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Abstract

Drought stress is one of the major environmental factors that limited crop’s growth and production. Cassava known as a
tropical crop that is widely distributed in Sub-Saharan Africa. It has a strong drought tolerance and can grow well under
tough environmental conditions. Therefore, understanding how cassava responds to drought stress and coordinates survival
and accumulation has great theoretical significance for improving crop drought resistance breeding. Many studies on cassava
drought responses mainly focused on the leaf and whole seedling. Nevertheless, how the vasculature plays an important
role in plant response to water deficiency remains to be fully elucidated. Here, comparative transcriptome analysis was
performed on isolated mesophyll tissue and leaf vein vascular tissue of cassava variety KU50 after mild drought treatment
to determine the molecular mechanism behind drought resistance in cassava vasculature. Our results showed that KU50
leaves had increased leaf temperature, with characters of rapidly decreased net photosynthetic rate, stomatal conductance,
and transpiration rate in leaves, and the intercellular CO, concentration accumulated under drought stress. Comparative
transcriptome profiling revealed that under drought stress, leaf mesophyll tissue mainly stimulated the biosynthesis of amino
acids, glutamic acid metabolism, and starch and sucrose metabolism. In particular, the arginine biosynthesis pathway was
significantly enhanced to adapt to the water deficiency in leaf mesophyll tissue. However, in vascular tissue, the response to
drought mainly involved ion transmembrane transport, hormone signal transduction, and depolymerization of proteasome.
Concretely, ABA signaling and proteasome metabolism, which are involved in ubiquitin regulation, were changed under
drought stress in KUS50 leaf vascular tissue. Our work highlights that the leaf vasculature and mesophyll in cassava have
completely different drought response mechanisms.
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Introduction

Drought is a common abiotic stress that can curtail crop pro-
ductivity (Tuberosa and Salvi 2006). It has many negative
effects on plant growth and production. To overcome these
negative effects, plants have evolved several bioprocesses to
respond to drought stress. These bioprocesses cover many

Communicated by: Chiedozie Egesi

< Wenquan Wang
wangwenquan @itbb.org.cn

College of Tropical Crops, Hainan University,
Haikou 571000, China

Institute of Tropical Biosciences & Biotechnology,
Haikou 571100, China

@ Springer

layers of plants’ activities. At the biological level, plants
adjust the stomata status to reduce water loss under abiotic
stress (Steiner et al. 2014). Plants can also optimize carbo-
hydrate concentrations to cope with drought stress (Gong
et al. 2013). At the biochemical level, plants can induce anti-
oxidants to scavenge reactive oxygen species under drought
stress (Valliyodan and Nguyen 2006). At the molecular level,
plants can manipulate many genes to respond to drought
stress (Gong et al. 2015).

In the past decades, several studies on drought stress
have been conducted. These studies involved different plant
species and tissues. The plant species included crop plants,
grass plants, and woody plants (Anjum et al. 2017; Cavin
and Jump 2017; Li et al. 2017). Moreover, the plant organs
that were used for studying drought stress included shoots,
roots, and whole plant tissue (Bowne et al. 2012; Chen et al.
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2017; Guo et al. 2018). Guo et al. used drought-tolerant and
drought-sensitive wheat seedlings to investigate the various
physiological processes related to drought tolerance. They
found that the wheat metabolome, which could enhance
drought tolerance, was dominated by sugars, organic acids,
and amino acids (Guo et al. 2018). In addition, seedlings,
shoots, and roots had been used as materials to study water
deficit stress.

Several studies have been conducted to elucidate how
the shoots cope with water deficit situation. For exam-
ple, Li et al. found that various processes in leaf had been
changed when drought stress was coming, such as ribo-
somes, biosynthesis of secondary metabolites, and carbon
metabolism (Li et al. 2016). In another study, the overex-
pression of the ribosomal protein family member RPL23A
in rice could increase water use efficiency under drought
conditions (Moin et al. 2017). This study indicated that the
shoots could adjust ribosome proteins to enhance drought
tolerance. Moreover, Arabidopsis shoots could alter the
flavonoid content to protect themselves from abiotic stress
(Nakabayashi et al. 2014). This finding indicated that the
shoots could change the secondary metabolite to cope with
abiotic stress. In addition, carbon metabolism plays an
important role in plant leaf abiotic resistance. Durand et al.
found that carbon (C) export from leaves to the roots had
been enhanced to deal with water deficit situation (Durand
et al. 2016).

The shoots will change the metabolism to optimize the
consumption of water and nutrients under drought stress,
whereas the roots will enhance the uptake of water and nutri-
ents (Gargallo-Garriga et al. 2014). Therefore, the shoots
and roots have different responses to drought stress. For
example, Wu et al. found that the primary roots of Alhagi
sparsifolia had enriched the genes of multiple metabolic
pathways under drought stress, especially the glutathione
metabolism pathway (Wu et al. 2015). Moreover, the plant
root tips have primary signal receptors for water deficiency
as they play a role to uptake and transport water from soil
to the shoot.

Given the different drought responses of the shoots and
roots, the drought resistance mechanism of plant vascula-
ture has become a research hotspot. However, due to the
lack of efficient methods to study the vasculature, related
studies are few. Compositional analysis of phloem and
xylem sap from plants subjected to abiotic stress is a pop-
ular method to study how the vasculature is involved in
the stress condition (Hu et al. 2016). Because collecting
vasculature sap is easy by using EDTA facilitated, insect
stylet, and cucurbit exudation. However, concerns have
been raised in recent years. For example, contamination is
an unavoidable issue related to EDTA-facilitated method
and cucurbit exudation (Zhang et al. 2012). Although
insect stylet could provide relative pure phloem sap, it is

not compatible with many studies due to its trivial amount
of sap exudates from the stylet (Reidel et al. 2009). In addi-
tion, these methods are associated with a critical issue in
that only mobile molecules can be identified. Immobile
molecules synthesized in the phloem can play important
roles in response to stress (Sevanto 2014). How the vas-
culature protects against water deficit situation and its
molecular mechanism remain unknown.

