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One of the most diverse protein families, ATP-binding cassette (ABC)
transporters, play a role in disease resistance, heavy metal tolerance, and
food absorption.Differentially expressed genes contribute in the investigation
of plant defense mechanisms under varying stress conditions. To elucidate the
molecular mechanisms involved in Mn metal stress, we performed a
transcriptomic analysis to explore the differential gene expression in Schima
superba with the comparison of control. A total of 79.84 G clean data was
generated and 6558 DEGs were identified in response to Mn metal stress.
Differentially expressed genes were found to be involved in defense, signaling
pathways, oxidative burst, transcription factors and stress responses. Genes
important in metal transport were more expressive in Mn stress than control
plants. The investigation of cis-acting regions in the ABC family indicated that
these genes might be targeted by a large variety of trans-acting elements to
control a variety of stress circumstances. Moreover, genes involved in defense
responses, the mitogen-activated protein kinase (MAPK) signaling and signal
transduction in S. superba were highly induced in Mn stress. Twenty ABC
transporters were variably expressed on 1st, 5th, and 10th day of Mn treatment,
according to the gRT PCR data. Inclusively, our findings provide an
indispensable foundation for an advanced understanding of the metal
resistance mechanisms. Our study will enrich the sequence information of S.
superba in a public database and would provide a new understanding of the
molecular mechanisms of heavy metal tolerance and detoxification.
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1 Introduction

Manganese (Mn) is one of the most hazardous heavy
metals to contaminate soil and decrease plant yield (Queiroz
et al,, 2021). Removal of heavy metals from soil is very
difficult and it requires complicated efforts. Many
physiochemical and biological approaches are being used to
decontaminate soils. A low-cost and very effective way to
remove metal from contaminated soil is through
phytoremediation (Song et al., 2022). The ability of a plant
to endure and accumulate heavy metal stress is mostly
influenced by heavy metal concentration. species
characteristics, the number of rhizosphere microbes, and
the concentrations of related metabolites (Barra Caracciolo
et al., 2021). Plant species known for Mn hyperaccumulation
are typically woody and found in subtropical regions, and
they belong to the families Apocynaceae, Celastraceae,
Clusiaceae, Myrtaceae, and Proteaceae (Bidwell et al., 2002).

S. superba (Theaceae) had unusually high Mn levels in the
leaves, according to research conducted on a Mn mine
land (Yang et al., 2008). This tree is a potential Mn
hyperaccumulator, according to Baker and Brooks, who
defined metal hyperaccumulation. This tree grows quickly,
has a large ecological amplitude, and a lot of biomass, so it has
a lot of potential for on-site metal remediation (Liaquat et al.,
2021). To acquire tolerance, heavy metal ions absorbed inside
the plant were expelled from the cells, reducing heavy
metal effectiveness and toxicity. When plants are exposed to
heavy metal stress, reactive oxygen species (ROS) are
produced, which further obstructs photosynthesis and
respiration and seriously harms their membrane systems
(Singh et al., 2016). Several proteins and genes that regulate
Mn absorption, translocation, and the integration of specific
Mn detoxification signal pathways have recently been
identified (Tang et al., 2021).

ATP-binding cassette (ABC) transporters are a large
protein superfamily found in all living organisms (Hyde,
1990). Most ABC transporters encode membrane-bound
proteins that transport a diverse range of molecules across
membranes (Dean et al., 2001). ABC transporters are a
diverse group of proteins found in all organisms that act as
ATP-dependent pumps, ion channels, and channel regulators
to mediate cellular trafficking across biological membranes
(Holland et al., 2003). ABC transporters exist in several
isoforms and are involved in heavy metal detoxification.
RNA-Seq data has helped plant scientists to understand the
response of plants under different heavy metal stress
conditions. However, very few studies have described or
clarified the mechanisms of Mn hyper-accumulation (Ai
et al., 2018). To understand hyper-accumulation of Mn,
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studies on uptake, movement and internal detoxification are
still not understood very well. Till date, no complete genome
of Mn hyper-accumulator is available and it restricts the
study of its molecular mechanisms (Pasricha et al., 2021).
With the advent of new sequencing technologies like RNA-
seq, the availability of these kinds of information can be
expected, soon. The aim of this study was to evaluate the
differential responses of ABC transporter genes of S. superba
in response to metal stress.

2 Materials and methods
2.1 Plant materials

In the glass greenhouse of Shanghai Jiao Tong University,
1-year-old S. superba seedlings were used in a pot experiment.
Hoagland solution quarter strength was used to water these
seedlings. 36 seedlings with similar growth performance
(about 35 c¢m tall) were randomly assigned to two groups:
control sample (CK) and the sample treated with 100 mM Mn
(WT) for 1, 5 and 10 days. Every group was performed with
three biological replicates (CK1, CK2, CK3, WT1, WT2, and
WT3). Leaf samples from control and metal-treated plants
were taken and rinsed in tap water before being rinsed with
ddH20 and dried on sterile absorbent paper.

2.2 RNA extraction, library construction
and sequencing

In this study, RNA samples were extracted from the
control and plants treated with 100 mM Mn for 1, 5, and 10
days using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The samples that had
an RNA Integrity Number (RIN) 7 were employed in the
study that followed. The TruSeq Stranded mRNA LT Sample
Prep Kit (Illumina, San Diego, CA, USA) was used to create
the cDNA libraries in accordance with the manufacturer’s
recommendations. 125bp/150bp paired end reads were
produced from the sequenced libraries using the Illumina
HiSeqTM 2500 sequencing technology.

2.3 Bioinformatics analysis
2.3.1 RNA Seq quality assessment and
genome mapping

Raw data (raw reads) were processed and converted to
clean reads using the Trimmomatic software. **!1. FASTQ
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(also known as fq) files were used to save the raw reads and
results, which included sequencing. Trimmomatic was used
to separate ploy-N, adopter sequence, and low-quality reads
to generate clean reads. The quality of trimmed and
untrimmed reads was assessed using FastQC.

2.3.2 Gene-level quantification

Cufflinks was used to calculate the expression level of protein
coding gene fragments per kilobase of transcript per million
mapped reads (FPKM) (Trapnell et al., 2012) htseq-count was
used to calculate the read counts for each protein-coding gene
(Pomaznoy et al., 2019).

