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The aim of this study was to reveal mechanisms responsible for nitrogen (N) stress in two contrasting Populus clones. Leaves
of Nanlin 1388 (N stress-insensitive clone hybrids of Populus deltoides Bart.CV. x Populus euramericana (Dode) Guineir CV)
and Nanlin 895 (N stress-sensitive clone hybrids of Populus deltoides Bart.CV. x Populus euramericana (Dode) Guineir CV)
were harvested and analyzed. Different responses visible in photosynthesis, N and carbon contents, physiological traits, and
chlorophyll were observed. The Solexa/lllumina’s digital gene expression system was used to investigate differentially
expressed miRNAs and mRNAs under N stress. Target profiling, and biological network and function analyses were also per-
formed. Randomly selected mRNAs and miRNAs were validated by quantitative reverse transcription polymerase chain reac-
tion. In all, 110 Nanlin 1388 and 122 Nanlin 895 miRNAs were differentially expressed, among which 34 and 23 miRNAs
were newly found in the two clones, respectively. Under N stress, a total of 329 and 98 mRNAs were regulated in N stress-
insensitive and -sensitive clones, respectively. Notably, the miR396 family and its regulated mRNAs were altered in both
clones under N stress, while miR646 was regulated only in the N stress-insensitive clone (Nanlin 1388), and miR156, miR319
and miR393 in the N stress-sensitive clone (Nanlin 895). Gene ontology and Kyoto Encyclopedia of Genes and Genomes
analyses also proved several clone-specific functions and pathways. These findings may be significant for understanding the
genetic responses of Populus to N stress.
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Introduction
uett by changes in the mRNA abundance of several components

Nitrogen (N) is essential for plant growth and development. It is
a constituent of amino acids, nucleic acids, chlorophyll and sev-
eral plant hormones, and a pivotal regulator involved in many
biological processes, including carbon metabolism, amino acid
metabolism and protein synthesis (Frink et al. 1999, Crawford
and Forde 2002). In higher plants, changes in these processes
result in dramatic effects on plant growth and development,
such as root branching, leaf chlorosis and the production of
fewer seeds (Stitt 1999, Good et al. 2004). Nitrogen is gener-
ally the most common limiting nutrient for growth and it must be
abundantly available. Nitrogen metabolism can be regulated

involved in N uptake and N assimilation. A negative feedback
regulation results in upregulation at the transcript level when
the N status of plants is low, and in downregulation at the tran-
script level when the N status is high (Gazzarrini et al. 1999,
Cerezo et al. 2001). Nitrogen metabolism also responds quickly
to external stimulation by rapid posttranscriptional protein mod-
ifications. Posttranscriptional regulation of mRNA translation
and stability by miRNAs has been shown to play an important
role in plants’ N responses (Vidal and Gutierrez 2008). There-
fore, understanding the molecular basis of plants’ responses to N
deficiency and identifying N responsive genes whose expression
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can be manipulated to enable plants to use N more efficiently
have become important research subjects.

Nitrogen deficiency has a considerable impact on plant
development. Plants can take up and assimilate inorganic N in
the form of ammonium (NH,*) and nitrate (NO5~). From the
Populus trichocarpa genome, 14 ammonium and 79 nitrate
transporters have been putatively identified (Plett et al. 2010,
Bai et al. 2013). Additionally, physiological and gene expres-
sion analyses have been conducted for Populus under N- and
phosphorus (P)-deficient conditions (Gan et al. 2016). Stud-
ies on the growth and morphological responses of Populus
clones under different N levels have also been reported, it
was found that added N could help mitigate the negative
effects of tree competition (Mamashita et al. 2015). How-
ever, there is limited information about the transcriptional and
miRNA regulation in poplars exposed to N starvation.

miRNAs are small (20-24 nt), non-translated RNAs found to
be processed from the stem-loops of precursor miRNAs in plants
and animals (Bonnet et al. 2006, Mallory and Vaucheret 2006,
Zhang et al. 2006, Sunkar et al. 2007). They often negatively
regulate posttranscriptional gene expression by partial base-
pairing to their complementary mRNA (Lee et al. 1993,
Carrington and Ambros 2003, Bartel 2004). The miRNAs play
critical roles at each major stage of plant development
(Jones-Rhoades et al. 2006) and they are also involved in the
coordination of nutrient homeostasis. For example, low sulfate
levels strongly induce miR395, but it is repressed under P limita-
tion, miR398 responds to copper deprivation and is repressed
under a combined limitation of N and P, and miR399 has been
found or predicted to increase drastically in low-phosphate con-
ditions in Arabidopsis and other plant species (Fuijii et al. 2005,
Aung et al. 2006, Bari et al. 2006, Chiou et al. 2006, Sunkar
et al. 2006, Chiou 2007, Buhtz et al. 2008, Doerner 2008,
Hsieh et al. 2009, Pant et al. 2009). However, the expression
and function of miRNAs in different Populus plants still remain
unclear. In this study, the Solexa/lllumina’s digital gene expres-
sion system (Blow 2009, Morrissy et al. 2009) was used to
investigate differentially expressed miRNAs and mRNAs in
response to N stress in two contrasting clones of Populus. Inter-
actions and possible functions of miRNAs and mRNAs were also
analyzed.

