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Transcriptomic analysis of chilling-
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Chilling stress is one of the most important environ-
mental stresses for chilling-sensitive species. The pre-
sent study conducted RNA-Seq and WGCNA analysis
to clarify the correlation patterns among genes of dif-
ferent treatments in tobacco (Nicotiana tabacum). A
total of 10,355 DEGs were found in chilling treatment
relative to control treatment. Additionally, functional
annotations revealed that 48 genes were found to be
specifically expressed in lignin biosynthesis pathway
in tobacco seedlings under chilling stress. Our results
revealed that the biosynthesis of caffeoyl-CoA was
regulated by HCT and C3H. Furthermore, the G-type
lignin biosynthesis branch was enhanced under low
temperature, which contributed to an increase in lig-
nin content and changes in lignin composition, indi-
cating that G-type lignin may play an important role
in tobacco’s resistance to chilling stress.

Keywords: Chilling stress, lignin biosynthesis, Nicoti-
ana tabacum, transcriptomic, WGCNA.

CHILLING stress is one of the environmental factors that
restrict plant growth and geographical distribution. Plants
have evolved a number of sophisticated mechanisms to
rapidly respond to changes in the environment and differ-
ent types of defense mechanisms that protect plants
from chilling stress. The synthesis of compounds in the
phenylpropanoid pathway (Supplementary Figure 1) ful-
fills a wide range of such functions, including plant
development and interactions with the environment?.

The phenylpropanoid metabolic pathway mainly starts
with phenylalanine (Supplementary Figure 1) and pro-
vides the precursors of lignin, which is quantitatively the
second most common biopolymer on Earth, following
cellulose. The intermediates and products of the phe-
nylpropanoid pathway regulate tobacco growth and

*For correspondence. (e-mail: chenaiguo@caas.cn)
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development?. Lignin is a major component of plant cell
walls and provides mechanical strength to tree trunks and
confers impermeability to vascular tissuess. It is mainly
involved in defense mechanisms against biotic and abiotic
stresses®.

About 10 key enzymes are involved in the biosynthesis
of lignin in the phenylpropanoid metabolic branch
(Supplementary Figure 1). Therefore, under chilling
stress, the induced expression of these enzymes can also
be utilized as tolerance indices in plants®®. The phenyl-
propanoid metabolic pathway is activated by cold stress.
Phenylalanine ammonia-lyase (PAL), hydroxycinnamoyl-
CoA shikimate hydroxycinnamoyl transferase (HCT) and
cinnamyl-alcohol dehydrogenase (CAD) are upregulated
in the winter barley cultivar Luxor leaves after cold
treatment’. Similarly, the expression of C3H (CYP98A3)
in Rhododendron leaf tissues was upregulated upon expo-
sure to the cold, suggesting its role in acclimation to low
temperatures®. In barley leaves, lignin gene expression,
including CAD, is upregulated under cold stress’.

Earlier researches have shown that changes in plant
lignin content are influenced by stresses, and lignin syn-
thesis plays an important role in complex genetic and
physiological regulatory pathways®. However, investi-
gations on the main pathway of lignin biosynthesis in
tobacco in response to low temperature stress are limited.
The aim of the present study was to elucidate the
mechanism underlying the transcriptional regulation of
lignin biosynthesis under chilling stress by assessing dif-
ferentially expressed genes (DEGSs) between plants sub-
jected to chilling treatment and those exposed to normal
temperatures using weighted gene co-expression network
analysis (WGCNA).

Seven-leaf-old tobacco (Nicotiana tabacum, cv. K326)
pot-grown plants were employed as experimental materi-
als and propagated in growth chambers (DPGX-350B,
Ningbo Prandt Instrument Co Ltd, China) at 25 + 2°C,
14 h light/10 h dark photoperiod, and 65-75% relative
humidity (RH). The second unfolded leaf forming the
shoot apex was collected from each plant after 25°C or
4°C treatment for 12 h or 24 h respectively. The treat-
ment was performed in triplicates, and the leaves of each
treatment were pooled into one composite sample. After
harvesting, the samples were immediately placed in
liquid nitrogen and then stored at —80°C until analysis.