Cassava (Manihot esculenta Crantz) is an important
tropical crop that has high fresh root productivity and
extraordinary drought tolerance. Because of its metabolic
efficiency under adverse environmental conditions, cas-
sava can produce more carbohydrates per unit area than
other crops under conditions of water stress and in poor
soils (El-Sharkawy 1993). Therefore, understanding how
cassava responds to water deficiency in vasculature and
mesophyll tissue of leaf is valuable for improving drought
tolerance breeding of cassava and other crops. Physiologi-
cally, cassava leaves have decreased water content, ratio
of free water content to bound water content (FW/BW),
net photosynthetic rate (Pn), intercellular CO, concentra-
tion (Ci), stomatal conductance (Gs), and transpiration rate
(Tr) under drought stress (Shan et al. 2018). Consequently,
most photosynthesis-related proteins in cassava leaves are
downregulated during drought stress (Chang et al. 2019).
However, little is known about vascular tissue response
to drought stress in cassava. Here, we performed drought
treatment on cassava variety KU50 and sampled the vas-
culature and mesophyll cells of leaf. By comparatively
analyzing the transcriptome data, we found significantly
different metabolic responses between the mid-vein vascu-
lar bundle and mesophyll cells under slight drought stress.
This work will expand our knowledge about how plants
adapt to environmental stresses.

Results

Phenotype and Physiological Changes of Cassava
Plants Under Drought Stress

Forty-five days after cassava variety KUS0 (Fig. 1A) was
planted in a greenhouse, water was withdrawn for 3 days,
and leaf temperature increased (Fig. 1C). The leaf mid-vein
stained with toluidine blue mainly consisted of vasculature
tissue, including xylem (which was stained in deep green),
phloem (which was around the xylem), and ground tissue
(which was in the middle) (Fig. 1B). This structure could
guide us to dissect the vascular bundle from leaf by artificial
separation. To verify the drought stress intensity, we used
the “Flir-One” system to check the leaf temperature (Liu
et al. 2011). Thermal imaging showed that the leaf color
was red under drought treatment and blue under control.
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Fig. 1 Phenotype of plant KU50
under drought stress and con-
trol. A. Untreated KU50 plant
(bar means 10 cm). B. Transec-
tion of KUS50 leaf vein (normal
status) stained with toluidine
blue O (bar means 0.5 mm).

C. Thermal imaging figure of
leaves under drought stress and
control (bar means 5 cm; orange
color means high temperature,
while blue color means low
temperature)

The red color means that the leaf temperature is high, and
blue means that the leaf temperature is low. This result sug-
gested that water stress took place in the leaf of KUS50.
Using the LI6800 portable photosynthetic apparatus,
we measured the net photosynthetic rate, respiration rate,
stomatal conductance, and mesophyll intercellular CO,
concentration of stressed and control leaves. Compared
with control, the net photosynthetic rate decreased from
13.84 umol m~2 5! to 0.34 umol m~2 s~! in stressed leaves
(Fig. 2A). Stomatal conductance was significantly reduced
from 0.1689 mol m~2 5! to 0.006347 mol m~2 s~ (Fig. 2B).
The transpiration rate decreased from 0.0032 mol m™2 s™!

Drought  Control

to 0.000126 mol m~2 s~! (Fig. 2C). The intercellular CO,
concentration increased from 248.293 umol m=2 s~! to
287.91 umol m~2 s~! (Fig. 2D).

Transcriptome Analysis Revealed the Different
Signal Responses from Vasculature to Mesophyll
in Cassava Leaf Under Drought Stress

Transcripts Annotated Response to Drought Stress

Three repeat leaf mesophyll samples and mid-vein samples
under drought stress (DL and DV) and their well-watered

Fig.2 Changes of physiological A Photosynthetic Rate B Stomatal Conductance
parameters related to photo-
synthesis of plant KU50 under 16 0.25
drought stress. A. Photosyn- ”
thetic rate of drought-treated 02
cassava and control. B. Stomatal 12
conductance of drought-treated T 10 T os
cassava and control. C. o o«
Transpiration rate of drought- E s £
treated cassava and control. D. g 6 .E 0.1
Intercellular CO, concentration = -
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Table 1 Summary of RNA-Seq Sample  Raw reads Clean reads Clean bases  Errorrate Q20 Q30 GC content (%)
data of KU50 under drought
stress and control DLI 60,648,308 59,123,186 8.87G 0.03 97.83 93.65 45.09

DL2 46,812,986 45,554,916 6.83G 0.03 97.89 93.81 44.65

DL3 48,736,560 47,374,968 7.11G 0.03 9798 9399 4521

DV1 51,018,004 49,124,684 7.37G 0.03 97.9 93.84 44.47

DV2 50,341,712 48,603,420 7.29G 0.03 98 94.07 45.32

DV3 49,277,282 47,401,254 7.11G 0.03 97.86 93.72 4353

CL1 54,116,060 51,915,060 7.79G 0.03 97.95 9395 4441

CL2 49,519,458 47,648,818 7.15G 0.03 97.94 939 45.28

CL3 53,559,728 51,311,908 7.7G 0.03 97.96 9396 45.18

CV1 42,036,088 40,568,510 6.09G 0.03 97.88 93.79 44.69

Ccv2 49,488,362 47,763,428 7.16G 0.03 97.83 93.64 4448

CV3 55,292,162 53,348,210 8.0G 0.03 97.9 93.83 4451

Total 610,846,710 589,738,362  88.47G

controls (leaf, CL; vein, CV) were used for RNA-Seq. The
assembly and annotation results are shown in Table 1. We
generated a total of 88.47G bases and 589.74 million clean
reads.

