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Abstract: Drought is one of the main abiotic stresses limiting the quality and yield of citrus. Cuticular
waxes play an important role in regulating plant drought tolerance and water use efficiency (WUE).
However, the contribution of cuticular waxes to drought tolerance, WUE and the underlying molecu-
lar mechanism is still largely unknown in citrus. ‘Longhuihong’ (MT) is a bud mutant of ‘Newhall’
navel orange with curly and bright leaves. In this study, significant increases in the amounts of total
waxes and aliphatic wax compounds, including n-alkanes, n-primary alcohols and n-aldehydes, were
overserved in MT leaves, which led to the decrease in cuticular permeability and finally resulted in
the improvements in drought tolerance and WUE. Compared to WT leaves, MT leaves possessed
much lower contents of malondialdehyde (MDA) and hydrogen peroxide (H2O2), significantly higher
levels of proline and soluble sugar, and enhanced superoxide dismutase (SOD), catalase (CAT) and
peroxidase (POD) activities under drought stress, which might reduce reactive oxygen species (ROS)
damage, improve osmotic regulation and cell membrane stability, and finally, enhance MT toler-
ance to drought stress. Transcriptome sequencing results showed that seven structural genes were
involved in wax biosynthesis and export, MAPK cascade, and ROS scavenging, and seven genes
encoding transcription factors might play an important role in promoting cuticular wax accumulation,
improving drought tolerance and WUE in MT plants. Our results not only confirmed the important
role of cuticular waxes in regulating citrus drought resistance and WUE but also provided various
candidate genes for improving citrus drought tolerance and WUE.

Keywords: navel orange mutant; cuticular waxes; drought stress; water use efficiency; ROS scaveng-
ing; transcriptome analysis

1. Introduction

Drought stress severely limits plant growth and development and reduces crop yield
and quality all over the world [1]. In plants, cuticular waxes are primarily composed of
very-long-chain fatty acids (VLCFAs) and their derivatives, including aldehydes, alkanes,
alcohols, ketones and esters. In addition, cyclic compounds, such as terpenoids, flavonoids
and sterols, are also present in the cuticular waxes of many plant species [2]. As a hydropho-
bic barrier, cuticular waxes cover the plant surfaces to prevent non-stomatal water loss and
protect plants against abiotic and biotic stresses such as UV radiation, cold, drought, high
salt, pathogens and insect invasion [3].

Previous reports revealed that cuticular waxes play an important role in regulating
plant tolerance to drought stress. For example, the crops with high wax contents were
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more tolerant to drought stress than those crops containing low wax contents [4]. The
overexpression of Arabidopsis AtMYB96 and apple MdLACS2 increased the accumulation
of cuticular waxes and enhanced the drought tolerance in transgenic plants [5,6]. Silenced
expression of rice OsGL1-6 significantly decreased the total wax content and reduced the
plant resistance to drought [7]. Moreover, it has been reported that cuticular waxes are
positively related to water use efficiency (WUE) in plants [8,9]. In general, an increased
WUE can improve crop productivity and reduce water use under drought stress [10].
Therefore, the relationship between cuticular waxes and WUE should be studied on more
crop species.

Citrus is a perennial fruit crop with a long orchard life and is often exposed to drought
stress under field conditions. Drought stress is known to limit citrus growth and reduces its
fruit quality and economic value [11]. Thus, it is very important to study the mechanisms of
citrus response to drought stress. Previous reports revealed that a series of changes occurred
in citrus under drought stress, such as physiological changes (stomatal closure, reduction in
leaf water potential and gas exchange, and hydraulic redistribution), biochemical changes
(production of osmolytes, increases in antioxidant enzyme activities, changes in amino acid
metabolism and synthesis of hormones), as well as molecular changes (signal transduction,
gene expression changes and DNA methylation) [12–15]. Cuticular waxes play an important
role in the plant’s response to drought stress [3]. Like other plants, the surfaces of citrus
aerial organs were covered with a cuticular wax layer. The chemical composition of
cuticular waxes has been studied in many citrus species, such as lemon, ‘Clementine’
mandarin, ‘Willowleaf’ mandarin and ‘Valencia’ orange [16,17], grapefruit [18], sweet
orange [19], Satsuma mandarin [20] and navel orange [21–24]. Further study revealed
that the water loss in citrus fruits was obviously increased after the removal of cuticular
waxes [25]. Our recent report showed that the water loss of navel orange during cold
storage were regulated by total wax content and wax fractions such as n-alkanes, n-fatty
acids, n-aldehydes, and terpenoids [26]. These results showed that cuticular waxes played
an important role in regulating water loss in citrus fruits. The water loss is closely related
to plant drought tolerance [27]. Thus, the cuticular waxes may make a great contribution to
enhancing drought tolerance in citrus. In fact, the important contributions of citrus wax
biosynthesis genes to plant drought tolerance were reported in recent studies. For example,
overexpression of navel orange CsKCS6 and CsMYB96 increased the production of cuticular
wax components and enhanced the drought tolerance of transgenic plants [28,29]. However,
the contribution of the cuticular waxes of citrus leaves to drought tolerance, WUE and the
underlying molecular mechanism is still largely unknown due to the lack of wax-related
mutants. ‘Longhuihong’ navel orange (MT) is a spontaneous bud mutant derived from
‘Newhall’ navel orange (Citrus sinensis Osbeck cv. Newhall, WT). This variety was found
in an orchard in the Nankang area, Ganzhou city, Jiangxi province of China after a severe
freezing disaster in 2000. The most striking phenotype of the MT is the curly (curl to abaxial
surface) and bright leaves with prominent veins [30]. The high brightness on the surfaces
of plant organs usually indicates the changes in the morphology and chemical composition
of cuticular waxes [2,3]. The cuticular waxes make a great contribution to plant drought
tolerance [4–7]. Therefore, the MT provides a valuable mutant material for studying the
relationship between cuticular waxes and citrus drought tolerance. In this study, the
physiological indexes and WUE under control and drought conditions were assessed in WT
and MT plants to determine the drought tolerances of these two varieties. To understand
the contribution of cuticular waxes to drought tolerance and WUE in citrus, the differences
in morphology and chemical composition of cuticular waxes were also compared between
WT and MT leaves. Furthermore, transcriptomic and real-time quantitative PCR (qRT-PCR)
analyses were performed to identify candidate genes potentially increasing cuticular wax
accumulation and improving drought tolerance and WUE in citrus.
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2. Results
2.1. Comparison of Phenotype, Chromatic Aberration and Cuticular Permeability between WT and
MT Leaves

Chromatic aberration analysis revealed that MT leaves had a significantly lower a*
value and much higher b*, a*/b* and L* values than those in WT leaves, suggesting the MT
leaves were much greener and brighter than the WT leaves (Figure 1D–G). However, the
two varieties shared similar fresh and dry weight in leaves (Figure 1H,I). Interestingly, the
water loss rates in MT leaves were significantly lower than those in WT leaves from 8 to
48 h of dehydration (Figure 1J). Thus, the MT leaves rolled much more severely than WT
leaves after 48 h of dehydration (Figure 1A,B). Moreover, the chlorophyll leaching rates in
MT leaves were much lower than those in WT leaves from 2 to 30 h after alcohol treatment
(Figure 1K). Therefore, the alcohol solution of MT leaves was much lighter green than that
of WT leaves after 30 h of alcohol treatment (Figure 1C). These results suggested that the
cuticular permeability in MT leaves was much lower than that in WT leaves.
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Figure 1. Analyses of phenotype, chromatic aberration and cuticular permeability in WT and MT
leaves. (A,B) The phenotype of WT and MT leaves under control (well−watered) and dehydration
stress (leaves detached and placed in dark condition for 48 h). (C) The chlorophyll leaching conditions
of WT and MT leaves immersed in an alcohol solution for 30 h. (D–G) The values of a*, b*, a*/b*
and L* detected by a colorimeter. Vertical bars represent standard deviations of the means (n = 15).
(H,I) The fresh and dry weight in WT and MT leaves. (J,K) The comparison of water loss rates and
chlorophyll leaching rates in WT and MT leaves. Vertical bars represent standard deviations of the
means (n = 3). Significant differences between WT and MT leaves at the p < 0.05 and p < 0.01 levels
were indicated by * and **, respectively, according to Student’s t-test.
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2.2. Comparison of Cuticular Wax Morphology and Chemical Composition between WT and MT
Leaves

The scanning electron microscopy (SEM) results showed that the epidermic cells were
obviously convex on the adaxial surfaces of MT leaves (Figure 2A,B,E,F). On the adaxial
and abaxial sides, the wax crystal density in MT leaves was higher than that in WT leaves
(Figure 2A–H).
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Figure 2. Scanning electron micrographs of cuticular waxes on the surfaces of WT and MT leaves.
(A,B) The adaxial surfaces of WT leaves were imaged at 1000× and 3000×magnification. (C,D) The
abaxial surfaces of WT leaves were imaged at 1000× and 3000× magnification. (E,F) The adaxial
surfaces of MT leaves were imaged at 1000× and 3000× magnification. (G,H) The abaxial surfaces of
MT leaves were imaged at 1000× and 3000×magnification.
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Compared to WT leaves (6.40 µg·cm−2), the total wax content increased by 50.78% in
MT leaves (9.65 µg·cm−2) (Figure 3A). The most abundant wax fraction in WT leaves was
n-primary alcohols (3.85 µg·cm−2, accounted for 60.16% of total wax content), followed
by triterpenoids (1.21 µg·cm−2, 18.91%), n-alkanes (0.59 µg·cm−2, 9.22%), n-fatty acids
(0.48 µg·cm−2, 7.50%), sterols (0.19 µg·cm−2, 2.97%), unsaturated fatty acids (0.072 µg·cm−2,
1.13%) and n-aldehydes (0.0027 µg·cm−2, 0.042%). In MT leaves, the most abundant
wax fraction was also n-primary alcohols (6.07 µg·cm−2, 62.90%), followed by n-alkanes
(1.83 µg·cm−2, 18.96%), triterpenoids (1.20 µg·cm−2, 12.44%), n-fatty acids (0.40 µg·cm−2,
4.15%), sterols (0.081 µg·cm−2, 0.84%), unsaturated fatty acids (0.075 µg·cm−2, 0.78%) and
n-aldehydes (0.0034 µg·cm−2, 0.035%). The amounts of n-alkanes, n-primary alcohols, and
n-aldehydes in MT leaves increased by 210.17%, 57.66% and 25.93%, respectively, compared
with those in WT leaves. On the contrary, the amounts of sterols decreased by 57.37% in
MT leaves in comparison to WT leaves (Figure 3B).
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Figure 3. The contents of total waxes (A), wax fractions (B) and wax constituents (C) in WT and
MT leaves. Abbreviations of the wax fractions are listed as follows: FA, fatty acid; ALK: alkane; OL:
alcohol; ALD: aldehyde. Vertical bars represent standard deviations of the means (n = 3). Significant
differences between WT and MT leaves at the p < 0.05 and p < 0.01 levels were indicated by * and **,
respectively, according to Student’s t-test.

At the individual level, a total of 22 cuticular wax constituents were detected in WT
and MT leaves. There were no significant differences in the amounts of C16:0, C18:0, C20:0
and C24:0 fatty acids, C18:2 and C18:3 unsaturated fatty acids, C23:0, C25:0 and C27:0
alkanes, C34:0 primary alcohol, α-Amyrin and β-Amyrin between WT and MT leaves.
However, the amounts of three n-alkane constituents with odd-numbered chain lengths
from C29 to C33, five n-primary alcohol constituents with even-numbered chain lengths
from C24 to C32 and one n-aldehyde constituent (C26:0 aldehyde) in MT leaves were
significantly higher than those in WT leaves. On the contrary, the campesterol deposited
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on the surfaces of MT leaves with much lower amounts in comparison to WT leaves
(Figure 3C).