Total RNA was extracted and purified from untreated
and chilling-treated tobacco leaves that were collected
after 0 h, 12 h and 24 h using a TaKaRa MiniBEST plant
RNA extraction kit (Takara Bio Inc., Dalian, China)
based on the manufacturer’s recommendations. RNA
degradation and contamination were monitored on 1%
agarose gels. RNA concentration was measured using a
Qubit® RNA assay kit in a Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA). Samples that had an A260/
A280 within the range of 1.9 to 2.1 and an A260/
A230 >2.0 were used in subsequent analyses. RNA
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integrity was assessed using an RNA Nano 6000 assay kit
on a Bioanalyzer 2100 system (Agilent Technologies,
CA, USA).

Approximately 3 ng RNA per sample was used as input
material for the RNA sample preparations. Sequencing
libraries were generated using NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® (NEB, USA), following
the manufacturer’s recommendations, and index codes
were added to attribute sequences to each sample.

The tobacco genome and gene model annotation files
were downloaded from the Tobacco Genome Annotation
Project (Nicotiana tabacum Ntab-TN90v, https://www.
ncbi.nlm.nih.gov/genome/425). The index of the refer-
ence genome was built using Bowtie v2.2.3, and paired-
end clean reads were aligned to the reference genome
using TopHat v2.0.12. All the RNA-Seq raw data gene-
rated in this study were deposited in the sequence read
archive (SRA) of National Centre for Biotechnology
Information (NCBI) (accession number SRP129465).

HTSeq v0.6.1 was used to count the number of reads
that were mapped to each gene. Fragments per kilobase
per million reads (FPKM) values were used to normalize
the expression levels of gene from RNA-Seqg™. In subse-
quent analysis, FPKM value >1 was set as the threshold
of gene transcriptional activity screening.

Differential expression analysis of untreated and
chilling-treated tobacco leaves (three biological replicates
per condition) was performed using the DESeq R package
(1.18.0). Sequences were deemed to be significantly dif-
ferentially expressed when the adjusted P-value was
<0.05 and there was at least a two-fold change (|logzfold-
change [>1) in FPKM values between the two libraries.

Databases like Kyoto Encyclopedia of Genes and
Genomes (KEGG) database help us to understand the
high-level functions and utilities of a biological system
(http://www.genome.jp/kega/). KOBAS software was
used to test the statistical enrichment of DEGs in KEGG
pathways.

The WGCNA R package (we looked up the relevant
program code and R tutorial through the official website
of  WGCNA: https://horvath.genetics.ucla.edu/html/
CoexpressionNetwork/Rpackages/ WVGCNA/Tutorials/) was
used to analyse pairwise correlations between all genes
across the measured samples (Langfelder and Horvath
2008). The weighted network uses a soft threshold for
Pearson correlation between the expression profiles of
any two samples. Average linkage hierarchical clustering
was conducted to group transcripts based on topological
overlap dissimilarity based on their network connection
strengths. Modules were identified with a dynamic tree-
cutting algorithm, with a minimum module size of two
genes, and merged with the MEDissThres parameter for
0.05. Their interactive network was visualized using
Cytoscape_v3.4.0 with the edges file.

Selected DEGs in the tobacco samples subjected to
chilling were validated using quantitative real time
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Phenotypes of tobacco seedlings subjected to chilling stress. a, Comparison of tobacco seedlings exposed to

4°C and 25°C temperatures for 0 h, 6 h, 12 h, 24 h and 48 h. b, Relative electrolytic conductivity (REC) of tobacco seed-
lings exposed to 4°C and 25°C temperatures. The values are the means of three replicates. Vertical bars indicate standard
errors. ¢, Lignin content of tobacco seedlings exposed to 4°C and 25°C. Three biological replicates were used in each
treatment. Values are presented as the mean + SE of three biological replicates. Lowercase letters (a and b) indicate
significant differences in tobacco seedlings subjected to 4°C and 25°C temperatures.

polymerase chain reaction (gRT-PCR). Total RNA
extraction and cDNA synthesis were performed as de-
scribed earlier. Of the significant DEGs, 10 genes exhib-
iting similar expression patterns in both treatments were
selected for validation analysis. The primers used for
gRT-PCR were designed using Primer Premier 6.0 and
are listed in Supplementary Table 1. qRT-PCR was per-
formed on an Applied Biosystems 7500 Real-Time PCR
System using SYBR Premix Ex Taqgll (Tli RNaseH
Plus) (Takara Bio Inc., Dalian, China). Three biological
replicates for each sample and three technical replicates
for each biological sample were analysed. The constitu-
tively expressed housekeeping gene actin from tobacco
was used as reference. Changes in the relative gene ex-
pression levels were calculated using the 2724t method.