Because we used a scalpel to dissect leaf mid-vein vas-
culature to obtain small mesophyll tissues, we used dif-
ferent comparison sets to enrich the specific differentially
expressed genes (DEGs, log2 fold change>2, p<0.01)
in the vasculature. A total of 116 DEGs were commonly
involved in the different leaf mesophyll comparison sets:
DL compared with CL, CL compared with CV, and DL
compared with DV (Fig. 3A). Simultaneously, 108 DEGs
were commonly involved in the different mid-vein vascula-
ture comparison sets: DV compared with CV, CV compared
with CL, and DV compared with DL.

We further analyzed the enriched DEGs in mesophyll tis-
sue and mid-vein, found some DEGs significantly enriched
in leaf vasculature than leaf mesophyll. They were XETs
(Xyloglucan endo-transglycosylase) and SEOs (Sieve ele-
ment occlusion). XETs are involved in metabolism of

Fig.3 Venn diagram of DEGs DLvsDV
of KUS50 leaf mesophyll tissue
(A) and mid-vein vasculature

(B) under drought stress com-

1217
pared with normal condition
(DL: drought mesophyll; DV: B0
drought vein; CL: control meso-
phyll; CV: control vein) S
252
867

DLvsCL

xyloglucan and have a function during the formation of sec-
ondary cell walls of vascular tissues (Bourquin et al. 2002;
Nishikubo et al. 2007). SEOs encode structural phloem
proteins(Ernst et al. 2012; Knoblauch et al. 2014).

And we also found the significantly enriched DEGs
in leaf mesophyll than leaf vasculature, they were Late
embryogenesis abundant (LEA) proteins, which are hydro-
philic, mostly intrinsically disordered proteins, and play
major roles in desiccation tolerance and expressed at the
transcript level in vegetative tissues (Candat et al. 2014).
These tissue specific genes' expression levels in our
data might be used for quality control to estimate the rate
of contamination during sampling (Table 2).

Gene Ontology (GO) Enrichment of DEGs in Mid-Vein
and Mesophyll Cells Under Drought Stress

GO annotation of all DEGs specific in the mid-vein and
mesophyll was used to generally describe the classification

CLvsCV DVvsDL DVvsCV

105
820 987 803

109 1225 205

724

CVvsCL
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Table 2 Tissue specific expressed DEGs under drought stress

Gene ID Gene Name Mid vein Mesophyll
expression expression
foldchange foldchange

Manes.15G192300 XET 2.57 0

Manes.17G109700 SEO -2.97 0

Manes.17G109600 SEO —2.64 0

Manes.01G252100 LEA 0 -2.13

Manes.11G112400 LEA 0 -2.83

characteristics of responsive genes under drought stress
(Fig. 4).

Different DEGs were enriched in leaf mesophyll and
mid-vein vasculature in response to drought stress. In
leaf mesophyll, DEGs were mainly involved in hydrolase
activity, nucleoside-triphosphatase activity, cytoskeletal
protein binding, pyrophosphatase activity, and threonine-
type endopeptidase activity. In the mid-vein, DEGs were
mainly involved in the movement of cell or subcellular
component, DNA replication, inorganic cation transmem-
brane transport, proton transmembrane transport, and
cellular carbohydrate metabolic process. To cope with
drought stress, hydrolase activity was enhanced in leaf
mesophyll, and ion transmembrane transport activity was
increased in mid-vein.
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Main Biological Processes Involved in Leaf
Mesophyll and Mid-Vein Vasculature Under
Drought Indicated by Kyoto Encyclopedia of Genes
and Genomes (KEGG)

KEGG enrichment further enriched DEGs involved in spe-
cific biological processes in leaf mesophyll and mid-vein
vasculature (Fig. 5). In leaf mesophyll, DEGs related to
the biosynthesis of amino acids, such as alanine, aspartic
acid, and glutamic acid; pyruvate metabolism; and starch
and sucrose metabolism had been significantly enriched
under drought stress (Fig. 5SA). In mid-vein vasculature,
DEGs related to carbon metabolism, plant hormone sig-
nal transduction, and proteasome and oxidative phospho-
rylation had been significantly enriched (Fig. 5B). These
results showed that the effects of drought signaling in
cassava leaf mesophyll and mid-vein vasculature were
significantly different.

KU50 Leaf Mesophyll Significantly Enhanced
the Arginine Biosynthesis Pathway to Adapt
to Drought

We further investigated the expression changes of genes in the
arginine biosynthesis pathway in KU50 leaf mesophyll under
drought (Fig. 6). The results showed that most genes were
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=3 Category
‘g e
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g ||||| - |

Fig.4 GO enrichment pathways of DEGs in leaf mesophyll and mid-vein of KU50 under drought stress. A. GO enrichment pathways of DEGs

in leaf mesophyll; B. GO enrichment pathways of DEGs in mid-vein
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Fig.5 KEGG enrichment of DEGs in leaves of KU50 under drought.
A. KEGG analysis of DEGs between control leaf mesophyll and
drought leaf mesophyll. B. KEGG analysis of DEGs between control

upregulated, including the genes for restricted enzyme gluta-
mate dehydrogenase, N-acetylglutamate synthase, and orni-
thine transcarbamylase. In addition, some of these genes were
not found in drought-treated mid-vein. Exogenous arginine