2.3.3 GO and KEGG enrichment of differentially
expressed genes

DESeq was used to assess gene expression differences
(Wang et al, 2019). The level of gene expression was
calculated using the base mean value. NB calculated the
difference multiple and performed the significant difference
test on the number of reads (negative binomial distribution
test). A threshold of P value (less than 0.05) and fold change
(greater than 2) was set for screening differential gene
expression. For screening differential gene expression, a P
value less than 0.05 and a fold change greater than 2 were
used. The gene expression patterns were investigated using
hierarchical cluster analysis. To define key biological functions
and pathways, all DEGs were mapped to terms in the Kyoto
Encyclopedia of Genes and Genomes (www.kegg.jp/kegg/
keggl.html). The hypergeometric distribution was used to
perform Gene Ontology enrichment and KEGG pathway
enrichment analysis on DEGs. The differential genes
between samples were analyzed for MF and BP enrichment
using the fisher algorithm, and a directed acyclic graph was
created using top 20 GO for the enriched term (Sharma et al.,
2019). PCA, hierarchical clustering, and correlation among all
samples were carried out to examine the accuracy and
consistency of biological copies as well as the variations
between stressed and control.

2.3.4 Comparative Phylogenetic and multiple
sequence alignment analysis

A comparative study of 30 highly expressed ABC
transporters from S. superba and 128 proteins from
Arabidopsis thaliana was carried out using ClustalX
software. The Maximum Likelihood approach was used to
determine the evolutionary relationship by using online IQ-
tree software. All alignments were completed to generate a
phylogenetic tree using itol. MEME software (http://meme-
suite.org/tools) was used to identify the conserved ABC
protein motif (Zhang et al., 2020).
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2.3.5 Promoter analysis

Online webtools from the PlantCARE database were used to
search for cis-acting elements in the promoter sequence. In brief,
the promoter sequence was the 1500-bp sequence upstream of the
ABC gene family’s ATG start codon. Cis-acting elements
unrelated to heavy metal stress were removed, and the elements
were drawn and visualized using TB tools (Huang et al,, 2021).

2.3.6 Real time PCR analysis

The expression of several ABC transporter genes was assessed
using q-PCR to validate the transcriptome results. Numerous
plant ABC transporters have been found to be involved in the
transport of hazardous metals, defending plants from the negative
effects of toxic heavy metals (Song et al., 2022). The control gene
used was actin. Sangon Biotech manufactured the primers after
designing them with the Primer3 software program (Shanghai,
China). For each sample, three technical replicates were used.
Water devoid of RNase served as the adverse control. The 7500
Real-Time PCR System was used to conduct PCR analysis in three
replicates on an optical 96-well plate (Applied Biosystems). The
PCR mixture was made using the Huang et al., 2022 technique.
Thermal cycling started with denaturation at 95°C for 1 minute,
then 40 cycles of 95°C for 15 seconds, 57°C for 15 seconds, and 72°
C for 15 seconds (45 s). The list of qPCR primers found in Table 1.

2.4 Data analysis

The results were presented as mean standard deviation (SD)
and analyzed using one-way ANOVA (ANOVA, P < 0.05).

3 Results

3.1 lllumina sequencing and
quality control

To elucidate the molecular responses to Mn stress in S.
superba, we prepared 6 libraries from Mn treated and control
samples of the transcriptomic sequencing and 124.45G of clean
data was obtained. The Q30 base distribution was 94.37~94.99%,
and the average GC content was 46.48% (Table 2).

3.2 Alignment and In silico analysis

This project used non-redundant transcripts, measured in
three generations as references for sequence alignment and
subsequent analysis. STAR was performed to compare Clean
Reads with transcripts to get position on the transcript
(Table 3). The protein-coding gene expression profile of
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TABLE 1 Primer sequences of selected genes for q-PCR.

No.

13

14

15

Gene ID

FO1_transcript_122

FO1_transcript_167

FO1_transcript_262

FO1_transcript_57784

FO1_transcript_65017

FO1_transcript_70595

FO1_transcript_71372

FO1_transcript_84527

FO1_transcript_86030

FO1_transcript_62452

FO1_transcript_39199

FO1_transcript_81781

FO1_transcript_53446

FO1_transcript_56703

FO1_transcript_8233

TABLE 2 Sample sequencing data evaluation statistics table.

Treatment

1 day
5 day
10 day
1 day
5 day
10 day

time

Replicates

CK1
CK5
CK10
T1
T5
T10

Read number

23,876,897
25,589,463
20,404,241
23,321,945
20,469,957
22,696,113

Gene Name

SsABCc2

SsABCc3

SsABCc6

SsABCc9

SsABCcll

SsABCcl3

SsABCcl5

SsABCcl7

SsABCc19

SsABCc73

SsABCdl

SsABCfl

SsABCgl

SsABCg2

SsABCg5

Base number

7,114,912,142
7,628,579,546
6,079,274,534
6,955,239,038
6,102,017,436
6,772,220,786

10.3389/fpls.2022.1022686

Primers

F CGGGACTGTTGCCTATGTTT
R TGCTTCTGACCACCACTGAG
F CTGCAAGCTTGGGAGGATAG
R TTGGAGGATCCTGAAAGTGG
F TGTGAGTGGCTATGCCTCAG
R AAACCGGTGAAAGCAATGTC
F GGGCTTGAGGTTGTCATGTT
R TTTTGTGCCCATCAATACGA
F TGAAGAAGGGCAAGGAGAAA
R TTCCGCTGGCAGAAGAGTAT
F CAGGTTAGGTATCGCCCAAA
R TTGAGGAATGATCCCAAAGC
F GTTTCGAGCACCAATGTCCT
R TTTCTGCATCCACAAGCAAG
F CTTGTTTCGCCTGGTAGAGC
R CCTCAACAACCTCTCGAAGC
F ATTGCAGGGTTGGCAGTAAC
R TCAATACGGAAGGGAGATGC
F AGCGAAGCCCCTGAAATAAT
R GCTCTACCAGGCGAAACAAG
F GACTCTCCGAAGCTCCTCCT
R CAACACTGCCCCCTGTAACT
F TGTGGGTGGTCGTGAACTTA
R GCTGCGTTCTTTCAATGTCA
F TCCTCTGAGCGAGACCTTGT
R CCCATTAGTGCCGTGAAACT
F GTGGTGGGGAGCATAAGAGA
R GTTTCACCGCCCGATAGTAA
F GTGGGATCAGTGGAGGAGAA
R TTTGCCTCCAGAAAGCAAGT

GC content %=>Q30
47.04 94.64
45.97 94.45
45.74 94.90
47.18 94.88
45.80 94.85
46.16 94.61

TABLE 3 Comparison results between second-generation sequencing data and non-redundant transcripts measured in third-generation.

