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Abstract
White birch (Betula papyrifera) is a dominant tree species of the Boreal Forest. Recent stud-

ies have shown that it is fairly resistant to heavy metal contamination, specifically to nickel.

Knowledge of regulation of genes associated with metal resistance in higher plants is very

sketchy. Availability and annotation of the dwarf birch (B. nana) enables the use of high

throughout sequencing approaches to understanding responses to environmental chal-

lenges in other Betula species such as B. papyrifera. The main objectives of this study are

to 1) develop and characterize the B. papyrifera transcriptome, 2) assess gene expression

dynamics of B. papyrifera in response to nickel stress, and 3) describe gene function based

on ontology. Nickel resistant and susceptible genotypes were selected and used for tran-

scriptome analysis. A total of 208,058 trinity genes were identified and were assembled to

275,545 total trinity transcripts. The transcripts were mapped to protein sequences and

based on best match; we annotated the B. papyrifera genes and assigned gene ontology. In

total, 215,700 transcripts were annotated and were compared to the published B. nana
genome. Overall, a genomic match for 61% transcripts with the reference genome was

found. Expression profiles were generated and 62,587 genes were found to be significantly

differentially expressed among the nickel resistant, susceptible, and untreated libraries.

The main nickel resistance mechanism in B. papyrifera is a downregulation of genes associ-

ated with translation (in ribosome), binding, and transporter activities. Five candidate genes

associated to nickel resistance were identified. They include Glutathione S–transferase,

thioredoxin family protein, putative transmembrane protein and two Nramp transporters.

These genes could be useful for genetic engineering of birch trees.

Introduction
Nickel is an essential micronutrient for plants with concentrations ranging from 0.01 to 5.00
mg / kg. A low level of bioavailable nickel in soil has a beneficial effect on plant growth, but
excess accumulation of this heavy metal in plants causes structural, metabolic, and physiologi-
cal constraints that affect growth and development [1, 2].
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White birch (Betula papyrifera) is a dominant tree species of the boreal forest. It is a pioneer
species and rapidly colonizes open areas [3]. It is the predominant species in mining regions
contaminated with metals in Northern Ontario, Canada (especially in the Greater Sudbury
Region), as it represents 60% of all tree species in many areas, [4]. This region is known as one
of Canada’s most ecologically disturbed areas. Over 100 million tonnes of sulfur dioxide and
tens of thousands of tonnes of cobalt (Co), copper (Cu), nickel (Ni), and iron (Fe) have been
released from roast pits and smelters [5]. This caused localized heavy metal pollution and acidi-
fication of surrounding ecosystems since industrial activities started over 100 years ago [6]. Lit-
tle is known about B. papyrifera adaptation to soil metal contamination even though it plays
such a key role in forest sustainability. Recent studies have shown that this species is fairly
resistant to heavy metal contaminations specifically to nickel [7, 8].

Cellular mechanisms of nickel tolerance are unknown. In general, metal tolerance includes
detoxification processes, complexation by phytochelatins, phylates, amino acids and organic
acids, and compartmentation of toxic ions within the cell vacuole and apoplast [2]. It is also
known that toxic metal—induced oxidative stress is usually greater in sensitive plants than in
tolerant plants, which shows reduced lipid peroxidation. In general, plants are rarely adapted
to high concentrations of metals and enzyme activity is usually decreased or lost when they are
under metal stress. Studies suggest that glutathione (GSH) and its related metabolizing
enzymes, proteins, and peptides play a pivotal role in heavy metal tolerance by controlling reac-
tive oxygen species (ROS) and methylglyoxal (MG) detoxification, heavy metal (HM) uptake,
translocation, chelation, and detoxification [9]. Theriault et al. [10] showed that B. papyrifera
is a nickel accumulator and it survives despite high concentrations of nickel in its aerial shoots.
This is because accumulator plants biotransform contaminants into inert forms in their tissues.
Analysis of segregating B. papyrifera populations exposed to a high dose of nickel in controlled
environment suggested that this tolerance to nickel is controlled by a single recessive gene [11].
In general, resistant plants develop specific mechanisms for uptake, translocation and storage
of nutrients and toxic elements. It is very likely that these mechanisms are genetically closely
regulated. Knowledge of regulation of genes associated with metals in higher plants is unclear.
Genome sequence of only one birch species, dwarf birch (B. nana), has been completed [12].
To date, transcriptome analysis in the genus Betula has not been investigated. Comparative
transcriptome analysis is a tool for genetic characterization for stress resistance in plant popu-
lations [13, 14, 15]. The main objectives of this study are to 1) develop and characterize white
birch (B. papyrifera) transcriptome, 2) assess gene expression dynamics of B. papyrifera in
response to nickel stress, and 3) describe gene function based on ontology.

