballgown [83] were used to evaluate the expression levels of all transcripts. All raw
data of high-throughput sequencing have been deposited to the National Genomics Data Center
(https://bigd.big.ac.cn) with the dataset accession number CRA002027.

4.5. lncRNA Identification

Firstly, transcripts less than 200 bp and transcripts that overlapped with known mRNAs were
discarded. Then, the Coding Potential Calculator (CPC) package [84] and the Coding-Non-Coding
Index (CNCI) tool [85] were applied to predict the coding potential of transcripts, so that transcripts
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with a CPC score <−1 and a CNCI score <0 were removed. Furthermore, the transcripts were filtered
by the Coding-Potential Assessment Tool(CPAT) [86], with the default setting, and the Pfam [87]
database, with an E-value <0.001. Finally, the remaining transcripts were considered as lncRNAs and
categorized into different groups based on their genomic location.

4.6. Different Expression Analysis of mRNAs and lncRNAs

The expression level for mRNAs and lncRNAs was represented as FPKM (Fragments per kilobase
of exon model per million mapped reads) [88] using StringTie [82]. The DEGs and DELs were confirmed
with |log2 (fold change)|≥1 and with statistical significance (p < 0.05) using the R package Ballgown [83].

4.7. Target Gene Prediction of lncRNAs and Establishment of Coexpression Networks

To explore the function of lncRNAs, in our study, DELs and DEGs were predicted as a cis–action
relationship pair if they were no more than 100 kb genomic distance and coexpressed because lncRNAs
can play a cis role acting on neighboring target genes [89].Further, trans–action relationship pairs
between DELs and DEGs were identified based on sequence complementarity [90]. To visualize
the interaction between lncRNAs and target protein-coding genes, Cytoscape software was used to
establish the networks of lncRNAs and target genes [91].

4.8. Functional Classification of DEGs and the Target DEGs of DELs

Functional annotation was performed by GO (http://geneontology.org) annotation, by which genes
were classified into biological process, molecular function, and cellular component classifications [92].
Then, GO terms were analyzed with GOseq software to obtain enriched GO terms [93]. The KEGG
resource (http://www.genome.jp/kegg/) was adopted for functional classification of genes [94], after
which KEGG pathway enrichment analysis was performed with KOBAS [95].

4.9. qRT-PCR Validation of lncRNA and Gene Expression Level

To verify the results of high-throughput RNA-seq, quantitative real-time polymerase chain
reaction (qRT-PCR) was conducted. Total RNA was extracted from lanceolate and dentate broad-ovate
leaves, separately, using the Plant RNA Kit (Beijing XinBaiAo biotechnology company, Beijing, China).
Then, the sequence was reverse- transcribed into cDNA by FastQuant RT Super Mix (TIANGEN,
Beijing, China). Ten lncRNAs and ten target genes were randomly selected to be verified; then, Primer
Premier 5.0 software was adopted to design the gene-specific primers (GSPs). The reaction of qRT-PCR
was performed with MiniOpticon Two-Color Real-Time PCR Detection System (BIO-RAD, USA), using
SuperReal PreMix Plus (TIANGEN, Beijing, China). All reactions were carried out in three replicates,
following two-step cycling conditions: 95 ◦C for 10 min, then 45 cycles of 95 ◦C for 10 s and 60 ◦C for
30 s. The histone superfamily protein H3 (HIS) and ribosomal L27e protein family (RP) were selected
as the internal control for normalizing the results [96], and the lanceolate leaves were considered as the
reference sample, the value of which was set to 1. The relative expression levels of candidates were
calculated by the comparative cycle threshold method [97].

4.10. Statistical Analysis

Statistical Product and Service Solutions (SPSS) 19 program was used to conduct all statistical
analyses of data, and data are presented as mean ± SD. The significant differences between means (p <

0.05) were examined by t-tests. Diagrams were produced by either Excel 2007 or OriginPro 8.0.

5. Conclusions

In this study, we analyzed morphological features coupled with lncRNA expression profiles
and regulation of target genes of the two typical heteromorphic leaves, which develop in different
layers of the canopy in P. euphratica. Our findings showed that, compared with lanceolate leaves,
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dentate broad-ovate leaves exhibit morphological traits in response to higher solar radiation.
Furthermore, the interactions of candidate DELs and target DEGs associated with the response
to environmental heterogeneity were determined, suggesting the greater tolerance to high-light or
other adverse environmental conditions of dentate broad-ovate leaves and the advantage of lanceolate
leaves in light capture for photosynthesis. In addition, AUX/IAA and COL genes might play important
roles in the growth and development of heteromorphic leaves which may be affected by the light
microenvironment in P. euphratica. These findings may provide new insights into heterophylly in
plants, especially as they decipher the potential molecular mechanisms of environmental responses in
heterophyllous woody plants.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/20/
5148/s1.