Fig.6 Arginine biosynthesis
pathway was significantly
enhanced in mesophyll cells

under drought stress (GDH: glu- Ammonia
tamate dehydrogenase, NAGS:

N-acetylglutamate synthase, GDH l
WIN: HOPW1-1 Interact-

ing protein, OTC: ornithine Glutamate
transcarbamylase, NOA: nitric

oxide synthase 1. The relative NAGS l
levels of gene expression are

shown by a heatmap with blue
to red representing low to high
expression levels. The bar on l
the right side of the heatmap

represents the relative expres-
sion level of DEGs.)
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mid-vein and drought mid-vein (“Gene ratio” shows the ratio of the
number of DEGs to the total gene number in the specific pathway.
Green indicates a low Q value, while red indicates a high Q value.)

was found to alleviate oxidative damage in tomato under
drought stress (Nasibi et al. 2011). These results indicated that
enhanced arginine biosynthesis could be the specific adaptive
response in leaf mesophyll against drought stress.
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Fig.7 ABA biosynthesis and Beta- OHASE?2
signaling pathway in KU50

mid-vein under drought i

ABAI

|
NCED

v
AAO3

i

ABA

}

PYL

|
PP2C

v
SnRK?2

v

ABF

Hormone Signal Transduction

and Depolymerization of Proteasome Occurred

in Vasculature of Mid-Vein in Response to Drought
Stress

Two pathways were induced in vascular cells under drought
stress, namely, plant hormone biosynthesis and signal trans-
duction, and proteasome-related pathway. The ABA bio-
synthesis and signaling pathway were highly induced in the
mid-vein of KU50 leaves under drought stress (Fig. 7). The
ABA biosynthesis genes (NCED and ABAT) and ABA signal
elements (PP2C, SnRK2, and ABF) were upregulated. ABA2,
NCED, and AAO3 were predominantly observed in vascular
bundles (Endo 2008), while PP2C and SnRK?2 were found
in the plant vasculature (Fujii et al. 2007; Sugimoto et al.
2014). Therefore, our results implied that drought initiated
ABA biosynthesis and signaling in vasculature predomi-
nantly than in leaf mesophyll.

According to proteasome analysis in the mid-vein of
KUS50 under drought stress, the expression of several genes
for the 20S and 19S proteasome was downregulated to adapt
to drought stress. Although some genes decreased in the
leaf mesophyll, several genes related to the proteasome were
induced in the mid-vein. Plant cells contain a mixture of
26S and 20S proteasomes that mediate ubiquitin-dependent
and ubiquitin-independent proteolysis, respectively (Kurepa
et al. 2009). Ubiquitin is well established as a major modifier
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of signaling in eukaryotes (Sadanandom et al. 2012). These
genes covalently modify target biopathways to regulate
drought resistance.

Discussion

Drought is one critical abiotic stress that negatively affects
crop development and production. Cassava is a tropical crop
that has notable tolerance to abiotic stress and barren soil
(Angelov et al. 1993). Cassava can be produced adequately
in drought conditions, making it the ideal food security crop
in marginal environments (Okogbenin et al. 2013). Thus,
several studies on cassava drought resistance have been con-
ducted. However, few have investigated the cassava vascula-
ture response to drought stress. To determine the mechanism
behind cassava vasculature’s resistance to drought stress, we
comparatively analyzed the RNA-Seq data of cassava leaf
mesophyll and mid-vein.

To verify the physiological structure of cassava leaf mid-
vein, we stained the leaf mid-vein transection using toluidine
blue. The result showed that cassava mid-vein consisted of
phloem, xylem, and ground tissue. This result indicated that
the cassava mid-vein that we harvested is a completely vas-
culature tissue.

To determine the compatible drought stress to cassava, we
used a thermograph to measure the leaf temperature because
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drought could alter the leaf temperature (Liu et al. 2011).
The thermograph revealed that drought stress increased the
cassava leaf temperature. In addition, the water deficit stress
was evaluated by photosynthesis-related parameters, includ-
ing net photosynthesis, transpiration rate, and stomatal con-
ductance. These parameters all decreased in stressed cassava
leaves compared with control leaves. Taken together, these
results demonstrated that cassava KUS50 is under drought
stress (Zargar et al. 2017). The mid-vein from the leaf of
stressed KUS50 and control sets was dissected, and the tissues
were used for comparative transcriptome analysis.

Profiling experiments revealed 8,052 stress-responsive tran-
scripts in cassava leaf and 8,946 stress-responsive transcripts in
cassava mid-vein. This result indicated that cassava leaf vascu-
lar bundle is more actively responsive to drought than cassava
mesophyll cells. According to gene expression pattern analysis
for leaf mesophyll and mid-vein vascular bundle, the results
implied that leaf mesophyll and mid-vein vascular bundle have
completely different drought response patterns.

To further investigate the drought stress response mecha-
nism in leaf mesophyll and mid-vein vascular bundle, GO
and KEGG enrichments were performed. Drought stressed
KUS50 leaf mesophyll had enriched GO pathways related
to the following categories: hydrolase activity, cytoskel-
etal protein binding, and pyrophosphatase activity. These
pathways are all involved in plant responsive bioprocesses
under abiotic stress. Studies found that numerous hydro-
lases could be induced by drought, and some of them could
improve plant drought resistance. A patatin-like gene encod-
ing a galactolipid acyl hydrolase was stimulated by drought
in the leaves of tropical legume and Arabidopsis (Matos
et al. 2008). Meanwhile, water deficit triggered extensive
AF cytoskeleton reorganization within different types of
leaf-blade cells in barley (Sniegowska-Swierk et al. 2015).
Moreover, pyrophosphatase activity could increase drought
resistance, and the overexpression of a vacuolar pyroph-
osphatase gene in cotton could enhance drought tolerance
(Zhang et al. 2011).

