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A B S T R A C T

Rhododendron arboreum inhabits the Himalayan climate otherwise detrimental to many species, though the
underlying survival mechanism remains unclear. Such temperate species have an inherent endurance towards
freezing temperature which is prerequisite for an initiation and transition to flowering phase. Orchestrating the
molecular architecture is vital towards managing distinct abiotic signals. To determine the molecular factors
directing growth, development, and tolerance under environmental extremes in the species, the high-throughput
transcriptome and metabolome data from vegetative as well as cold-acclimatized flowering season tissues were
generated. Firstly, the de novo assembly pertaining to the foliar and floral tissues comprising of 157,427 uni-
genes was examined for a comparative analysis. 4149 of 12,577 transcripts observed with a significant fluctu-
ating expression corresponded to seasonal retorts. Following the interactive network, 525 genes were dis-
tinguished as the epicenters of sense, response, and tolerance. Secondly, liquid chromatography coupled to mass
spectrometry was adopted to profile the extent of metabolite richness across the tissues of two seasons. Taking
into account the formula-based mappings offered by MetaboSearch tool, 421 unique ions obtained were an-
notated to 173 KEGG compounds, especially secondary metabolites. Moreover, by integrating the transcript and
metabolite annotations, it was found that right from active metabolism, signaling, development, and their
regulations, supplementary response to abiotic/biotic stimuli was induced. A multifaceted response displayed
during flowering not only sponsored the climatic encounters but brought the shift from vegetative to re-
productive growth. Overall, this comprehensive approach following transcriptome and non-targeted metabo-
lome elucidated the contribution of genetic and metabolic factors in environmental responses.

1. Introduction

Plant phenology is a season-dependent event, determined largely by
multiple abiotic cues. For instance, low temperature, especially during
late autumn or early spring governs the rate and timing of flowering. A
keystone Himalayan species, Rhododendron arboreum, populates the
bottom canopy of forests, alongside pine and oak, in an environment
where temperature ranges from 20 °C to as low as −10 °C. Endurance
against sub-zero mercury has enabled its thriving at an altitude ranging
from 800 to 3000m above sea level or even more and is responsible for
enhancing its geographical distribution (Vetaas, 2002). Moreover, the
species is capable of reproductive growth when frost or hailstorms are
prevalent, which can otherwise adversely affect the survival of several

other species.
R. arboreum is usually found laden with attractive red and campa-

nulate flowers when snowfall and rainfall are frequent, usually in the
month of February. However, a trend of early blooming in response to a
global temperature rise recommends a progressively growing range of
distribution (Ranjitkar et al., 2013). The vegetative cycle resumes in
summer exhibiting a simultaneous leaf drop and bud break when the
temperature goes beyond 10 °C and the plant system is unresponsive to
any reproductive stimuli. Other than a major flush in spring, multiple
leaf emergence allows a year wide maintenance of photosynthesis. This
thorough nutrient cycling to support new growth and survival in case of
delayed monsoons is a characteristic feature of late successional com-
munities occupied by the woody species like R. arboreum. The species

https://doi.org/10.1016/j.gene.2018.12.035
Received 2 November 2018; Accepted 13 December 2018

Abbreviations: Ca2+, calcium; LC, liquid chromatography; ToF-MS, time-of-flight mass spectrometer; RSEM, RNA-Seq by Expectation-Maximization; TPM,
Transcripts per Million; DEGs, differentially expressed genes; FDR, false discovery rate; TFs, transcription factors; qRT-PCR, Quantitative real-time PCR; Ct, cycle
threshold; bp, base pair; ESI+, electrospray ionization-positive; PGRs, plant growth regulators; ABA, abscisic acid; JA, jasmonate; SA, salicylic acid; GA, gibberellic
acid

⁎ Corresponding author.
E-mail address: pankajbhardwaj@cup.edu.in (P. Bhardwaj).

Gene 690 (2019) 1–10

Available online 23 December 2018
0378-1119/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03781119
https://www.elsevier.com/locate/gene
https://doi.org/10.1016/j.gene.2018.12.035
https://doi.org/10.1016/j.gene.2018.12.035
mailto:pankajbhardwaj@cup.edu.in
https://doi.org/10.1016/j.gene.2018.12.035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2018.12.035&domain=pdf


grows in the habitats characterized by a wide temperature range,
however, the underlying molecular mechanism that could differentiate
it from other native species of the genera is not well known.

Beginning from juvenility to maturity, a series of molecular-level
adjustments allows the plants at higher altitudes to cope under distinct
abiotic conditions. A prior exposure to low non-freezing followed by
sub-freezing temperatures allows them to acclimatize through winter.
Here, the physio-metabolic remodeling via changes in the genetic fac-
tors subsidizes the tolerance abilities. The expression pattern of re-
sponsive genes is regulated through transcription factors (TFs) that
communicate with variability in light, temperature, gaseous, nutrient or
water content in the surroundings. Further extending this concept,
specialized systems encompassing biological clock, cell cycle and de-
velopment, and sensory molecules like calcium (Ca2+), recognize the
environmental signals and kindle multi-factorial adaptive and devel-
opment events. Additionally, mounting the levels of a specific meta-
bolite and its recruitment either as a compatible solute, membrane re-
inforcement, signaling regulator, antioxidant, cryo/osmoprotectant or
phytohormone is observed during fluctuating atmospheric conditions
(Cho et al., 2008).