Materials and Methods

Ethics Statement
Betula papyrifera (white birch) seed sampling was conducted on the Laurentian University
(Sudbury, Ontario) experimental site. Specific permission was not required to access this
location.

Nickel treatments
Betula papyrifera seeds collected from the Laurentian University experimental site in the
Greater Sudbury Region (Northern Ontario) were stored at 4°C. They were then germinated
on wet filter papers in Petawawa boxes at 27°C. Seedlings were transplanted into pots contain-
ing a topsoil/peat moss mixture. After a month, they were fertilized with equal amounts of
nitrogen, phosphorus and potassium (20-20-20) and left to grow for four additional months at
27°C in a growth chamber. They were then transplanted into a 50:50 mix of quartz sand and
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peat moss and left to grow for another month. To assess the toxicity of nickel, segregating pop-
ulations were treated with a single dose of Ni(NO3)2 salt which led to a final concentration of
1,600 mg /kg of nickel as previously described [11]. This concentration corresponds to the total
amount of nickel in contaminated sites in the mining region in Northern Ontario. Water
treated plants were used as reference. To determine any effect of nitrate on plant damage,
KNO3 was also used as an additional control (nitrate control). The experimental design was a
completely randomized block with 15 replications.

Damage rating was recorded every two days based on a scale of 1 to 9, 1 = no visible toxicity
symptoms and 9 = dead plants. Individual plants with a score of 1 to 3 were considered nickel
resistant, 4 to 6, moderately resistant/susceptible, and 7 to 9 susceptible. Fig 1 depicts the dam-
age rating scale range.

Nickel content analysis
Total nickel in roots and leaves was measured as described in [16] and [17]. The detection of
total Ni was determined using inductively coupled plasma atomic emission spectrometry

Fig 1. White birch (Betula papyrifera) fromM2 populations treated with 1,600 mg/kg of nickel (Ni). Left
and right plants are resistant (damage rating score of 1) and susceptible (damage rating score of 9) seven
days after Ni treatment, respectively.

doi:10.1371/journal.pone.0153762.g001
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(ICP-AES). The quality control program, completed in an ISO 17025 accredited facility (The
Forest Resources & Soil Testing (FoReST) Laboratory, Faculty of Natural Resources Manage-
ment (Lakehead University Center for Analytical Services (LUCAS), Thunder Bay, Ontario,
Canada), included analysis of duplicates, Certified Reference Materials (CRM’s), Internal Ref-
erence Materials (IRM’s), procedural and calibration of blanks. Continuous calibration verifi-
cation and use of internal standards (Sc, Y, Bi) was done to correct for any mass bias. All
concentrations were calculated in mass/mass dry soil basis. The data obtained for all elements
of interest in analyzed CRM soil samples were within ± 12% of the certified level.

Nickel concentration data were statistically analyzed using SPSS 20 for Windows, with all
data being transformed using a log10 transformation to achieve a normal distribution.
ANOVA, followed by Tukey’s HSD multiple comparison analysis, was performed to determine
significant differences (P� 0.05) among Ni content in soil, root, and leaf samples.

RNA extraction
Total RNA was extracted using the Plant/Fungi Total RNA Purification kit from Norgen Bio-
tek Corporation (Thorold, Canada). It was quantified using the Qubit(R) RNA BR Assay kit
provided by Life Technologies (Carlsbad, United States). The quality of the RNA was verified
on a 1% agarose gel.