The DEGs in drought stressed KU50 mid-vein vascular
bundle were enriched in GO pathways related to the following
categories: movement of cell or subcellular component, DNA
replication, and proton transmembrane transport. Water deficit
stress could stunt growth which consisted with the DNA replica-
tion pathway had been decreased in maize (Danilevskaya et al.
2019). Plant membrane transport systems play a significant role
when adjusting to water scarcity (Jarzyniak and Jasinski 2014).
To sum up, these results suggested that cassava leaf mesophyll
has a different molecular pathway compared with mid-vein to
respond to the water deficit situation.

To comprehensibly understand the drought response
molecular mechanism in tissues of KU50, KEGG analysis
was performed. The leaf mesophyll and mid-vein vascular
bundle had common molecular pathways, including ATP

activity and pyrophosphatase activity. This might be because
pyrophosphatase is involved in many bioprocesses during
water deficiency (Zhang et al. 2011; Pizzio et al. 2015).
KEGG enrichment analysis of leaf mesophyll (Fig. 4A)
showed that alanine, aspartic acid, and glutamic acid metab-
olism and pyruvate metabolism are involved in cassava leaf
mesophyll drought response. Asparagine is a notable amino
acid in plants for nitrogen storage and transport. It is syn-
thesized by asparagine synthetase via the ATP-dependent
reaction (Canales et al. 2012). Proline is a key protective
amino acid. Arginine, lysine, and aromatic and branched
chain amino acids are all increased under drought stress in
different plants to increase drought resistance (Bowne et al.
2012; You et al. 2019). Notably, the arginine biosynthesis
pathway was dramatically increased in KU50 leaf meso-
phyll, which was not significantly changed in mid-vein vas-
cular bundle. Arginine could decrease the oxidant damage
caused by water deficit in tomato (Nasibi et al. 2011). On
the basis of these results, we hypothesized that cassava leaf
mesophyll improved the content of protective components
to protect themselves against drought stress.

By contrast, DEGs were mainly sorted in the proteasome-
related pathway, oxidative phosphorylation, and hormone
signal transduction pathway in KU50 mid-vein vascular
bundle. ABA is a notable phytohormone involved in drought
response (Davies et al. 2005). Several ABA responsive
genes are involved in cassava vascular drought resistance
mechanism. For example, we found that the ABA signal
transduction gene PP2C was changed. Studies showed that
ABA biosynthesis is initiated in vascular parenchyma and
activates a signaling network in neighboring bundle sheath
cells (Galvez-Valdivieso et al. 2009). Taken together, we
supposed that cassava vascular bundle might optimize the
ABA content to induce the expression of downstream genes
to resist drought stress. Among these genes, a cluster gene
(proteasome-related pathway) was mapped to one pathway,
which was significantly decreased in the mid-vein vascular
bundle than in leaf mesophyll under drought. The ubiquitin—
proteasome pathway in plants regulates several cellular
signaling processes, such as those elicited by hormones,
sucrose, and light, as well as development and responses
to pathogen invasion (Smalle and Vierstra 2004). Abiotic
stress inhibits 26S proteasome activity, either by directly
affecting 26S proteasome functions or by decelerating the
turnover rate of other 26S proteasome targets (Ali and
Baek 2020).

On the basis of these results, we speculated that cas-
sava vascular bundle has complex drought resistance
mechanisms and positive adaptation mechanisms. This
may explain the huge difference between cassava vascular
bundle drought resistance and cassava leaf mesophyll cell
drought resistance (Fig. 8). Further studies are needed to
elucidate these mechanisms.
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Fig.8 Proteasome-related genes decreased in KUS50 mid-vein under
drought. A. Proteasome-related pathway was induced in KUS50
mid-vein. B. Heat map for comparative expression between KU50

Materials and Methods
Growth Condition and Drought Treatment

Cassava variety KU50 was used in this study. When cas-
sava seedlings emerged, only one seedling was kept in
each pot. The plants were continuously grown in a green-
house with day/night temperature of 35 °C/28 °C. Drought
stress treatment was initiated at approximately 45 days
after planting by withdrawing water for 3 days. The con-
trol set was watered normally.

Physiological Measurements

Before the treatment, the cassava leaf vein was stained with
toluidine blue O and observed using a light microscope.
Then, water was withdrawn for 3 days. During the drought
stress, the “Flir-One” system (FLIR, Nashua, NH) was used
to measure leaf temperature on three leaves localized on
top of the cassava seedlings. During the treatment, Li-Cor
6800 (LI-COR, Lincoln, NE) photosynthesis apparatus was
used to measure the net photosynthetic rate, transpiration,
and stomatal conductance on the top three fully expanded
leaves following the manufacturer’s instructions. All indexes
were collected with three biological replicates and three
reads for technical replicates. The results were presented
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as mean + SE of independent replicates. All measurements
were started at 9 am and ended at 11 am.