2.3. Comparison of Morphological and Physiological Responses of WT and MT Plants to Drought
Stress

The WT and MT plants grew well under control conditions (Figure 4A,B). After
21 days of drought treatment, severely wilting was observed in almost all of the WT
leaves (Figure 4C). In contrast, light wilting occurred only in a few leaves of MT plants
(Figure 4D). Further study revealed that almost all physiological indexes increased after
drought treatment, except for chlorophyll content, which decreased under drought stress
(Figure 4E–M). The ion leakage, malondialdehyde (MDA) and hydrogen peroxide (H2O2)
contents in MT leaves were significantly lower than those in WT leaves under control
and drought conditions (Figure 4E,F,J). In contrast, the MT leaves exhibited much higher
contents of proline, soluble sugar, chlorophyll and significantly increased superoxide
dismutase (SOD), peroxidase (POD) and catalase (CAT) activities in comparison with WT
leaves under control and drought conditions (Figure 4G–I,K–M).

Photosynthetic analysis showed that the net photosynthetic rate (Pn), stomatal con-
ductance (Gs), intercellular CO2 concentration (Ci) and transpiration rate (Tr) decreased
after drought treatment in WT and MT leaves (Figure 5A–D). The Pn in MT leaves
was significantly higher than that in WT leaves under control and drought conditions
(Figure 5A). However, the Gs, Ci and Tr in MT leaves were much lower than those in WT
leaves under control conditions and drought stress (Figure 5B–D). Compared to WT plants,
the MT plants possessed much higher instantaneous water use efficiency (WUEi) and δ13C
under control and drought conditions (Figure 5E,F). These results suggested that MT plants
had enhanced drought tolerance and increased water use efficiency (WUE) in comparison
to WT plants.

2.4. Functional Classification of Differentially Expressed Genes (DEGs) between WT and MT
Leaves

To investigate the molecular mechanism leading to the phenotypic and wax com-
position differences between WT and MT leaves, total RNAs from WT and MT leaves were
sequenced with three biological replicates per variety. According to the criteria of |log2
(MT/WT)| ≥ 1 and Q-value < 0.001, a total of 1316 DEGs were identified in MT vs. WT,
of which 537 DEGs were upregulated and 779 DEGs were downregulated in MT leaves
(Figure 6A). The information on all DEGs are listed in Table S1. Furthermore, a volcano plot
of DEGs was constructed to visualize the distribution of upregulated and downregulated
DEGs (Figure 6B).

The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were used to explore the potential functions of the DEGs. The GO
classification analysis showed that a total of 971 DEGs were assigned to the 1513 GO
term under three categories, including biological process, molecular function and cellular
component. In these GO terms, catalytic activity had the largest number of DEGs (517),
followed by binding (465), membrane (392), membrane part (386), cellular process (189),
metabolic process (177) and other GO terms (Figure 7A and Table S2).

According to the Q-value, the most enrichment GO term was oxidoreductase activity,
followed by drug catabolic process, heme binding, tetrapyrrole binding, oxidoreductase
activity, acting on paired donors, with incorporation or reduction in molecular oxygen,
monooxygenase activity, cofactor binding, reactive oxygen species metabolic process and
other GO terms (Figure 7B and Table S3). Most of the enriched GO terms were involved in
plant response to drought and other stresses.

KEGG classification analysis revealed that a total of 645 DEGs were assigned to 120
pathways under five categories, including cellular processes, environmental information
processing, genetic information processing, metabolism and organismal systems. The great-
est number of DEGs belonged to global and overview maps (324), followed by biosynthesis
of other secondary metabolites (123), environmental adaptation (114), signal transduction
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(111), carbohydrate metabolism (101), lipid metabolism (65), amino acid metabolism (52)
and other pathways (Figure 7C and Table S4). Most of these pathways were related to plant
response to drought stress or other stresses, suggesting these DEGs might contribute to
enhancing MT drought tolerance.
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Figure 4. The morphological and physiological analyses of WT and MT plants under control (well-
watered) and drought conditions (without watering for 21 days). (A–D) Phenotype of WT and MT
seedings under control and drought conditions. The leaves of WT and MT leaves were collected to
measure the (E) ion leakage, the contents of (F) MDA, (G) proline, (H) soluble sugar, (I) chlorophyll,
(J) H2O2 and the activities of (K) SOD, (L) POD, (M) CAT. Vertical bars represent standard deviations
of the means (n = 3). Significant differences between WT and MT leaves at the p < 0.05 and p < 0.01
levels were indicated by * and **, respectively, according to Student’s t-test.
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Figure 5. Analyses of photosynthetic indexes and water use efficiency (WUE) of WT and MT plants
under control (well-watered) and drought conditions (without watering for 21 days). The (A) net
photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) intercellular CO2 concentration (Ci)
and (D) transpiration rate (Tr) were measured by a LI-6400 photosynthetic system. (E) The Pn/Tr
was used to calculate instantaneous water use efficiency (WUEi). Vertical bars represent standard
deviations of the means (n = 15). (F) The leaf’s δ13C were used to represent the short-term WUE in the
whole plant. Vertical bars represent standard deviations of the means (n = 3). Significant differences
between WT and MT leaves at the p < 0.05 and p < 0.01 levels were indicated by * and **, respectively,
according to Student’s t-test.
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Figure 6. The differentially expressed genes (DEGs) identified in MT vs. WT according to the criteria
of |log2 (MT/WT)| ≥ 1 and Q-value < 0.001. (A) The number of upregulated and downregulated
DEGs. (B) The volcano plot of DEGs. The red and blue colors indicate upregulated and downregu-
lated DEGs, respectively. The gray color indicates genes with no significant expression difference
between WT and MT.

KEGG enrichment analysis was performed for the criteria of Q-value ≥ 0.05. Accord-
ing to the Q-value, the mitogen-activated protein kinase (MAPK) signaling pathway plant
was the most enriching pathway, followed by phenylpropanoid biosynthesis, flavonoid
biosynthesis, brassinosteroid biosynthesis, ABC transporters, cutin, suberine and wax
biosynthesis, stilbenoid, diarylheptanoid and gingerol biosynthesis, plant-pathogen interac-
tion and other pathways (Figure 7D and Table S5). Most of these pathways were involved
in the plant’s response to environmental stress and cuticular wax biosynthesis, which might
be the major reason for the difference in drought resistance between WT and MT plants.
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2.5. Identification of DEGs Involved in Cuticular Wax Biosynthesis and Transport

A total of eight DEGs (three upregulated and five downregulated) involved in wax
biosynthesis and transport were identified in MT vs. WT. The expression levels of CsCER3-
LIKE encoding very-long-chain aldehyde reductase (CER3), CsABCG11-LIKE encoding
ATP-binding cassette, subfamily G, member 11 (ABCG11) and CsABCG21-LIKE encoding
ATP-binding cassette, subfamily G, member 21 (ABCG21) were significantly upregulated
in MT leaves. In contrast, the significantly downregulated expression of three CsFAR-LIKE
genes (CsFAR1-LIKE, CsFAR3-LIKE and CsFAR4-LIKE) encoding fatty acyl-CoA reductases
(FARs), CsNSDHL-LIKE encoding sterol-4alpha-carboxylate 3-dehydrogenase (NSDHL)
and CsChDI-LIKE encoding cholestenol delta-isomerase (ChDI) were observed in MT leaves
(Table 1).

2.6. Identification of DEGs Involved in MAPK Cascade, Reactive Oxygen Species (ROS)
Scavenging and Drought Response

According to the Q-value, the MAPK signaling pathway plant was the most significant
enrichment pathway of DEGs (Figure 7D), indicating it played important roles in the
phenotypic differences between WT and MT. A total of 86 DEGs (50 upregulated and
36 downregulated) were functioning in the MAPK signaling pathway plant (Figure 8A
and Table S6). The KEGG classification analysis showed that 86 DEGs in the MAPK
signaling pathway plant were classified as signal transduction, 65 DEGs were involved
in environmental adaption and 25 DEGs belonged to the metabolism of stress-related
chemical compounds, such as lipid, carbohydrate, amino acid, terpenoids and polyketides
(Figure 9A and Table S7).
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Table 1. The differentially expressed genes involved in wax biosynthesis and transport, MAPK
cascade, ROS scavenging and encoded drought-responsive transcription factors.

Gene Name Gene ID log2 (MT/WT) Function Definition

CsCER3-LIKE Cs4g02580 2.8143 Very-long-chain aldehyde decarbonylase
CsFAR1-LIKE Cs8g15290 −2.3009 Fatty acyl-CoA reductase 1
CsFAR3-LIKE Cs5g15350 −1.3315 Fatty acyl-CoA reductase 3
CsFAR4-LIKE Cs5g15345 −2.0485 Fatty acyl-CoA reductase 3

CsNSDHL-LIKE BGI_novel_G000534 −4.7498 Sterol-4alpha-carboxylate 3-dehydrogenase
CsChDI-LIKE orange1.1t04155 −1.1913 Cholestenol Delta-isomerase

CsABCG11-LIKE orange1.1t01993 1.4780 ATP-binding cassette, subfamily G, member 11
CsABCG21-LIKE Cs7g12620 1.2926 ATP-binding cassette, subfamily G, member 21
CsMEKK1-LIKE Cs5g22020 1.2434 MAP kinase kinase kinase
CsSOD1-LIKE orange1.1t05755 2.2530 Superoxide dismutase 1, Cu-Zn family
CsPRX5-LIKE orange1.1t01747 1.8422 Peroxidase 5

CsPRX10-LIKE Cs5g34200 2.8727 Peroxidase 10
CsPRX24-LIKE Cs9g05140 1.1134 Peroxidase 24
CsPRX25-LIKE Cs4g17860 1.4794 Peroxidase 25
CsERF4-LIKE Cs1g07950 1.0323 Ethylene-responsive transcription factor 4
CsERF9-LIKE Cs2g23660 1.5729 Ethylene-responsive transcription factor 9

CsMYB62-LIKE Cs7g26930 1.3835 Transcription factor MYB62
CsZAT10-LIKE1 Cs3g15900 1.1106 Zinc finger protein ZAT10
CsZAT10-LIKE2 Cs8g04280 1.0356 Zinc finger protein ZAT10
CsNAC22-LIKE Cs5g29650 2.0431 NAC domain-containing protein 22

CsWRKY27-LIKE Cs9g19070 −1.5064 WRKY transcription factor 27
CsWRKY29-LIKE Cs5g03010 −4.1799 WRKY transcription factor 29

It should be noted that most of the remaining enrichment pathways were biosynthetic,
metabolic and signal transduction pathways related to abiotic and biotic stress, such
as phenylpropanoid biosynthesis, flavonoid biosynthesis, brassinosteroid biosynthesis,
stilbenoid, diarylheptanoid and gingerol biosynthesis, and plant–pathogen interaction, etc.
Notably, the plant–pathogen interaction pathway contained the largest number of DEGs
(99), suggesting the biotic tolerance of MT plants might also be changed in comparison
to WT plants (Figure 7D and Table S5). In addition, the expression levels of CsMEKK1-
LIKE encoding MAP kinase kinase kinase (MEKK1), CsSOD1-LIKE encoding superoxide
dismutase 1 (SOD1) and four CsPRX-LIKE genes (CsPRX5-LIKE, CsPRX10-LIKE, CsPRX24-
LIKE and CsPRX25-LIKE) encoding peroxidases (PRXs) were upregulated in MT leaves,
indicating the DEGs involved in the MAPK cascade and ROS scavenging might play an
important role in regulating MT tolerance to drought stress (Table 1).