Lignin content was determined using a lignin content
kit (Cominbio, Suzhou, China) according to the manufac-
turer’s recommendations. To measure relative electrolytic
conductivity (REC)?, 10 leaf discs (0.8 cm in diameter)
were placed inside 20 ml of distilled water and vacuumed
for 30 min, and then surged for 3 h to measure the initial
electric conductance (S1) at 25°C. The mixture was then
transferred to a cuvette and heated at 100°C for 30 min,
later allowed to cool down to room temperature (25°C)
and used in the determination of final electric conduct-
ance (S2). REC was calculated as follows: REC =
S1 x 100/S2.

CURRENT SCIENCE, VOL. 117, NO. 11, 10 DECEMBER 2019

To identify the effects of chilling stress on tobacco,
seedlings subjected to 4°C (T) and 25°C (CK) treatment
were compared. Seedlings grown in chilling conditions
exhibited wilting, which increased in severity over time
(Figure 1a). In addition, a significantly higher REC was
observed after 12 h chilling treatment compared to the
controls (P < 0.05, Figure 1b). Lignin content increased
in seedlings subjected to chilling compared to those
grown at 25°C (Figure 1c). Based on the observed
phenotypes and changes in REC, samples collected at
the 12 h and 24 h time period were used for RNA-Seq
analysis.

To clarify the transcriptome changes of genes related
to low temperature stress in tobacco, RNA-Seq was per-
formed. A total of 666.9 million clean reads were gener-
ated from the 15 cDNA libraries, and 649.7 million high-
quality (Q > 20) 100 bp reads were selected for further
analysis. Approximately 91.38-95.91% of the short clean
reads were aligned against the N. tabacum reference
genome. Around 88.74% to 95.35% of the reads could be
uniquely mapped to the reference genome, and more than
30,000 genes were identified (Supplementary Table 2).

In the T 12 h versus CK 12 h seedlings, a total of
18,530 significant DEGs were identified, which consisted
of 9725 upregulated and 8805 downregulated DEGs. Of
the 17,287 significant DEGs in the T 24 h versus CK 24 h
seedlings, 8959 were upregulated and 8328 were
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chilling stress in T 12 h versus CK 12 h and T 24 h versus CK 24 h. b, Venn diagram of up- and down-
regulated DEGs after exposure to low temperature conditions. The separate and overlapping areas in the
Venn diagrams represent the number of specifically expressed and co-expressed genes between different
treatments. ¢ and d, Functional annotation of DEGs related to the biosynthesis of secondary metabolites.

Table 1. Summary of genes involved in lignin biosynthesis

Gene Number of
name EC number Enzyme name DEGs
PAL EC: 4.3.1.24 Phenylalanine ammonia-lyase 3
C4H EC:1.14.13.11 Trans-cinnamate 4-monooxygenase 3
4CL EC: 6.2.1.12 4-Coumarate--CoA ligase 6
C3H EC:1.14.13.36 Coumaroylquinate (coumaroylshikimate) 3'-monooxygenase 2
HCT EC:2.3.1.133 Shikimate O-hydroxycinnamoyltransferase 5
CCoAOMT EC:2.1.1.104 Caffeoyl-CoA O-methyltransferase 7
F5H EC: 1.14.-.- Ferulate-5-hydroxylase 1
CAD EC:1.1.1.195 Cinnamyl-alcohol dehydrogenase 4
POD EC:1.11.1.7 Peroxidase 17

Total 48

downregulated (Figure 2 a). A total of 10,355 DEGs be-
tween the chilling-treated and control seedlings were
identified after 12 h and 24 h of treatment, which includ-
ed 5119 upregulated and 4526 downregulated DEGs
(Figure 2 b).