In our study, Nanlin 1388 (Populus x euramericana CV. Nanlin
1388, N stress-insensitive clone) and Nanlin 895 (Popu-
lus x euramericana CV., Nanlin 895, N stress-sensitive clone)
were employed. Different responses in photosynthesis, N and
carbon contents, physiological traits, and chlorophyll were
observed. The Solexa/lllumina’s digital gene expression system
was used to investigate differentially expressed miRNAs and
mRNAs under N stress. Target profiling, and biological network
and function analyses were also performed. The aim was to
reveal mechanisms responsible for N stress responses in two
contrasting Populus clones.
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Materials and methods
Plant materials and experimental design

One-year-old stems of two Populus clones (2 cm in diameter)
were cut into 20-cm-long pieces according to Gan et al. (2016).
The used clones were as follows: (i) N stress-insensitive clone,
Nanlin 1388 and (ii) N stress-sensitive clone, Nanlin 895. Both
of them are hybrids of Populus deltoides Bart. CV. x Populus
euramericana (Dode) Guineir CV. developed by the Poplar
Research and Development Center in Nanlin. Nitrogen stress
sensitivity differences were defined based on the photosynthetic
parameters of the two Populus clones according to a previous
study, which showed that photosynthetic parameters were
affected by nutrient deficiencies (N and P) in Populus cathayana
Rehd. (Zhang et al. 2014). The experiments were performed in
the city of Guiyang, China, which is from 106°07’ to 107°17’
east longitude and from 26°11” to 27°22’ north latitude.

Branches were separated from parent plants and then
cultured for 30 days in the sterile Hoagland medium (Fodor
et al. 2005), which contains 1.25 mM KNO;, 1.25 mM
Ca(NO;),-4H,0, 0.5 mM MgSO,-7H,0, 0.25 mM KH, (PO,),
11.6 uM H3;BO;, 4.6 uM MnCl,-4H,0, 0.19 uM ZnSO,-7H,0,
0.12 uM Na,Mo0,-2H,0, 0.08 uM CuSO,-5H,0 and 10 uM
Fe (lll)-Ethane-1,2-diyldinitrilo tetraacetic acid (EDTA). Then,
the branches were divided into a control group and N stress
group. Each treatment consisted of three biological replicates
(three plants). Plants in the control group were cultured in the
normal Hoagland medium, while plants in the N stress group
were cultured in a medium without N (1.25 mM KCI, 1.25 mM
CaCl,, 0.5 mM MgSO,-7H,0, 0.25 mM KH,(PO,), 11.6 uM
H3BO;, 4.6 uM MnCl,-4H,0, 0.19 uM ZnSO,-7H,0, 0.12 uM
Na,Mo0O,-2H,0, 0.08 uM CuS04-5H,0 and 10 uM Fe(lll)-
EDTA)) for 30 days. The growth medium was refreshed every
3 days. The culturing conditions were light 16 h, dark 8 h and
temperature 25 °C. In order to reduce the influence of the
environment, planting pots were regularly rotated. At the end
of the treatment, undamaged, fully unfolded newly sprouted
leaves were harvested and stored at —80 °C for the Solexa
profiling of miRNAs and mRNAs.

Measurements of photosynthetic responses

Leaf gas exchange was determined simultaneously with mea-
surements of chlorophyll fluorescence using the open gas
exchange system Li-6400 (LI-COR Inc., Lincoln, NE, USA) and
an attached LED light source (6400-02) in a climatronic phy-
totron, as described by He et al. (2011). Photosynthesis was
induced with saturating light (1500 umol m=2s~') and
400 + 5 umol mol=' CO, surrounding the leaf. Leaf tempera-
ture was maintained at 25 °C, and the relative air humidity was
~50% in all measurements. The net photosynthetic rate (P,)
and variable and maximum fluorescence (F,/F,) were mea-
sured, as previously described (Flexas et al. 2002).
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Measurements of chlorophyll responses

Samples for chlorophyll determination were taken from leaves using
a 0.8-cm-diameter cork borer and weighted quickly in clean pre-
weighted glass vials, after which 5 ml of 80% acetone was added
to these samples. The leaf material was bleached and decanted, as
described by Linchenthaler and Wellburn (1983). The optical den-
sity was read at A = 663, 646 and 470 nm by a spectrophotometer
(Spectronic Genesys-5, Milton Roy, New York, USA) using 80%
acetone as a blank. Contents of chlorophyll a and chlorophyll b
(ug g') were calculated using the following formulae: chlorophyll
a=12.21 OD663 —-2.81 0D646; chlorophyll b=20.13
0OD646 — 5.03 OD663 (Linchenthaler and Wellburn 1983).