Several reports on the tolerance mediated via genetic and chemical
components are available in plants (Lee et al., 2005; Guy et al., 2008;
Penfield, 2008; Nie et al., 2016). On the other hand, the temperate
woody species might adapt using different strategies. Only limited
studies are available in temperate species in relation to the climate-
mediated reprograming of molecular factors (Strimbeck et al., 1995;
Rasmussen et al., 2012; Angelcheva et al., 2014). A few genes encoding
for dehydrins, heat-shock proteins, ELIPs, aquaporins, and other de-
siccation-related proteins have been reported to display variable ex-
pression during acclimation in some Rhododendron spp. (Marian et al.,
2004; Wei et al., 2005; Liao et al., 2009). It was only recent that the
genome draft of a closely related species was sequenced and studied for
gene annotation or marker screening (Zhang et al., 2017). Overall, an
agreement to understand the survival mechanism in evergreens is still
required.

Analyzing the transcription and metabolism of environment-re-
sponsive dynamics can help in identifying species-specific responses.
Understanding the genetics and chemistry of tolerance in naturally
adapted species may lead to developing methods towards improving
resistance and productivity in crops, horticultural and forest plants
through molecular, biophysical, and functional genomics (Strimbeck
et al., 2015). The high-throughput data derived from RNA-Seq can be
implemented to elucidate the function of a gene in tissue development
or adaptation. Secondly, metabolomics is a widely employed strategy to
identify and associate the biochemical responses with the factors at
environmental or genetic levels and vice versa. The physical separation
rendered by high-performance liquid chromatography (LC) when cou-
pled to the mass analysis capability of the time-of-flight mass spectro-
meters (ToF-MS) is versatile for metabolite profiling. The compatibility
of LC with most of the molecules of biological origin, the accuracy and
sensitivity offered by the tandem ToF-MS instruments as well as the
techniques like electrospray ionization have enhanced the ion-detection
characteristics (Halket et al., 2004, von Roepenack-Lahaye et al., 2004).

In the present study, transcriptome profiles of flower and acclima-
tized leaves (collected during the flowering season) that had undergone
a long and gradual lowering of temperature in situ were compared with
that of non-acclimatized leaves (obtained before the beginning of
winter). Transcripts liable for sustaining homeostasis in response to
exogenous triggers by fabricating the effectors of metabolism, growth,
and development processes were identified. An integrated analysis of
transcriptome with LC-MS profiles further determined the temporal
changes in metabolism associated with the temperature change during
reproductive phase. A coordinated change in the levels of the annotated
compounds was equivalent to the corresponding gene information,
which has strengthened the biological role of these factors in the species
itself. In brief, the study demonstrated that a networking of genes had

responded to chilling temperature besides contributing to the induction
of flowering via complex interactions.

2. Materials and methods

2.1. Plant material, and RNA isolation

For a comprehensive elucidation of active gene networks in the
reproductive and vegetative growth of R. arboreum, two replicates for
flower (F2 & F4 for F) as well as leaf tissues from flowering (Lf2 & Lf4
for Lf) and vegetative season (Lv2 & Lv4 for Lv) were sampled from two
sites: Jhatingri and Ropru (Distt. Mandi, Himachal Pradesh, India). The
sampling time points represented two different temperatures; one
during the peak of blooming season in the month of Feb–March, and the
other during vegetative growth in the month of Oct–Nov (Table 1). RNA
from each sample was extracted using NucleoSpin® RNA plant (Ma-
cherey-Nagel). The RNA quality and quantity were evaluated using a
spectrophotometer (Nanodrop 2000) and subjected to cDNA library
construction.

2.2. Sequencing and transcriptome assembly

cDNA libraries prepared from the RNA isolated from the leaf and
flower samples of two geographical locations were sequenced. For
paired-end sequencing on Illumina's NextSeq500, cDNA libraries were
prepared using the standard protocol for TruSeq RNA library prepara-
tion followed by Bioanalyzer assessment. Briefly, the fragmented mRNA
was reverse transcribed and then subjected to second-strand synthesis,
adapter ligation, and amplification. In summary, six cDNA libraries
comprising of three tissues (Lf, Lv, and F), with two replicates each,
were sequenced (Table 1).

Raw reads were trimmed off the adapter and low quality (Phred
score< 20) bases using Trimmomatic (Bolger et al., 2014). FastQC was
used to determine the base quality, sequencing read length, and asso-
ciated parameters. The pre-processed reads from the samples of the
vegetative and flowering season were concatenated and assembled on
Trinity galaxy server. The data generated for flower (F2 & F4) and leaf
tissues of the flowering season (Lf2 & Lf4) was also utilized earlier by
our group for transcriptome annotation and screening of molecular
markers (Choudhary et al., 2018a).

To generate a master assembly for R. arboreum, the unigenes ob-
tained from each of the six sequencing libraries were grouped with the
CD-HIT-EST program (Li and Godzik, 2006) based on a 95% similarity
threshold. Unigenes> 500 bp length were kept for downstream ana-
lysis. To improve the transcriptome characterization, the reads ob-
tained from the six libraries of R. arboreum were also aligned to the
recently sequenced draft genome of R. delavayi using STAR RNA-Seq
aligner (Dobin et al., 2013) and compared for homology searches using
blast.

2.3. Transcript quantification and functional annotations of DEGs

Before proceeding for a compare and contrast analysis between the

Table 1
Sample information with geographical location details.

Tissue Sampling site Sampling time Code

Flower (F) Jhatingri (31.945910°N,
76.894685°E)

Flowering F2
Acclimatized leaf (Lf) Lf2
Non-acclimatized leaf

(Lv)
Vegetative Lv2

Flower (F) Ropru (31.726562°N,
76.862830°E)

Flowering F4
Acclimatized leaf (Lf) Lf4
Non-acclimatized leaf

(Lv)
Vegetative Lv4
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foliar and floral gene expression, transcript-wise abundance estimation
is the primary step. The sequencing data from the six transcript libraries
were consolidated into a single assembly as described earlier. The pre-
processed reads were mapped individually to the master assembly for
tissue-wise transcript quantification. The genome-free, alignment-based
algorithm of RSEM (RNA-Seq by Expectation-Maximization) v1.2.31
was utilized to obtain a raw and normalized count of each transcript (Li
and Dewey, 2011; Wagner et al., 2012). TPM (Transcripts per Million)
matrix was taken as a measure of a normalized gene expression. The
expression change for each transcript was then calculated using DESeq2
(Love et al., 2014). Transcripts expressed at a TPM of ≥10 at adjusted
p-value< 0.05 with the absolute value of the log2 ratio of ≥2, were
assumed as the significant differentially expressed genes (DEGs).