Author Contributions: Conceptualization, Y.Z. and C.Z.; investigation, M.Z.; resources, M.Z. and S.H.; data
curation, S.H.; writing—original draft preparation, M.Z.; writing—review and editing, M.Z., Y.L., and Y.Z.;
visualization, L.H.; supervision, Y.Z.; project administration, Y.Z.; funding acquisition, Y.Z.

Funding: This work was supported by the Fundamental Research Funds for the Central Universities (BLX201617),
the National Natural Science Foundation of China (31700250, 31870571).

Conflicts of Interest: All the authors agreed on the contents of the paper and post no conflicting interest.

References

1. Nakayama, H.; Nakayama, N.; Nakamasu, A.; Sinha, N.; Kimura, S. Toward elucidating the mechanisms
that regulate heterophylly. Plant Morphol. 2012, 24, 57–63. [CrossRef]

2. Kim, J.; Joo, Y.; Kyung, J.; Jeon, M.; Park, J.Y.; Lee, H.G.; Chung, D.S.; Lee, E.; Lee, I. A molecular basis behind
heterophylly in an amphibious plant, Ranunculus trichophyllus. PLoS Genet. 2018, 14, e1007208. [CrossRef]
[PubMed]

3. Nakayama, H.; Sinha, N.R.; Kimura, S. How Do Plants and Phytohormones Accomplish Heterophylly,
Leaf Phenotypic Plasticity, in Response to Environmental Cues. Front. Plant Sci. 2017, 8, 1777. [CrossRef]
[PubMed]

4. He, D.; Guo, P.; Gugger, P.F.; Guo, Y.; Liu, X.; Chen, J. Investigating the molecular basis for heterophylly in
the aquatic plant Potamogeton octandrus (Potamogetonaceae) with comparative transcriptomics. PeerJ 2018,
6, e4448. [CrossRef] [PubMed]

5. Zotz, G.; Wilhelm, K.; Becker, A. Heteroblasty—A Review. Bot. Rev. 2011, 77, 109–151. [CrossRef]
6. Kordyum, E.; Klimenko, E. Chloroplast ultrastructure and chlorophyll performance in the leaves of

heterophyllous Nuphar lutea (L.) Smith. plants. Aquat. Bot. 2013, 110, 84–91. [CrossRef]
7. Nakayama, H.; Kimura, S. Leaves may function as temperature sensors in the heterophylly of Rorippa

aquatica (Brassicaceae). Plant Signal. Behav. 2015, 10, e1091909. [CrossRef]
8. Li, G.; Hu, S.; Yang, J.; Schultz, E.A.; Clarke, K.; Hou, H. Water-Wisteria as an ideal plant to study heterophylly

in higher aquatic plants. Plant Cell Rep. 2017, 36, 1225–1236. [CrossRef]
9. Hao, J.; Yue, N.; Zheng, C. Analysis of changes in anatomical characteristics and physiologic features of

heteromorphic leaves in a desert tree, Populus euphratica. Acta Physiol. Plant 2017, 39, 160. [CrossRef]
10. Leigh, A.; Zwieniecki, M.A.; Rockwell, F.E.; Boyce, C.K.; Nicotra, A.B.; Holbrook, N.M. Structural and

hydraulic correlates of heterophylly in Ginkgo biloba. New Phytol. 2011, 189, 459–470. [CrossRef]
11. Xiao, H.; Wang, C.; Liu, J.; Wang, L.; Du, D. Insights into the differences in leaf functional traits of

heterophyllous Syringa oblata under different light intensities. J. For. Res. 2015, 26, 613–621. [CrossRef]
12. Ulitsky, I.; Bartel, D.P. lincRNAs: Genomics, Evolution, and Mechanisms. Cell 2013, 154, 26–46. [CrossRef]

[PubMed]
13. Wang, M.; Yuan, D.; Tu, L.; Gao, W.; He, Y.; Hu, H.; Wang, P.; Liu, N.; Lindsey, K.; Zhang, X. Long noncoding