Sample

CK1
CK5
CK10
T1
T5
T10

Frontiers in Plant Science

Total Reads

29,895,001
31,768,485
21,654,490
23,328,452
20,475,210
26,325,333

Uniquely mapped reads %

29.02%
28.64%
27.33%
31.61%
34.45%
35.31%

% of reads mapped to multiple loci

51.03%
49.46%
49.66%
44.63%
45.01%
44.81%

% of reads mapped to many loci

6.81%
6.91%
7.68%
7.39%
4.28%
3.04%
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each sample is represented by the FPKM density distribution
(Figure 1A). The FPKM distribution of genes in each sample
was represented by an FPKM density map for all sample genes.
Each sample expression value (FPKM) was separated into
various intervals due to the variations in the samples’ gene
expression values and number of expressed genes. Stacked
histograms were made when the number of genes expressed in
various expression interval samples was established
(Figure 1B).

3.3 Functional annotation and
enrichment analysis of differentially
expressed transcripts

The functional annotation of the database was performed on
the differentially expressed transcripts. The statistics of the

05+

04

01«

0o~

FIGURE 1

10.3389/fpls.2022.1022686

number of transcripts annotated in each differentially expressed
transcript set shown in (Table 4).

3.4 Statistics and profiling of differential
gene expression

Based on the levels of protein-coding gene expression in
various samples, differential screening was done. There were
three distinct groups. The total number of DEGs was
discovered using the FC>2 and P < 0.05 thresholds to be
(CK1 vs T1) 47,292, (CK5 vs T5) 38658, and (CK10 vs T10)
43,705, respectively. During the (CK1 vs T1) comparison,
18,602 genes were upregulated while 20,056 were
downregulated. In (CK5 vs T5), there were 20,270
upregulated genes and 20,056 downregulated genes. 22,456
genes were increased in CK10 compared to T10, whereas
24,836 genes were downregulated. (Table 5).

¢ ® .
| ifis
B8 ox102
B ox100
B oxny
i3 B oz
B cx1)
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B oxs2
B o
B o
B ne
0« B e

a-

1og10{FPYM)

-

FHEPF P ISP NP S P
Samples

(A) The FPKM density distribution reflects each sample's protein-coding gene expression pattern. (B) FPKM box diagram for each sample.

TABLE 4 Statistics of the number of annotated differentially expressed transcripts.

#DEG-Set Annotated Nr GO COG KEGG KOG Pfam Swiss-prot Egg-Nog
CK 1st day vs T 1st day 37,850 37760 30458 17029 16161 24268 32348 28398 37272
CK 5th day vs T 5th day 42,757 42655 34333 19179 18186 27404 36333 31983 42108
CK 5th day vs T 5th day 46,179 46076 37119 20583 19605 29516 39074 34593 45453
TABLE 5 Statistics of the number of differentially expressed transcripts.

#DEG-Set All-DEG Up-regulated Down-regulated
CK 1st day_vs_T 1s t day 38,658 18,602 20,056

CK 5th day vs T 5th day 43,705 20,270 23,435

"CK 10th day vs T 10th day" 47,292 22,456 24,836
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The three comparisons resulted in a total of 56,145 genes
being differentially regulated, of which 37, 850, 42,757, and
46,179 DEGs were found in CK1d-Vs-T1d, CK5d-Vs-T5d and
CK10d-Vs-T10d respectively is shown in the (Figure 2) below:

3.5 Gene ontology and KEGG
analysis of DEGs

GO assignments were used to classify the functions of DEGs,
and the result of significantly enriched GO terms (P,g-value <
0.01). We performed a GO enrichment analysis of the DEGs
from three comparisons. The most abundant GO cellular
process terms after Mn treatment were in the cell, call part,

10.3389/fpls.2022.1022686

membrane or in the organelle. Analysis molecular function
showed that these target genes were enriched in binding and
responding to catalytic activity. In biological process metabolic,
cellular, and single- organism process was enriched after Mn
treatment. The number of DEGs in the three functional items
increased significantly on days 1, 5, and 10, with a visual
induction from day 1 to 10. The results of GO enrichment for
DEGs at each time point indicated that these DEGs were actively
expressed after Mn stress (Figure 3). The Kyoto Encyclopedia of
Genes was classified based on a pairwise comparison of CK1 VS
T1, CK5 VS T5, and CK10 VS T10. Based on these findings,
DEGs involved in carbon metabolism, amino acid biosynthesis,
and protein processing in the endoplasmic reticulum were found
to be highly enriched (Figure 4).

CK1d_Vs_T1d .

CK1d_Vs_T1d

CK10d_Vs_T10d

Size of each list

CK5d_Vs_T5d

Number of elements: specific (1) or shared by 2, 3, ... lists

CK5d_Vs_T5d

CK10d_Vs_T10d

FIGURE 2
Gene expression profile between the Mn treatment and control.
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3.6 Evaluation of sample variation

PCA revealed discrete behavior in control and Mn-
stressed plants. All three PC contributed 56 percent of the
total variance. PCI had a variance of 25.56 percent, while PC2
and PC3 had variances of 16.94 percent and 13.57 percent,
respectively (Figure 5).

3.7 Classification of ABC genes in S.
superba

From the transcriptome database of S. superba, 30 genes
from the ABC family were found after incomplete or redundant
sequences were removed. 129 members of the Arabidopsis ABC
family and the S. superba ABC family were used to build a
phylogenetic tree, which was then given the original IDs of these
genes. (Figure 6). The findings show that ABC gene members are
divided into five clusters.