All DEGs were subjected to blast against TAIR10 database and
mapped to their respective GO terms to identify genes involved in
growth transitions. Likewise, the transcript sequences were also com-
pared to the protein database of the recently sequenced species, R.
delavayi. Following the combined comparisons, WebGestalt analysis
(Wang et al., 2013) was employed for GO classification with false dis-
covery rate (FDR) kept at 0.05. Unigenes with cutoff values of e
\1.00E−05 were assigned enzyme commission numbers based on
which KEGG defines a biochemical pathway and assigns the KO iden-
tifiers. For the TF enrichment, the transcripts were aligned against the
plant TFDB (Jin et al., 2013).

2.4. Quantitative real-time PCR (qRT-PCR) validation

From the DEGs enumerated, 8 were selected for validation of the
gene expression during seasonal transitions (Lf vs. Lv). cDNA was pre-
pared from 2 μg RNA (treated with DNAse) using High Capacity cDNA
Reverse Transcription kit (Applied Biosystems). PCR was performed in
the Step OnePlus™ RT-PCR machine (Applied Biosystems) using
PowerUp™ SYBR™ Green master mix (Applied Biosystems) using spe-
cific primers (Table S5). The thermal cycler profile comprised of an
initial denaturation for 10min at 95 °C, followed by 40 cycles each of
denaturation for 30 s at 95 °C, annealing for 30 s at 58 °C and elongation
of 1min at 72 °C, and at the last, a melting curve step. Ct value or the
threshold cycles of each target gene was normalized according to β-
Actin, taken as endogenous control. The relative quantities of tran-
scripts were calculated using the δCt method, the difference was de-
termined statistically by standard deviation and expression fold-change
was transformed to log2 scale.

2.5. Metabolite annotations

200mg of leaves from the two seasons as well as flowers were
ground. The fine powder was then suspended in 10–20mL of methanol,
sonicated at 4 °C for 20min, filter-dried and used for metabolomics. The
profiling was done on ACQUITY UPLC (Waters, Milford, MA, USA) and
ToF-MS system (ABSciex, Canada). Chromatographic separation was
performed on an ACQUITY UPLC BEH C18 column

(2.1mm×100mm×1.7 μm; Waters) with 0.1% formic acid in water
and in acetonitrile as mobile phase A and B, respectively. Mobile phase
B was increased initially from 10 to 30% at 9min, to 80% at 10min,
and then to 95% that was held until 14min. Finally, solvent B was
decreased to 5% at 15min until 18min. The target column temperature
was kept at 25 °C. The mass data acquisition was performed in elec-
trospray ionization-positive (ESI+) following certain parameters: ca-
pillary voltage of 3.2 kV; sample and extraction cone voltage of 30.0 V
and 3.0 V, respectively; nitrogen gas flow of 50 and 400 L/h at cone and
desolvation, respectively; and desolvation and source temperature of
220 and 80 °C, respectively.

LC-MS data files (.raw) with the spectra data were processed using
MSConvert in the proteowizard software (Patti et al., 2012). The ob-
tained peak data and intensities were the input for metabolite annota-
tion. MetaboSearch Tool v1.2 processed a list of m/z values by per-
forming a simultaneous web-search from five different databases (Zhou
et al., 2012). For the selection of metabolite pathway and their inter-
mediates, the weight of compounds was further established through
KEGG as well as literature survey. Finally, the metabolome data was
integrated with the pathway maps constructed from that of RNA-Seq.

2.6. Integrative transcriptome and metabolome analysis

The overall response of the species to change in season was char-
acterized by integrating RNA-Seq and metabolite data using MapMan
(Thimm et al., 2004). Firstly, the mean fold changes in expression and
level for each gene and annotated metabolite, respectively, were cal-
culated season-wise. To identify major genes responding to seasonal
variations, the DEGs were further subjected to interactome analysis
using STRING v10.5 (Szklarczyk et al., 2014). The first neighbors of
each of the interacting node were selected for predicting a gen reg-
ulatory and co-expression network at a significant score of> 0.7 and
FDR value of 0.001. Interactive Graphs and TreeMaps were constructed
in REVIGO (Supek et al., 2011). As per the methodology followed in
case of network analysis for potato (Cho et al., 2016), the correlation
was determined and presented on a Scatterplot using MS-EXCEL. The
metabolism overview was visualized using MapMan while annotations
were performed using Mercator pipeline (Lohse et al., 2014).

3. Results

3.1. RNA sequencing and de novo assembly

The paired-end library for Lv tissues sampled from the two sites
delivered ~40 million reads (Table 2) whereas, for the F, and Lf tissues
~59 and 63 million reads were generated, respectively (Choudhary
et al., 2018a). The pre-processed high-quality reads concatenated from
six libraries of Lv, Lf, and F tissues were assembled to create a master
transcriptome. Clustering all the contigs with CD-HIT-EST (at 95%
identity) and filtering of shorter transcripts (< 500 bp) subsequently
generated a total of 157,427 unigenes with a mean length of around

Table 2
Statistics for the RNA-Seq data obtained for the R. arboreum flowers (F2 and F4) and leaves [collected before (Lv2 and Lv4) and after cold acclimation (Lf2 and Lf4)].