Assays of antioxidant enzyme activities

A total of 100 mg of the N-starved and control samples was col-
lected from three individual plants and weighed. The activities of
superoxide dismutase (SOD), catalase (CAT) and glutamine syn-
thetase (GS) were measured with corresponding kits (SO102,
SO051 and SO055, respectively, Beyotime, Beijing, China). The
peroxidase (POD) activity was measured with a plant POD assay
kit (AO84-3, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Reactive oxygen species (ROS) were examined with a plant
ROS ELISA kit (BH8990, Boyao, Shanghai, China). The adenosine
triphosphate (ATP) concentration was measured with a plant ATP
ELISA kit (ml091201, MLBio, Shanghai, China). All examinations
were carried out according to the manufacturers’ instructions.

Measurements of N and carbon responses

Newly sprouted leaves of plants stressed for 3 months were
harvested and divided into three groups, dried at 80 °C until the
weight was constant and ground through a 20-mesh screen.
Then, 1 g of each sample was analyzed for total N via Dumas
combustion using a LECO FP-428 Determinator (LECO Corpora-
tion, St Joseph, MO, USA), and 1 g of each sample was analyzed
for the total organic carbon according to the method described
by Cavani et al. (2003).

RNA extraction, Solexa sequencing, read processing and
sequence alignment

Total RNA was extracted with TRIzol Reagent (Invitrogen, San
Diego, CA, USA) according to the manufacturer’s instruction. The
mRNA libraries were constructed with NEBNext® Ultra™ RNA
Library Prep Kit (NEB, CA, USA). Briefly, mRNA was purified using
oligo(dT) magnetic beads and fragmented, followed by cDNA syn-
thesis with random hexamers. The products then underwent end
repair, adapter ligation and gel purification (2% tris base, acetic
acid and EDTA gel electrophoresis) to isolate 200-nt fragments.
Gel bands containing cDNA were purified using the QIAquick Gel
Extraction Kit (Qiagen, Shanghai, China), and DNA was amplified
by polymerase chain reaction (PCR). The program was 94 °C,
2 min, followed by 15 cycles of 94 °C, 15s; 62 °C, 30's; 72 °C,
30's, and then hold at 72 °C for 10 min, after which the products

were stored at 4 °C. The libraries were quantified using an Agilent
Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA,
USA). Each library was sequenced using an lllumina HiSeq™
2000 platform (lllumina, San Diego, CA, USA), generating 50-nt
paired-end reads. The miRNA library was established with TruSeq
Small RNA Library Prep Kit (RS-930-1020, Illumine, Shenzhen,
China). Briefly, 18- to 30-nt RNAs were isolated with 15% tetrabu-
tylurea gels, then 3” and 5" adapters were ligated, followed by
reverse transcription (RT)-PCR amplification. The program was
98 °C, 30, followed by 12 cycles of 98 °C, 10's; 60 °C, 30s;
72 °C, 30 s, and then hold at 72 °C for 10 min, after which the
products were electrophoresed with 6% polyacrylamide gel elec-
trophoresis to isolate 136- to 148-nt fragments. Each library was
quantified and sequenced, similarly to the mRNA library. After data
processing, raw reads were quality-controlled by removing 3’
adaptor/primer sequences, empty reads and low-quality reads. At
the same time, Q30 (read accuracy higher than 99.9%) and the
guanine and cytidine-content were calculated. The filtered high-
quality reads were aligned against the poplar genome (Populus
trichocarpa v3.0, ftp://ftp.jgi-psf.org/pub/compgen/phytozome/
v9.0/Ptrichocarpa/) using TopHat 2.0.9, which uses Bowtie for
alignment (Trapnell et al. 2012). Mismatch of no more than 1 bp
was taken into account for the differences between species. Clean
reads mapped to reference sequences from multiple genes were
filtered. The remaining clean reads were assembled into transcripts
and their relative abundances were estimated as fragments per
kilobase of exon per million fragments mapped using the Cufflinks
software (Trapnell et al. 2012). Pair comparisons were used to
analyze the normalized data from the four types of samples (NIC,
N stress-insensitive clone in the control group; NSC, N stress-
sensitive clone in the control group; NIS, N stress-insensitive clone
in the N stress group; and NSS, N stress-sensitive clone in the N
stress group). Statistical significances of the identified, differen-
tially expressed genes were tested using a rigorous algorithm
described previously (San Lucas et al. 2012). The genes were
taken to be differentially expressed when P < 0.05.