RNA Extraction and RNA-Seq Library Construction

We collected three top cassava leaves from each of the con-
trol and drought stressed KU50 and then used a scalpel to
carefully dissect the mid-vein from the leaf. We grouped
mid-veins together as one sample and leaves without mid-
vein together as one sample; each of them had three bio-
logical replicates. Three plants were sampled for each bio-
logical replicate. All samples were collected in the morning
and placed in liquid nitrogen. Total RNA was extracted by
using the E.Z.N.A. Plant RNA Kit (Omega Bio-Tek Com-
pany, Norcross, GA). RNA degradation and contamina-
tion were monitored on 1% agarose gels. RNA purity was
checked using a NanoDrop spectrophotometer (NanoDrop
Technologies Inc., Wilmington, DE). RNA integrity was
assessed using the RNA 6000 Nano Assay Kit of the Bio-
analyzer 2100 system (Agilent Technologies, CA, USA).
About 1 pg of 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.
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Transcriptomic Data Analysis

The library preparations were sequenced on an Illumina
NovaSeq platform, and 150 bp paired-end reads were gen-
erated. Raw data (raw reads) of fastq format were pro-
cessed through in-house perl scripts. Then, clean data
(clean reads) were obtained by removing reads contain-
ing adapter, reads containing ploy-N (paired reads with
N proportion > 10%), and low-quality reads (the number
of bases whose Qphred <20 accounted for more than 50%
of the reads) from raw data. At the same time, the Q20,
Q30, and GC contents of clean data were calculated. Mani-
hot esculenta v7.1 was used as the reference genome, and
gene model annotation files were downloaded from the
genome website directly (https://data.jgi.doe.gov/refine-
download/phytozome?organism=Mesculenta&expanded=
520). Hisat2 v2.0.5 was used to build the index of the
reference genome and to align paired-end clean reads with
the reference genome. Then, the FPKM of each gene was
calculated on the basis of the length of the gene and read
counts mapped to this gene. Differential expression analy-
sis of drought treatment and control KU50 was performed
using the DESeq2 R package. Genes with an adjusted
p-value less than 0.05 found by DESeq2 were considered
differentially expressed.

GO enrichment analysis of DEGs was implemented by
the clusterProfiler R package, in which gene length bias
was corrected. GO terms with corrected p-value less than
0.05 were considered significantly enriched by differential
expressed genes. KEGG is a database resource for under-
standing high-level functions and utilities of the biologi-
cal system, such as the cell, organism, and ecosystem, from
molecular level information, especially large-scale molecu-
lar datasets generated by genome sequencing and other high-
throughput experimental technologies (http://www.genome.
jp/kegg/). We used clusterProfiler R package to test the sta-
tistical enrichment of DEGs in KEGG pathways.

Authors’ Contributions Wenquan Wang directed and designed the
experiments. Shujuan Wang performed most of the experiments and
drafted the manuscript. Cheng Lu contributed the cassava KU50. Xin
Chen and Haiyan Wang modified the paper. All authors have read and
approved the final manuscript.

Funding This work was financially supported by the National Key
R&D Program of China (Grant No. 2018YFD1000501), the pro-
ject from the National Key R&D Program of the People’s Republic
of China (Grant No. 2018YFD1000500), and the China Agriculture
Research System (CARS-11).

Availability of Data and Materials All data generated or analyzed dur-
ing the study are included in this published article and its supplemen-
tary information files.

Declarations

Ethics Approval and Consent to Participate Not applicable.

Consent for Publication Not applicable.

Conflicts of Interest The authors declare that there is no conflict of
interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ali MS, Baek KH (2020) Protective roles of Cytosolic and Plastidal
Proteasomes on Abiotic stress and Pathogen invasion. Plants
(basel) 9:832

Angelov MN, Sun J, Byrd GT, Brown RH, Black CC (1993) Novel
characteristics of cassava, Manihot esculenta Crantz, a reputed
C3-C4 intermediate photosynthesis species. Photosynth Res
38:61-72

Anjum SA, Ashraf U, Tanveer M, Khan I, Hussain S, Shahzad B,
Zohaib A, Abbas F, Saleem MF, Ali I, Wang LC (2017) Drought
induced changes in growth, osmolyte accumulation and antioxi-
dant metabolism of three maize hybrids. Front Plant Sci 8:69

Bourquin V, Nishikubo N, Abe H, Brumer H, Denman S, Eklund M,
Christiernin M, Teeri TT, Sundberg B, Mellerowicz EJ (2002)
Xyloglucan endotransglycosylases have a function during the
formation of secondary cell walls of vascular tissues. Plant Cell
14:3073-3088

Bowne JB, Erwin TA, Juttner J, Schnurbusch T, Langridge P, Bacic A,
Roessner U (2012) Drought responses of leaf tissues from wheat
cultivars of differing drought tolerance at the metabolite level.
Mol Plant 5:418-429

Canales J, Rueda-Lopez M, Craven-Bartle B, Avila C, Canovas FM
(2012) Novel insights into regulation of asparagine synthetase in
conifers. Front Plant Sci 3:100

Candat A, Paszkiewicz G, Neveu M, Gautier R, Logan DC, Avelange-
Macherel MH, Macherel D (2014) The ubiquitous distribution of
late embryogenesis abundant proteins across cell compartments in
Arabidopsis offers tailored protection against abiotic stress. Plant
Cell 26:3148-3166

Cavin L, Jump AS (2017) Highest drought sensitivity and lowest resist-
ance to growth suppression are found in the range core of the tree
Fagus sylvatica L. not the equatorial range edge. Glob Change
Biol 23:362-379

Chang L, Wang L, Peng C, Tong Z, Wang D, Ding G, Xiao J, Guo A,
Wang X (2019) The chloroplast proteome response to drought
stress in cassava leaves. Plant Physiol Biochem 142:351-362

Chen Y, Wang M, Hu L, Liao W, Dawuda MM, Li C (2017) Carbon
monoxide is involved in hydrogen gas-induced adventitious root

@ Springer


https://data.jgi.doe.gov/refine-download/phytozome?organism=Mesculenta&expanded=520
https://data.jgi.doe.gov/refine-download/phytozome?organism=Mesculenta&expanded=520
https://data.jgi.doe.gov/refine-download/phytozome?organism=Mesculenta&expanded=520
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
http://creativecommons.org/licenses/by/4.0/