De novo transcripts assembly
RNA- seq libraries were generated using the TruSeq RNA-Seq Sample Prep Kit according to
the manufacturer’s protocol (Illumina Inc. San Diego, CA). Poly-A RNA was isolated from
total RNA and chemically fragmented. First and second strand cDNA syntheses were followed
by end repair and adenosines were added to the 3’ ends. Adapters were ligated to the cDNA
and 200 ± 25 bp fragments were gel—purified and enriched by PCR. The library was quantified
using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) and the sequencing was per-
formed on the Illumina HiSeq 2000 sequencing system (Illumina Inc.) at Seq Matic (Fremont
California, USA). The RNA- sequence data from all the samples including 9 nickel-treated (3
resistant, 3 moderately resistant/susceptible, 3 susceptible), 3 water-treated (control), and 3
nitrate-treated were used as input to the Trinity program (http://trinityrnaseq.githb.io) to
assemble the transcripts. A flowchart summarizing all the steps and quality controls leading to
candidate genes selection is described in Fig 2. All transcripts were mapped to protein
sequences in the UniProt database (http://www.uniprot.org/) and the best match was used to
annotate genes and assign gene ontology information.

We counted the number of genes that had at least 1, 2, 10, 50 or 100 counts. In general, the
number of genes with two or more counts was used as a rough estimate of how many genes
were expressed. Genes with only one read could be noise. In addition, the number of genes
with 10 or more reads is a good indicator of how many genes have enough reads for down-
stream statistical analysis. Basically, the genes were ranked by read counts, and the number of
reads belonging to the top genes was computed (up to top 100). If the majority of the reads
came from top genes, then the sample probably had bottlenecking issues where a few genes
were amplified many times by PCR during library preparation.

Number and expression of genes detected
The raw reads were mapped to Trinity assembled transcripts using bowtie (http://bowtie-bio.
sourceforge.net/index.shtml), and RSEM (http://deweylab.biostat.wisc.edu/rsem) was used to
quantify transcript and gene expression levels (both gene counts and FPKM levels). Additional
QC at gene level was performed, including number of genes detected, percentage of reads
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belonging to the top genes, normalization for RNA composition, and grouping, and correlation
between samples. Gene expression was calculated and expressed as Reads Per Kilobase per Mil-
lion reads mapped (RPKM) [18]. The count per million (CPM) cutoff was 0.48 based on the
average read count of all samples (20.9 million). This CPM cutoff roughly equals to 10 raw
reads in this experiment. A gene with a CPM value> 0.48 in at least two samples from the
experiment was included for downstream analysis. The raw counts were normalized using
voom (http://genomebiology.com/2014/15/2/R29) method from the R Limma package (http://
www.bioconductor.org/packages/release/bioc/html/limma.html). After normalization, most
samples looked similar. In general, samples with high or low distribution may be outliers (or
have large biological differences). Based on expression changes, further analyses were carried

Fig 2. Flowchart of the Betula papyrifera transcriptome analysis. Based on the data, we removed three samples as outliers.

doi:10.1371/journal.pone.0153762.g002
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out to detect enriched functions. Gene Set Enrichment Analysis (GSEA) method was per-
formed instead of the traditional gene ontology (GO) enrichment method to identify enriched
functional categories. This because GSEA does not rely on an arbitrary cutoff, and it can be
more sensitive for small changes that happen across a whole group of genes. In addition, GSEA
can be applied even when there is no replicate. Finally, the presence of an expression gradient
in the samples was evaluated after baseline correction. Baseline filtering of genes that likely are
the effect of nitrate was conducted.

We used the made4 (multivariate analysis of microarrays data using ADE4) program to clus-
ter samples and draw a heatmap based on genes that have variable expression across samples.
These variable genes were chosen based on standard deviation (SD) of expression values larger
than 30% of the mean expression value. Genes with mean logCPM< 1 were removed if there
are> 5,000 variable genes, and then all genes were ranked by SD/Mean to get the top 5,000
genes. Multidimensional plot was created to view sample relationships. This is done using R
Limma package (http://www.bioconductor.org/package/release/bioc/html/limma.html).

The annotated sequences were run through the GO-Slim function of the BLAST2GO pro-
gram to provide a high level summary of functions that include biological process, cellular
components, and molecular function.

Identification of genes associated with nickel resistance
For the identification of genes associated with nickel resistance, a pairwise comparison between
resistant / moderately-resistant and resistant / susceptible which showed all the differentially
expressed genes (DEGs) was performed. Top 50 genes based on Log2 FC from each pairwise
comparison were ranked. Five candidate genes were selected based on the expression in resis-
tant genotypes compared to susceptible, on their function, and their characterization docu-
mented in existing literature.