At the beginning of the first day, the expression pattern of
Cluster 1 demonstrated an up-regulation trend, which was
followed by stable expression in the stage after that. It’s
interesting to see that cluster 6 showed an uptick in

10.3389/fpls.2022.1022686

expression throughout the stage, peaking at day 10. After 1
day, 5 days, and 10 days, clusters 2, 3, and 4 displayed an
upregulation tendency, followed by a minor decline. The
results suggest that Mn stress can quickly trigger the genes in
cluster 1, but clusters 2, 3, and 4 displayed a time-dependent
trend in the process (Figure 7).

The base determines the value of ratios. Each cluster’s
gene expression trend was analyzed using 2 logarithms.
The ratio is determined for each gene by dividing the
FPKM of the gene in the sample by the FPKM of the gene
in the control.

3.8 Physiochemical properties
of ABC genes

It was found that FO1_transcript_167 was the largest
identified protein with a range of 1534 amino acids, whereas
the smallest one was FO1_transcript_52963 with 58 amino acids.
The relative molecular weight of these ABC genes varied
according to protein size and ranged from 6,137.11 kDa to
170,475.56 kDa, with an average molecular weight around
77,239.44 kDa. It was estimated that the isoelectric point (pI)
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FIGURE 5
PCA expressing DEG variance in all four data sets.
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Heat map of the expression level correlation of genes involved in ABC transporters.
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had a range from 5.39 to 10.37 and the average isoelectric point
was 7.48 (Table 6).

3.9 Hierarchical cluster analysis
and expression pattern of transport-
related genes

ABC transporters are essential for plant resistance to heavy
metal stress. ABC transporters were found to be highly expressed in
response to Mn treatment after 1, 5, and 10 days. ABC transporter
genes may be involved in Mn detoxification and play important
roles in transporting excess Mn from the root to the leaf in plants,
which may be another feature of S. superba’s hyperaccumulation
capacity. When compared to the control, transcripts-51102 and
71167 were significantly upregulated after 1, 5, and 10 days of Mn
treatment, and the expression pattern was consistent. In our study,
most uni-genes encoding S. superba ABC transporters were
upregulated throughout the Mn treatment response stage
(Figure 8). These findings were consistent with ATP binding and
intracellular protein transport being enriched functions.
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3.10 Promoter Cis-acting analysis

TFs (transcriptional factors) use binding of cis-regulatory
elements in the promoters of target genes to regulate them both
regionally and functionally (Shibata et al, 2016). The binding
specificity of the TFs is determined by the cis-regulatory element
in the promoter region and plays a key role in transcription
regulation. Cis-regulatory elements of ABC transporters in S.
superba were identified to be involved in stress response. The
CAAT-Box and TATA-box motifs were discovered in most ABC
genes, and the number of them was higher in the promoters of
transcript-52693, transcript-55652, transcript-82646 and trancript-
84527 as compared to other ABC genes. This suggested that TATA-
Box and CAAT-Box motifs perform a significant role in the stress
response. These cis-elements had a role in ABA responsiveness as
well as promoter and enhancer regions. Moreover. Light
responsiveness cis-acting regulatory elements (Box 4) comprise
only 1% of the total ABC members. Stress-responsive element
was determined ARE (3%) which is associated to light stress
(Figure S1). These findings suggested that members of ABC gene
family could improve metal stress response.
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FIGURE 7
Analysis of the DEGs’ expression trend patterns.
3.11 Gene ontology annotation 3.12 gRT-PCR analysis of DEGs
of ABC genes
To further investigate the funcion of ATP-binding
GO enrichment analysis was used to predict subcellular cassette (ABC) transporters and which of the identified
localization, molecular function, and biological process (Figure transporters could be potentially involved in the regulation
S2). The predicted distribution scores of ABC transporter of Mn in S. superba, 11 ABC genes transporter genes were
proteins in subcellular localization analysis were as follows: selected for qQRT PCR. It was observed that all selected genes
22% in the plasma membrane, 2% in the cytoplasm, and 2% in showed various expression levels after 1, 5 and 10 day of Mn
the chloroplast. The collective scores of ABC transporters during treatment, as compared to control. In general, SsABCc2,
biological process were transport and homeostatic process 8.36% SsABCc3, SsABCc9, SsABCcll, SsABCdl and SsABCfI had
and 7, 95% involved in the response of stress. the highest expression in the Mn treated group (WT) on
Gene ontology depicted the distribution of each ABC gene dayl0, whereas SsABCc6, SsSABCcl13, SsABCgl, SsABCg2 and
in the plant, with a brown column representing the cellular SsABCg5 had the highest expression on day 1 in the Mn
compartment. The biological process in which the ABC treated group (WT) (Figures 9). The alteration patterns of
family participates is shown in red, and the molecular these genes were consistent with that of transcriptome
function and subcellular localization are shown in purple analysis, indicating that the DEGs identified by comparative
and blue. transcriptome analysis were reliable.
Frontiers in Plant Science 10 frontiersin.org
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TABLE 6 Physiochemical properties of ABC transporters.

Gene Id Amino acid
FO1_transcript_99 1193
FO1_transcript_122 1477
FO1_transcript_167 1534
FO1_transcript_220 1521
FO1_transcript_262 1510
FO1_transcript_26721 541
FO1_transcript_39199 323
FO1_transcript_52963 58
FO1_transcript_53446 258
FO1_transcript_55406 79
FO1_transcript_55652 249
FO1_transcript_56703 703
FO1_transcript_57784 842
FO1_transcript_60257 300
FO1_transcript_62452 527
FO1_transcript_63261 335
FO1_transcript_65017 849
FO1_transcript_65208 136
FO1_transcript_71347 847
FO1_transcript_71372 925
FO1_transcript_73753 227
FO1_transcript_76958 648
FO1_transcript_81781 515
FO1_transcript_82646 1284
FO1_transcript_8233 713
FO1_transcript_84527 664
FO1_transcript_85194 549
FO1_transcript_86030 702

4 Discussion

Transcriptomic analysis helps to understand the behavior
of any plant under stress conditions. To explore metal stress
mechanism and tolerance level, S. superba was stressed and
examined under different concentrations of Mn. Physiological,
proteomics and functional genomics studies have been
reported to study metal stress resistance of plants (Hossain
and Komatsu, 2013). In this study, the differential expression of
transporter genes in S. superba, in response to Mn stress has
been studied for the first time. In this study, 124.45 G clean
data were obtained by doing sequence analysis of S. superba
under Mn stress. The sequence accuracy was determined
through Q30 base distribution that showed 94.37~94.99%,
with average GC content 46.48%. Our previous study, using
PacBio sequencing revealed almost the same sequence pattern
(Liaquat et al., 2021).