RNAs and their proposed functions in fibre development of cotton (Gossypium spp.). New Phytol. 2015, 207,
1181–1197. [CrossRef] [PubMed]

14. Chekanova, J.A. Long non-coding RNAs and their functions in plants. Curr. Opin. Plant Biol. 2015, 27,
207–216. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/20/20/5148/s1
http://www.mdpi.com/1422-0067/20/20/5148/s1
http://dx.doi.org/10.5685/plmorphol.24.57
http://dx.doi.org/10.1371/journal.pgen.1007208
http://www.ncbi.nlm.nih.gov/pubmed/29447166
http://dx.doi.org/10.3389/fpls.2017.01717
http://www.ncbi.nlm.nih.gov/pubmed/29046687
http://dx.doi.org/10.7717/peerj.4448
http://www.ncbi.nlm.nih.gov/pubmed/29507839
http://dx.doi.org/10.1007/s12229-010-9062-8
http://dx.doi.org/10.1016/j.aquabot.2013.05.013
http://dx.doi.org/10.1080/15592324.2015.1091909
http://dx.doi.org/10.1007/s00299-017-2148-6
http://dx.doi.org/10.1007/s11738-017-2467-9
http://dx.doi.org/10.1111/j.1469-8137.2010.03476.x
http://dx.doi.org/10.1007/s11676-015-0100-6
http://dx.doi.org/10.1016/j.cell.2013.06.020
http://www.ncbi.nlm.nih.gov/pubmed/23827673
http://dx.doi.org/10.1111/nph.13429
http://www.ncbi.nlm.nih.gov/pubmed/25919642
http://dx.doi.org/10.1016/j.pbi.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26342908


Int. J. Mol. Sci. 2019, 20, 5148 21 of 24

15. Ponting, C.P.; Oliver, P.L.; Reik, W. Evolution and Functions of Long Noncoding RNAs. Cell 2009, 136,
629–641. [CrossRef] [PubMed]

16. Kim, E.D.; Sung, S. Long noncoding RNA: Unveiling hidden layer of gene regulatory networks.
Trends Plant Sci. 2012, 17, 16–21. [CrossRef]

17. Di, C.; Yuan, J.; Wu, Y.; Li, J.; Lin, H.; Hu, L.; Zhang, T.; Qi, Y.; Gerstein, M.B.; Guo, Y.; et al. Characterization of
stress-responsive lncRNAs in Arabidopsis thaliana by integrating expression, epigenetic and structural
features. Plant J. 2014, 80, 848–861. [CrossRef]

18. Zhu, Q.H.; Stephen, S.; Taylor, J.; Helliwell, C.A.; Wang, M.B. Long noncoding RNAs responsive to Fusarium
oxysporum infection in Arabidopsis thaliana. New Phytol. 2014, 201, 574–584. [CrossRef]

19. Xu, X.W.; Zhou, X.H.; Wang, R.R.; Peng, W.L.; An, Y.; Chen, L.L. Functional analysis of long intergenic
non-coding RNAs in phosphate-starved rice using competing endogenous RNA network. Sci. Rep. 2016, 6,
20715. [CrossRef]

20. Fan, C.; Hao, Z.; Yan, J.; Li, G. Genome-wide identification and functional analysis of lincRNAs acting as
miRNA targets or decoys in maize. BMC Genom. 2015, 16, 793. [CrossRef]

21. Chen, M.; Wang, C.; Bao, H.; Chen, H.; Wang, Y. Genome-wide identification and characterization of novel
lncRNAs in Populus under nitrogen deficiency. Mol. Genet. Genom. 2016, 291, 1663–1680. [CrossRef]
[PubMed]

22. Deng, F.; Zhang, X.; Wang, W.; Yuan, R.; Shen, F. Identification of Gossypium hirsutum long non-coding
RNAs (lncRNAs) under salt stress. BMC Plant Biol. 2018, 18, 23. [CrossRef] [PubMed]

23. Yuan, J.; Li, J.; Yang, Y.; Tan, C.; Zhu, Y.; Hu, L.; Qi, Y.; Lu, Z.J. Stress-responsive regulation of long non-coding
RNA polyadenylation in Oryza sativa. Plant J. 2018, 93, 814–827. [CrossRef] [PubMed]