Results and Discussion

Tolerance to nickel
No damage was observed in water control genotypes (damage rating = 1) and only minor damages
were seen in the nitrate control (damage rating = 2). Out of the 15 genotypes tested, five were clas-
sified resistant (with damage rating of 1 or 2), 5 moderately susceptible (average damage rating
5.6), and five were susceptible (damage rating of 9). Fig 1 shows a phenotype of a highly resistant
and a susceptible plant. Metal analysis revealed that the highly resistant, moderately resistant/sus-
ceptible and susceptible plants contain similar levels of nickel in their roots. But a significantly
lower amount of nickel was found in leaves of the highly resistant plants compared to moderately
resistant and susceptible genotypes (Fig 3). The damage observed in resistant plants remained
unchanged for the first four days after the treatment, while the moderately resistant/susceptible
showed increasing damage overtime. Metal analysis revealed that resistant, moderately resistant/
susceptible and susceptible genotypes showed the same levels of metals in roots, but in resistant
plants, nickel translocation from roots to leaves was limited. The levels of Ni in leaves in moder-
ately resistant/susceptible and susceptible genotypes were similar (Fig 3). Hence the moderately
resistant/susceptible and the susceptible genotypes were classified as susceptible in this experiment.
This was confirmed later by the levels of gene expression based on the transcriptome analysis.

Transcriptome assembly and analysis
After trimming all the contaminations, a total of 208,058 trinity genes were identified and were
assembled to 275,545 total trinity transcripts with an average length of 561.54. This represents
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a total of 154,728,281 bases. Overall, 215,700 transcripts were annotated and were compared
to the published B. nana genome (http://birchgenome.org). A genomic match for 61% tran-
scripts with the reference genome was found. This Transcriptome Shotgun Assembly project
has been deposited at DDBJ/EMBL/GenBank under the accession GEIC00000000. The version
described in this paper is the first version, GEIC01000000.

Gene ontology classification
Transcripts were assigned gene ontology and grouped by biological function, molecular func-
tions, and cellular compartmentation. Overall the numbers of transcripts were similar among
the different groups (control, resistant, and susceptible).

For biological function, 23,876 transcripts were assigned ontology. Roughly, 65% of all catego-
ries fall under cellular component organization (CCO), carbohydrate metabolic process (CMP),
transport, catabolic process, response to stress, translation, and response to stimulus (Fig 4). For
molecular functions, 35% transcripts code for proteins involved in binding activities, 13.7% for
kinase activities, 12.7% for DNA binding, and 10.2% for transport activities (Fig 5).

For cellular compartmentation, 10,580 transcripts were assigned gene ontology. Overall,
16.4% of the transcripts were localized in ribosome, 15.1% in cytosol, 11% in plasma mem-
brane, 11% in mitochondria, 9% in plastid, 6.8% in cytoskeleton, 6.2% in endoplasmic reticu-
lum, and 5.9% in Golgi apparatus (Fig 6). Hence, among the three principal gene ontologies,
most of the differentially expressed genes were classified into the terms CCO, CMP, transport,
Nucleotide binding, kinase activities, DNA binding, ribosome, cytosol, plasma membrane, and
mitochondria suggesting that these functional processes play a major role in B. papyrifera gene
activities.

Differential gene expression
Overall, 99,243 of the total 208,058 genes were expressed. After normalization, a total of 62,587
genes were selected as effectively expressed. Classification of differentially expressed genes was
performed to examine their functional distribution characteristics. To determine the effect of

Fig 3. Concentration of nickel in leaves and roots of Betula papyrifera growing in soil containing 1,600 mg/kg of nickel.Means with a common
subscript are not significantly different based on Tukey multiple comparison test (P� 0.05). Error bars represent standard error.

doi:10.1371/journal.pone.0153762.g003
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nickel treatment, the whole transcriptome was analyzed and nickel–resistant and susceptible
were compared to untreated samples. There was a higher number of upregulated than downre-
gulated translation transcripts for biological functions. The same trend was observed for
response to stress genes (Fig 7). Analysis of molecular functions reveals a high level of upregu-
lation of structural molecule activities for resistant and susceptible genotypes compared to con-
trol (Fig 8). For cellular compartment, there was an upregulation of ribosome genes in both
resistant and susceptible, with a higher increment of regulation in resistant samples. A down
regulation of cytoskeleton and plasma membranes genes was observed in resistant genotypes
(RG) and in plasma membrane genes in susceptible genotypes (SG). Plastid genes were down-
regulated in both RG and SG (Fig 9).