In this study, gene function and expression analysis was
further performed to see their role in the process of Mn tolerance
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Molecular weight Theoretical plI
132880.43 6.15
165097.73 7.86
170475.56 8.16
168710.71 7.65
169161.94 8.09
60562.35 5.65
35158.61 7.02
6137.11 7.98
27961.67 571
8842.3 6.04
27871.01 6.60
77694.42 9.23
95163.46 8.73
3299337 8.07
58960.39 6.20
36996.86 10.37
95556.08 8.55
15138.8 8.00
95243.66 9.11
102557.98 6.68
25544.12 9.86
73634.65 7.96
58204.12 539
143871.86 8.64
79390.58 8.45
74358.91 5.64
60920.56 6.24
78101.28 5.63

in S. superba. To compare gene expression differences between
various samples, protein coding gene expression pattern was
analyzed, using FPKM density distribution. Our results
indicated that each sample expression value (FPKM) was
distributed into different intervals which agrees with previous
studies (Filloux et al., 2014). The Pearson Correlation Coefficient
was used to evaluate linear relation among gene expression level
of the sequencing samples (Koch et al, 2018). Our results
suggested maximum difference of gene expression level
between the considered samples. Previous studies also showed
maximum differences among two samples (Arora et al., 2020). It
also indicates that samples belong to same cluster possess similar
biological functions (Bushel at al., 2018). Many transcriptomic
studies revealed expression patterns of specific DEGs and
various profiles of metal stress tolerance (Fan et al, 2021).
These studies also indicated that selective induction and rapid
activation of metal tolerance pathways might be the primary
reason for metal resistance in specific plants. Similarly, our
results revealed DEG expression where some genes were
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FIGURE 8
Phylogenetic tree of S. superba and Arabidopsis genes.
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upregulated while others were down regulated (Tables 5).
Differential gene expression may be a result of variations in
genotype, interaction between genes under various pathways
and environmental conditions (Barbey et al., 2020). We utilized
assembled transcriptome for further applications of S. superba.
Recent studies have reported some metal tolerance genes that
encode transmembrane proteins by combining RNA seq,
physiological data and SNP analysis (Zhou et al., 2022).

The three GO terms analyzed, such as biological process,
molecular function, and subcellular components, provide an
important basic classes (Shah et al., 2022). GO is a
standardized functional classification analysis that present
information of different genes properties and their products in
any organism (Balakrishnan et al., 2013). The Go ontology
provide basic function of genes based on their predicted
function (Manzoor et al.,, 2021). The assimilation of GO and
KEGG pathways presented a broad understanding of various
responses to salt stress in various tissues of S. superba. Our GO
enrichment analysis after 1, 5 and 10 days revealed almost same
pattern for biological, cellular, and molecular functions. It
indicates that different genes of S. superba cooperate with each
other to fulfill their biological functions. Our GO analysis
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indicates that DEGs were involved in metabolic processes,
macro and supra molecular complex, transporter activities,
stimulus responses which suggest that DEG in this cellular
complex would be involved in metal tolerance in plants (Raza
et al, 2022). Furthermore, DNA binding transcription factor
activity, extracellular region, detoxification process and
biological regulation have been reported to exhibit metal
tolerance in different plants (Li et al., 2022; Sabir et al., 2022).
The DEGs involved in metal ion binding process are likely to
promote metal tolerance of plants via regulation of downstream
target gene’s expression. We also determined that uni-genes
were mapped to Mn stress tolerance, based on KEGG pathway.
Among them, maximum genes were associated with the
biosynthesis of amino acids, carbon metabolism, and plant
hormone signal transduction indicating that these pathways
may facilitate plants to cope with severe environmental
conditions such as drought tolerance, metal stress and saline
stress (Dos Santos et al., 2022).

Across a variety of biological membranes, ABC proteins (C-
subfamily) act as powerful transporters to enable chemical
exchange. To better understand cellular processes, drug
development, and tissue expression in humans, ABCC
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FIGURE 9

Relative expression of ABC genes in S. superba under 100 mM Mn treatment.

transporters have undergone significant research on substrate
selection, tissue expression, and transport kinetics (Niu et al.,
2021). ABCC transporters were first discovered in plants as GS
conjugate vacuolar pumps, and they were thought to play a role
in detoxification, PTE sequestration, chlorophyll catabolite
transport, and ion channel modulation. SSABCc19, SsABCcI5,
and SsABCcl7 are three well-studied transporter genes (Lee
et al, 2005). ABCC transporters are significant detoxifiers that
sequester metal-chelators into plant vacuoles. According to one
research, ABCC proteins are involved in PTE hypertolerance
and hyperaccumulation (Fasani et al., 2022). Understanding the
involvement of ABCC proteins in S. superba is crucial for
understanding hyperaccumulation of S. superba.

The composition and diversification of the ABCC
subfamily in S. superba were determined using
bioinformatics methods, and their expression profiles were
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assessed for potential role in Mn tolerance and accumulation.
Variable expression of ABC transporters has been reported in
other crops (Lopez-Ortiz et al., 2019). Plant ABC transporters
are crucial membrane proteins that transport and distribute a
variety of metabolites and xenobiotics, including heavy metals
(e.g., Zn, Mn and Cd). They play a variety of roles in stress,
growth, and plant development responses (Gill et al., 2021).
They are important in seed germination, stomatal movement,
lateral root formation, and other stress responses in plant (Xu
et al., 2022). ABCC-type transporters have recently been
discovered to be important apo-phytochelatin and
phytochelatin-heavy metal (oid) complex transporters (Park
etal,, 2012). ABCCs have been linked to detoxification and the
potential sequestration of harmful metals in plants. In contrast,
the AtABCC3 gene encoded a PC-Cd complex transporter.
AtABCCI and AtABCC2 genes have been connected to the
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phytochelatin vascular sequestration (PC)-Hg (II) and PC-Cd
(II), respectively (Nosek et al., 2020). A crucial component of
glutathione-mediated detoxification is played by wheat ABCC
protein (TaABCC13), while rice ABCC protein (OsABCC1)
decreases the quantity of arsenic in grains by securing it in
vacuoles (Feng et al., 2020). According to these findings, ABCC
members play an important role in determining how
hazardous metals are transported and detoxified (Li et al,
2022). Arabidopsis thaliana ABCG genes were found to be
more resistant to very hazardous heavy metals (Wang
et al.,, 2019).