24. Cui, J.; Luan, Y.; Jiang, N.; Bao, H.; Meng, J. Comparative transcriptome analysis between resistant and
susceptible tomato allows the identification of lncRNA16397 conferring resistance to Phytophthora infestans
by co-expressing glutaredoxin. Plant J. 2017, 89, 577–589. [CrossRef]

25. Wang, R.; Zou, J.; Meng, J.; Wang, J. Integrative analysis of genome-wide lncRNA and mRNA expression in
newly synthesized Brassica hexaploids. Ecol. Evolut. 2018, 8, 6034–6052. [CrossRef]

26. Liu, Y.; Li, X.; Chen, G.; Li, M.; Liu, M.; Liu, D. Epidermal Micromorphology and Mesophyll Structure of
Populus euphratica Heteromorphic Leaves at Different Development Stages. PLoS ONE 2015, 10, e0137701.
[CrossRef]

27. Zheng, C.; Qiu, J.; Jiang, C.; Yue, N.; Wang, X.; Wang, W. Comparison of stomatal characteristics and
photosynthesis of polymorphic Populus euphratica leaves. Front. For. China 2007, 2, 87–93. [CrossRef]

28. Liu, X.; Chang, Z.; Ma, Y.; Wu, Y. Characteristics of the Fast Chlorophyll Fluorescence Induction Kinetics of
Heteromorphic Leaves in Populus euphratica. J. Desert Res. 2014, 34, 704–711.

29. Chen, Z.Y.; Peng, Z.S.; Yang, J.; Chen, W.Y.; Ou-Yang, Z.M. A mathematical model for describing light-response
curves in Nicotiana tabacum L. Photosynthetica 2011, 49, 467. [CrossRef]

30. Craine, J.M.; Reich, P.B. Leaf-level light compensation points in shade-tolerant woody seedlings. New Phytol.
2005, 166, 710–713. [CrossRef]

31. Zhong, S.; Shi, H.; Xue, C.; Wang, L.; Xi, Y.; Li, J.; Quail, P.H.; Deng, X.W.; Guo, H. A Molecular Framework of
Light-Controlled Phytohormone Action in Arabidopsis. Curr. Biol. 2012, 22, 1530–1535. [CrossRef] [PubMed]

32. Ramírez-Valiente, J.A.; Sánchez-Gómez, D.; Aranda, I.; Valladares, F. Phenotypic plasticity and local
adaptation in leaf ecophysiological traits of 13 contrasting cork oak populations under different water
availabilities. Tree Physiol. 2010, 30, 618–627. [CrossRef] [PubMed]

33. Mojzes, A.; Kalapos, T.; Virágh, K. Plasticity of leaf and shoot morphology and leaf photochemistry for
Brachypodium pinnatum (L.) Beauv. growing in contrasting microenvironments in a semiarid loess forest-steppe
vegetation mosaic. Flora Morphol. Distrib. Funct. Ecol. Plants 2003, 198, 304–320. [CrossRef]

34. Tattini, M.; Gravano, E.; Pinelli, P.; Mulinacci, N.; Romani, A. Flavonoids accumulate in leaves and glandular
trichomes of Phillyrea latifolia exposed to excess solar radiation. New Phytol. 2000, 148, 69–77. [CrossRef]

35. Guo, P.; Wei, H.; Zhang, W.; Bao, Y. Physiological Responses of Alfalfa to High-level Salt Stress: Root Ion
Flux and Stomatal Characteristics. Int. J. Agric. Biol. 2015, 18, 125–133. [CrossRef]

36. Cohu, C.M.; Muller, O.; Adams, W.W., III; Demmig-Adams, B. Leaf anatomical and photosynthetic acclimation
to cool temperature and high light in two winter versus two summer annuals. Physiol. Plant 2014, 152,
164–173. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19239885
http://dx.doi.org/10.1016/j.tplants.2011.10.008
http://dx.doi.org/10.1111/tpj.12679
http://dx.doi.org/10.1111/nph.12537
http://dx.doi.org/10.1038/srep20715
http://dx.doi.org/10.1186/s12864-015-2024-0
http://dx.doi.org/10.1007/s00438-016-1210-3
http://www.ncbi.nlm.nih.gov/pubmed/27138920
http://dx.doi.org/10.1186/s12870-018-1238-0
http://www.ncbi.nlm.nih.gov/pubmed/29370759
http://dx.doi.org/10.1111/tpj.13804
http://www.ncbi.nlm.nih.gov/pubmed/29265542
http://dx.doi.org/10.1111/tpj.13408
http://dx.doi.org/10.1002/ece3.4152
http://dx.doi.org/10.1371/journal.pone.0137701
http://dx.doi.org/10.1007/s11461-007-0014-3
http://dx.doi.org/10.1007/s11099-011-0056-5
http://dx.doi.org/10.1111/j.1469-8137.2005.01420.x
http://dx.doi.org/10.1016/j.cub.2012.06.039
http://www.ncbi.nlm.nih.gov/pubmed/22818915
http://dx.doi.org/10.1093/treephys/tpq013
http://www.ncbi.nlm.nih.gov/pubmed/20357344
http://dx.doi.org/10.1078/0367-2530-00102
http://dx.doi.org/10.1046/j.1469-8137.2000.00743.x
http://dx.doi.org/10.17957/IJAB/15.0073
http://dx.doi.org/10.1111/ppl.12154