2.7. Identification of DEGs Encoding Transcription Factor

A total of 74 DEGs encoding transcription factors were identified in MT vs. WT,
of which 30 DEGs were upregulated and 44 DEGs were downregulated in MT leaves.
These DEGs belonged to 24 transcription factor families. AP2/ERF and WRKY families
were the top two largest transcription factor families, and each family included 10 DEGs.
Interestingly, most AP2/ERF DEGs were upregulated in MT leaves. In contrast, most DEGs
in the WRKY family were downregulated in MT leaves. Most of the remaining transcription
factor families were involved in the plant’s response to drought stress or other stresses,
such as NAC, MYB, and WRKY, AP2/ERF, bZIP, bHLH, C3H, MADS, GRAS and Dof
(Figure 8B and Table S8). The KEGG classification analysis revealed that 17 DEGs encoding
transcription factors were involved in signal transduction, 15 DEGs were classified to
environmental adaption and 7 DEGs were related to the metabolism of stress-related
chemical compounds, such as cofactors, vitamins, lipids, amino acids, carbohydrates
and glycans (Figure 9B and Table S9). The upregulated DEGs, including CsERF4-LIKE,
CsERF9-LIKE, CsMYB62-LIKE, CsZAT10-LIKE1, CsZAT10-LIKE2, and CsNAC22-LIKE, and
downregulated DEGs, such as CsWRKY27-LIKE and CsWRKY29-LIKE, might make a great
contribution to enhance MT resistance to drought stress (Table 1, Figure 8B and Table S8).
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2.8. Expression Analysis of Wax Biosynthesis, Transport and Drought Responsive DEGs by
qRT-PCR

To validate the results of the transcriptome sequence and investigate the response
of DEGs to drought stress, the expression levels of 20 DEGs involved in cuticular wax
biosynthesis, transport and drought response were assessed by qRT-PCR under control
and drought conditions. The expression patterns of all selected DEGs revealed by qRT-
PCR were the same as those of the transcriptome data, demonstrating the reliability of
the transcriptome results. The expression levels of 18 DEGs increased under drought
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stress. However, the CsWRKY27-LIKE and CsWRKY29-LIKE expression decreased after
drought treatment, suggesting they might negatively regulate the navel orange response to
drought stress (Figure 10A–T). Compared to WT leaves, significant increases were observed
in the transcript levels of CsCER3-LIKE, CsABCG11-LIKE, CsABCG21-LIKE, CsMEKK1-LIKE,
CsSOD1-LIKE, CsPRX5-LIKE, CsPRX10-LIKE, CsERF4-LIKE, CsERF9-LIKE, CsMYB62-LIKE,
CsZAT10-LIKE1, CsZAT10-LIKE2 and CsNAC22-LIKE under control and drought conditions
(Figure 10A,G–R). In contrast, the expression levels of CsFAR1-LIKE, CsFAR3-LIKE, CsFAR4-
LIKE, CsNSDHL-LIKE, CsChDI-LIKE, CsWRKY27-LIKE and CsWRKY29-LIKE in MT leaves were
much lower than those in WT leaves under control and drought conditions (Figure 10B–F,S,T).
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3. Discussion
3.1. The Decrease in Cuticular Permeability was Caused by the Increase in Aliphatic Wax
Accumulation in MT Leaves

The MT tree is a bud mutation derived from the WT tree. A previous report showed
that the MT tree possessed curly and bright leaves with prominent veins [30]. In agreement
with a previous report, our study revealed that MT leaves were much brighter and greener
than WT leaves (Figure 1A,D–G). Furthermore, the water loss rates and chlorophyll leach-
ing rates in MT leaves were significantly lower than those in WT leaves, suggesting the
cuticular permeability of MT leaves decreased significantly in comparison to WT leaves
(Figure 1B,C,J,K). Further study showed that the MT leaves possessed much higher amounts
of total waxes, n-primary alcohols, n-alkanes and n-aldehydes, but significantly lower
amounts of sterols in comparison to WT leaves (Figure 3A,B). Previous reports revealed
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that the formation of epicuticular wax crystals on the surface of citrus was dependent on a
high proportion of aliphatic wax compounds such as n-alkanes, n-aldehydes and n-primary
alcohols [22,25]. Thus, the significant raises in the amounts of n-primary alcohols, n-alkanes
and n-aldehydes could explain the increase in epicuticular wax crystal density on the sur-
faces of MT leaves (Figure 2A–H). The cuticular waxes are multiphase systems consisting
of highly ordered crystalline zones and mobile amorphous domains. The impermeable
wax crystalline zones, which contribute greatly to forming the barrier, are mainly made
up of aliphatic wax compounds. Water and other solutes can only pass through the amor-
phous domains, which are composed mainly of pentacyclic components such as sterols
and triterpenoids [31]. The significant increase in total wax load in MT leaves, especially
the significant increases in n-primary alcohols, n-alkanes and n-aldehydes, fits well with
the previous model that indicated aliphatic wax compounds as critical determinants of
cuticular permeability [32,33]. Therefore, we deduced that the increases in amounts of
aliphatic wax compounds, including n-primary alcohols, n-alkanes and n-aldehydes, might
be the major reasons for the reduction in cuticular permeability in MT leaves.

3.2. Increased Cuticular Wax Accumulation and Enhanced ROS Scavenging Capacity Contributes
to the Improvement of Drought Tolerance and WUE in MT Plants

To investigate whether the increase in cuticular wax accumulation leads to the im-
provement of drought tolerance in MT plants, the drought tolerance between WT and
MT plants was compared in this study. As expected, MT plants were much more toler-
ant to drought stress than WT plants, as indicated by their fewer wilting leaves under
drought stress (Figure 4A–D). This result supported previous reports, which suggested that
high cuticular wax deposition could improve plant tolerance to drought stress [5,28,34,35].
Proline and soluble sugar acted as compatible osmolytes involved in plant response to
drought stress [36,37]. The increases of proline and soluble sugar contents in MT leaves
could keep the osmotic balance between the intracellular and extracellular environments,
thus decreasing cellular membrane damage and resulting in enhanced drought tolerance
in MT plants (Figure 4G,H). As a soluble product of membrane lipid peroxidation, MDA
content is used to assess the extent of lipid peroxidation [38]. Ion leakage is an important
indicator of the cellular membrane injury caused by redundant lipid peroxidation [39].
In addition, the increase in H2O2 content usually causes severe oxidative injury in plant
cellular membranes [40]. Therefore, the significant declines in ion leakage rate, MDA levels
and H2O2 content suggested that MT plants suffered less oxidative injury than WT plants
under drought stress (Figure 4E,F,J). ROS are highly reactive molecules that can interact
with DNA, RNA, proteins, pigments, lipids and numerous other metabolites in plants.
Overproduction of ROS in response to drought stress causes serious oxidative damage
to plant cells. The antioxidant enzymes involved in the ROS scavenging system reduce
oxidative injury and, thus, play an important role in plant tolerance to drought stress [41].
In this study, significantly higher SOD, POD and CAT activities were observed in MT plants
compared to WT plants (Figure 4K–M). The enhanced antioxidant enzyme activities might
be the major reason for the decline in ROS content (indicated by H2O2 content) in MT
plants under drought stress. All above, we concluded that the enhanced drought tolerance
of MT plants could be attributed to two major reasons. The first one was the decrease in
cuticular permeability, which was caused by the increase in aliphatic wax accumulation
in MT leaves. Another explanation was the improved ROS scavenging capacity, which
limited ROS damage and enhanced cell membrane stability in MT leaves.

Drought stress usually causes stomatal closure and consequently decreases Gs and Tr
in leaves to limit water loss. The stomatal closure also leads to a decline in the diffusion
of CO2, resulting in a decrease in Pn under drought stress [42]. The Ci was also reported
to decline after drought treatment [43]. In agreement with previous reports, the present
study showed that the Pn, Gs, Ci and Tr in leaves of both varieties declined after drought
treatment. In addition, MT leaves possessed much higher Pn and significantly lower
Gs and Ci compared to WT leaves under control and drought conditions (Figure 5A–C).
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Chlorophyll is the main photosynthetic pigment in plants. A stable supply of chlorophyll is
required for plant photosynthesis [44]. Thus, the increased levels of Pn in MT leaves might
be attributed to the increase in chlorophyll contents under control and drought conditions.
Moreover, the Tr in MT leaves was significantly lower than that in WT under control and
drought conditions (Figure 5D). Under drought stress, most of the leaf stomata close and
cuticular transpiration becomes the major route for water loss [45]. Thus, the decrease in
cuticular permeability caused by an increase in cuticular wax accumulation in MT leaves
was probably one of the major reasons for the decline of Tr in MT leaves.

Plant WUE describes the ratio of CO2 gain or dry matter production per unit of
water loss [46]. High WUE has been reported to improve plant growth, survival and
vegetation productivity and reduce water use under drought stress [10]. Plant WUE is
often investigated on an instantaneous scale (minutes, WUEi), which is calculated by the
ratio of Pn to Tr in leaves [47]. Moreover, leaf δ13C has long been used to assess whole
plant WUE on short-term (hours or days) and long-term (years or decades) scales since a
significant positive correlation has been observed between WUE and δ13C in plants [48].
Our results showed that MT plants exhibited much higher WUE (indicated by WUEi
and δ13C) than WT plants both under control conditions and drought stress (Figure 5E,F).
Previous reports revealed that cuticular waxes can enhance WUE in plants by reducing
cuticular transpiration and water loss [8,9,49]. The Tr in MT leaves were much lower
than those in WT leaves under control and drought conditions (Figure 5D). Therefore, we
deduced that the significant increase in cuticular wax accumulation in MT leaves might
enhance its WUE by reducing Tr and water loss under control and drought conditions. It
is well-known that L* represents the lightness or glossy degree in the color space system.
Interestingly, a recent report suggested that blueberry leaves with high L* could reduce
heat load by reflecting a great amount of solar radiation, thus decreasing transpiration and
consequently increasing WUE [50]. The cuticular waxes on a leaf surface reflect sunlight
and consequently alter leaf lightness (L*) [51]. Therefore, we deduced that the high level
of L* in MT leaves, which might be caused by increased cuticular wax accumulation, also
contributed to its high WUE under control and drought conditions. Another explanation
for the high WUE was the high Pn in MT leaves since WUE was reported to show higher
dependence on Pn than Tr in citrus [52]. Taken together, we concluded that the increase
in cuticular wax accumulation decreased cuticular water loss, increased L* levels and
consequently led to the increase in WUE in MT leaves. In addition, the increased level of
Pn might be another reason for the increase in WUE in MT leaves.

3.3. The Changes in Expression Levels of Wax Biosynthesis and Export Genes Contributed to the
Alterations in Cuticular Wax Accumulation of MT Leaves

To further explain the phenotype difference between WT and MT plants at the molec-
ular level, transcriptome sequencing was performed on leaves of two varieties. KEGG
enrichment analysis revealed that the ABC transporters and cutin and the suberine and
wax biosynthesis were the fifth and sixth greatest enrichment pathways, suggesting the
important contribution of wax biosynthesis and export DEGs to the phenotype difference
between WT and MT plants (Figure 7D). Transcriptome sequencing identified three up-
regulated (CsCER3-LIKE, CsABCG11-LIKE and CsABCG21-LIKE) and five downregulated
DEGs (CsFAR1-LIKE, CsFAR3-LIKE, CsFAR4-LIKE, CsNSDHL-LIKE and CsChDI-LIKE) in-
volved in wax biosynthesis and transport from MT vs. WT (Table 1). The CER3 encodes
a very-long-chain aldehyde reductase, which may physically interact with cytochrome
b5 isoforms (CYTB5) and CER1 to catalyze the biosynthesis of n-alkanes [53,54]. Thus,
the significant increase in the expression level of CsCER3-LIKE may explain the sharp
increase in n-alkane amounts in MT leaves (Table 1 and Figure 10A). To date, numerous
ABC transporter G subfamily genes, such as AtABCG11 and AtABCG12 from Arabidopsis,
OsABCG9 from rice, PpABCG7 from Physcomitrella patens and glossy13 (AtABCG32 homolog)
from maize, have been reported to export the cuticular waxes from plasma membrane
(PM) to an apoplastic environment [55–59]. In this study, the expression levels of two
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ABC transporter G subfamily DEGs (CsABCG11-LIKE and CsABCG21-LIKE) in MT leaves
were much higher than those in WT leaves under control and drought stress (Table 1 and
Figure 10G,H). The increased expression of these two genes might improve the cuticular
wax export from PM to the extracellular environment, leading to the increase in amounts
of cuticular wax components in MT leaves.

The sterol-4alpha-carboxylate 3-dehydrogenase (NSDHL) and cholestenol delta-isomerase
(ChDI) are involved in the biosynthesis of sterols [60]. The decline in the expression levels
of CsNSDHL-LIKE and CsChDI-LIKE might cause a reduction in the amounts of sterols in
MT leaves (Table 1 and Figure 10E,F).

In plants, fatty acyl-CoA reductase (FAR) catalyzes the reduction in VLC acyl-CoA
to n-primary alcohols [61–63]. To our surprise, the expression levels of three CsFAR-LIKE
genes (CsFAR1-LIKE, CsFAR3-LIKE and CsFAR4-LIKE) declined in MT leaves, which was
contradictory to the increase in the amounts of n-primary alcohols (Table 1 and Figure 10B–D).
This result suggested that other unidentified genes except for CsFARs might be involved in
the biosynthesis of n-primary alcohols. Another explanation for this divergence was that
the increases in the expression levels of CsABCG11-LIKE and CsABCG21-LIKE exported
much more n-primary alcohols from PM to the extracellular environment, resulting in the
increase in the amounts of n-primary alcohols in MT leaves. Interestingly, the expression
levels of all wax-related genes in WT and MT leaves increased after drought stress, which
suggested that these genes might be involved in navel orange response to drought stress
(Figure 10A–H).