Pairwise comparison of resistant and susceptible genotypes
When highly resistant genotypes were compared to control, 3,225 genes were upregulated and
3,012 downregulated while 6,415 were upregulated and 2444 downregulated when susceptible
genotypes were compared to control. On the other hand, we found 1,646 upregulated and
1,124 downregulated genes when susceptible genotypes were compared to resistant. There
were no differences in gene expression when moderately resistant/susceptible and susceptible
genotypes were compared. This confirmed that the moderately resistant/susceptible genotypes
are susceptible genotype with a delayed expression of damage when treated with a high dose of
nickel.

Fig 4. Percentage of transcripts in Betula papyrifera control samples. A total of 21,793 transcripts were
assigned gene ontology and grouped by biological function using BLAST2GO. Categories under 2% were
grouped together and classified as “other”.

doi:10.1371/journal.pone.0153762.g004
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Fig 5. Percentage of transcripts in Betula papyrifera control samples. A total of 23,876 transcripts were assigned gene ontology and grouped by
molecular function using BLAST2GO. Categories under 2% were grouped together and classified as “other”.

doi:10.1371/journal.pone.0153762.g005
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Fig 10 shows regulation of the top 50 genes when resistant genotypes (RG) were compared
to susceptible; S1 Fig when RGs were compared to control; and S2 Fig when SGs were com-
pared to control. Pairwise comparison for biological, molecular functions and cellular compart-
ments between RG and SG are described in Figs 11–13. For biological functions, there were
more upregulated than downregulated genes in RG compared to SG for response to stress,
DNA metabolic process, generation of precursor metabolites, and response to biotic and abi-
otic stimuli (Fig 11). The opposite trend (more downregulated than upregulated genes) was
observed for carbohydrate metabolite process, cellular component organization, translation,
and cell cycle. For molecular function, the number of upregulated genes was higher than down-
regulated for nucleotide binding, signal transducer and receptor activities. The opposite was
observed for structural molecular activity and carbohydrate binding (Fig 12). For cellular

Fig 6. Percentage of transcripts in Betula papyrifera from the control. A total of 10,580 transcripts were
assigned gene ontology and grouped by cellular compartment using BLAST2GO. Categories under 2% were
grouped together and classified as “other”.

doi:10.1371/journal.pone.0153762.g006
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compartment, we observed 7x more upregulated genes than downregulated in plasma mem-
brane but 2x more downregulated than upregulated in ribosomes, and 60% more downregu-
lated genes than upregulated in cytosol (Fig 13). Comparative analysis of RGs and control, and
SGs and control are described in S3–S8 Figs.

Characterization of highly expressed genes
Molecular function data shows that among the top 50 transcripts/genes, 50% are involved in
binding activity, 16% in catalytic activity, 6% in transport activity, 4% in nucleic acid binding
transcription factor activity, 4% in other activities, and 20% unknown activities when RG were
compared to control (Fig 14). Overall, 80% of the genes involved in binding activity were
downregulated and 20% upregulated in nickel treated-resistant genotypes compared to nickel–
untreated genotypes. The same trend was observed for genes involved in transporter activity
since two of the three genes identified were upregulated in resistant genotypes. An opposite
trend was observed for catalytic activity where 6 of the 10 genes were upregulated in resistant
genotypes and 4 downregulated (Fig 14).

The specific genes that were upregulated in resistant genotypes include DNA, actin, calcium,
and receptor binding; methyl transferase, isomerase/reduction, aconitate hydratase, cellulose
synthase, and storage protein genes. The downregulated genes are involved in DNA, metal,
GTPase, receptor, cellulose synthase/metal, and lipid bindings; and mRNA, hydrolase / reduc-
tion, reduction, storage protein, transporter, pectate lyase, metal binding reduction, cellulose
synthase/metal binding, DNA binding nuclease, and DNA binding peptidase.