Summary Lf2.fa Lf4.fa F2.fa F4.fa Lv2.fa Lv4.fa

Raw reads (in million) 30.4 32.6 14.4 45.1 22.1 18.4
GC% 48 49 44.7 45.6 47.5 46.5
Pre-processed reads (in million) 28.7 28.6 13.6 34.5 20.5 17.1
Transcripts generated 80,064 111,483 63,117 106,527 97,746 63,525
Maximum transcript length (bp) 11,520 14,816 15,860 10,008 15,585 15,547
Minimum transcript length (bp) 300 300 300 300 300 300
Average transcript length (bp) 804.1 824.4 884.3 836.61 923.5 977.0
Total transcripts length (bp) 64,381,317 91,907,227 55,814,544 89,121,107 90,267,079 62,065,731
Transcripts ≥1 kbp 18,209 26,210 18,036 26,980 28,768 20,682
N50 value (bp) 1117 1138 1257 1172 1293 1404
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1185 bases with N50 value of 1417 bases (Table 3).
The transcriptome was also aligned with the reference available for

a closely related species (Zhang et al., 2017) to enhance the quality of
the present assembly. Short reads generated for this experiment were
mapped to the genome scaffolds and were further segregated based on
the proper-improper pairing. Based on the fast and comprehensive
capturing of alignments estimated by STAR, it was concluded that
~78% of the assembled reads of R. arboreum mapped to the draft
genome of R. delavayi.

3.2. Global gene-expression changes

Foliar and floral transcriptomes were compared to determine the
responses during the blooming season and successive vegetative
growth. The expression profile of unigenes from Lf, Lv, and F samples
was scanned for spatiotemporal changes in gene expression at two
different time points and in the two tissue types (Fig. 1). From the
transcriptome, ~12,260 unique transcripts (8%) were found sig-
nificantly regulated (log2 fold change ≥2; p-value> 0.05) in the tissue-
wise comparisons. Of all the DE transcripts, 5933 (33.4%), 2120 (12%),
and 9690 (54.6%) had shown a change for the F vs. Lf, Lf vs. Lv, and F
vs. Lv comparisons, respectively.

Further, the F and Lf transcripts were combined as ‘f’ dataset and
compared with Lv (referred as ‘v’ to avoid ambiguity) for a compre-
hensive assessment of seasonal variation in gene expression. 4149
transcripts displayed a significant expression change with the season
where, 2894 and 1255 were being upregulated in f and v, respectively
(Fig. 1c). Above all, 12,577 transcripts were induced differently in the
tissue and season-wise assessment. A heat map of differentially ex-
pressed unigenes is presented in Fig. SF1. Table S1 provides the

transcript-wise log2 fold change information in the four comparisons.
To validate the DESeq analysis, RT-PCR was performed for 8 genes

selected based on their response to abiotic stimuli. Unigenes homo-
logous to DnaJ/Hsp40 cysteine-rich domain superfamily protein
(EDA3), signal recognition particle receptor protein (CPFTSY), photo-
system I subunit O (PSAO), Seryl-tRNA synthetase (SRS), ferritin
(FER2), and glycerol-3-phosphate acyltransferase (AT1G64355) were
upregulated in Lv. While the transcripts putatively encoding for glu-
tathione transferase (GSTF8) and flavanone 3-hydroxylase (F3H) had
an opposite trend as per RNA-Seq. The expression of these transcripts
followed a similar pattern as revealed from the RT-PCR analysis (Fig.
SF2).

3.3. Functional enrichment analysis for the DEG dataset

90% of the 12,577 DE transcripts obtained during tissue and season-
wise comparison in the species had significant blast hits when com-
pared to the R. delavayi protein sequences (Table S1). Further com-
paring these sequences to their counterparts in TAIR database, 10,966
transcripts were utilized for WebGestalt and KEGG pathway analysis
and 8201 (75%) were assigned functional and pathway annotations.
These transcripts represented 6198 unique gene IDs having 1083 sig-
nificant GO terms and 932 unique KO IDs. Also, the DEGs between F
and Lf (only one season) were examined for a tissue-wise assessment
while for seasonal variation in gene expression, f vs. v dataset (as dis-
cussed in materials and methods) was taken as input. Transcripts
varying in expression levels between Lf and Lv were further analyzed to
assess the season-wise transition in detail. A TreeMap represents the GO
enrichment for the three pairwise comparisons (Fig. SF3).

The significantly enriched GO terms under the biological process
category represented by the DEG profiles are enlisted in Table S2.
Processes related to oxidation-reduction; secondary metabolism; re-
sponse to water and abscisic acid (ABA); glucose catabolism; membrane
organization; and generation of precursor metabolites and energy, were
enriched in both the seasons (f and v datasets). The genes upregulated
in either of the tissues of flowering season (F and Lf) were related to
response to bacterium, chitin, cold, karrikin, oxidative stress, water,
and various plant growth regulators (PGRs); phenylpropanoid, sphin-
golipid, lignin, pectin, and anthocyanin metabolism; Ca2+ transport;
photoperiodism; and reproduction or reproductive structure develop-
ment. In contrast, the genes related to photosynthesis; alkaloid, co-
factor, isoprenoid, and tetraterpenoid biosynthesis; and response to
blue/red light were upregulated in v.

A temporal comparison (before and during flowering) of the two
leaf transcriptomes demonstrated the processes associated with the
food-synthesizing machinery and photosystem; jasmonate (JA) sig-
naling; circadian rhythm; vegetative to reproductive phase transition;
ABA, temperature, reproductive, and immune responses. Among the
processes upregulated in Lv were related to cytokinin and anthocyanin

Table 3
Statistics of reference transcriptome of R. arboreum.