Previous studies revealed that numerous transcription factors (TFs), including the
MYB family (MYB16, MYB30, MYB41, MYB94, MYB96, MYB106, MYB107 and MIXTA1),
AP2/ERF family (SHN1, SHN2, SHN3, WXP1, WXP2, WRI4, DEWAX, RAP2.4), WRKY
family (WRKY20), HD-ZIP IV family (OCL1 and Woolly), WW domain protein (CFL1) and
MYC family (MYC2), can bind to the promoter of downstream wax biosynthesis genes to
activate or repress their expression and influence plant tolerance to drought stress by regu-
lating cuticular wax accumulation [5,64–77]. In this study, we identified 74 DEGs encoding
TFs in MT vs. WT. Of these genes, 10 AP2/ERF family genes, 10 WRKY family genes
and 9 MYB family genes were identified in all DEGs (Figure 8B and Table S8). However,
none of these genes was reported to be involved in cuticular wax biosynthesis. Further
research should be performed to confirm whether these genes are related to cuticular wax
biosynthesis in citrus.

Above all, we concluded that the changes in the expression levels of wax biosynthesis
and export genes led to the alterations in the number of cuticular wax components and,
finally, improved the drought tolerance and WUE in MT plants.

3.4. The DEGs Involved in the MAPK Signaling Pathway-Plant, ROS Scavenging and Other
Enriched Pathways Might Contribute to Improve MT Tolerance to Drought Stress

The most significantly enriched pathway is the MAPK signaling pathway plant. It
has been reported that the MAPK signaling pathway plays an important role in regulating
the plant response to drought [78]. As the first member of the MAPK cascade, MAP-
KKK, also named MEKK, are activated by extracellular stimuli and then activates MAPKK
and MAPK downstream by relay phosphorylation [79]. The MEKK family genes were
reported to be involved in the plant’s response to drought stress [80–83]. In the present
study, the expression of CsMEKK1-LIKE was upregulated in MT leaves under control
and drought stress, suggesting this gene might play an important role in enhancing MT
drought tolerance (Table 1, Figures 8A and 10I). Interestingly, a rice MEKK1 gene, DSM1,
has been reported to enhance plant drought tolerance by promoting ROS scavenging [84].
Thus, the upregulation of CsMEKK1-LIKE expression might promote ROS scavenging
and reduce H2O2 levels in MT leaves. In fact, most of the MAPK signaling pathway
genes were upregulated in MT leaves and involved in signal transduction, environmental
adaption and metabolism of stress-related chemical compounds, indicating the impor-
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tant role of the MAPK signaling pathway in enhancing MT resistance to drought stress
(Figures 8A and 9A, Tables S6 and S7).

In addition to the MAPK signaling pathway, many DEGs were also enriched in
numerous pathways involved in the plant’s response to drought and other abiotic stresses,
such as phenylpropanoid biosynthesis, flavonoid biosynthesis, brassinosteroid biosynthesis,
glutathione metabolism, starch and sucrose metabolism, etc., suggesting the potential
role of these DEGs in the citrus response to drought stress (Figure 7D and Table S5).
Interestingly, three DEGs (CsSOD1-LIKE, CsPRX5-LIKE and CsPRX10-LIKE) encoding
antioxidant enzymes were upregulated in MT leaves under control and drought conditions
(Table 1 and Figure 10J–L). Plant SOD and PRX family genes encode superoxide dismutase
and peroxidase, respectively, which are involved in the ROS scavenging system [41].
Further study revealed that overexpression of SOD and PRX genes could enhance plant
drought tolerance [85,86]. Thus, the upregulated expression of CsSOD1-LIKE, CsPRX5-LIKE
and CsPRX10-LIKE might enhance the ROS scavenging capacity of MT plants to reduce
H2O2 levels under drought stress (Figure 4J) and finally result in the increase in MT drought
resistance. These results suggested that the DEGs involved in the MAPK signaling pathway
plant, ROS scavenging and other enriched pathways might also contribute to improving
MT drought tolerance.

3.5. The DEGs Encode Transcription Factor May Play an Important Role in Enhancing MT
Tolerance to Drought Stress

The transcription factor can positively or negatively regulate numerous downstream
gene expressions at the transcript level. Our study identified that 74 DEGs encode tran-
scription factors (30 upregulated DEGs and 44 downregulated DEGs) belonged to 24 tran-
scription factor families, such as AP2/ERF, WRKY, MYB, C2H2, NAC, MADS, FAR1, Dof,
bHLH, G2-like and GRAS, etc. (Figure 8B and Table S8). Notably, AP2/ERF and WRKY
were the top two largest transcription factor families, containing 10 DEGs in each family.
A large number of AP2/ERF family genes from sesame [87], cauliflower [88], tobacco [89]
and strawberry [90] and WRKY family genes from citrus [91], common bean [92] and
peanut [93] were reported to be involved in the response to drought stress. The remaining
transcription factor families, such as NAC, MYB, bZIP, bHLH, C3H, MADS, GRAS and
Dof, also played an important role in the drought stress response in plants [94]. In addition,
17 DEGs encoding transcription factors were involved in signal transduction, 15 DEGs
were classified as environmental adaption and 7 DEGs were related to the metabolism of
stress-related chemical compounds (Figure 9B and Table S9). These results suggested that at
least some of these transcription factors were related to the citrus response to drought stress.
Previous studies showed that ERF4 [95], ERF9 [96], MYB62 [97], ZAT10 [98] and NAC22 [99]
could positively regulate plant tolerance to drought stress, whereas WRKY27 [100] and
WRKY29 [101] were negatively related to plant drought response. In the present study, the
upregulated expression of CsERF4-LIKE, CsERF9-LIKE, CsMYB62-LIKE, CsZAT10-LIKE1,
CsZAT10-LIKE2, CsNAC22-LIKE and downregulated expression of CsWRKY27-LIKE and
CsWRKY29-LIKE were observed in MT leaves both under control and drought conditions,
suggesting these transcription factors might play important roles in enhancing MT tolerance
to drought stress (Table 1, Figures 8B and 10M–T).

4. Materials and Methods
4.1. Plant Materials

Seeds of trifoliate orange (Poncirus trifoliata (L.) Raf.) obtained from fruits on trifoliate
orange trees in an orchard of Jiangxi Agriculture University (Nanchang, Jiangxi province,
China) were sown in plastic pots filled with nutritional soil (garden soils, peats and sands
mixed at the ratio of 3: 2: 1) to produce rootstocks. The fresh buds cut from the shoots of
‘Newhall’ navel orange (Citrus sinensis Osbeck cv. Newhall, WT) and ‘Longhuihong’ navel
orange (Citrus sinensis Osbeck cv. Longhuihong, MT) were grafted on one-year-old trifoliate
orange rootstocks to generate grafted plants of WT and MT. The WT and MT grafted plants
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were grown in a growth chamber under normal growth conditions (25 ◦C, relative humidity
of 75%, 16 h light/8 h dark in a day). In this paper, a total of 200 one-year-old grafted plants
per variety with uniform size were used as plant materials, of which 100 plants were used
for control (under normal growth conditions) and 100 plants underwent drought treatment.
The leaves used in all experiments were sampled from five plants randomly selected from
100 plants in each variety per biological replicate.

4.2. Analysis of Leaf Chromatic Aberration, Fresh and Dry Weight, Water Loss Rate and
Chlorophyll Leaching Rate

In total, 15 fully expanded leaves per variety were used to determine leaf lightness
and color by a colorimeter (CR-300, Minolta, Osaka, Japan). The colorimeter was calibrated
with a standard white plate using an illuminant D65, 2◦ observer, Diffuse/O mode, 8 mm
aperture. The colorimeter was standardized with a white tile. The L* values represent
lightness, with scores ranging from 0 (black) to 100 (white). The a* values measure red–
green colors, with positive scores indicating redness and negative scores representing
greenness. The b* values reflect yellow to blue colors, with positive values representing
yellowness and negative values indicating blueness. The leaf fresh and dry weight were
measured by an electronic balance (Model MP31001, Selon Scientific Instrument, Shanghai,
China) and expressed as the average value of 20 leaves per replicate. Three biological
replicates were used for each variety. The leaves were dried completely at 65 ◦C using a
thermostatic oven (RX-RF023, kaimiao Electric equipment co., LTD, Suzhou, China).

The WT and MT plants were transferred to a dark environment for 6 h to make
the stoma close. Then, the leaves were detached and placed in the dark (25 ◦C, relative
humidity of 75%) for dehydration. As a result, 15 leaves per biological replicate in each
variety were weighted at 1, 2, 4, 8, 12, 24, 36 and 48 h after detachment by an electronic
balance (Model MP31001, Selon Scientific Instrument, Shanghai, China). The water loss
rate was expressed by the percentage of the lost weight in initial leaf weight.

In total, five fully expanded leaves with the same size and weight per biological replicate
in each variety were sampled from WT and MT plants. These leaves were soaked in 80%
ethanol and kept in a dark environment (25 ◦C, relative humidity of 75%). After 2, 5, 8, 10, 24,
30h and 48 h of initial immersion, 2 mL of the solution was used to determine the absorbance
of the extract at 647 nm (A647) and 664 nm (A664) wavelengths by a spectrophotometer
(UV-2600, Shimadzu, Kyoto, Japan). The leaf chlorophyll concentration was calculated as
the following equation: total micromoles chlorophyll = 7.93 × A664 + 19.53 × A647. The
chlorophyll leaching rate was expressed as a percentage of the chlorophyll concentration at
each time point in total chlorophyll extracted after 48 h. Three biological replicates were
used for water loss and chlorophyll leaching experiments.

4.3. SEM Analysis

The SEM analysis was carried out according to our previous report [22]. In short,
leaf disks with a diameter of 0.5 cm were excised from the fully expanded leaves and
transferred to the aluminum holders. Then, the disks were frozen in liquid N2, freeze-dried
and sputter-coated with gold film in a sputter coater (SBC-12, KYKY, Beijing, China). The
coated disks were observed by SEM (Zeiss DSM 962, Carl Zeiss, Oberkochen, Germany) at
×1000 and ×3000 magnification.

4.4. Cuticular Wax Extraction and Analysis

The fully expanded leaves of WT and MT plants were collected for cuticular wax
analysis. The surface areas of leaves were determined by counting pixels of leaf photos
using Image J software. In total, 10 leaves from each variety per biological replicate were
immersed three times in chloroform for 30 s each time to extract the cuticular waxes. Then,
5 µg n-tetracosane was added to the cuticular wax solution as the internal standard. The
extracted solution was concentrated using a rotary evaporator under reduced pressure
at 35 ◦C and dried under nitrogen. Before the gas chromatography-mass spectrometer
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(GC-MS) analysis, the extracts were derivatized with bis-N,O-(trimethylsilyl) trifluoroac-
etamide (BSTFA) in pyridine for 40 min at 70 ◦C to convert the free carboxyl and hydroxyl
compounds to their corresponding trimethylsilyl (TMSi) ethers and esters. The deriva-
tized extracts were then treated with a nitrogen stream to remove the residual BSTFA and
re-dissolved in 1 mL of chloroform.

The GC-MS analysis was performed according to our previous report [26]. In brief,
1 µL of cuticular wax extract from each sample was used to identify the wax components by
a GC system (Agilent 6890N, Agilent Technologies, Santa Clara, CA, USA) equipped with
an HP-5 MS capillary column (30 m × 0.25 mm i.d. × 0.25 µm, Agilent Technologies, Santa
Clara, CA, USA) and coupled with an MS detector (Agilent 5973N, Agilent Technologies,
Santa Clara, CA, USA). The carrier gas was helium at a constant flow rate of 2 mL min−1.
The on-column injection temperature of GC was 50 ◦C, 1 min, then increased to 170 ◦C by
20 ◦C min−1, remained at 170 ◦C for 2 min, increased to 300 ◦C by 5 ◦C min−1, remained
at 300 ◦C for 8 min. The identification of cuticular wax compounds was performed by
matching their mass spectra with those from the NIST 14 MS library. The quantification
of cuticular wax components were performed by the same GC detector equipped with
a flame ionization detector (FID) under the same chromatographic conditions. The wax
compounds were quantified by comparing their peak areas with the internal standard.
The amounts of cuticular wax components were expressed as microgram per leaf area
(µg cm−2). Three biological replicates were used for each variety.