406

Tropical Plant Biology (2021) 14:396-407

development in cucumber under simulated drought stress. Front
Plant Sci 8:128

Danilevskaya ON, Yu G, Meng X, Xu J, Stephenson E, Estrada S,
Chilakamarri S, Zastrow-Hayes G, Thatcher S (2019) Develop-
mental and transcriptional responses of maize to drought stress
under field conditions. Plant Direct 3:¢00129

Davies WJ, Kudoyarova G, Hartung W (2005) Long-distance ABA
signaling and Its relation to other signaling pathways in the detec-
tion of soil drying and the mediation of the plant’s response to
drought. J Plant Growth Regul 24:285-295

Durand M, Porcheron B, Hennion N, Maurousset L, Lemoine R, Pourtau
N (2016) Water deficit enhances C export to the roots in Arabidop-
sis thaliana plants with contribution of sucrose transporters in both
shoot and roots. Plant Physiol 170:1460-1479

El-Sharkawy MA (1993) Drought-tolerant cassava for Africa, Asia,
and Latin America. Bioscience 43:441-451

Endo A (2008) Vascular system is a node of systemic stress responses:
Competence of the cell to synthesize abscisic acid and its respon-
siveness to external cues. Plant Signal Behav 3(12):1138-1140

Ernst AM, Jekat SB, Zielonka S, Muller B, Neumann U, Ruping B,
Twyman RM, Krzyzanek V, Prufer D, Noll GA (2012) Sieve ele-
ment occlusion (SEO) genes encode structural phloem proteins
involved in wound sealing of the phloem. Proc Natl Acad Sci U
S A 109:E1980-1989

Fujii H, Verslues PE, Zhu JK (2007) Identification of two protein kinases
required for abscisic acid regulation of seed germination, root
growth, and gene expression in Arabidopsis. Plant Cell 19:485-494

Galvez-Valdivieso G, Fryer MJ, Lawson T, Slattery K, Truman W, Smirnoff
N, Asami T, Davies WJ, Jones AM, Baker NR, Mullineaux PM (2009)
The high light response in Arabidopsis involves ABA signaling
between vascular and bundle sheath cells. Plant Cell 21:2143-2162

Gargallo-Garriga A, Sardans J, Perez-Trujillo M, Rivas-Ubach
A, Oravec M, Vecerova K, Urban O, Jentsch A, Kreyling J,
Beierkuhnlein C, Parella T, Penuelas J (2014) Opposite metabolic
responses of shoots and roots to drought. Sci Rep 4:6829

Gong L, Zhang H, Gan X, Zhang L, Chen Y, Nie F, Shi L, Li M, Guo
Z,Zhang G, Song Y (2015) Transcriptome profiling of the potato
(Solanum tuberosum L.) plant under drought stress and water-
stimulus conditions. PloS One 10:e0128041

Gong X, Liu ML, Zhang LJ, Liu W, Wang C (2013) Sucrose Trans-
porter Gene AtSUC4 Responds to Drought Stress by Regulating
the Sucrose Distribution and Metabolism in Arabidopsis thaliana.
Advanced Materials Research 765-767:2971-2975

Guo R, ShiL,Jiao Y, Li M, Zhong X, Gu F, Liu Q, Xia X, Li H (2018)
Metabolic responses to drought stress in the tissues of drought-
tolerant and drought-sensitive wheat genotype seedlings. AoB
Plants 10:ply016

Hu C, Ham BK, El-Shabrawi HM, Alexander D, Zhang D, Ryals J,
Lucas WJ (2016) Proteomics and metabolomics analyses reveal
the cucurbit sieve tube system as a complex metabolic space. Plant
J 87:442-454

Jarzyniak KM, Jasinski M (2014) Membrane transporters and drought
resistance - a complex issue. Front Plant Sci 5:687

Knoblauch M, Froelich DR, Pickard WF, Peters WS (2014) SEORious
business: structural proteins in sieve tubes and their involvement
in sieve element occlusion. J Exp Bot 65:1879-1893

Kurepa J, Wang S, Li Y, Smalle J (2009) Proteasome regulation, plant
growth and stress tolerance. Plant Signal Behav 4:924-927

Li C, Nong Q, Solanki MK, Liang Q, Xie J, Liu X, Li Y, Wang W,
Yang L, Li Y (2016) Differential expression profiles and path-
ways of genes in sugarcane leaf at elongation stage in response to
drought stress. Sci Rep 6:25698

Li Z, YuJ, Peng Y, Huang B (2017) Metabolic pathways regulated
by abscisic acid, salicylic acid and gamma-aminobutyric acid in
association with improved drought tolerance in creeping bentgrass
(Agrostis stolonifera). Physiol Plant 159:42-58

@ Springer

Liu Y, Subhash C, Yan J, Song C, Zhao J, LiJ (2011) Maize leaf tem-
perature responses to drought: Thermal imaging and quantitative
trait loci (QTL) mapping. Environ Exp Bot 71:158-165

Matos AR, Gigon A, Laffray D, Petres S, Zuily-Fodil Y, Pham-Thi AT
(2008) Effects of progressive drought stress on the expression
of patatin-like lipid acyl hydrolase genes in Arabidopsis leaves.
Physiol Plant 134:110-120

Moin M, Bakshi A, Madhav MS, Kirti PB (2017) Expression profiling
of ribosomal protein gene family in dehydration stress responses
and characterization of transgenic rice plants overexpressing
RPL23A for water-use efficiency and tolerance to drought and
salt stresses. Front Chem 5:97

Nakabayashi R, Mori T, Saito K (2014) Alternation of flavonoid accu-
mulation under drought stress in Arabidopsis thaliana. Plant Sig-
nal Behav 9:€29518