Attributes Stats

Total trinity ‘genes’ 121,207
Total contigs generated 157,427
%GC 44.30
Maximum transcripts length (bp) 15,900
Minimum transcripts length (bp) 500
Average transcripts length (bp) 1185.91
Median transcripts length (bp) 877
Standard deviation of contig length (bp) 841.29
Non-ATGC characters 0
Transcripts ≥500 b 157,427
Transcripts ≥1 kb 67,021
Transcripts ≥10 kb 32
N50 value (bp) 1417
N10 value (bp) 3384
Number of bases in all transcripts 1,86,693,740
Number of bases in transcripts ≥1 kb 124,695,636
Number of transcripts in N50 40,621

Fig. 1. Presenting (A) tissue-wise transcript abundance; (B) proportion of differentially expressed transcripts (Up/down-regulated); and (C) phase-specific transcript
abundance (F: flower; L: leaf; f: flowering season; and v: vegetative season).
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metabolism; cell division and cycle; photosynthesis; electron transport
chain; and plastid organization. Whereas, flower development; MAPKK
cascade; energy derivation; redox processes; and response to salicylic
acid (SA), ethylene, and osmotic stress were downregulated in Lv. A few
categories upregulated in F were arginine and Ca2+ transport and re-
sponse to karrikin.

Pathway analysis through KEGG also confirmed that the carotenoid,
flavonoid, sterol, monoterpenoid, phenylpropanoid, agmatine, S-ade-
nosylmethioninamine (SAM), amino-acid, cofactor, cell wall, starch,
carbon, sulfur, lipid, linoleic acid, glutathione, and selenocompound
metabolism; PGR metabolism and signaling; plant-pathogen interac-
tions; flower development; photosynthesis; and proteasomal ubiquitin-
dependent pathways were enriched among the DEG datasets (Table S3).

3.4. Metabolite annotations

From the LC-MS analysis, 421 non-redundant mass ions obtained for
Lf (210), F (183), and Lv (181) were selected for potential metabolite
searches (Fig. 2). Based on the peak intensities, some ions had varying
levels, while others were exclusive to tissue or season. Pathway map-
pings sorted the resulting mass ions to primary (52) and secondary
metabolite biosynthesis (41) in the KEGG pathway database, based on
the C numbers assigned via the MetaboSearch Tool (Table S4). Meta-
bolites were annotated to the categories of arachidonic acid (18); di-
terpenoid (17); linoleic acid (15); fatty acid (6); alkaloids (21); car-
boxylic acid or glucosinolate (4); glycerophospholipid (6); flavone and
flavonol (10); retinol (6); isoflavonoid (4); ubiquinone and other ter-
penoid-quinone (3); and carbon, amino & nucleotide sugar, amino acid
and purine metabolism (9) etc. In addition to these mappings, some
intermediates or conjugates of phenylpropanoids, anthocyanidins,
steroids, terpenoids, monolignols, glutathione, polyamines, PGRs,
coenzyme, vitamins, and cofactors were annotated (Table S4).

3.5. An integrative analysis to spot specific responses

DEGs among the two growing seasons were utilized for network
analysis to determine the overall shift in gene expression. The analysis
presented 2000 nodes with 3657 edges at average local clustering
coefficient of 0.249 with PPI enrichment value of 3.33 e-15 in STRING
(Fig. SF4a). Further filtering at the highest confidence score of 0.900,
around 525 genes could be considered as major putative regulators.

At least 74 transcripts participating in Ca2+, MAPK, and PGR sig-
naling (protein kinases and phosphatases, calmodulin-like proteins,
annexins, and protein) were upregulated mainly in the flowering season

tissues (F and Lf). While, genes encoding for cell cycle and development
regulators (APCs, BAK1, BB, COP8, NET1A, ETG1, PHP, and PMI2)
were highly expressed in v. Enrichment using TFDB revealed 81 and
114 TF-encoding genes with variable expression during a comparison of
seasons and tissues, respectively. Apart from CBF2, DREB1, and its
regulators (ICE1, RCF, STZ/ZAT10); 4 auxin response factors (ARFs)
and 6 ethylene responsive factors (ERFs) of AP2/EREBP family; 28 TFs
of bZIP, C2H2, MYB, NAC, and WRKY families; and minor representa-
tions by bHLH, C3H, Dof, G2-like, GATA, HD-ZIP, and MYB-related
factors were noteworthy for both temperature-mediated and flowering
responses. Other transcripts related to dehydrins, late embryogenesis
abundant proteins, osmotins/thaumatins, and heat shock factors/
binding proteins (HSF/HSP), were also found upregulated in the f da-
taset.

Reproduction-related processes were also found enriched among
DEGs. Of these, the transcripts were majorly associated with the flow-
ering pathways (PHYE, CRY1, CRY2, PIF3, FCA, FCA-γ like, FRI, FRI-
like, VEL1, RTV1) and reproductive development (AP3, AG, PI, RAP2.6,
SEP, AG, CAL, FUL, LFY, ACL, ER, ELF, AGL, FLC, FT, SOC1, SVP, LHY,
FCA, CCA1, TOC1). Also, the differential regulation of 14 other genes
(ASHH, CPR, EID, FPF, GRP7, HUB2, PHP, WNK5, etc.) can be con-
nected to the transition of meristem from vegetative to reproductive
phase. In addition, the leaf tissues exhibited a higher expression of
floral repressors [LIF2, GNC, GNL/CGA1, YABBY, CLF, dsRBD protein-
like proteins (HEN1, LUG), and floral homeotic protein (HUA1)].