4.5. Analysis of Physiological Indexes in WT and MT Leaves under Control and Drought
Treatment

For drought treatment, one-year-old WT and MT plants were cultivated without
watering for 21 days and then used for further study. In contrast, the control plants were
well watered in the same growth chamber. In each variety, 15 fully expanded leaves
were used to measure the photosynthesis parameters at 10:00 a.m. The photosynthesis
parameters of WT and MT leaves, including PnGs, Ci and Tr, were investigated by a LI-6400
photosynthetic system (LI-COR, Inc. Lincoln, NE, USA) according to the manufacturer’s
instruction under a photon fux density of 1000 µmol m−2 s−1. The ambient carbon dioxide
concentration (375 µmol mol−1) was controlled by the LI-6400 CO2 injecting system. Pn,
Gs, Ci and Tr were automatically recorded by the photosynthetic system. The Pn/Tr was
used to calculate WUEi.

In total, 15 fully expanded leaves per biological replicate in each variety were sampled
and pooled for measurement of the physiological indexes. The ion leakage was mea-
sured by the method of a previous study [102]. In brief, the leaves were stripped and
transferred to 30 mL of distilled water and then shaken by a gyratory shaker (200 rpm)
at room temperature for 2 h. The initial conductivity (C1) was detected by a DDSJ-318
conductivity meter (Yidian Scientific Instrument Co., Ltd., Shanghai, China). Afterward,
the samples were boiled for 10 min to reach maximum ion leakage. After cooling down
at room temperature, the electrolyte conductivity (C2) was determined by a conductivity
meter. Finally, the ion leakage (%) was calculated by 100× C1/C2. The contents of malondi-
aldehyde (MDA), proline, soluble sugar, chlorophyll, H2O2 and the activities of SOD, POD,
CAT were measured by corresponding detection kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer’s protocols. Briefly, the MDA
contents were measured by a thiobarbituric acid (TBA)-based colorimetric method. MDA
was extracted from 0.1 g leaves homogenized in 1 m of 80% ethanol solution on ice. After
centrifuging at 10,000× g for 20 min at 4 ◦C, the supernatants were extracted and mixed with
0.5 mL of 20% trichloroacetic acid containing 0.65% TBA. Then, the mixture was incubated
at 95 ◦C for 30 min and cooled in an ice bath. Afterward, the mixture was centrifugated at
10,000× g for 10 min. The absorbance of the extracted supernatants was detected at 532 nm
(A532), subtracting the value for nonspecific absorption at 600 nm (A600). The MDA content
was calculated by the following equation: the MDA content = [6.45 × (A532 − A600)]/0.1.
The ninhydrin reaction method was used to measure the proline content. In brief, a stan-
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dard curve was obtained from a series of standard solutions containing 0–10 µg proline.
A total of 0.5 g leaves was homogenized in 5 mL of 3% suphosalicylic acid and heated at
100 ◦C for 10 min. Then, 2 mL of the extracted solution was mixed with 2 mL of acetic
acid and 2 mL of 2.5% acid ninhydrin reagent. This mixed solution was heated at 100 ◦C
for 30 min and then cooled at room temperature. Afterward, 4 mL of methylbenzene
was added to the solution and incubated for 10 min. The supernatants were isolated and
centrifugated at 10,000× g for 5 min. The methylbenzene solution was used as a control,
and the absorbance of the supernatants (2 mL) was detected at 520 nm (A520). The proline
content was determined by the following equation: the proline content = (B × 5)/(0.5 × 2).
B represents the proline content obtained by the standard curve according the A520. The
phenol reaction method was used to detect the soluble sugar content. Briefly, a standard
curve was obtained from a series of standard solutions containing 0–100 µg sucrose. A
total of 0.2 g of leaves was boiled in 5 mL of distilled water for 30 min and diluted with
distilled water to 10 mL. Then, 2 mL of the solution was added to 1 mL of 9% phenol
and 5 mL of concentrated sulfuric acid. After standing for 30 min, distilled water was
used as a control to determine the absorbance of the aqueous solution (2 mL) at 485 nm.
The soluble sugar content was determined by the following equation: the soluble sugar
content = (D × 10)/(0.2 × 2). D represents the soluble sugar content obtained by the stan-
dard curve according to the A485. To measure the chlorophyll content, 0.1 g of fine
powder of leaves was homogenized in 1 mL of 80% acetone and held for 15 min at
room temperature in the dark. The extracted solution was centrifugated at 10,000× g
for 20 min. Then, the supernatant was used to measure the absorbance at 663 and
645 nm. The chlorophyll content was calculated by the following equation: the chlorophyll
content = (20.29 × A645 + 8.05 × A663). For H2O2 analysis, 0.5 g of fine powder of leaves
was homogenized in 2 mL cold acetone. The homogenized solutions were centrifuged at
10,000× g for 10 min. Then, the supernatants were mixed with titanium reagent (0.2 mL
of 20% titanic tetrachloride in concentrated HCl) and 0.4 mL of NH4OH. Then, the mix-
tures were centrifuged at 12,000× g for 5 min. The precipitates were solubilized in 2 mL
2 N H2SO4, washed repeatedly with acetone and brought to a final volume of 2 mL. The
absorbance of the final solution was measured at 415 nm against a water blank, which had
been carried through the same procedure. The H2O2 content was calculated by comparing
the absorbance against the standard curve representing the titanium-H2O2 complex in
the range from 0.05 to 0.3 µmol·mL−1. For the extraction of SOD, POD and CAT, 0.5 g of
leaf powder was homogenized in 5 mL of extraction buffer containing 50 mM phosphate
buffer (pH7.8) and 1% polyvinylpyrrolidone. After centrifuging at 10,000× g for 20 min
(4 ◦C), the supernatants were collected for enzyme activity analysis. The SOD reaction
mixture contained 100 µL enzyme extract, 50 mM sodium phophate buffer (pH 7.8), 10 µM
EDTA, 75 µM nitroblue tetrazolium (NBT), 13 mM methionine and 2 µM riboflavin in a
total volume of 3 mL. The mixtures were exposed to white fluorescent illumination for
20 min, and the absorbance was measured at 560 nm. The SOD activity was expressed as
U·g−1. One unit of SOD activity was defined as the amount of enzyme inhibiting NBT
reduction by 50%. The POD reaction mixture contained 0.05 M phosphate buffer (pH 7.0),
0.3% H2O2, 0.2% guaiacol and 50 µL enzyme extract in a total volume of 3 mL. The POD
activity, expressed as U·g−1, was determined based on the increase in absorbance read
at 470 nm, and one unit of POD activity was defined as the increase in absorbance by
0.01 per min. The CAT reaction mixture was composed of 0.1% H2O2, 0.1 M phosphate
buffer (pH 7.0) and 100 µL enzyme extract in a total volume of 3 mL. The CAT activity,
expressed as U·g−1, was assessed by monitoring the decrease in absorbance at 240 nm
as a consequence of H2O2 consumption, and one unit of CAT activity was defined as a
reduction in the absorbance by 0.01 per min. The leaf stable carbon isotope composition
(=δ13C) analysis was carried out according to a previous report [103]. Briefly, the leaf
samples were dried in an oven at 70 ◦C and ground to a fine powder. Subsamples of the
leaf powder were combusted in an isotope ratio mass spectrometer (IRMS) (DELTA V
Plus, Thermo Fisher Scientific, Bremen, Germany). The resulting CO2 was separated and
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the ratio of 13C/12C was assessed by the IRMS. The δ13C (‰) was expressed relative to
the Pee Dee Belemnite (PDB) standard and was calculated using the following equation:
δ13C = [(Rsa − Rsd)/Rsd] × 1000. The Rsa and Rsd in the equation are the ratio of 13C/12C
of the sample and the standard, respectively. Three biological replicates were used for the
above experiments.

4.6. Total RNA Extraction and Transcriptome Sequencing

Three biological replicates were used for transcriptome sequencing. In total, 15 fully
expanded leaves per biological replicate in each variety were sampled from WT and MT
plants under normal growth conditions. These leaves were pooled and ground to a fine
powder for total RNA extraction. Total RNA was extracted from WT and MT leaves
according to our previous report [17]. The quantity, concentration and RNA Integrity
Number (RIN) of the total RNA were assessed by an Agilent 2100 Bioanalyzer (Agilent,
SantaClara, CA, USA). The poly(A) mRNA was obtained from total RNA using oligo(dT)-
attached magnetic beads. The mRNA was interrupted to small fragments and then used to
synthesize the first strand of cDNA using random hexamer primers. A Super Script Double-
Stranded cDNA Synthesis kit (Invitrogen, Camarillo, CA, USA) was used to synthesize the
second strand cDNA. After end repair and 5′ phosphorylation, the cDNA samples were
3′-adenylated and ligated to 3′ and 5′ adapters. After PCR amplification, the PCR products
were separated into a single cDNA strand by heat denaturation. Circular single-stranded
DNA libraries were obtained by a bridge primer and were sequenced on the DNBSEQ
platform (BGI, Shenzhen, China).

The empty reads, adaptor sequences, reads with more than 5% unknown nucleotides,
and low-quality sequences were removed from the raw data to obtain clear reads using
SOAPnuke version 1.4.0 (https://github.com/BGI-flexlab/SOAPnuke) accessed on 28 July
2020. For gene annotation, all clean reads were mapped to the Citrus sinensis genome
and gene (http://citrus.hzau.edu.cn/) using HISAT2 version 2.1.0 (http://www.ccb.jhu.
edu/software/hisat) accessed on 28 July 2020 and Bowtie2 (http://bowtie-bio.sourceforge.
net/Bowtie2/index.shtml) accessed on 28 July 2020, respectively. For transcription factor
annotation, the open reading frames (ORFs) of genes were detected by GetORF (http:
//emboss.sourceforge.net/apps/cvs/emboss/apps/getorf.html) accessed on 28 July 2020.
Then, these ORFs were aligned PlantTFDB (http://plntfdb.bio.uni-potsdam.de/v3.0/)
using Hmmsearch vervison 3.0 (http://hmmer.org) accessed on 28 July 2020. Gene tran-
script levels were quantified by Expectation Maximization (RSEM) version 1.2.8 (http:
//deweylab.biostat.wisc.edu/rsem) accessed on 28 July 2020. Fragments per kilo base of
transcript per million mapped reads (FPKM) were used to normalize the gene expression
levels. In this study, only DEGs with |log2 (MT/WT)| ≥ 1 and Q-value (adjusted p-value)
≤ 0.001 were used for further study. The volcano plot was constructed by ggplot2 function
in R software version 3.1.1 (Vienna University of Economics and Business, Vienna, Austria)
accessed on 28 July 2020. The heatmaps were constructed by Tbtools version 1.098696
(South China Agricultural University, Guangzhou, Guanzhou, China) accessed on 28 July
2020. GO analysis and KEGG pathway analysis were carried out by phyper function in
R software version 3.1.1 (accessed on 28 July 2020) with a threshold of Q-value ≤ 0.05 for
significance. The transcriptome sequencing data have been submitted to the Sequence Read
Archive (SAR) database under accession number PRJNA799891.

4.7. qRT-PCR Analysis

The same plant materials and drought treatment procedure as described in the phys-
iological index investigation were used for qRT-PCR. The transcript levels of 16 wax
biosynthesis, export and drought responsive DEGs in WT and MT leaves under control and
drought conditions were investigated by qRT-PCR. The total RNA extraction and cDNA
synthesis were performed as described in our previous study [22]. A series of gene specific
primers were designed by Primer Premier 5.0 (Table S10). The qRT-PCR was carried out
according to our previous report [22].
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4.8. Statistical Analysis

All data are shown as the means ± standard deviations. Student’s t-test in SPSS
version 22 was used to compare the data differences between WT and MT. Statistical
significance was considered at the p < 0.01 and p < 0.05 level.