Pathway-based enrichment analysis will help us further
understand the biological function of DEGs. KEGG
pathway analysis annotated 4642 DEGs to 121 different
pathways, and the top 10 KEGG pathways are shown in
Figure 2c. Pathways showing the highest DEG enrich-
ment were ‘metabolic pathway’ and ‘biosynthesis of
secondary metabolites’ and ‘ribosome’. In terms of meta-
bolic function, biosynthesis of secondary metabolites
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was further classified into six subcategories, which
included phenylpropanoid biosynthesis, flavonoid biosyn-
thesis, stilbenoid, diarylheptanoid and gingerol biosyn-
thesis, tropane, piperidine and pyridine alkaloid
biosynthesis, isoquinoline alkaloid biosynthesis and glu-
cosinolate biosynthesis (Figure 2d). These results indi-
cated that various metabolic processes were active and a
variety of metabolites were synthesized in the leaves of
tobacco seedlings that were subjected to chilling stress.
KEGG pathway analysis of the annotated tobacco tran-
scriptome dataset assigned a total of 48 genes that
encoded nine known enzymes to the lignin biosynthesis
pathway (Table 1).

CURRENT SCIENCE, VOL. 117, NO. 11, 10 DECEMBER 2019
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In order to better understand the gene expression net-
work involved in lignin biosynthesis in tobacco, a gene
co-expression network model was constructed by
WGCNA package. Optional threshold parameter g
(B = 10, Supplementary Figure 2) was identified and se-
lected, and the WGCNA algorithm was utilized to trans-
fer the correlation coefficient between genes into the
adjacent coefficient, which was then used to calculate the
dissimilarity of the topological overlap matrix. We finally
obtained four gene modules (Supplementary Figure 3 a)

primers (Supplementary Table 1). The gRT-PCR results
showed that the eight candidate genes were upregulated
under chilling stress and coincided with the RNA-Seq
data (Figure 3). Moreover, for all the randomly selected
genes, we found significant expression differences at low
temperatures. Although there were differences in gene
expression multiples between RNA-Seq and gRT-PCR
data, all the validated genes exhibited similar expression
patterns that agreed with the results of RNA-Seq
(Supplementary Figure 5).

based on hierarchical clustering of the calculated dissimi-
larity.

To identify modules that were significantly associated
with lignin content and REC, WGCNA constructed a
gene expression matrix and further validated the modules
(Supplementary Figure 3b), which were then illustrated
in Cytoscape_3.5.1 to depict their relationships
(Supplementary Figure 3c¢). We found that the ME-
turquoise and MEbrown modules were highly related to
the lignin contents and REC. Thus, we focused on the
MEturquoise and MEbrown modules, and the 18 genes
(degree > 25) that showed greater connectivity were se-
lected as hub genes for further analysis.

The expression of 18 genes in MEturquoise and
MEbrown modules that were highly correlated with lig-
nin biosynthesis, were considered as potential candidate
genes involved in lignin biosynthesis. The expression
patterns of these 18 genes under chilling treatment were
calculated (Supplementary Figure 4). We found that the
genes encoding the same enzyme had different expression
levels. For example, gene 15825 and gene 57109
encoded a PAL enzyme, but gene 15825 had higher
expression levels under chilling treatment compared to
the control. Three genes, gene_62870, gene 67175 and
gene_72324, encoded a C4H enzyme, but only
gene_62870 and gene_67175 showed higher expression.
All candidate genes that exhibited high connectivity were
selected, as suggested by the results of WGCNA
(Supplementary Figure 3d) gene_76120 (CCoAOMT) and
gene_52281 (POD) were excluded because of their low
connectivity. Hence, based on our analysis of expression
patterns of these 18 hub genes, we identified eight candi-
date genes that enhanced lignin biosynthesis in tobacco
under chilling stress. These candidate genes included
gene_15825 (PAL), gene_ 62870 (C4H), gene 67175
(C4H), gene_85448 (4CL), gene 34078 (HCT), gene_
34916 (C3H), gene_1089 (CCoAOMT) and gene_66975
(CAD). Further functional analysis of these candidate
genes might be useful to define the main pathway of
lignin synthesis under low temperature conditions.