With>900 transcripts putatively regulating metabolism, a ma-
jority were identified with a significant change in expression. ~57 of
these transcripts related to starch and sugar metabolism including
substrate-specific glycosyltransferases; rhamnose synthase; expansins;
pectin lyase; pectinesterases; trehalose phosphatase; and galactinol,
raffinose, and trehalose synthase displayed a higher side of expression
in f. Around 90 sequences were categorized into the functionally di-
verse cytochrome family of proteins (CYP) and TFs that can be held for
stimulating the synthesis of various metabolites in response to various
abiotic stimuli. The metabolism overview during flowering response
was also characterized using MapMan, which represented significant
DEGs belonging to different metabolic pathways (Fig. 3A). Linked with
the amino acid transport genes, the annotated ions mapped to amino/
nucleotide sugar metabolism (phosphogalacturonate; UDP-2-acet-
amido-4-amino-2,4,6-trideoxy-alpha-D-glucose; and peptides like ar-
ginyl-glutamine-lysine and N-stearoyl arginine) (Table S4). Selected
genes and metabolites that were positively correlated are displayed in
Fig. 3B.

Further examining the DEG dataset for f vs. v, the homologs for
phospholipid and spermidine biosynthesis and fatty acids saturation
[phospholipase (PL) or its isoforms, ADC, SAMS, SAMDC, SHT, and
fatty acid desaturases (FAD)] were upregulated. Similarly, a higher
expression of genes for reactive oxygen species (ROS) metabolism or
scavenging (glutathione lyase and transferase, alternate oxidases, per-
oxidases, and superoxide dismutases) were witnessed in both F and Lf as
compared to Lv (Fig. 3). In this context, profiles from LC-MS supported
that of the transcriptome by demonstrating variable intensities of the
annotated metabolite pools (Fig. 3B). Glycerophospholipids (phospha-
tidylethanolamine; phosphatidate), fatty acid conjugates, products of
arachidonic/linoleic acid and steroid metabolism, and complex sper-
mine and glutathione conjugates [hydroxyethylglutathione; 1-Nitro-7-
hydroxy-8-glutathionyl-7,8-dihydronaphthalene; S-adenosylseleno-
methionine; N1, N12-diacetylspermine; 1-naphthylacetylspermine; and
aspidospermatine] varied among the three tissues (Table S4).

The pathway enrichment further pointed to the secondary meta-
bolite synthesis, its regulation, and accumulation. Transcripts encoding
for the enzymes for sustaining the production of flavonoids, diterpe-
noids, isoprenoids, aromatic polyketides, chalcones, lignans, cou-
marins, carotenoids, and alkaloids in the flowering season exhibited a
significant upregulation (Tables S2, S3). As the DE dataset exhibited
complete modules for the phenylalanine-naringenin-pelargonidin

Fig. 2. Differences of mass ions selected in ESI+ mode from LC-MS profiles of
the three tissues of R. arboreum.
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pathway, we selected the flavonoid pathway intermediates and tran-
scripts with variable levels and expression, respectively, for re-
presentation in Fig. SF5. Other metabolites mapping to the secondary
biosynthesis pathway included vitexin, quercitrin, luteolin derivative,
syrinigin, isoorientin, hyperin, kaempferol derivative, trifolin, myrici-
trin, pelargonidin, rutamrin, carthamone, puerarin, phyllospadine, etc.

(Table S4).
DEG dataset was also enriched with PGR biosynthesis, binding,

regulation, and response. The cytokinin signal transduction genes
[HK3, homeobox (KNAT3 and HB-2), ARR, RCA, GS2, SAM-2] were
overrepresented in both the leaf transcriptomes (Lv and Lf). On the
other hand, auxin-responsive genes (carrier proteins, ARF, IAA, IBR,

Fig. 3. (A) Metabolism overview with log2 fold change for reproductive vs. vegetative season. Squares and circles represent genes and metabolites, respectively; and
color intensity corresponds to the expression ratio at log scale (blue: up and red: downregulated). (B) Scatterplot depicting a correlation between change in expression
for selected genes and metabolite level (data label denotes gene followed by annotated metabolite name; for other details refer to Table S4). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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SAUR, AUX, LAX) and SA and JA signaling (NPR, PAD, SNI, TGA, BAK,
BIR, BR, BSK, BR6OX, BZR1, BARK) had a higher expression in F. As for
the ethylene and gibberellin (GA) related responses, the homologs of
ERFs, EIN, EBFs, GA oxidases (GAOX), and GA synthases (GASA) were
upregulated during flowering, especially in Lf. In this relation, some of
the masses were annotated to diterpenoids [GA5, GA7, GA9, GA12,
GA14, GA15, GA24, GA53, GA98; geranylgeraniol; kaur-16-en-18-ol;
ent-7alpha-hydroxykaur-16-en-19-oic acid; aphidicolan-16beta-ol; and
taxa-4(20),11(12)-dien-5alpha-ol] and to JA (Jasmolin II; phenylala-
nine-JA conjugate), BS (glucobrassicin), and SA (trien-1-yl-salicylic
acid; diphenhydramine SA; and salicylazosulfapyridine) conjugates
(Fig. 3). Lastly, the genes for karrikin (22) and chitin responses (77)
propose alternative strategies of the species to sense and counter abiotic
stimuli during reproductive phase.

Overall, the DEG dataset could be segregated into following func-
tional groups: (a) signaling cascades, (b) primary/secondary metabo-
lism, (c) phytohormone responses, (d) response towards external/ in-
ternal signals, (e) reproductive growth and development, (f) TFs, and
(g) post-transcriptional gene silencing (Fig. SF4b). A supplementary co-
expression analysis among the genes, which were depicted to be in-
volved in the seasonal response, was performed using STRING at a
significant score and FDR value (Fig. 4). The non-redundant DEGs
(2747) were allocated to 171 and 20 distinct biological processes and
pathways, respectively. Of the 93 and 56 genes upregulated during
flowering and vegetative season, respectively, 10 biological processes
are represented by differently colored nodes in Fig. 4A & B. Selected
gene modules were correlated to the annotated metabolite levels
(Fig. 3B).