miRNA target prediction

The prediction of miRNA targets was performed with psRobot
(v1.2) web-based software. Such miRNA-mRNA target expression
pairs were chosen that were considered to have significant expres-
sion after respective comparisons, as described above. Then, the
expression regulation networks of the selected pairs were con-
structed by defining the target pair interaction between miRNA and
its target gene. Each expression network was further merged with
the respective biological network, which was constructed from the
Reactome Functional Interaction containing all mRNA genes result-
ing from the same expression set. The biological network of the
miRNA-mRNA target plus the first-degree neighbor of the mRNA
target were selected as the miRNA-targeted gene regulatory net-
work. Pathway and gene ontology (GO) term enrichment was fur-
ther performed, as stated below.
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Determination of GO categories

We performed GO analyses to determine the functions of dif-
ferentially expressed genes in our sequencing data according to
the key functional classification of the National Center for Bio-
technology Information. Generally, the Fisher’s exact test and the
x?° test were applied to classify GO categories, and the false
discovery rates (FDR, FDR=1 - N,/T) were calculated to cor-
rect P-values (N, refers to the number of Fisher's test P-values
less than the %2 test P-values). The enrichment Re was given by:
Re = (n,/n)/(N,/N) for significant categories (N is the number of
differentially expressed genes within a particular category, n is
the total number of genes within the same category, n; is the
number of differentially expressed genes in the entire sequenc-
ing data and N is the total number of sequenced genes).

Kyoto Encyclopedia of Genes and Genomes pathway
analyses

Pathway annotations of differentially expressed genes were
obtained from Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.genome.jp/kegg/). Pathway categories
with FDR <0.01 were marked. The enrichment of significant
pathways was given by: enrichment = (ng/na)/(Ng/Na), which
enabled us to locate more significant pathways (ng is the num-
ber of differentially expressed genes within a particular pathway;
na is the total number of genes within the same pathway; Ng is
the number of differentially expressed genes, which have at least
one pathway annotation and Na is the number of genes, which
have at least one pathway annotation in the entire sequencing).

Reverse transcription and real-time quantitative PCR

Expression levels of specific mRNAs were validated by real-time
RT-PCR. Briefly, cDNAs were reverse transcribed from RNA sam-
ples using SuperScript Il reverse transcriptase (Life Technologies,
Gaithersburg, MD, USA). Then, quantitative PCR (qPCR) was per-
formed using a 7500 Fast PCR machine (Life Technologies) with
Tag DNA polymerase and SYBR green | nucleic A reagents (Life
Technologies). The quantification of miRNAs was conducted by
the gPCR method, as described by Varkonyi-Gasic et al. (2007).
The expression levels were quantified using 2724 methods (Li
et al. 2012). Primers used in the study are listed in Table S1
available as Supplementary Data at Tree Physiology Online. The
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overall correlation analysis between gRT-PCR and RNA-seq or
miRNA-seq was conducted as in Yu et al. (2014).

Statistical analysis

Physiological data were analyzed using SPSS 18.0 (SPSS Inc.,
Chicago, IL, USA). Differences were considered as statistically
significant at the P < 0.05 level.

Results

Physiological differences under N stress

After N stress for 30 days, photosynthetic responses (P, and
F.,/F.), N and carbon contents (total carbon and total N), chlo-
rophyll contents (Chla/b and total chlorophyll (TC)) and physi-
ological traits (total protein, POD, CAT, SOD, GS, ATP and ROS)
were measured in the control and N stress groups of Populus.
Under normal conditions, no significant differences in P, F,/F,,
Chla/b and TC concentrations were detected between Nanlin
1388 and Nanlin 895 (Table 1). Under N stress, P, and F,/F,,
did not change in Nanlin 1388, while they decreased dramati-
cally in Nanlin 895 (P < 0.05). Among chlorophyll responses,
Chla/b and TC decreased significantly in both Nanlin 1388 and
Nanlin 895 under N stress, but differences between the clones
were not statistically significant (P < 0.05, Table 1).