Int. J. Mol. Sci. 2019, 20, 5148 22 of 24

37. Puglielli, G.; Varone, L.; Gratani, L.; Catoni, R. Specific leaf area variations drive acclimation of Cistus
salvifolius in different light environments. Photosynthetica 2017, 55, 31–40. [CrossRef]

38. Urban, O.; Košvancová, M.; Marek, M.V.; Lichtenthaler, H.K. Induction of photosynthesis and importance of
limitations during the induction phase in sun and shade leaves of five ecologically contrasting tree species
from the temperate zone. Tree Physiol. 2007, 27, 1207–1215. [CrossRef]

39. BABA-KASAI, A.; Hara, N.; Takano, M. Tissue-specific and light-dependent regulation of phytochrome gene
expression in rice. Plant Cell Environ. 2014, 37, 2654–2666. [CrossRef]

40. Yu, L.; Ma, J.; Niu, Z.; Bai, X.; Lei, W.; Shao, X.; Chen, N.; Zhou, F.; Wan, D. Tissue-Specific Transcriptome
Analysis Reveals Multiple Responses to Salt Stress in Populus euphratica Seedlings. Genes 2017, 8, 372.
[CrossRef]

41. Fatica, A.; Bozzoni, I. Long non-coding RNAs: New players in cell differentiation and development.
Nat. Rev. Genet. 2013, 15, 7–21. [CrossRef] [PubMed]

42. Yan, Q.; Wu, F.; Yan, Z.; Li, J.; Ma, T.; Zhang, Y.; Zhao, Y.; Wang, Y.; Zhang, J. Differential co-expression
networks of long non-coding RNAs and mRNAs in Cleistogenes songorica under water stress and during
recovery. BMC Plant Biol. 2019, 19, 23. [CrossRef] [PubMed]

43. Wang, L.; Xia, X.; Jiang, H.; Lu, Z.; Cui, J.; Cao, F.; Jin, B. Genome-wide identification and characterization of
novel lncRNAs in Ginkgo biloba. Trees 2018, 32, 1429–1442. [CrossRef]

44. Wang, T.Z.; Liu, M.; Zhao, M.G.; Chen, R.; Zhang, W.H. Identification and characterization of long non-coding
RNAs involved in osmotic and salt stress in Medicago truncatula using genome-wide high-throughput
sequencing. BMC Plant Biol. 2015, 15, 131. [CrossRef] [PubMed]

45. Van Wittenberghe, S.; Adriaenssens, S.; Staelens, J.; Verheyen, K.; Samson, R. Variability of stomatal
conductance, leaf anatomy, and seasonal leaf wettability of young and adult European beech leaves along a
vertical canopy gradient. Trees 2012, 26, 1427–1438. [CrossRef]

46. Anderson, J.M.; Park, Y.I.; Chow, W.S. Photoinactivation and photoprotection of photosystem II in nature.
Physiol. Plant 1997, 100, 214–223. [CrossRef]

47. Ort, D.R. When There Is Too Much Light. Plant Physiol. 2001, 125, 29–32. [CrossRef]
48. Shepherd, T.; Wynne Griffiths, D. The effects of stress on plant cuticular waxes. New Phytol. 2006, 171,

469–499. [CrossRef]
49. Holmes, M.G.; Keiller, D.R. Effects of pubescence and waxes on the reflectance of leaves in the ultraviolet

and photosynthetic wavebands: A comparison of a range of species. Plant Cell Environ. 2002, 25, 85–93.
[CrossRef]