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

LQ designed the experiments. FL executed the experiments and
wrote the manuscript. MFM, MAM analyzed the results and
formatted the manuscript. SA, MA and SC supervised manuscript
write up. MAM and IH data compilation. UH collected and HK
supervised the research work. SC facilitated the team with his lab
facilities. All authors read and approved the final manuscript.

References

Ai, T. N,, Naing, A. H, Yun, B. W,, Lim, S. H, and Kim, C. K. (2018).
Overexpression of RsMYBI1 enhances anthocyanin accumulation and heavy metal
stress tolerance in transgenic petunia. Front. Plant Sci. 9, 1388. doi: 10.3389/
fpls.2018.01388

Arora, S., Pattwell, S. S., Holland, E. C., and Bolouri, H. (2020). Variability in
estimated gene expression among commonly used RNA-seq pipelines. Sci. Rep. 10
(1), 1-9. doi: 10.1038/s41598-020-59516-z

Balakrishnan, R., Chapus, C., Brewer, M. S,, and Clayton, D. F. (2013). Brain
transcriptome of the violet-eared waxbill Uraeginthus granatina and recent evolution
in the songbird genome. Open Biology 3 (9), 130063. doi: 10.1093/database/bat054

Barbey, C., Hogshead, M., Schwartz, A. E., Mourad, N., Verma, S., Lee, S., et al.
(2020). The genetics of differential gene expression related to fruit traits in strawberry
(Fragariax ananassa). Front. Genet. 10, 1317. doi: 10.3389/fgene.2019.01317

Barra Caracciolo, A., Terenzi, V., et al. (2021). Rhizosphere microbial
communities and heavy metals. Microorganisms 9 (7), 1462. doi: 10.3390/
microorganisms9071462

Bidwell, S. D., Woodrow, L. E., Batianoft, G. N., and Sommer-Knudsen, J. (2002).
Hyperaccumulation of manganese in the rainforest tree austromyrtus bidwillii
(Myrtaceae) from Queensland, Australia. Funct. Plant Biol. 29 (7), 899-905. doi:
10.1071/PP01192

Bushel, P. R,, Paules, R. S., and Auerbach, S. S. (2018). A comparison of the
TempO-Seq S1500+ platform to RNA-Seq and microarray using rat liver mode of
action samples. Front. Genet. 9, 485.

Dean, M., Rzhetsky, A., and Allikmets, R. (2001). The human ATP-binding cassette
(ABC) transporter superfamily. Genome Res. 11, 1156-1166. doi: 10.1101/gr.184901

Fan, W., Liu, C,, Cao, B., Ma, S., Hu, J., Xiang, Z., et al. (2021). A meta-analysis of
transcriptomic profiles reveals molecular pathways response to cadmium stress of

Frontiers in Plant Science

14

10.3389/fpls.2022.1022686

Funding

This research is financially supported by Shanghai Sciences
and Technology Commission Project No: 18DZ2283500.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1022686/full#supplementary-material

gramineae. Ecotoxicol. Environ. Saf. 209, 111816. doi: 10.1016/
j.ecoenv.2020.111816

Fasani, E., Li, M., Varotto, C., Furini, A., and DalCorso, G. (2022). Metal
detoxification in land plants: From bryophytes to vascular plants. STATE of the art
and opportunities. Plants 11 (3), 237. doi: org/10.3390/plants11030237

Feng, T., He, X., Zhuo, R,, Qiao, G., Han, X,, Qiu, W,, et al. (2020). Identification and
functional characterization of ABCC transporters for cd tolerance and accumulation in
sedum alfredii hance. Sci. Rep. 10 (1), 1-13. doi: 10.1038/s41598-020-78018-6

Filloux, C., Cédric, M., Romain, P., Lionel, F., Christophe, K., Dominique, R.,
et al. (2014). An integrative method to normalize RNA-seq data. BMC Bioinf. 15
(1), 1-11. doi: 10.1186/1471-2105-15-188

Gill, R. A., Ahmar, S., Ali, B., Saleem, M. H., Khan, M. U., Zhou, W., et al. (2021).
The role of membrane transporters in plant growth and development, and abiotic
stress tolerance. Int. J. Mol. Sci. 22 (23), 12792. doi: 10.3390/ijms222312792

Holland, I. B, Cole, S. P., Kuchler, K., and Higgins, C. F. (2003). ABC Proteins:
from bacteria to man (France: Academic Press).

Hossain, Z., and Komatsu, S. (2013). Contribution of proteomic studies towards
understanding plant heavy metal stress response. Front. Plant Sci. 3, 310. doi:
10.3389/fpls.2012.00310

Huang, H. Y, Ren, Q. Q, Lai, Y. H,, Peng, M. Y., Zhang, |, Yang, L. T., et al
(2021). Metabolomics combined with physiology and transcriptomics reveals how
Citrus grandis leaves cope with copper-toxicity. Ecotoxicology and Environmental
Safety 223, 112579.

Huang, Q., Chen, D., Du, C, Liu, Q. Lin, S, Liang, L., et al. (2022). Highly
multiplex PCR assays by coupling the 5'-flap endonuclease activity of taq DNA
polymerase and molecular beacon reporters. Proc. Natl. Acad. Sci. 119 (9),
€2110672119. doi: 10.1073/pnas.2110672119

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1022686/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1022686/full#supplementary-material
https://doi.org/10.3389/fpls.2018.01388
https://doi.org/10.3389/fpls.2018.01388
https://doi.org/10.1038/s41598-020-59516-z
https://doi.org/10.1093/database/bat054
https://doi.org/10.3389/fgene.2019.01317
https://doi.org/10.3390/microorganisms9071462
https://doi.org/10.3390/microorganisms9071462
https://doi.org/10.1071/PP01192
https://doi.org/10.1101/gr.184901
https://doi.org/10.1016/j.ecoenv.2020.111816
https://doi.org/10.1016/j.ecoenv.2020.111816
https://doi.org/org/10.3390/plants11030237
https://doi.org/10.1038/s41598-020-78018-6
https://doi.org/10.1186/1471-2105-15-188
https://doi.org/10.3390/ijms222312792
https://doi.org/10.3389/fpls.2012.00310
https://doi.org/10.1073/pnas.2110672119
https://doi.org/10.3389/fpls.2022.1022686
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liaquat et al.