5. Conclusions

In conclusion, the amounts of total waxes and aliphatic wax compounds, including
n-alkanes, n-primary alcohols and n-aldehydes in MT leaves, were significantly higher
than those in WT leaves. The increase in aliphatic wax accumulation reduced the cuticular
permeability and, finally, improved the drought tolerance and WUE in MT plants. The
contents of MDA and H2O2 in MT leaves were much lower than those in WT leaves under
control and drought conditions. In contrast, MT leaves possessed much higher levels of
proline and soluble sugar and significantly enhanced SOD, CAT and POD activities under
control and drought conditions. These results suggested that the MT leaves had improved
the capacity of ROS scavenging, suffered much less ROS damage and kept much better
cell membrane stability, which might be another reason for its enhanced drought tolerance.
Based on transcriptome sequencing and qRT-PCR, we concluded that several structural
genes potentially involved in the wax biosynthesis and transport (CsCER3-LIKE, CsABCG11-
LIKE and CsABCG21-LIKE), MAPK cascade (CsMEKK1-LIKE), ROS scavenging (CsSOD1-
LIKE, CsPRX5-LIKE and CsPRX10-LIKE) and genes encoding transcription factors (CsERF4-
LIKE, CsERF9-LIKE, CsMYB62-LIKE, CsZAT10-LIKE1, CsZAT10-LIKE2, CsWRKY27-LIKE
and CsWRKY29-LIKE) might play an important role in increasing MT drought tolerance
and WUE.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23105660/s1.

Author Contributions: Conceptualization, D.L. and Y.L.; methodology, B.L.; software, D.L. and S.W.;
validation, B.L., S.W. and Q.M.; formal analysis, B.L.; investigation, B.L. and S.W.; resources, Y.L.;
data curation, B.L., L.Y. and W.H.; writing—original draft preparation, B.L.; writing—review and
editing, D.L. and Y.L.; visualization, L.K. and J.X.; funding acquisition, D.L. and Y.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number “2019YFD1000100”, the National Natural Science Foundation of China, grant
number “31701896 and 31860544” and the Earmarked Fund for the Jiangxi Agriculture Research
System, rant number “JXARS-07-cultivation post”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Transcriptome data are available at NCBI SRA accession PRJNA799891.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fang, Y.; Xiong, L. General mechanisms of drought response and their application in drought resistance improvement in plants.

Cell. Mol. Life Sci. 2015, 72, 673–689. [CrossRef] [PubMed]
2. Bernard, A.; Joubès, J. Arabidopsis cuticular waxes: Advances in synthesis, export and regulation. Prog. Lipid Res. 2013, 52,

110–129. [CrossRef] [PubMed]
3. Lee, S.B.; Suh, M.C. Advances in the understanding of cuticular waxes in Arabidopsis thaliana and crop species. Plant Cell Rep.

2015, 34, 557–572. [CrossRef] [PubMed]
4. Guo, J.; Xu, W.; Yu, X.; Shen, H.; Li, H.; Cheng, D.; Liu, A.; Liu, J.; Liu, C.; Zhao, S.; et al. Cuticular wax accumulation is associated

with drought tolerance in wheat near-isogenic lines. Front. Plant Sci. 2016, 7, 1809. [CrossRef] [PubMed]
5. Seo, P.J.; Lee, S.B.; Suh, M.C.; Park, M.J.; Go, Y.S.; Park, C.M. The MYB96 transcription factor regulates cuticular wax biosynthesis

under drought conditions in Arabidopsis. Plant Cell 2011, 23, 1138–1152. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23105660/s1
https://www.mdpi.com/article/10.3390/ijms23105660/s1
http://doi.org/10.1007/s00018-014-1767-0
http://www.ncbi.nlm.nih.gov/pubmed/25336153
http://doi.org/10.1016/j.plipres.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23103356
http://doi.org/10.1007/s00299-015-1772-2
http://www.ncbi.nlm.nih.gov/pubmed/25693495
http://doi.org/10.3389/fpls.2016.01809
http://www.ncbi.nlm.nih.gov/pubmed/27965701
http://doi.org/10.1105/tpc.111.083485
http://www.ncbi.nlm.nih.gov/pubmed/21398568


Int. J. Mol. Sci. 2022, 23, 5660 22 of 26

6. Zhang, C.L.; Hu, X.; Zhang, Y.L.; Liu, Y.; Wang, G.L.; You, C.X.; Li, Y.Y.; Hao, Y.J. An apple long-chain acyl-CoA synthetase 2
gene enhances plant resistance to abiotic stress by regulating the accumulation of cuticular wax. Tree Physiol. 2020, 40, 1450–1465.
[CrossRef]

7. Zhou, L.; Ni, E.; Yang, J.; Zhou, H.; Liang, H.; Li, J.; Jiang, D.; Wang, Z.; Liu, Z.; Zhuang, C. Rice OsGL16 is involved in leaf
cuticular wax accumulation and drought resistance. PLoS ONE 2013, 8, e65139. [CrossRef]

8. Premachandra, G.S.; Hahn, D.T.; Axtell, J.D.; Joly, R.J. Epicuticular wax load and water-use efficiency in bloomless and sparse-
bloom mutants of Sorghum bicolor L. Environ. Exp. Bot. 1994, 34, 293–301. [CrossRef]

9. Cheng, C.; Hu, S.; Han, Y.; Xia, D.; Huang, B.L.; Wu, W.; Hussain, J.; Zhang, X.; Huang, B. Yellow nutsedge WRI4-like gene
improves drought tolerance in Arabidopsis thaliana by promoting cuticular wax biosynthesis. BMC Plant Biol. 2020, 20, 498.
[CrossRef]

10. Kang, S.; Hao, X.; Du, T.; Tong, L.; Su, X.; Lu, H.; Li, X.; Huo, Z.; Li, S.; Ding, R. Improving agricultural water productivity to
ensure food security in China under changing environment: From research to practice. Agric. Water Manag. 2017, 179, 5–17.
[CrossRef]

11. Rodríguez-Gamir, J.; Primo-Millo, E.; Forner, J.B.; Forner-Giner, M.A. Citrus rootstock responses to water. Sci. Hortic. 2010, 126,
95–102. [CrossRef]

12. Miranda, M.T.; da Silva, S.F.; Moura, B.B.; Hayashi, A.H.; Machado, E.C.; Ribeiro, R.V. Hydraulic redistribution in Citrus
rootstocks under drought. Theor. Exp. Plant Physiol. 2018, 30, 165–172. [CrossRef]

13. Miranda, M.T.; da Silva, S.F.; Silveira, N.M.; Pereira, L.; Machado, E.C.; Ribeiro, R.V. Root osmotic adjustment and stomatal control
of leaf gas exchange are dependent on citrus rootstocks under water deficit. J. Plant Growth Regul. 2021, 40, 11–19. [CrossRef]

14. Sampaio, A.H.R.; Silva, R.O.; Brito, R.B.F.; Filho, W.S.S.; Gesteira, D.A.S.; Souza, L.D.; Filho, M.A.C. Sweet orange acclimatisation
to water stress: A rootstock dependency. Sci. Hortic. 2021, 276, 109727. [CrossRef]

15. Khan, F.S.; Gan, Z.M.; Li, E.Q.; Ren, M.K.; Hu, C.G.; Zhang, J.Z. Transcriptomic and physiological analysis reveals interplay
between salicylic acid and drought stress in citrus tree floral initiation. Planta 2022, 255, 24. [CrossRef]

16. Baker, E.A.; Procopiou, J.; Hunt, G.M. The cuticles of citrus species. composition of leaf and fruit waxes. J. Sci. Food Agric. 1975,
26, 1093–1101. [CrossRef]

17. Zhou, X.; Wang, Z.; Zhu, C.; Yue, J.; Yang, H.; Li, J.; Gao, J.; Xu, R.; Deng, X.; Cheng, Y. Variations of membrane fatty acids and
epicuticular wax metabolism in response to oleocellosis in lemon fruit. Food Chem. 2021, 338, 127684. [CrossRef]

18. Nordby, H.E.; Mcdonald, R.E. Variations in chilling injury and epicuticular wax composition of white grapefruit with canopy
position and fruit development during the season. J. Agric. Food Chem. 1995, 43, 1828–1833. [CrossRef]

19. Ding, S.; Zhang, J.; Wang, R.; Ou, S.; Shan, Y. Changes in cuticle compositions and crystal structure of ‘Bingtang’ sweet orange
fruits (Citrus sinensis) during storage. Int. J. Food Prop. 2018, 21, 2411–2427. [CrossRef]

20. Ding, S.; Zhang, J.; Yang, L.; Wang, X.; Fu, F.; Wang, R.; Zhang, Q.; Shan, Y. Changes in cuticle components and morphology of
‘Satsuma’ Mandarin (Citrus unshiu) during ambient storage and their potential role on Penicillium digitatum infection. Molecules
2020, 25, 412. [CrossRef]

21. Cajuste, J.F.; González-Candelas, L.; Veyrat, A.; García-Breijo, F.J.; Reig-Armiñana, J.; Lafuente, M.T. Epicuticular wax content and
morphology as related to ethylene and storage performance of ‘Navelate’ orange fruit. Postharvest Biol. Technol. 2010, 55, 29–35.
[CrossRef]

22. Liu, D.C.; Yang, L.; Zheng, Q.; Wang, Y.C.; Wang, M.L.; Zhuang, X.; Wu, Q.; Liu, C.F.; Liu, S.B.; Liu, Y. Analysis of cuticular
wax constituents and genes that contribute to the formation of ‘glossy Newhall’, a spontaneous bud mutant from the wild-type
‘Newhall’ navel orange. Plant Mol. Biol. 2015, 88, 573–590. [CrossRef] [PubMed]

23. He, Y.; Han, J.; Liu, R.; Ding, Y.; Wang, J.; Sun, L.; Yang, X.; Zeng, Y.; Wen, W.; Xu, J.; et al. Integrated transcriptomic and
metabolomic analyses of a wax deficient citrus mutant exhibiting jasmonic acid-mediated defense against fungal pathogens.
Hortic. Res. 2018, 5, 43. [CrossRef] [PubMed]

24. Wan, H.; Liu, H.; Zhang, J.; Lyu, Y.; Li, Z.; He, Y.; Zhang, X.; Deng, X.; Brotman, Y.; Fernie, A.R.; et al. Lipidomic and transcriptomic
analysis reveals reallocation of carbon flux from cuticular wax into plastid membrane lipids in a glossy “Newhall” navel orange
mutant. Hortic. Res. 2020, 7, 41. [CrossRef] [PubMed]

25. Wang, J.; Hao, H.; Liu, R.; Ma, Q.; Xu, J.; Chen, F.; Cheng, Y.; Deng, X. Comparative analysis of surface wax in mature
fruits between Satsuma mandarin (Citrus unshiu) and ‘Newhall’ navel orange (Citrus sinensis) from the perspective of crystal
morphology, chemical composition and key gene expression. Food Chem. 2014, 153, 177–185. [CrossRef] [PubMed]

26. Liu, D.C.; Ma, Q.L.; Yang, L.; Hu, W.; Guo, W.F.; Wang, M.L.; Zhou, R.; Liu, Y. Comparative analysis of the cuticular waxes and
related gene expression between ‘Newhall’ and ‘Ganqi 3′ navel orange during long-term cold storage. Plant Physiol. Biochem.
2021, 167, 1049–1060. [CrossRef]

27. Maréchaux, I.; Bartlett, M.K.; Sack, L.; Baraloto, C.; Engel, J.; Luo, Y.L.; Su, Z.L.; Cui, X.L.; Lan, Q.Y. Water loss prevention plays a
greater role than ROS scavenging in dehydration tolerance of Kalanchoe tubiflora epiphyllous buds. Isr. J. Plant Sci. 2015, 62, 1–7.
[CrossRef]