Under normal conditions, physiological traits were similar,
except for POD, which showed a higher activity in Nanlin 895
than in Nanlin 1388. Under N stress, the total carbon content
slightly increased in both clones, but the changes were not sta-
tistically significant (Figure 1a). The total N content decreased
in both clones under N stress when compared with the control
(Figure 1b). Among physiological responses, the total protein
concentration decreased in both clones under N stress. Peroxi-
dase, GS and ATP increased in both clones under N stress, SOD
increased in Nanlin 895 under N stress and CAT decreased in
Nanlin 895 under N stress (P < 0.05, Figure 1c—h). Reactive
oxygen species did not change in Nanlin 1388, but it decreased
significantly in Nanlin 895 under N stress (Figure 1i).

Deep sequencing of miRNAs and mRNAs

To explore potential mechanisms of plants’ responses to N
stress, high-throughput sequencing was utilized to analyze

Table 1. Photosynthetic differences in responses to N stress in two Populus clones. Different letters indicate statistically significant differences between
treatments (means + SE, n = 3) at P < 0.05 according to Duncan multiple range tests. P,, net photosynthesis rate; F /F, variable and maximum

fluorescence; Chla/b, chlorophyll a/b ratio; TC, total chlorophyll content.

P, (Ltmol m=2s71) FulFe Chla/b TC (mg g~' FW)
Control
Nanlin 1388 8.74 +0.35a 0.82 +£0.002a 2.75+0.20a 3.00 £ 0.05a
Nanlin 895 8.68 +0.43a 0.81 £0.003a 2.68 £ 0.06a 3.29 £ 0.05a
N stress
Nanlin 1388 9.13+0.36a 0.80 + 0.004a 2.35+0.12b 1.82+0.15b
Nanlin 895 5.29+0.16b 0.77 £0.015b 2.25+0.10b 1.68+0.11b
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Figure 1. Physiological clonal differences under N stress in P euramericana. (a and b) Differences in N and carbon responses between Nanlin 1388
and Nanlin 895. (c—i) Physiological responses. POD, peroxidase; GS, glutamine synthetase; ATP, adenosine triphosphate; SOD, superoxide dismutase;
CAT, catalase; ROS, reactive oxygen species; CK, normal growth condition; N stress, nitrogen stress.

miRNA and mRNA profiles in Nanlin 895 and Nanlin 1388 clones
under N stress and control conditions. For small RNAs (sRNAs),
>14 million reads were obtained for plants in control conditions
and >15 million reads for plants exposed to N stress. Among the
reads, 93.04 and 70.09%, and 67.52 and 89.91% perfectly
matched the genomes of Nanlin 895 and Nanlin 1388 in control
and N stress conditions, respectively (see Table S2 available as
Supplementary Data at Tree Physiology Online). To assess the
efficiency of deep sequencing for the detection of miRNAs, all

reads were annotated and matched to rRNAs, snRNAs, snoRNAs,
tRNAs and miRNAs (Figure 2 and see Tables S3 and S4 avail-
able as Supplementary Data at Tree Physiology Online).

The largest proportion of sRNAs were 21 nt in length, fol-
lowed by 20-23 nt, consistent with the 20-23 nt range of
mature miRNAs (Figure 3). The results from the analysis for
known miRNA regions in Nanlin 895 and Nanlin 1388 are
shown in Table S5 available as Supplementary Data at Tree
Physiology Online. For mRNAs, a total of 8,692,889 and
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Figure 2. Categories of sRNAs identified in Nanlin 1388 and Nanlin 895 clones under control and N stress conditions. (a) NIC, N stress-insensitive
clone Nanlin 1388 under control condition; (b) NSC, N stress-sensitive clone Nanlin 895 under control condition; (c) NIS, N stress-insensitive clone
Nanlin 1388 under N stress condition; and (d) NSS, N stress-sensitive clone Nanlin 895 under N stress condition.
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Figure 3. Length distribution of miRNAs in P euramericana. NIC,
N stress-insensitive clone Nanlin 1388 under control condition; NIS, N
stress-insensitive clone Nanlin 1388 under N stress condition; NSC,
N stress-sensitive clone Nanlin 895 under control condition; NSS, N
stress-sensitive clone Nanlin 895 under N stress condition.

9,733,375 reads, and 8,870,556 and 8,267,070 reads were
obtained for Nanlin 895 and Nanlin 1388 in control and N
stress conditions, respectively. Among them, 88.85 and

89.03%, and 88.82 and 88.75% were mapped to the genomes
of Nanlin 895 and Nanlin 1388 in control and N stress condi-
tions, respectively (see Table S6 available as Supplementary
Data at Tree Physiology Online). The coverage of mapping
reads is shown in Figure 4.