Nasibi F, Yaghoobi MM, Kalantari KM (2011) Effect of exogenous
arginine on alleviation of oxidative damage in tomato plant under-
water stress. J Plant Interact 6:291-296

Nishikubo N, Awano T, Banasiak A, Bourquin V, Ibatullin F, Funada R,
Brumer H, Teeri TT, Hayashi T, Sundberg B, Mellerowicz EJ (2007)
Xyloglucan endo-transglycosylase (XET) functions in gelatinous
layers of tension wood fibers in poplar—a glimpse into the mecha-
nism of the balancing act of trees. Plant Cell Physiol 48:843-855

Okogbenin E, Setter TL, Ferguson M, Mutegi R, Ceballos H, Olasanmi
B, Fregene M (2013) Phenotypic approaches to drought in cas-
sava: review. Front Physiol 4:93

Pizzio GA, Paez-Valencia J, Khadilkar AS, Regmi K, Patron-Soberano
A, Zhang S, Sanchez-Lares J, Furstenau T, Li J, Sanchez-Gomez
C, Valencia-Mayoral P, Yadav UP, Ayre BG, Gaxiola RA (2015)
Arabidopsis type I proton-pumping pyrophosphatase expresses
strongly in phloem, where it is required for pyrophosphate metabo-
lism and photosynthate partitioning. Plant Physiol 167:1541-1553

Reidel EJ, Rennie EA, Amiard V, Cheng L, Turgeon R (2009) Phloem
loading strategies in three plant species that transport sugar alco-
hols. Plant Physiol 149:1601-1608

Sadanandom A, Bailey M, Ewan R, Lee J, Nelis S (2012) The ubiquitin-
proteasome system: central modifier of plant signalling. New
Phytol 196:13-28

Sevanto S (2014) Phloem transport and drought. J Exp Bot
65:1751-1759

Shan Z, Luo X, Wei M, Huang T, Khan A, Zhu Y (2018) Physiological
and proteomic analysis on long-term drought resistance of cassava
(Manihot esculenta Crantz). Sci Rep 8:17982

Smalle J, Vierstra RD (2004) The ubiquitin 26S proteasome proteolytic
pathway. Annu Rev Plant Biol 55:555-590

Sniegowska—ﬁwierk K, Dubas E, Rapacz M (2015) Drought-induced
changes in the actin cytoskeleton of barley (Hordeum vulgare L.)
leaves. Acta Physiologiae Plantarum 37:73

Steiner M, Té6th EG, Juhasz A, Dibszegi MS, Hrotké K (2014) Stomatal
responses of drought and heat stressed (7ilia sp.) leaves. In Plants
in Urban Areas and Landscape 7-10

Sugimoto H, Kondo S, Tanaka T, Imamura C, Muramoto N, Hattori
E, Ogawa K, Mitsukawa N, Ohto C (2014) Overexpression of
a novel Arabidopsis PP2C isoform, AtPP2CF1, enhances plant
biomass production by increasing inflorescence stem growth. J
Exp Bot 65:5385-5400

Tuberosa R, Salvi S (2006) Genomics-based approaches to improve
drought tolerance of crops. Trends Plant Sci 11:405-412

Valliyodan B, Nguyen HT (2006) Understanding regulatory networks
and engineering for enhanced drought tolerance in plants. Curr
Opin Plant Biol 9:189-195

Wu H, Zhang Y, Zhang W, Pei X, Zhang C, Jia S, Li W (2015) Tran-
scriptomic analysis of the primary roots of Alhagi sparsifolia in
response to water stress. PloS One 10:¢0120791

You J, Zhang Y, Liu A, Li D, Wang X, Dossa K, Zhou R, Yu J, Zhang
Y, Wang L, Zhang X (2019) Transcriptomic and metabolomic



Tropical Plant Biology (2021) 14:396-407

407

profiling of drought-tolerant and susceptible sesame genotypes in
response to drought stress. BMC Plant Biol 19:267

Zargar SM, Gupta N, Nazir M, Mahajan R, Malik FA, Sofi NR, Shikari
AB, Salgotra RK (2017) Impact of drought on photosynthesis:
Molecular perspective. Plant Gene 11:154-159

Zhang C, Yu X, Ayre BG, Turgeon R (2012) The origin and composi-
tion of cucurbit phloem exudate. Plant Physiol 158:1873-1882

Zhang H, Shen G, Kuppu S, Gaxiola R, Payton P (2011) Creating
drought- and salt-tolerant cotton by overexpressing a vacuolar
pyrophosphatase gene. Plant Signal Behav 6:861-863

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Comparative Transcriptome Profiling Indicated that Leaf Mesophyll and Leaf Vasculature have Different Drought Response Mechanisms in Cassava
	Abstract
	Introduction
	Results
	Phenotype and Physiological Changes of Cassava Plants Under Drought Stress
	Transcriptome Analysis Revealed the Different Signal Responses from Vasculature to Mesophyll in Cassava Leaf Under Drought Stress
	Transcripts Annotated Response to Drought Stress

	Gene Ontology (GO) Enrichment of DEGs in Mid-Vein and Mesophyll Cells Under Drought Stress
	Main Biological Processes Involved in Leaf Mesophyll and Mid-Vein Vasculature Under Drought Indicated by Kyoto Encyclopedia of Genes and Genomes (KEGG)
	KU50 Leaf Mesophyll Significantly Enhanced the Arginine Biosynthesis Pathway to Adapt to Drought
	Hormone Signal Transduction and Depolymerization of Proteasome Occurred in Vasculature of Mid-Vein in Response to Drought Stress

	Discussion
	Materials and Methods
	Growth Condition and Drought Treatment
	Physiological Measurements
	RNA Extraction and RNA-Seq Library Construction
	Transcriptomic Data Analysis

	References