28. Guo, W.F.; Wu, Q.; Yang, L.; Hu, W.; Liu, D.C.; Liu, Y. Ectopic Expression of CsKCS6 from navel orange promotes the production
of very-long-chain fatty acids (VLCFAs) and increases the abiotic stress tolerance of Arabidopsis thaliana. Front. Plant Sci. 2020, 11,
564656. [CrossRef]

http://doi.org/10.1093/treephys/tpaa079
http://doi.org/10.1371/journal.pone.0065139
http://doi.org/10.1016/0098-8472(94)90050-7
http://doi.org/10.1186/s12870-020-02707-7
http://doi.org/10.1016/j.agwat.2016.05.007
http://doi.org/10.1016/j.scienta.2010.06.015
http://doi.org/10.1007/s40626-018-0111-8
http://doi.org/10.1007/s00344-020-10069-5
http://doi.org/10.1016/j.scienta.2020.109727
http://doi.org/10.1007/s00425-021-03801-2
http://doi.org/10.1002/jsfa.2740260807
http://doi.org/10.1016/j.foodchem.2020.127684
http://doi.org/10.1021/jf00055a015
http://doi.org/10.1080/10942912.2018.1528272
http://doi.org/10.3390/molecules25020412
http://doi.org/10.1016/j.postharvbio.2009.07.005
http://doi.org/10.1007/s11103-015-0343-9
http://www.ncbi.nlm.nih.gov/pubmed/26177912
http://doi.org/10.1038/s41438-018-0051-0
http://www.ncbi.nlm.nih.gov/pubmed/30083358
http://doi.org/10.1038/s41438-020-0262-z
http://www.ncbi.nlm.nih.gov/pubmed/32257227
http://doi.org/10.1016/j.foodchem.2013.12.021
http://www.ncbi.nlm.nih.gov/pubmed/24491718
http://doi.org/10.1016/j.plaphy.2021.09.032
http://doi.org/10.1080/07929978.2015.1041770
http://doi.org/10.3389/fpls.2020.564656


Int. J. Mol. Sci. 2022, 23, 5660 23 of 26

29. Zhang, M.; Wang, J.; Liu, R.; Liu, H.; Yang, H.; Zhu, Z.; Xu, R.; Wang, P.; Deng, X.; Xue, S.; et al. CsMYB96 confers water loss
resistance in citrus fruit by simultaneous regulation of water transport and wax biosynthesis. J. Exp. Bot. 2022, 73, 953–966.
[CrossRef]

30. Yuan, G.; Chun, C.; Peng, L.; Huang, Z.; Huang, T.; Yang, H.; Fu, X.; Ling, L.; Cao, L.A. Study on the difference of ‘Newhall’ navel
orange and its sport ‘Longhuihong’ navel orange. J. Fruit Sci. 2017, 34, 1117–1124. [CrossRef]

31. Riederer, M.; Schreiber, L. Protecting against water loss: Analysis of the barrier properties of plant cuticles. J. Exp. Bot. 2001, 52,
2023–2032. [CrossRef] [PubMed]

32. Jetter, R.; Riederer, M. Localization of the transpiration barrier in the epi- and intracuticular waxes of eight plant species: Water
transport resistances are associated with fatty acyl rather than alicyclic components. Plant Physiol. 2016, 170, 921–934. [CrossRef]
[PubMed]

33. Buchholz, A. Characterization of the diffusion of non-electrolytes across plant cuticles: Properties of the lipophilic pathway. J.
Exp. Bot. 2006, 57, 2501–2513. [CrossRef] [PubMed]

34. Zhong, M.S.; Jiang, H.; Cao, Y.; Wang, Y.X.; You, C.X.; Li, Y.Y.; Hao, Y.J. MdCER2 conferred to wax accumulation and increased
drought tolerance in plants. Plant Physiol. Biochem. 2020, 149, 277–285. [CrossRef]

35. Zhao, Y.; Liu, X.; Wang, M.; Bi, Q.; Cui, Y.; Wang, L. Transcriptome and physiological analyses provide insights into the leaf
epicuticular wax accumulation mechanism in yellowhorn. Hortic. Res. 2021, 8, 134. [CrossRef]

36. Yamada, M.; Morishita, H.; Urano, K.; Shiozaki, N.; Yamaguchi-Shinozaki, K.; Shinozaki, K.; Yoshiba, Y. Effects of free proline
accumulation in petunias under drought stress. J. Exp. Bot. 2005, 56, 1975–1981. [CrossRef]

37. Bolouri-Moghaddam, M.R.; Roy, K.L.; Xiang, L.; Rolland, F.; Van den Ende, W. Sugar signaling and antioxidant network
connections in plant cells. FEBS J. 2010, 277, 2022–2037. [CrossRef]

38. Janero, D.R. Malondialdehyde and thiobarbituric acid-reactivity as diagnostic indices of lipid peroxidation and peroxidative
tissue injury. Free Radic. Biol. Med. 1990, 9, 515–540. [CrossRef]

39. Bajji, M.; Kinet, J.M.; Lutts, S. The use of the electrolyte leakage method for assessing cell membrane stability as a water stress
tolerance test in durum wheat. Plant Growth Regul. 2002, 36, 61–70. [CrossRef]

40. Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55,
373–399. [CrossRef]

41. Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909–930. [CrossRef] [PubMed]

42. Mathobo, R.; Marais, D.; Steyn, J. The effect of drought stress on yield, leaf gaseous exchange and chlorophyll fluorescence of dry
beans (Phaseolus vulgaris L.). Agric. Water Manag. 2017, 180, 118–125. [CrossRef]

43. Yildirim, E.; Ekinci, M.; Turan, M. Impact of biochar in mitigating the negative effect of drought stress on cabbage seedlings. J.
Soil Sci. Plant Nut. 2021, 21, 2297–2309. [CrossRef]

44. Yuan, M.; Zhao, Y.Q.; Zhang, Z.W.; Chen, Y.E.; Ding, C.B.; Yuan, S. Light regulates transcription of chlorophyll biosynthetic genes
during chloroplast biogenesis. Crit. Rev. Plant Sci. 2017, 36, 35–54. [CrossRef]

45. Schuster, A.C.; Burghardt, M.; Riederer, M. The ecophysiology of leaf cuticular transpiration: Are cuticular water permeabilities
adapted to ecological conditions? J. Exp. Bot. 2017, 68, 5271–5279. [CrossRef] [PubMed]

46. Bögelein, R.; Hassdenteufel, M.; Thomas, F.M.; Werner, W. Comparison of leaf gas exchange and stable isotope signature of
water-soluble compounds along canopy gradients of co-occurring Douglas-fir and European beech. Plant Cell Environ. 2012, 35,
1245–1257. [CrossRef] [PubMed]

47. Gago, J.; Douthe, C.; Florezsarasa, I.; Escalona, J.M.; Galmes, J.; Fernie, A.R.; Flexas, J.; Medrano, H. Opportunities for improving
leaf water use efficiency under climate change conditions. Plant Sci. 2014, 226, 108–119. [CrossRef]

48. Cernusak, L.A.; Ubierna, N.; Winter, K.; Holtum, J.A.M.; Marshall, J.D.; Farquhar, G.D. Environmental and physiological
determinants of carbon isotope is crimination in terrestrial plants. New Phytol. 2013, 200, 950–965. [CrossRef]

49. Burow, G.B.; Franks, C.D.; Xin, Z. Genetic and physiological analysis of an irradiated bloomless mutant (epicuticular wax mutant)
of Sorghum. Crop Sci. 2008, 48, 41–48. [CrossRef]

50. Tsai, M.H.; Li, K.T. Leaf color as a morpho-physiological index for screening heat tolerance and improved water use efficiency in
rabbiteye blueberry (Vaccinium virgatum Aiton). Sci. Hortic. 2021, 278, 109864. [CrossRef]

51. Reicosky, D.A.; Hanover, J.W. Physiological effects of surface waxes: I. Light reflectance for glaucous and nonglaucous Picea
pungens. Plant Physiol. 1978, 62, 101–104. [CrossRef] [PubMed]

52. Shamshiri, M.H.; Usha, K.; Singh, B. Carbon-Isotope discrimination, water use efficiency, net photosynthesis and transpiration in
mycorrhizal kinnow (Citrus nobilis × C. deliciosa) plants. Acta Hortic. 2008, 773, 261–265. [CrossRef]

53. Rowland, O.; Lee, R.; Franke, R.; Schreiber, L.; Kunst, L. The CER3 wax biosynthetic gene from Arabidopsis thaliana is allelic to
WAX2/YRE/FLP1. FEBS Lett. 2007, 581, 3538–3544. [CrossRef] [PubMed]

54. Bernard, A.; Domergue, F.; Pascal, S.; Jetter, R.; Renne, C.; Faure, J.D.; Haslam, R.P.; Napier, J.A.; Lessire, R.; Joubès, J. Recon-
stitution of plant alkane biosynthesis in yeast demonstrates that Arabidopsis ECERIFERUM1 and ECERIFERUM3 are core
components of a very-long-chain alkane synthesis complex. Plant Cell 2012, 24, 3106–3118. [CrossRef]

55. Panikashvili, D.; Savaldi-Goldstein, S.; Mandel, T.; Yifhar, T.; Franke, R.B.; Hofer, R.; Schreiber, L.; Chory, J.; Aharoni, A. The
Arabidopsis DESPERADO/AtWBC11 transporter is required for cutin and wax secretion. Plant Physiol. 2007, 145, 1345–1360.
[CrossRef]

http://doi.org/10.1093/jxb/erab420
http://doi.org/10.13925/j.cnki.gsxb.20170096
http://doi.org/10.1093/jexbot/52.363.2023
http://www.ncbi.nlm.nih.gov/pubmed/11559738
http://doi.org/10.1104/pp.15.01699
http://www.ncbi.nlm.nih.gov/pubmed/26644508
http://doi.org/10.1093/jxb/erl023
http://www.ncbi.nlm.nih.gov/pubmed/16829545
http://doi.org/10.1016/j.plaphy.2020.02.013
http://doi.org/10.1038/s41438-021-00564-5
http://doi.org/10.1093/jxb/eri195
http://doi.org/10.1111/j.1742-4658.2010.07633.x
http://doi.org/10.1016/0891-5849(90)90131-2
http://doi.org/10.1023/A:1014732714549
http://doi.org/10.1146/annurev.arplant.55.031903.141701
http://doi.org/10.1016/j.plaphy.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20870416
http://doi.org/10.1016/j.agwat.2016.11.005
http://doi.org/10.1007/s42729-021-00522-z
http://doi.org/10.1080/07352689.2017.1327764
http://doi.org/10.1093/jxb/erx321
http://www.ncbi.nlm.nih.gov/pubmed/29036342
http://doi.org/10.1111/j.1365-3040.2012.02486.x
http://www.ncbi.nlm.nih.gov/pubmed/22292498
http://doi.org/10.1016/j.plantsci.2014.04.007
http://doi.org/10.1111/nph.12423
http://doi.org/10.2135/cropsci2007.02.0119
http://doi.org/10.1016/j.scienta.2020.109864
http://doi.org/10.1104/pp.62.1.101
http://www.ncbi.nlm.nih.gov/pubmed/16660444
http://doi.org/10.17660/ActaHortic.2008.773.38
http://doi.org/10.1016/j.febslet.2007.06.065
http://www.ncbi.nlm.nih.gov/pubmed/17624331
http://doi.org/10.1105/tpc.112.099796
http://doi.org/10.1104/pp.107.105676


Int. J. Mol. Sci. 2022, 23, 5660 24 of 26

56. Bird, D.; Beisson, F.; Brigham, A.; Shin, J.; Greer, S.; Jetter, R.; Kunst, L.; Wu, X.; Yephremov, A.; Samuels, L. Characterization of
Arabidopsis ABCG11/WBC11, an ATP binding cassette (ABC) transporter that is required for cuticular lipid secretion. Plant J.
2007, 52, 485–498. [CrossRef]

57. Buda, G.J.; Barnes, W.J.; Fich, E.A.; Park, S.; Yeats, T.H.; Zhao, L.; Domozych, D.S.; Rose, J.K.C. An ATP binding cassette transporter
is required for cuticular wax deposition and desiccation tolerance in the moss Physcomitrella patens. Plant Cell 2013, 25, 4000–4013.
[CrossRef]

58. Li, L.; Li, D.; Liu, S.; Ma, X.; Dietrich, C.R.; Hu, H.C.; Zhang, G.; Liu, Z.; Zheng, J.; Wang, G.; et al. The Maize glossy13 gene, cloned
via BSR-seq and seq-walking encodes a putative ABC transporter required for the normal accumulation of epicuticular waxes.
PLoS ONE 2013, 8, e82333. [CrossRef]