We found that 50% of the top 50 transcripts have unknown molecular functions based on
gene ontology when RG and SG were compared. All the transport activity genes were upregu-
lated in RG and all the genes for nucleic binding or transcription factor activity were downre-
gulated (Fig 15). We discovered five genes that were expressed at significantly higher levels in

Fig 7. Percentage of upregulated and downregulated transcripts in the nickel—resistant and susceptible Betula papyrifera genotypes compared
to control (nickel untreated samples). Transcripts were assigned gene ontology and grouped by biological function using BLAST2GO.

doi:10.1371/journal.pone.0153762.g007
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Fig 8. Percentage of upregulated and downregulated transcripts in the nickel—resistant and susceptible Betula papyrifera genotypes compared
to control (nickel untreated samples). Transcripts were assigned gene ontology and grouped by molecular function using BLAST2GO.

doi:10.1371/journal.pone.0153762.g008

Fig 9. Percentage of upregulated and downregulated transcripts in the nickel- resistant and
susceptible Betula papyrifera genotypes compared to control (nickel untreated samples). Transcripts
were assigned gene ontology and grouped by cellular compartment using BLAST2GO.

doi:10.1371/journal.pone.0153762.g009
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RG compared to SG (from 300 to 500 fold). We further characterized these highly expressed
transcripts in RG by querying against NCBI’s ‘nr” database and assigned GO terms in Blas-
t2GO. These candidate genes involved in nickel resistance include Glutathione S–transferase
(GST), thioredoxin family protein, putative transmembrane protein and Nramp transporters
(Table 1). The expression of these genes was confirmed by q-PCR using designed primers
described in Table 2.

GSTs are a superfamily of multifunctional enzymes that play a role in enzymatic detoxifica-
tion of xenobiotics. Many GSTs can also act as glutathione peroxidases to scavenge toxic perox-
ides from cells. In plants, GSTs also provide protection against oxidative stress induced by
abiotic stresses and oxidants [19, 20, 9]. An increase in GST activity in both root and shoot

Fig 10. Top 50 differentially expressed genes between nickel-treated resistant and susceptibleBetula papyrifera genotypes based on logFC. The
red colour represents an upregulation and blue downregulation.

doi:10.1371/journal.pone.0153762.g010
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tissues was observed in response to Ni stress in wheat (Triticum aestivum) and cadmium stress
in Aradopsis thaliana [21, 22]. Freeman et al. [23] showed that elevated glutathione (GSH) con-
centrations are involved in conferring tolerance to Ni-induced oxidative stress in Thlaspi spp.,
Ni hyperaccumulators. The role of GSH in metal homeostasis, antioxidative defense, and signal
transduction under metal stress is discussed in details in [24].

Thioredoxins play a role in oxidative damage avoidance by supplying reducing power to
reductases detoxifying lipid hydroperoxides or repairing oxidized proteins. They could act as
regulators of scavenging mechanisms and as components of signaling pathways in the plant
antioxidant network [25]. Thioredoxin (Trx), peroxiredoxin (Prx), and sulfiredoxin (Srx) in
plant cells have been involved in the control of dithiol–disulfide exchanges of target proteins,
which modulate redox signaling during plant adaptation to stress.

Fig 11. Percentage of upregulated (total number = 696) and downregulated (total number = 1,927) transcripts when nickel resistant Betula
papyrifera genotypes were compared to nickel susceptible genotypes. Transcripts were assigned gene ontology and grouped by biological function
using BLAST2GO.

doi:10.1371/journal.pone.0153762.g011
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Nramp (Natural resistance-associated macrophage protein) defines a novel family of related
proteins, which have been implicated in the transport of divalent metal ions. This gene family
has been highly conserved during evolution and homologues have been found in a wide range
of living organisms including bacteria, yeast, insects, mammals and also higher plant [26].
Analyses of the expression of Nramp genes in Arabidopsis suggest that all these Nramp genes
play roles in constitutive metal transport mostly iron and cadmium. Mizuno et al. [27] eluci-
dated the role of Nramp metal-transporters for Ni2+- transport and homeostasis. They found
that, the expression of TjNramp4 caused elevation of Ni2+ sensitivity and Ni2+concentrations
in yeast. The present study is the first to associate Nramp genes expression with both resistance
to and accumulation of nickel. A putative transmembrane protein (TMP) associated with
nickel resistance was also identified. The role of this TMP in metals transport in plants has not
been investigated.