50. Samuels, L.; Kunst, L.; Jetter, R. Sealing Plant Surfaces: Cuticular Wax Formation by Epidermal Cells.
Annu. Rev. Plant Biol. 2008, 59, 683–707. [CrossRef]

51. Todd, J.; Post-Beittenmiller, D.; Jaworski, J.G. KCS1 encodes a fatty acid elongase 3-ketoacyl-CoA synthase
affecting wax biosynthesis in Arabidopsis thaliana. Plant J. 1999, 17, 119–130. [CrossRef] [PubMed]

52. Yu, D.; Ranathunge, K.; Huang, H.; Pei, Z.; Franke, R.; Schreiber, L.; He, C. Wax Crystal-Sparse Leaf1 encodes
a β–ketoacyl CoA synthase involved in biosynthesis of cuticular waxes on rice leaf. Planta 2008, 228, 675–685.
[CrossRef] [PubMed]

53. Laila, R.; Robin, A.H.K.; Yang, K.; Park, J.I.; Suh, M.C.; Kim, J.; Nou, I.S. Developmental and Genotypic
Variation in Leaf Wax Content and Composition, and in Expression of Wax Biosynthetic Genes in Brassica
oleracea var. capitata. Front. Plant Sci. 2017, 7. [CrossRef] [PubMed]

54. Robinson, S.A.; Lovelock, C.E.; Osmond, C.B. Wax as a Mechanism for Protection against Photoinhibition—A
Study of Cotyledon orbiculata. Bot. Acta 1993, 106, 307–312. [CrossRef]

55. Kunst, L.; Samuels, L. Plant cuticles shine: Advances in wax biosynthesis and export. Curr. Opin. Plant Biol.
2009, 12, 721–727. [CrossRef]

56. Gilmore, A.M. Mechanistic aspects of xanthophyll cycle-dependent photoprotection in higher plant
chloroplasts and leaves. Physiol. Plant 1997, 99, 197–209. [CrossRef]

57. Song, X.S.; Shang, Z.W.; Yin, Z.P.; Ren, J.; Sun, M.C.; Ma, X.L. Mechanism of xanthophyll-cycle-mediated
photoprotection in Cerasus humilis seedlings under water stress and subsequent recovery. Photosynthetica
2011, 49, 523–530. [CrossRef]

58. Umate, P. Genome-wide analysis of the family of light-harvesting chlorophyll a/b-binding proteins in
Arabidopsis and rice. Plant Signal. Behav. 2010, 5, 1537–1542. [CrossRef]

http://dx.doi.org/10.1007/s11099-016-0235-5
http://dx.doi.org/10.1093/treephys/27.8.1207
http://dx.doi.org/10.1111/pce.12354
http://dx.doi.org/10.3390/genes8120372
http://dx.doi.org/10.1038/nrg3606
http://www.ncbi.nlm.nih.gov/pubmed/24296535
http://dx.doi.org/10.1186/s12870-018-1626-5
http://www.ncbi.nlm.nih.gov/pubmed/30634906
http://dx.doi.org/10.1007/s00468-018-1724-x
http://dx.doi.org/10.1186/s12870-015-0530-5
http://www.ncbi.nlm.nih.gov/pubmed/26048392
http://dx.doi.org/10.1007/s00468-012-0714-7
http://dx.doi.org/10.1111/j.1399-3054.1997.tb04777.x
http://dx.doi.org/10.1104/pp.125.1.29
http://dx.doi.org/10.1111/j.1469-8137.2006.01826.x
http://dx.doi.org/10.1046/j.1365-3040.2002.00779.x
http://dx.doi.org/10.1146/annurev.arplant.59.103006.093219
http://dx.doi.org/10.1046/j.1365-313X.1999.00352.x
http://www.ncbi.nlm.nih.gov/pubmed/10074711
http://dx.doi.org/10.1007/s00425-008-0770-9
http://www.ncbi.nlm.nih.gov/pubmed/18574592
http://dx.doi.org/10.3389/fpls.2016.01972
http://www.ncbi.nlm.nih.gov/pubmed/28119701
http://dx.doi.org/10.1111/j.1438-8677.1993.tb00753.x
http://dx.doi.org/10.1016/j.pbi.2009.09.009
http://dx.doi.org/10.1111/j.1399-3054.1997.tb03449.x
http://dx.doi.org/10.1007/s11099-011-0065-4
http://dx.doi.org/10.4161/psb.5.12.13410


Int. J. Mol. Sci. 2019, 20, 5148 23 of 24
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