Overview of miRNAs and gene expression as affected
by N stress

As summarized in Table 2, 110 (53 upregulated and 57 down-
regulated) and 122 (97 upregulated and 25 downregulated) dif-
ferentially expressed miRNAs were identified in the two Populus
clones in response to N stress, respectively. The populations of
N stress-regulated miRNAs showed significant differences between
the clones. Only 14 miRNAs (9 upregulated and 5 downregulated)
were regulated in a similar manner. On the other hand, 81 (36
upregulated and 45 downregulated in the N stress-insensitive
clone Nanlin 1388) and 93 (81 upregulated and 12 downregulated
in the N stress-sensitive clone Nanlin 895) miRNAs showed dif-
ferential expression levels in response to N stress in one clone only.
In addition, there were 15 miRNAs (8 upregulated in Nanlin 1388
but downregulated in Nanlin 895, 7 downregulated in Nanlin 895
but upregulated in Nanlin 1388) that were regulated reversely in
the two clones under N stress. Detailed profiles of N stress-
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Figure 4. Mapping reads coverage of mRNA sequencing in Nanlin 1388 and Nanlin 895 clones under control and N stress conditions. (a) NIC, N stress-
insensitive clone Nanlin 1388 under control condition; (b) NSC, N stress-sensitive clone Nanlin 895 under control condition; (c) NIS, N stress-insensitive
clone Nanlin 1388 under N stress condition; and (d) NSS, N stress-sensitive clone Nanlin 895 under N stress condition.

Table 2. Nitrogen stress-regulated miRNA and mRNA profiles in P euramericana.

miRNA mRNA
Previously Unknown Total
known miRNAs miRNAs
Nanlin 1388
Upregulated 25 28 53 231
Downregulated 51 6 57 98
Total 76 34 110 329
Nanlin 895
Upregulated 87 10 97 27
Downregulated 12 13 25 71
Total 99 23 122 98
Similarly regulated in both clones
Upregulated 8 1 9 7
Downregulated 5 0 5 26
Total 13 1 14 33
Selectively regulated in different clones
Regulated in Nanlin 1388 only
Upregulated 15 21 36 221
Downregulated 39 6 45 72
Total 54 27 81 293
Regulated in Nanlin 895 only
Upregulated 72 9 81 20
Downregulated 5 7 12 42
Total 77 16 93 62
Reversely regulated in different clones
Upregulated in Nanlin 1388 but downregulated in Nanlin 895 2 6 8 3
Downregulated in Nanlin 1388 but upregulated in Nanlin 895 7 0 7 0
Total 9 6 15 0
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Table 3. Top five differentially expressed mRNA pathways in P euramericana as analyzed by KEGG.

Clone Map P Q Name
Nanlin 1388 map00941 5.05E-06 0.001556 Flavonoid biosynthesis
map00910 0.000396232 0.06102 Nitrogen metabolism
map01110 0.002298845 0.218906 Biosynthesis of secondary metabolites
map05204 0.002842931 0.218906 Chemical carcinogenesis
map00950 0.005122167 0.315525 Isoquinoline alkaloid biosynthesis
Nanlin 895 map00941 0.005363 0.680387 Flavonoid biosynthesis
map04075 0.005379 0.680387 Plant hormone signal transduction
map04978 0.007725 0.680387 Mineral absorption
map00910 0.00957 0.680387 Nitrogen metabolism
map00860 0.011045 0.680387 Porphyrin and chlorophyll metabolism

regulated miRNAs are listed in Tables S7-S10 available as Supple-
mentary Data at Tree Physiology Online, in which we give the
names and relative expression levels of known and novel N stress-
regulated miRNAs mentioned in Table 2.

Profiles of differentially expressed mRNAs under N stress
were also analyzed. As shown in Table 2, 329 (231 upregulated
and 98 downregulated) and 98 (27 upregulated and 71 down-
regulated) mRNAs were found to be regulated by N stress in
Nanlin 1388 or Nanlin 895 clones, respectively. Among them,
only 33 (7 upregulated and 26 downregulated) were regulated
similarly in the two clones, but 293 (221 upregulated and 72
downregulated) and 62 (20 upregulated and 42 downregu-
lated) were regulated only in Nanlin 1388 or Nanlin 895,
respectively. There were three mRNAs that were upregulated in
Nanlin 1388 but downregulated in Nanlin 895 under N stress.
Detailed profiles are listed in Tables S11-S14 available as Sup-
plementary Data at Tree Physiology Online, in which we give the
gene IDs, arabidopsis genome initiative annotations, function
descriptions and relative expression levels of predicted N stress-
regulated mRNAs mentioned in Table 2.