Hyde, S. C. (1990). Structural model of ATP-binding protein associated with
cystic fibrosis, multidrug resistance and bacterial transport. Nature 346, 362-336.
doi: 10.1038/346362a0

Koch, C. M,, Chiu, S. F., Akbarpour, M., Bharat, A., Ridge, K. M., Bartom, E. T.,
etal. (2018). A beginner’s guide to analysis of RNA sequencing data. Am. J. Respir.
Cell Mol. Biol. 59 (2), 145-157. doi: 10.1165/rcmb.2017-0430TR

Lee, M., Lee, K., Lee, J., Noh, E. W, and Lee, Y. (2005). AtPDR12 contributes to
lead resistance in arabidopsis. Plant Physiol. 138 (2), 827-836. doi: 10.1104/
Pp.104.058107

Liaquat, F., Munis, M. F. H,, Arif, S., Haroon, U., Shi, J., Saqib, S., et al. (2021). PacBio
single-molecule long-read sequencing reveals genes tolerating manganese stress in
schima superba saplings. Front. Genet. 12, 635043. doi: 10.3389/fgene.2021.635043

Li, S., Han, X,, Lu, Z., Qiu, W., Yu, M., Li, H,, et al. (2022). MAPK cascades and
transcriptional factors: Regulation of heavy metal tolerance in plants. Int. J. Mol.
Sci. 23 (8), 4463. doi: 10.3390/ijms23084463

Li, D., He, T., Saleem, M., and He, G. (2022). Metalloprotein-specific or critical amino
acid residues: Perspectives on plant-precise detoxification and recognition mechanisms
under cadmium stress. Int. J. Mol. Sci. 23 (3), 1734. doi: 10.3390/ijms23031734

Lopez-Ortiz, C., Dutta, S. K., Natarajan, P., Pena-Garcia, Y., Abburi, V.,
Saminathan, T., et al. (2019). Genome-wide identification and gene expression
pattern of ABC transporter gene family in capsicum spp. PloS One 14 (4),
€0215901. doi: 10.1371/journal.pone.0215901

Manzoor, M. A., Sabir, 1. A., Shah, I. H, Wang, H., Yu, Z,, Rasool, F., et al.
(2021). Comprehensive comparative analysis of the GATA transcription factors in
four rosaceae species and phytohormonal response in Chinese pear (Pyrus
bretschneideri) fruit. Int. J. Mol. Sci. 22 (22), 12492. doi: 10.3390/ijms222212492

Niu, L., Li, H,, Song, Z., Dong, B., Cao, H,, Liu, T, et al. (2021). The functional
analysis of ABCG transporters in the adaptation of pigeon pea (Cajanus cajan) to
abiotic stresses. Peer] 9, e10688. doi: 10.7717/peer;j.10688

Nosek, M., Kaczmarczyk, A., Jedrzejczyk, R. J., Supel, P., Kaszycki, P., and
Miszalski, Z. (2020). Expression of genes involved in heavy metal trafficking in
plants exposed to salinity stress and elevated cd concentrations. Plants 9 (4), 475.
doi: 10.3390/plants9040475

Park, J., Song, W. Y., Ko, D., Eom, Y., Hansen, T. H., Schiller, M., et al. (2012). The
phytochelatin transporters AtABCC1 and AtABCC2 mediate tolerance to cadmium
and mercury. Plant J. 69 (2), 278-288. doi: 10.1111/j.1365-313X.2011.04789.x

Pasricha, S., Mathur, V., Garg, A., Lenka, S., Verma, K., and Agarwal, S. (2021).
Molecular mechanisms underlying heavy metal uptake, translocation and tolerance
in hyperaccumulators-an analysis: Heavy metal tolerance in hyperaccumulators.
Environ. Challenges. 4, 100197. doi: 10.1016/j.envc.2021.100197

Pomaznoy, M., Sethi, A., Greenbaum, J., and Peters, B. (2019). Identifying
inaccuracies in gene expression estimates from unstranded RNA-seq data. Sci. Rep.
9 (1), 1-10. doi: 10.1038/s41598-019-52584-w

Queiroz, H. M, Ying, S. C., Abernathy, M., Barcellos, D., Gabriel, F. A., Otero, X.
L., etal. (2021). Manganese: The overlooked contaminant in the world largest mine
tailings dam collapse. Environ. Int. 146, 106284. doi: 10.1016/j.envint.2020.106284

Raza, A., Tabassum, J., Zahid, Z., Charagh, S., Bashir, S., Barmukh, R,, et al.
(2022). Advances in “omics” approaches for improving toxic metals/metalloids
tolerance in plants. Front. Plant Sci. 2, 2949. doi: org/10.3389/fpls.2022.898307

Frontiers in Plant Science

15

10.3389/fpls.2022.1022686

Sabir, I. A., Manzoor, M. A., Shah, I. H., Abbas, F., Liu, X., Fiaz, S., et al. (2022).
Evolutionary and integrative analysis of gibberellin-dioxygenase gene family and
their expression profile in three rosaceae genomes (F. vesca, p. mume and p. avium)
under phytohormone stress. Front. Plant Sci. 13. doi: org/10.3389/fpls.2022.942969

Shah, I. H,, Manzoor, M. A,, Sabir, I. A., Ashraf, M., Haq, F., Arif, S., et al. (2022).
Genome-wide identification and comparative analysis of MATE gene family in
cucurbitaceae species and their regulatory role in melon (Cucumis melo) under salt
stress. Horticult. Environ. Biotechnol. 63, 1-18. doi: 10.1007/s13580-021-00413-3

Sharma, E., Jain, M., and Khurana, J. P. (2019). Differential quantitative
regulation of specific gene groups and pathways under drought stress in rice.
Genomics 111 (6), 1699-1712. doi: 10.1016/j.ygeno.2018.11.024

Shibata, M., Mekuchi, M., Mori, K., Muta, S., Chowdhury, V. S., Nakamura, Y.,
and Tashiro, K. (2016). Transcriptomic features associated with energy production
in the muscles of Pacific bluefin tuna and Pacific cod. Bioscience, Biotechnology, and
Biochemistry 80 (6), 111411-24.