Additionally we verified the transcriptional regulation
revealed by RNA-Seq through biologically independent
experiment using qRT-PCR. A total of 18 genes, includ-
ing the eight candidate genes and 10 genes randomly
selected from DEGs with large differences in expression
were chosen and used in the design of gene-specific

CURRENT SCIENCE, VOL. 117, NO. 11, 10 DECEMBER 2019

Chilling stress is one of the most critical abiotic stress-
es for chilling-sensitive species. It is a serious threat to
the sustainability of crop production and quality. Howev-
er, plants have adopted a complex system to perceive and
respond to chilling stress over the course of evolution.
Lignin is a cell wall component that also serves as an an-
tioxidant, which protects cells against chilling-induced
oxidative damage®*3. The type of cell wall (primary and
secondary), tissues and organs'#, lignin biosynthesis, and
deposition in the cell walls in plants are affected by vari-
ous environmental conditions, such as drought, low tem-
perature, UV-B radiation, and even the pathogen
attacks®®. The lignin content of ex vitro poplar seedlings
increased when they were grown at 10°C, whereas no
significant changes in in vitro seedlings were observed®®.
Lignin content may be positively correlated with the an-
nual average temperature in latewood Picea abies®. In-
creased rates of lignin units under cold can be used as a
shielding mechanism of plants due to changes in cell wall
composition?’. In our findings, we observed an elevated
level of lignin content in tobacco leaves
exposed to low temperature conditions, suggesting that
lignification could be an important plant mechanism for
resisting environmental stress.

In plants, lignin biosynthesis is the result of a complex
gene regulatory network'®, where several enzymes are
involved and may respond differently to biotic and abiotic
stresses (Supplementary Figure 1). To elucidate the main
route of lignin biosynthesis induced by chilling stress in
tobacco plant varieties, we used RNA-Seq to conduct a
transcriptome analysis of tobacco following chilling
treatment and WGCNA analysis to describe correlation
patterns among genes across transcriptome samples. No-
tably, the MEturquoise and MEbrown modules were spe-
cifically and highly related to lignin content (Supple-
mentary Figure 3 b), and all of the hub genes in MEbrown
module exhibited significant upregulation in the chilling
treatment samples (Supplementary Figure 3 d and Sup-
plementary Figure 3). Contents of lignin and soluble phe-
nols were closely related in the leaves of Triticum
aestivum plants exposed to 2°C temperature®®. Lignin
accumulated in tillering nodes where the increase in the
amount of soluble phenolic compounds correlated with
the elevated PAL activity?®. PAL is the first enzyme of
the phenylpropanoid pathway that catalyses the deamina-
tion of phenylalanine into trans-cinnamic acid?.
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Expression profiles of validation genes in control- and chilling-treatment of tobacco leaves by gRT-PCR ana-

lysis. Relative levels of gene expression were calculated using the actin gene. The x-axis indicates the five samples. The
y-axis shows the expression levels: the left represents gRT-PCR; the right represents FPKM. All PCR reactions were per-
formed three times. The values are presented as the mean + SD of three independent extractions. Lowercase letters (a, b
and c) indicate the significant differences of tobacco seedling between 4°C and 25°C treatment.

Decreased PAL activity can result in an increase in free
L-phenylalanine®. The three enzymes of the phenylpro-
panoid pathway, PAL, C4H, and 4CL, are highly con-
served among plant species as they are important for
normal growth and development. The cold-induced up-
regulation of PAL, C4H and 4CL results in an increased
flow of metabolic substances into the phenylpropanoid
pathway. Enzyme C3H (a cytochrome P450-dependent
monooxygenase) is involved in the biosynthesis of phe-
nylpropanoids and lignin. The expression level of gene
coding for C3H increased during acclimation of Rhodo-
dendron to cold??. A previous study has shown that cou-
maroyl quinate acid (CGA) is an important intermediate
for lignin biosynthesis; thus, CGA levels are the result of
a dynamic balance between the influx via the catalysis of
C3H and HQT enzymes and outflux through the catalysis
of HCT enzymes, which convert to caffeoyl-CoA?%. How-
ever, caffeoyl shikimate acid is another intermediate in
caffeoyl-CoA biosynthesis through the continuous cataly-
sis by HCT and C3H. Here, the upregulation of HCT and
C3H contributes to lignin biosynthesis through caffeoyl
shikimate acid shunt rather than the coumaroyl quinate
acid branch, as indicated by a lack of significant change
in HQT expression in tobacco under chilling stress.
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Lignin is composed of three basic units (H/G/S), and
its biosynthesis belongs to different directions of phe-
nylpropanoid pathway?*. Similar to lignin content, growth
in different environments, such as low temperature, ap-
parently changes lignin composition due to the changes in
the expression of several lignin biosynthesis genes at
low temperature?®. Caffeoyl-coenzyme A 3-O-methyl-
transferase (CCoAOMT) is a key enzyme involved in
methylation reaction in lignin biosynthesis. The down-
regulation of CCoAOMT in Pinus radiata, Medicago
sativa, and Populus tremula x Populus alba plants leads
to decreased lignin content and significant changes in
G-type lignin rather than S-type lignin, indicating that
CCoAOMT is mainly required for the biosynthesis of
G-type lignin?6-2°, Bonawitz and Chapple® reported that
lignin containing high proportion of G subunits under-
goes a higher degree of crosslinking than lignin rich in S
subunits, possibly rendering rigidity and hydrophobicity.
Similar to the above study, COMT and F5H were proved
to be important enzymes involved in lignin biosynthesis,
participated in the synthesis of S-unit, and were possible
regulatory targets to reduce S-type lignin contents in
sugarcane by cold treatment®L. In this study, CAD genes
were also upregulated after cold treatment, which in turn
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respectively. Enzyme names are listed in Supplementary Figure 1.