4. Discussion

R. arboreum often experiences frost, desiccation, water logging,
photoinhibition, low oxygen or a combination of these conditions in the
Himalayas during the flowering season. A reorganization of physiology
and molecular-level adaptations renders tolerance or survival under a
climate, which can affect growth, development, and geographical dis-
tribution of a plant. Earlier, the de novo transcriptome constructed by
our group was characterized for annotation and marker screening
(Choudhary et al., 2018a). In the present study, transcript and meta-
bolome libraries of flower and leaf tissues representing two growing
seasons were assessed to study spatiotemporal responses in the species.
The transcriptome generated from the sequencing of six cDNA libraries
of flowering and vegetative season tissues comprised of 157,427 con-
tigs. Of the whole assembly, 114,540 (73% of the total) unigenes were
annotated based on protein database of TAIR and R. delavayi. The dif-
ferential analysis revealed a variable expression of 12,577 transcripts
among flowering and vegetative tissues, 4149 of which could sustain
distinct processes in the two seasons. RT-PCR validation for a set of 8
genes matched with expression profiles from the RNA-Seq data (Fig.
SF2). Considering the significance of metabolome analysis in further
refining the environmental and genetic interactions, LC/MS data was
generated for the respective tissues and annotated based on KEGG
mappings. It was displayed that the level of the masses/ions mapping to
primary or secondary metabolism agreed to the expression of genes
responsible for their synthesis or accumulation (Fig. 3).

4.1. Defence rendered by the genetic and metabolic modules in response to
season

Multiple physio-chemical factors are at the disposal of a living
system to sense a change in temperature and respond accordingly.
Starch and sugar metabolism can vary with the environment and
monitor the physical or chemical properties of cell wall and membrane.
In this context, an increased transcription of genes accounting for the
synthesis of CYPs, FADs, PLs, hemicelluloses, lignins, pectins, spermine,
and simple sugars during the flowering phase in R. arboreum provided a

membrane-stabilizing effect under frost. Likewise, a threshold ROS to
articulate responses towards external stimuli and developmental
growth justifies an upregulation of redox processes in the adapted tis-
sues. Consequently, glutathione cycle, secondary metabolism, phos-
pholipid biosynthesis, dehydrins, superoxide dismutases, and thauma-
tins come into picture to counter the disturbed redox homeostasis,
desiccation, and photo-oxidation similar to the cold hardiness transcript
profile in other plants (Gaete-Loyola et al., 2017). Photoinhibition at
low temperature encourages the evergreens to regulate photosynthesis
(Wei et al., 2005; Guerra et al., 2015) comparable to which there was a
downregulation of the corresponding genes during flowering in our
study.

The in silico pathway enrichment was also demonstrated by the
metabolite annotations, which might correspond to the underlying
adaptation to climate (Fig. 3). From regulatory to protective agents,
plants have a diverse array of these factors to respond to temperature
shocks (Kaplan et al., 2004). Complex fatty acids conjugates, amino-
acid derivatives, glucosinolates, alkaloids, monolignols, lignans, sper-
mine, and glutathione were predicted from the LC-MS profiles (Table
S4). The presented annotations and differential intensities of metabo-
lites in the two seasons may indicate their role either as a compatible
solute, osmoprotectant, scavenger or membrane modulator, similar to
other reports (Hummel et al., 2004; Nishizawa et al., 2008; Muzi et al.,
2016). Still it requires further analysis in R. arboreum to ensure the
likely features they confer during adaptation.

Seasonal variations can bring changes in temperature, humidity,
light intensity, nutrient, and water supply which in turn, can affect the
plant secondary metabolite production. The phenylpropanoid, flavo-
noid, and terpenoid pathway genes were upregulated during flowering.
Complementary to the expression profiles of the biosynthetic genes,
accumulation level of the annotated flavonols, flavones, quinones,
isoflavonoids, hydroxycinnamic acids, and polyketides could be ob-
served in the metabolite profiles (Figs. 4B & SF5). An active synthesis
and participation of secondary metabolites are intertwined with adap-
tation in plants (Wu et al., 2014). Moreover, the structural diversity of
secondary metabolites, especially flavonoids, favors their participation
in equally diverse biological activities. For instance, these compounds
can relieve the detrimental effects of UV-light, act as antioxidants, or
impact the cellular transport of PGRs (Murphy et al., 2000). A differ-
ential pattern of the genes of flavonoid and other secondary pathways
as well as their coordination with the metabolite level as annotated in
the current LC/MS profiles (Fig. 3) might propose an active response to
environmental changes. However, we suggest further investigations to
ascertain that the primary, secondary, and ROS metabolite mappings
play a similar role in R. arboreum.