Fig 12. Percentage of upregulated (total number = 853) and downregulated (total number = 1,751) transcripts when nickel resistant Betula
papyrifera genotypes were compared to nickel susceptible genotypes. Transcripts were assigned gene ontology and grouped by molecular function
using BLAST2GO.

doi:10.1371/journal.pone.0153762.g012
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Recent studies have shown a strong association between heavy metal tolerance and antioxi-
dative and glyoxalase systems, in which plants with low antioxidant capacity exhibit suscepti-
bility to HM toxicity [28, 23, 9]. An increase of at least glutathione (GSH) biosynthesis plays an
important role in nickel tolerance in Thlaspi spp [9]. Moreover, in several plants, the Ni-
induced changes in activity of reactive oxygen species (ROS)-scavenging enzymes, including
superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) were detected [29, 30,
31]. Plants usually respond to oxidative stress by elevating the activity of the antioxidant
enzymes of the ascorbate-glutathione cycle such as catalase, peroxidase, superoxide dismutase,
glutathione reductase, and ascorbate oxidase, which protect plant cells against free radicals [32,
29, 33]. These activities appear to be reduced in Ni-accumulators plants to which B. papyrifera
belongs [29]. It is not clear if the changes in enzyme activities are triggered directly by Ni2+

effects including binding to SH-group or histidine or displacing the metals from metal-enzyme
active centers, or indirectly when mediated by chain of reactions that affect the expression of
the corresponding genes or exhaust their substrate pools [33].

The role of heavy metal transporters has been investigated in many studies. However our
knowledge of the transport processes for HM across plant membranes at the molecular levels is
still very limited [26, 34, 35, 36, 9, 14]. The present study showed a significantly upregulation
of genes in ribosomes in samples treated with nickel compared to control. This was consistent
with biological function profile that reveals a significant upregulation of genes associated with

Fig 13. Percentage of upregulated (total number = 292) and downregulated (total number = 949) transcripts when nickel resistant Betula papyrifera
genotypes were compared to nickel susceptible genotypes. Transcripts were assigned gene ontology and grouped by cellular compartment using
BLAST2GO.

doi:10.1371/journal.pone.0153762.g013
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translation in nickel treated samples compared to control. When RG were compared to SG, the
main nickel resistance mechanism revealed by the gene regulation analysis is a downregulation
of genes associated with translation in ribosome. Significant downregulation of genes associ-
ated to binding and transporter activity is also a key characteristic of resistance to nickel in B.
papyrifera. Three of the five candidate genes (putative transmembrane protein, Nramp trans-
porters) identified are related to metal transport in plants.

Fig 14. Top 50 transcripts when nickel resistant Betula papyrifera genotypes were compared to control (nickel untreated genotypes). Transcripts
were assigned gene ontology and grouped by molecular function using BLAST2GO.

doi:10.1371/journal.pone.0153762.g014

Fig 15. Top 50 transcripts when nickel resistant Betula papyrifera genotypes were compared to nickel susceptible genotype. Transcripts were
assigned gene ontology and grouped by molecular function using BLAST2GO.

doi:10.1371/journal.pone.0153762.g015
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Conclusion
In the present study, B. papyrifera transcriptome was developed. A total of 208,058 trinity
genes were identified that were assembled to 275,545 total trinity transcripts. Expression pro-
files were generated and 62,587 genes were found to be significantly differentially expressed
among the nickel resistant, susceptible, and untreated libraries. The main nickel resistance
mechanism in B. papyrifera is a down regulation of genes associated with translation (in ribo-
some), binding, and transporter activities. Five candidate genes associated to nickel resistance
were identified. They include Glutathione S–transferase (GST), thioredoxin family protein,
putative transmembrane protein, Nramp transporters. These genes can be useful for genetic
engineering of birch trees. The results of the present study also demonstrate how next-genera-
tion sequencing technologies can be used to access the transcriptome of higher accumulator
plants to identify the underlying molecular mechanisms. Future work can be done to use the
genomic sequence to improve the transcriptome (e.g. obtain exon/intron structure, merge frag-
ments to get full length genes, identify promoter sequences etc. . .)