promoted the synthesis of lignin’. In summary, this pro-
cess might enhance the hardness and water retention of
cell walls by increasing lignin content and changing lig-
nin composition, thereby increasing resistance to chilling
stress.

We have proposed a simplified model of lignin biosyn-
thesis in tobacco leaves under chilling stress (Figure 4).
However, this model is still in its initial stage and needs
further improvement and optimization by scientific expe-
riments. This model is a simplified version that responds
to metabolic levels through transcriptional levels and
does not involve post-translational regulation. Further-
more, this study still lacks information about how plants
can sense low temperature signals to regulate the synthesis
of lignin and its intermediates. Hence, to further improve
this model, a systems biology approach is warranted.

Recent studies on lignin biosynthesis in tobacco have
revealed that the biosynthesis of lignin precursor
caffeoyl-CoA, primarily through the synthesis and degra-
dation of caffeoyl shikimate acid by the catalysis of HCT
and C3H enzymes rather than the branch involved in the
synthesis and degradation of CGA, is catalysed by HQT,
C3H and HCT enzymes. Furthermore, the G-type lignin
biosynthesis branch of the lignin biosynthesis pathway in
tobacco leaves was strengthened under low temperature,
thereby increasing lignin content and altering lignin com-
position.
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Slot canyons, with extremely small width—-depth
ratios, are rare geomorphic features that develop
under limited range of fluvial conditions. We report
the occurrence of such an uncommon canyon, deve-
loped on the crest of the Western Ghats in the Deccan
Traps. The canyon is a tourist hotspot. Geomorphic
studies reveal that the Sandan slot canyon is 2-30 m
wide and up to 100 m deep. Based on compelling field
evidence we hypothesize that the morphology of the
slot canyon is the product of the interplay between
flash flood-induced excavation of a dyke and slope
failures.
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Dyke, flash flood, slot canyon, slope fail-

GORGES are one of the most common erosional sculpted
forms in actively incising fluvial landscapes around the
world. In comparison, extremely narrow, deep and slot-
like bedrock gorges, commonly called slot canyons?, are
rare and develop under limited range of fluvial condi-
tions. Slot canyons have very small width—depth ratios
(depth > width) and the canyon walls make up a larger
proportion of the channel boundary or perimeter than the
canyon bottom (base)!. Majority of the slot canyons
documented in the geomorphic literature occur in south-
west USA?, China® and Austria® in a variety of rocks
(sandstone, conglomerate, granite, gneiss, basalt, etc.).
Till date, slot canyons have not been documented in the
Indian subcontinent.

Here we report the occurrence and geomorphic charac-
teristics of such an uncommon slot canyon from the Dec-
can Traps. The roughly north-south-oriented Sandan slot
canyon (SSC) developed in compound lava flows is
situated near Samrad village (19°30'46”N and 73°41'11"E)
(Figure 1a) in Ahmednagar district, Maharashtra, India®
and occurs on the crest of the Western Ghats Escarpment
(Figure 1 b). The canyon is a popular tourist hot spot and
is famous for exhilarating adventure sports such as giant
swing, rappelling and flying fox.

The main objectives of this study are: (a) to document
the downstream variations in the canyon morphology, and
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