Quantitative RT-PCR validation of differentially
expressed mRNAs and miRNAs

Several up- and downregulated mRNAs and miRNAs were ran-
domly selected and their expression was determined with real-
time RT-PCR. As shown in Figure 5, the results were generally
consistent between sequencing and RT-PCR, although there
were some genes differing in alteration degrees. A total of 75
genes (including mRNAs and miRNAs) were analyzed, and a
linear regression analysis showed an overall correlation coeffi-
cient of R = 0.659 between transcript levels assayed by the two
detection systems, demonstrating the reliability of the RNA-seq
or miRNA-seq profiling (Figure 5i).

miRNA target prediction and integration of mRNA and
miRNA expression profiles

Predictions of miRNA targets, as well as an integrated analysis
among differentially expressed miRNAs and mRNAs under N
stress, were performed with psRobot (v1.2) web-based software.

As shown in Figures 6 and 7, several integrated miRNA-mRNA
networks, with correspondingly regulated miRNAs and mRNAs,
were identified in both the N stress-insensitive clone Nanlin 1388
and the N stress-sensitive clone Nanlin 895. Notably, the miR396
family and its corresponding mRNAs were shown to be regulated
under N stress in both clones. On the other hand, several miRNA
families with their corresponding mRNAs were regulated only in
one clone, mainly miR646 families in Nanlin 1388, and miR156,
miR319 and miR393 families in Nanlin 895. Therefore, the pro-
files of differentially expressed miRNAs and mRNAs showed that
under N stress, the N stress-insensitive clone Nanlin 1388 and
the N stress-sensitive clone Nanlin 895 undergo different mecha-
nisms involving various miRNA and mRNA expression changes to
adapt to environmental changes.

Gene ontology analysis of differentially expressed
miRNAs and mRNAs

All differentially expressed genes were classified into different
functional categories according to the GO project for biological
processes, cellular components and molecular function. We first
analyzed GO categories for downregulated target mRNAs of
known upregulated miRNAs in the N stress-insensitive clone
Nanlin 1388 and in the N stress-sensitive clone Nanlin 895.
Most categories were shared by both clones. However, a few
more predicted functions were found in Nanlin 895 (Figure 8).
We also analyzed GO categories for differentially expressed
mRNAs in the two contrasting Populus clones, Nanlin 1388 and
Nanlin 895. Again, only a few functions were found to show
clonal differences (Figure 9).

Kyoto Encyclopedia of Genes and Genomes pathway
analysis of differentially expressed miRNAs and mRNAs

The KEGG pathway analysis showed that the top-rated pathways,
which contain most differentially expressed mRNAs, include fla-
vonoid biosynthesis, N metabolism, biosynthesis of secondary
metabolites, chemical carcinogenesis and isoquinoline alkaloid
biosynthesis in the N stress-insensitive clone Nanlin 1388, but
flavonoid biosynthesis, plant hormone signal transduction, min-
eral absorption, and N, porphyrin and chlorophyll metabolism in

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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Figure 5. Quantitative RT-PCR validation of differentially expressed mRNAs in P euramericana. (a) Downregulated mRNAs in Nanlin 1388, (b)
upregulated mRNAs in Nanlin 1388, (c) upregulated mRNAs in Nanlin 895, (d) downregulated mRNAs in Nanlin 895, (e) upregulated miRNAs in
Nanlin 1388, (f) downregulated miRNAs in Nanlin 1388, (g) upregulated miRNAs in Nanlin 895 and (h) downregulated miRNAs in Nanlin 895. (i)

Correlation of the gene expression ratios obtained from gRT-PCR and mi

croarray data. The qRT-PCR log, value of the expression ratio (y-axis) has

been plotted against the value from the microarray (x-axis). Data were expressed as log,FC (fold change), FC value corresponding to N stress expres-

sion vs control expression.

the N stress-sensitive clone Nanlin 895 (Table 3). We also ana-
lyzed the pathways that contain downregulated target mRNAs of
upregulated miRNAs. However, the P and Q values of the path-
ways were both 1 (see Table S15 available as Supplementary
Data at Tree Physiology Online).

Discussion

In the present study, expression profiles of miRNAs and mRNAs
were analyzed under N stress in the N stress-insensitive clone
Nanlin 1388 and in the N stress-sensitive clone Nanlin 895 and

compared with those under control conditions. Differences in
photosynthetic responses and oxidative stress reactions were
detected between the two contrasting clones growing with or
without N stress. Net photosynthetic rate, F,/F,, and POD activi-
ties were lower in Nanlin 895 than in Nanlin 1388 under N
stress (Table 1 and Figure 1). The results showed that Nanlin
895 is more sensitive to N stress than Nanlin 1388.