Supporting Information
S1 Fig. Top 50 differentially expressed genes between nickel–treated Betula papyrifera
resistant genotypes and control (nickel-untreated) based on logFC. The red colour repre-
sents an upregulation and blue downregulation.
(TIF)

S2 Fig. Top 50 differentially expressed genes between nickel–treated Betula papyrifera sus-
ceptible genotypes and control (nickel-untreated) based on logFC. The red colour represents
an upregulation and blue downregulation.
(TIF)

Table 1. Candidate genes involved in nickel resistance of white birch (Betula papyrifera).

Transcript ID Protein Log2FC Function References

TR73973|c3_g5 Glutathione S-transferase 9.15 Detoxification of electrophilic xenobiotics using glutathione [24], [23]

TR101884|
c0_g3

Thioredoxin family protein 9.15 Defense against heavy metal stress, metal binding [37], [38]

TR109068|
c1_g1

Putative transmembrane
protein

9.10 Unknown None

TR56135|c0_g6 Nramp transporter 8.62 Metal transport, found to play a role in Ni resistance and homeostasis in
plants.

[39], [27]

TR56135|c0_g1 Nramp transporter 8.32 Metal transport, found to play a role in Ni resistance and homeostasis in
plants.

[39], [27]

Note: Log2FC is calculated based on susceptible white birch

doi:10.1371/journal.pone.0153762.t001

Table 2. Primer used for real-time quantitative RT-qPCR verification.

Target gene Forward primer (5’-3’) Reverse primer (5’-3’) Product size (bp)

Glutathione S-transferase TCTGAAACTCAAGGGTGTTGATT GACTGGAACCTTTTTGTGAACTG 100

Thioredoxin family protein GAAAAGCTTCTTCAGATCTGGGT GACTTGGCCTTTCTAAAACTTGC 103

Putative transmembrane protein TTCTAATAAGGTATTGTGCGCGT GGAGGAAAAGATTCACCAAGAGT 221

Nramp transporter1 TACATTCTCGCCGTCATTTATCT GTTGATGCCTTTGATCTTGAAAC 205

Nramp transporter2 CTAGCAAGATCAGAGAGATGGGA GAAACTTTCTCCATCCTGGTTTC 201

doi:10.1371/journal.pone.0153762.t002
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S3 Fig. Percentage of upregulated (total number = 1,108) and downregulated (total num-
ber = 912) transcripts when nickel–resistant Betula papyrifera genotypes were compared to
control (nickel–untreated). Transcripts were assigned gene ontology and grouped by biologi-
cal function using BLAST2GO.
(TIF)

S4 Fig. Percentage of upregulated (total number = 974) and downregulated (total num-
ber = 943) when nickel–resistant Betula papyrifera genotypes were compared to control
(nickel–untreated). Transcripts were assigned gene ontology and grouped by molecular func-
tion using BLAST2GO.
(TIF)

S5 Fig. Percentage of upregulated (total number = 475) and downregulated (total num-
ber = 415) transcripts when nickel–resistant Betula papyrifera genotypes were compared to
control (nickel–untreated). Transcripts were assigned gene ontology and grouped by cellular
compartment using BLAST2GO.
(TIF)

S6 Fig. Percentage of upregulated (total number = 15,380) and downregulated (total num-
ber = 11,032) transcripts when nickel–susceptible Betula papyrifera genotypes were com-
pared to control (nickel–untreated). Transcripts were assigned gene ontology and grouped by
biological function using BLAST2GO.
(TIF)

S7 Fig. Percentage of upregulated (total number = 16,652) and downregulated (total num-
ber = 13,480) when nickel–susceptible Betula papyrifera genotypes were compared to con-
trol (nickel–untreated). Transcripts were assigned gene ontology and grouped by molecular
function using BLAST2GO.
(TIF)

S8 Fig. Percentage of upregulated (total number = 8,718) and downregulated (total num-
ber = 5,472) transcripts when nickel–susceptible Betula papyrifera genotypes were com-
pared to control (nickel–untreated). Transcripts were assigned gene ontology and grouped by
cellular compartment using BLAST2GO.
(TIF)
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