4.2. PGR responses towards adaptation and growth phase

PGRs are the supervisors of physio-developmental stage and
alongside immune system, they sense and mediate signaling towards
biotic/abiotic factors and preserve plant vigor. Ethylene can positively
affect cold-hardiness, and together with auxin, switch the plant from
vegetative to flowering stage (Harber and Fuchigami, 1989). A spike in
the related responsive genes during flowering phase symbolises the
synthesis of the ‘common flowering trigger’ in the present case. Other
than auxins, JA can induce the expression of many ERFs. In this regard,
the mutual gene profiles for response to JA to that of wounding and
exo/endogenous signals as well as for response to cytokinin to that of
cold, add to the synergistic effect of PGRs during acclimation. The
flowers' metabolome was also reported with additional annotations to
JA and SA conjugates, which are found linked to temperature tolerance
in other plants (Taşgín et al., 2003; Szabados et al., 2011; Miura and
Tada, 2014; Hu et al., 2017). Similarly, the annotations to different GAs
or their precursors as per the metabolite profiles (Fig. 3B, Table S4) is
supported by the corresponding elevated GASA and GAOX gene
homologs in leaves, which depict the role of GA in long day flowering
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(King et al., 2006). Another observation was the significant enrichment
of genes allied to karrikin responsiveness similar to the reports on
chilling and drought tolerance (Zhao et al., 2012; Zheng et al., 2015;
Bai et al., 2017). Till date, these butenolides are only known to sti-
mulate light-dependent seed germination and growth or to alleviate
dormancy through pathways analogous to other PGRs. A significant
upregulated response to karrikin after acclimation, mainly in flowers,

and moreover, in the absence of the default stimulus advocates broader
conservation mechanism in R. arboreum.

4.3. Signaling network perceive and transmit the climatic signals to ensure
tolerance as well as flowering

External and endogenous cues together ensure the sequential

Fig. 4. Co-expression network of upregulated modules during (A) flowering and (B) vegetative season.
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progression to flowering mode. Membrane dynamics and auxiliary
augmentations by temperature and ATPases galvanize the transporters
to translocate the Ca2+ signatures to the nucleus (Choi et al., 2016).
Likewise, the upregulated MAPKs can be elicited by both biotic and
abiotic stimuli during flowering (Wang et al., 2017). The cold-inducible
CBF, HSF, AP2/ERF, Ca2+-binding proteins, zinc-finger TFs, LEA pro-
teins, and their regulatory network (comprising of ICE1, MYB73, STZ/
ZAT10, etc.), was documented not only in acclimated foliar tissues but
also in flowers (Fig. SF4). These factors are known to impart low-
temperature tolerance in higher plants (Wu et al., 2014; Lee et al.,
2015; Wisniewski et al., 2015). Following the networking among TFs
and other effectors of Ca2+, MAP, and hormone signaling, it was im-
plemented that both temperature-dependent, as well as reproductive
responses, are interconnected (Fig. 4A). For instance, ANN proteins that
mediate Ca2+-mediated cold responsiveness, are also found during
pollen development (Zhu et al., 2014). A crosstalk between PGR and
MAPK signaling, to quote, the upregulated EDR1 of MAP3K family in
ethylene signaling, complies with the reproductive processes in R. ar-
boreum (Kim et al., 2003).

The developmental events triggered by abiotic stimuli are further
reflected from the upregulated expression of genes associated with the
floral timing, induction, and maintenance in the acclimatized tissues.
Upregulated photoreceptors in leaf entrain the biological clock with
environment, corresponding to which there was an elevated expression
of circadian-oscillators (Fig. 4A). A positive regulation of the light-de-
pendent flowering pathway is established from the expression of GI and
CRY2 (genes upstream of CONSTANS). The interaction of light and
circadian rhythm followed by a simultaneous upregulation of FT link
the floral induction and temperature responding ability of leaves (Lee
et al., 2015; Nakamichi et al., 2016). GAs can also interact with the cis-
elements of LFY, FT, and SOC1 to mediate what is called the con-
vergence of the GA and light-mediated flowering pathways. The tem-
perature-induced synthesis of bioactive GAs controls developmental
transition and morphogenesis, equivalent to which the corresponding
gene expression was in agreement with the GA transduction in R. ar-
boreum (Fig. 3B). We further performed the genome-wide miRNA pro-
filing in the tissues for demonstrating the regulation of circadian clock
and flowering development genes (Accepted manuscript; Choudhary
et al., 2018b).

The inducers congregating towards floral timing and circadian
system prompt ABCE genes to initiate floral meristem generation and
regulate meristem identity and other organ developmental genes. The
upregulation of all these genes in floral tissues portrays yet another
environment-mediated response in R. arboreum. In addition to the floral
pathway integrators, there are repressors of floral development, a ma-
jority of which were upregulated in leaf, especially during the vegeta-
tive season (Fig. 4B). For example, GATA TFs, GNC, and GNL/CGA1
suppress SOC1 downstream of GA and prevent flowering in foliar tis-
sues. An abundant expression of GATA factor homologs in our study is
another evidence of cross-talk among flowering time, greening, and
temperature tolerance similar to an earlier report (Richter et al., 2013).
Upregulation of genes controlling the cell cycle supports a vigilant
regulation over growth and development by inhibiting the development
of floral organ and its features during vegetative season in R. arboreum.

5. Conclusion

The gene expression studies associated with cold acclimation in
evergreen trees are limited. Our study explains the survival tactics
adopted by Himalayan Rhododendron before and after a temperature
decrease at the sampling sites by evaluating RNA-Seq and metabolome
data. Both the seasons shared a fraction of genes for sustaining growth,
metabolism, energy-production, and responses towards external stimuli
throughout the year. Remodeling the expression of genes associated
with membrane, carbohydrate catabolism, and photosynthesis to a
different fate are peculiar to acclimation. Besides these processes, we

could categorize specific adaptive postulates of R. arboreum consisting
of cytochromes, ROS scavengers, osmotic/desiccation protectants, sec-
ondary metabolites, karrikin responses, and TFs. Through tran-
scriptome and metabolome annotations and following interactome, it
could be concluded that the sensors of environmental variances while
motivating a repertoire of molecular features towards tolerance, also
indulges in reproductive development. The responses were active not
only in acclimatized leaves (collected after the commencement of
winters) as compared to vegetative growth but were also witnessed in
flowers. It further emphasizes the necessity of a comprehensive tran-
scriptome analysis to study physio/developmental changes in plants.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gene.2018.12.035.
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