Singh, S., Parihar, P., Singh, R,, Singh, V. P,, and Prasad, S. M. (2016). Heavy

metal tolerance in plants: role of transcriptomics, proteomics, metabolomics, and
ionomics. Front. Plant Sci. 6, 1143. doi: 10.3389/fpls.2015.01143

Song, J., Kim, D,, Lee, S., Jung, J., Joo, ]. W.J., and Jang, W. (2022). Integrative
transcriptome-wide analysis of atopic dermatitis for drug repositioning.
Communications Biol. 5 (1), 1-13.

Song, P, Xu, D, Yue, J., Ma, Y., Dong, S., and Feng, J. (2022). Recent advances in
soil remediation technology for heavy metal contaminated sites: A critical review.
Sci. Total. Environ. 838, 156417. doi: org/10.1016/j.scitotenv.2022.156417

Tang, T., Tao, F., and Li, W. (2021). Characterisation of manganese toxicity
tolerance in arabis paniculata. Plant Diversity 43 (2), 163-172. doi: 10.1016/
1.pld.2020.07.002

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R,, et al. (2012).
Differential gene and transcript expression analysis of RNA-seq experiments with
TopHat and cufflinks. Nat. Protoc. 7 (3), 562-578. doi: 10.1038/nprot.2012.016

Wang, T., Li, B., Nelson, C. E., and Nabavi, S. (2019). Comparative analysis of
differential gene expression analysis tools for single-cell RNA sequencing data.
BMC Bioinf. 20 (1), 1-16. doi: 10.1186/s12859-019-2599-6

Wang, H.,, Liu, Y., Peng, Z,, Li, ], Huang, W., Liu, Y., et al. (2019). Ectopic
expression of poplar ABC transporter PtoABCG36 confers cd tolerance in
arabidopsis thaliana. Int. J. Mol. Sci. 20 (13), 3293. doi: 10.3390/ijms20133293

Xu, B. Q, Wang, J. J., Peng, Y., Huang, H., Sun, L. L, Yang, R,, et al. (2022).
SIMYC2 mediates stomatal movement in response to drought stress by repressing
SICHS1 expression. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.952758

Yang, S. X,, Deng, H., and Li, M. S. (2008). Manganese uptake and accumulation
in a woody hyperaccumulator, schima superba. Plant Soil Environ. 54 (10), 441-
446. doi: 10.17221/401-PSE

Zhang, Z., Tong, T., Fang, Y., Zheng, J., Zhang, X,, Niu, C,, et al. (2020).
Genome-wide identification of barley ABC genes and their expression in response
to abiotic stress treatment. Plants 9 (10), 1281. doi: 10.3390/plants9101281

Zhou, H., Xiao, X., Asjad, A., Han, D., Zheng, W., Xiao, G., et al. (2022).
Integration of GWAS and transcriptome analyses to identify SNPs and candidate
genes for aluminum tolerance in rapeseed (Brassica napus 1.). BMC Plant Biol. 22
(1), 1-17. doi: 10.1186/s12870-022-03508-w

frontiersin.org


https://doi.org/10.1038/346362a0
https://doi.org/10.1165/rcmb.2017-0430TR
https://doi.org/10.1104/pp.104.058107
https://doi.org/10.1104/pp.104.058107
https://doi.org/10.3389/fgene.2021.635043
https://doi.org/10.3390/ijms23084463
https://doi.org/10.3390/ijms23031734
https://doi.org/10.1371/journal.pone.0215901
https://doi.org/10.3390/ijms222212492
https://doi.org/10.7717/peerj.10688
https://doi.org/10.3390/plants9040475
https://doi.org/10.1111/j.1365-313X.2011.04789.x
https://doi.org/10.1016/j.envc.2021.100197
https://doi.org/10.1038/s41598-019-52584-w
https://doi.org/10.1016/j.envint.2020.106284
https://doi.org/org/10.3389/fpls.2022.898307
https://doi.org/org/10.3389/fpls.2022.942969
https://doi.org/10.1007/s13580-021-00413-3
https://doi.org/10.1016/j.ygeno.2018.11.024
https://doi.org/10.3389/fpls.2015.01143
https://doi.org/org/10.1016/j.scitotenv.2022.156417
https://doi.org/10.1016/j.pld.2020.07.002
https://doi.org/10.1016/j.pld.2020.07.002
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1186/s12859-019-2599-6
https://doi.org/10.3390/ijms20133293
https://doi.org/10.3389/fpls.2022.952758
https://doi.org/10.17221/401-PSE
https://doi.org/10.3390/plants9101281
https://doi.org/10.1186/s12870-022-03508-w
https://doi.org/10.3389/fpls.2022.1022686
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Reprisal of Schima superba to Mn stress and exploration of its defense mechanism through transcriptomic analysis
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 RNA extraction, library construction and sequencing
	2.3 Bioinformatics analysis
	2.3.1 RNA Seq quality assessment and genome mapping
	2.3.2 Gene-level quantification
	2.3.3 GO and KEGG enrichment of differentially expressed genes
	2.3.4 Comparative Phylogenetic and multiple sequence alignment analysis
	2.3.5 Promoter analysis
	2.3.6 Real time PCR analysis

	2.4 Data analysis

	3 Results
	3.1 Illumina sequencing and quality control
	3.2 Alignment and In silico analysis
	3.3 Functional annotation and enrichment analysis of differentially expressed transcripts
	3.4 Statistics and profiling of differential gene expression
	3.5 Gene ontology and KEGG analysis of DEGs
	3.6 Evaluation of sample variation
	3.7 Classification of ABC genes in S. superba
	3.8 Physiochemical properties of ABC genes
	3.9 Hierarchical cluster analysis and expression pattern of transport-related genes
	3.10 Promoter Cis-acting analysis
	3.11 Gene ontology annotation of ABC genes
	3.12 qRT-PCR analysis of DEGs

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