The high-throughput sequencing results showed that Nanlin
895 and Nanlin 1388 have significantly different miRNA and
mRNA profiles, which undergo changes under N stress. In addi-
tion, an integrated analysis identified several main miRNA—
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Figure 6. Interaction network between mRNA and miRNA expression profiles in Nanlin 1388 under N stress. Circles indicate differentially expressed

miRNAs and boxes indicate differentially expressed mRNAs.

mRNA networks, and GO and KEGG analyses identified several
biological functions and pathways that are potentially respon-
sible for N stress reactions in Populus clones. It has been
reported that miR396 targets growth regulating factor genes,
as well as bHLH74, which encodes a transcription factor in
Arabidopsis (Bao et al. 2014). It has also been suggested that
miR396 regulates cell proliferation and plays an essential role
in leaf development (Bao et al. 2014). In recent studies on
Populus tomentosa Carr., miR396a, miR396b and miR396e were
found to be upregulated in response to low N stress, but miR396¢
was downregulated. Improved knowledge of the relationship

between miRNA and target genes will increase our understand-
ing of miRNA-mediated molecular mechanisms in Populus
plants adapted to low N environments (Chen et al. 2015, Ren
et al. 2015). In the present study, miR396 species and their
target mRNAs were found to be similarly regulated in both N
stress-sensitive and -insensitive Populus clones under N stress.
These results are consistent with the presumed role of miR396
in plant growth and development.

Several miRNA-mRNA networks were found to be selectively
regulated in either Nanlin 1388 or Nanlin 895. In Nanlin 895,
miR156, miR319 and miR393 and their target genes were
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found to be regulated in a coordinated way under N stress.
Recently, it was shown that miR156 targets the Squamosa pro-
moter binding protein-like (SPL) family of transcription factors,
which play critical roles in various biological processes involved
in developmental transition (Gou et al. 2011). A previous study
has also suggested that the miR156-SPLs-DFR pathway is regu-

lated to adapt developmental timing in response to abiotic stress
(Cui et al. 2014). The regulation of miR156 and its targeting
genes in the N stress-sensitive Populus clone may also reflect
the regulation of development in response to N stress.

The role of miR319 has been reported to be in the regulation of
teosinte branched/cycloidea/proliferating cell factor transcription
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leading to downregulation of auxin sig-

naling, which results in the repression of lateral root initiation,

TIR1 and AFB2 receptors,

factors to regulate multiple developmental pathways, including leaf

development and senescence, organ curvature and hormone bio-

emergence and elongation during salinity. In addition, ROS levels

synthesis and signaling (Nag et al. 2009). It is noticeable that TCP

can be regulated by both miR396 and miR319. The miR319 net-

and ascorbate peroxidase activities are regulated by miR393,

which suggests that it has a function in adjusting redox status dur-

work was regulated under N stress only in Nanlin 895 but not in

ing salt stress. When compared with Nanlin 1388, Nanlin 895
showed greater oxidative stress responses under N stress. Further-

Nanlin 1388, which suggests the existence of other unidentified

targets and mechanisms for miR319.

more, miR393 and its target mRNA were found to be regulated in
a coordinated way. These results suggest that oxidative stress may

A previous study has shown that the expression of miR393 is

induced by salt stress (Gupta et al. 2014). This in turn inhibits
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processes, located in organelles and functioning as enzyme and

play an important role in plants’ responses to environmental stress.

translation regulators of known upregulated miRNAs, were spe-
cifically regulated in the Nanlin 895 clone. Differentially expressed
mRNAs, involved in developmental processes and located in the

In addition, in Nanlin 1388, miR646 and its potential target mRNA
were found to be regulated in a coordinated way under N stress. At

present, the function of this miRNA has not been reported. The
specific regulation of this network in different genotypes may turn

out to be an interesting subject for future studies.

envelope and extracellular regions, were regulated in the Nanlin

1388 clone only, while mRNAs involved in metabolic processes

and functioning as nutrient reservoir were regulated in Nanlin
895 only. Based on KEGG analyses, only differentially expressed

Based on GO analyses, downregulated target mRNAs involved
in cellular component biogenesis and multicellular organismal
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mRNAs involved in pathways, such as flavonoid biosynthesis and
N metabolism, were shared by the two contrasting clones.

In conclusion, using high-throughput sequencing and inte-
grated network analysis of miRNA-mRNA networks as tools, we
have identified regulated genes that may be responsible for N
stress responses in Populus clones. However, the present work
should be considered as a pilot study and more detailed analy-
ses on miRNAs and mRNAs identified here would help to clarify
mechanisms responsible for N stress responses in Populus trees.

Supplementary data

Supplementary data for this article are available at Tree Physiology
Online.
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