59. Nguyen, V.N.T.; Lee, S.B.; Suh, M.C.; An, G.; Jung, K.H. OsABCG9 is an important ABC transporter of cuticular wax deposition
in rice. Front. Plant Sci. 2018, 9, 960. [CrossRef]

60. Piironen, V.; Lindsay, D.G.; Miettinen, T.A.; Toivo, J.; Lampi, A.M. Plant sterols: Biosynthesis, biological function and their
importance to human nutrition. J. Sci. Food Agric. 2000, 80, 939–966. [CrossRef]

61. Rowland, O.; Zheng, H.; Hepworth, S.R.; Lam, P.; Jetter, R.; Kunst, L. CER4 encodes an alcohol-forming fatty acyl-coenzyme A
reductase involved in cuticular wax production in Arabidopsis. Plant Physiol. 2006, 14, 866–877. [CrossRef] [PubMed]

62. Rowland, O.; Domergue, F. Plant fatty acyl reductases: Enzymes generating fatty alcohols for protective layers with potential for
industrial applications. Plant Sci. 2012, 194, 28–38. [CrossRef] [PubMed]

63. Wang, M.L.; Wang, Y.; Wu, H.Q.; Xu, J.; Li, T.T.; Hegebarth, D.; Jetter, R.; Chen, L.; Wang, Z.H. Three TaFAR genes function in the
biosynthesis of primary alcohols and the response to abiotic stresses in Triticum aestivum. Sci. Rep. 2016, 6, 25008. [CrossRef]
[PubMed]

64. Aharoni, A.; Dixit, S.; Jetter, R.; Thoenes, E.; Arkel, G.V.; Pereira, A. The SHINE clade of AP2 domain transcription factors activates
wax biosynthesis, alters cuticle properties, and confers drought tolerance when overexpressed in Arabidopsis. Plant Cell 2004, 16,
2463–2480. [CrossRef]

65. Zhang, J.Y.; Broeckling, C.D.; Sumner, L.W.; Wang, Z.Y. Heterologous expression of two Medicago truncatula putative ERF
transcription factor genes, WXP1 and WXP2, in Arabidopsis led to increased leaf wax accumulation and improved drought
tolerance, but differential response in freezing tolerance. Plant Mol. Biol. 2007, 64, 265–278. [CrossRef]

66. Javelle, M.; Vernoud, V.; Depege-Fargeix, N.; Arnould, C.; Oursel, D.; Domergue, F.; Sarda, X.; Rogowsky, P.M. Over-expression of
the epidermis-specific HD-ZIP IV transcription factor OCL1 in maize identifies target genes involved in lipid metabolism and
cuticle biosynthesis. Plant Physiol. 2010, 154, 273–286. [CrossRef]

67. Wu, R.; Li, S.; He, S.; Wassmann, F.; Yu, C.; Qin, G.; Schreiber, L.; Qu, L.J.; Gu, H. CFL1, a WW domain protein, regulates cuticle
development by modulating the function of HDG1, a class IV homeodomain transcription factor, in rice and Arabidopsis. Plant
Cell 2011, 23, 3392–3411. [CrossRef]

68. Luo, X.; Bai, X.; Sun, X.; Zhu, D.; Liu, B.; Ji, W.; Cai, H.; Cao, L.; Wu, J.; Hu, M.; et al. Expression of wild soybean WRKY20 in
Arabidopsis enhances drought tolerance and regulates ABA signaling. J. Exp. Bot. 2013, 64, 2155–2169. [CrossRef]

69. Oshima, Y.; Mitsuda, N. The MIXTA-like Transcription factor MYB16 is a major regulator of cuticle formation in vegetative organs.
Plant Signal. Behav. 2013, 8, e26826. [CrossRef]

70. Go, Y.S.; Kim, H.; Kim, H.J.; Suh, M.C. Arabidopsis cuticular wax biosynthesis is negatively regulated by the DEWAX gene
encoding an AP2/ERF-Type transcription factor. Plant Cell 2014, 26, 1666–1680. [CrossRef]

71. Zhang, Y.L.; Zhang, C.L.; Wang, G.L.; Wang, Y.X.; Qi, C.H.; Zhao, Q.; You, C.X.; Li, Y.Y.; Hao, Y.J. The R2R3 MYB transcription
factor MdMYB30 modulates plant resistance against pathogens by regulating cuticular wax biosynthesis. BMC Plant Biol. 2019,
19, 362. [CrossRef] [PubMed]

72. Castorina, G.; Domergue, F.; Chiara, M.; Zilio, M.; Persico, M.; Ricciardi, V.; Horner, D.S.; Consonni, G. Drought-responsive
ZmFDL1/MYB94 regulates cuticle biosynthesis and cuticle-dependent leaf permeability. Plant Physiol. 2020, 184, 266–282.
[CrossRef] [PubMed]

73. Wang, L.; Xue, W.; Li, X.; Li, J.; Wu, J.; Xie, L.; Kawabata, S.; Li, Y.; Zhang, Y. EgMIXTA1, a MYB-type transcription factor, promotes
cuticular wax formation in Eustoma grandiflorum Leaves. Front. Plant Sci. 2020, 11, 524947. [CrossRef] [PubMed]

74. Wei, X.; Mao, L.; Wei, X.; Xia, M.; Xu, C. MYB41, MYB107, and MYC2 promote ABA-mediated primary fatty alcohol accumulation
via activation of AchnFAR in wound suberization in kiwifruit. Hortic. Res. 2020, 7, 86. [CrossRef] [PubMed]

75. Xiong, C.; Xie, Q.; Yang, Q.; Sun, P.; Gao, S.; Li, H.; Zhang, J.; Wang, T.; Ye, Z.; Yang, C. Woolly, interacting with MYB transcription
factor SlMYB31, regulates cuticular wax biosynthesis by modulating SlCER6 expression in tomato. Plant J. 2020, 103, 323–337.
[CrossRef]

76. Yang, S.U.; Kim, H.; Kim, R.J.; Kim, J.; Suh, M.C. AP2/DREB transcription factor RAP2.4 activates cuticular wax biosynthesis in
Arabidopsis leaves under drought. Front. Plant Sci. 2020, 11, 895. [CrossRef]

77. Zhang, C.L.; Wang, Y.X.; Hu, X.; Zhang, Y.L.; Wang, G.L.; You, C.X.; Li, Y.Y.; Hao, Y.J. An apple AP2/EREBP-type transcription
factor, MdWRI4, enhances plant resistance to abiotic stress by increasing cuticular wax load. Environ. Exp. Bot. 2020, 180, 104206.
[CrossRef]

78. Mahmood, T.; Khalid, S.; Abdullah, M.; Ahmed, Z.; Shah, M.K.N.; Ghafoor, A.; Du, X. Insights into drought stress signaling in
plants and the molecular genetic basis of cotton drought tolerance. Cells 2020, 9, 105. [CrossRef]

http://doi.org/10.1111/j.1365-313X.2007.03252.x
http://doi.org/10.1105/tpc.113.117648
http://doi.org/10.1371/journal.pone.0082333
http://doi.org/10.3389/fpls.2018.00960
http://doi.org/10.1002/(SICI)1097-0010(20000515)80:7&lt;939::AID-JSFA644&gt;3.0.CO;2-C
http://doi.org/10.1104/pp.106.086785
http://www.ncbi.nlm.nih.gov/pubmed/16980563
http://doi.org/10.1016/j.plantsci.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22794916
http://doi.org/10.1038/srep25008
http://www.ncbi.nlm.nih.gov/pubmed/27112792
http://doi.org/10.1105/tpc.104.022897
http://doi.org/10.1007/s11103-007-9150-2
http://doi.org/10.1104/pp.109.150540
http://doi.org/10.1105/tpc.111.088625
http://doi.org/10.1093/jxb/ert073
http://doi.org/10.4161/psb.26826
http://doi.org/10.1105/tpc.114.123307
http://doi.org/10.1186/s12870-019-1918-4
http://www.ncbi.nlm.nih.gov/pubmed/31426743
http://doi.org/10.1104/pp.20.00322
http://www.ncbi.nlm.nih.gov/pubmed/32665334
http://doi.org/10.3389/fpls.2020.524947
http://www.ncbi.nlm.nih.gov/pubmed/33193471
http://doi.org/10.1038/s41438-020-0309-1
http://www.ncbi.nlm.nih.gov/pubmed/32528698
http://doi.org/10.1111/tpj.14733
http://doi.org/10.3389/fpls.2020.00895
http://doi.org/10.1016/j.envexpbot.2020.104206
http://doi.org/10.3390/cells9010105


Int. J. Mol. Sci. 2022, 23, 5660 25 of 26

79. Xu, J.; Zhang, S. Mitogen-activated protein kinase cascades in signaling plant growth and development. Trends Plant Sci. 2015, 20,
56–64. [CrossRef]

80. Virk, N.; Li, D.; Tian, L.; Huang, L.; Hong, Y.; Li, X.; Zhang, Y.; Liu, B.; Zhang, H.; Song, F. Arabidopsis Raf-like mitogen-activated
protein kinase kinase kinase gene Raf43 is required for tolerance to multiple abiotic stresses. PLoS ONE 2015, 10, e0133975.
[CrossRef]

81. Kim, J.M.; Woo, D.H.; Kim, S.H.; Lee, S.Y.; Park, H.Y.; Seok, H.Y.; Chung, W.; Moon, Y.H. Arabidopsis MKKK20 is involved in
osmotic stress response via regulation of MPK6 activity. Plant Cell Rep. 2012, 31, 217–224. [CrossRef] [PubMed]

82. Li, Y.; Cai, H.; Liu, P.; Wang, C.; Gao, H.; Wu, C.; Yan, K.; Zhang, S.; Huang, J.; Zheng, C. Arabidopsis MAPKKK18 positively
regulates drought stress resistance via downstream MAPKK3. Biochem. Biophys. Res. Commun. 2017, 484, 292–297. [CrossRef]
[PubMed]

83. Mizoguchi, T.; Irie, K.; Hirayama, T.; Hayashida, N.; Yamaguchi-Shinozaki, K.; Matsumoto, K.; Shinozaki, K. A gene encoding a
mitogen-activated protein kinase kinase kinase is induced simultaneously with genes for a mitogen-activated protein kinase and
an S6 ribosomal protein kinase by touch, cold, and water stress in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 1996, 93, 765–769.
[CrossRef] [PubMed]

84. Ning, J.; Li, X.; Hicks, L.M.; Xiong, L. A Raf-like MAPKKK gene DSM1 mediates drought resistance through reactive oxygen
species scavenging in rice. Plant Physiol. 2010, 152, 876–890. [CrossRef]

85. Negi, N.P.; Shrivastava, D.C.; Sharma, V.; Sarin, N.B. Overexpression of CuZnSOD from Arachis hypogaea alleviates salinity and
drought stress in tobacco. Plant Cell Rep. 2015, 34, 1109–1126. [CrossRef]

86. Kim, Y.H.; Hong, J.K.; Kim, H.S.; Kwak, S.S. Overexpression of the sweetpotato peroxidase gene swpa4 enhances tolerance to
methyl viologen-mediated oxidative stress and dehydration in Arabidopsis thaliana. J. Plant Biochem. Biotechnol. 2021, 30, 215–220.
[CrossRef]

87. Dossa, K.; Wei, X.; Li, D.; Fonceka, D.; Zhang, Y.; Wang, L.; Yu, J.; Boshou, L.; Diouf, D.; Cissé, N.; et al. Insight into the AP2/ERF
transcription factor superfamily in sesame and expression profiling of DREB subfamily under drought stress. BMC Plant Biol.
2016, 16, 171. [CrossRef]

88. Li, H.; Wang, Y.; Wu, M.; Li, L.; Li, C.; Han, Z.; Yuan, J.; Chen, C.; Song, W.; Wang, C. Genome-wide identification of AP2/ERF
transcription factors in cauliflower and expression profiling of the ERF family under salt and drought stresses. Front. Plant Sci.
2017, 8, 946. [CrossRef]

89. Gao, Y.; Han, D.; Jia, W.; Ma, X.; Yang, Y.; Xu, Z. Molecular characterization and systematic analysis of NtAP2/ERF in tobacco and
functional determination of NtRAV-4 under drought stress. Plant Physiol. Biochem. 2020, 156, 420–435. [CrossRef]

90. Dong, C.; Xi, Y.; Chen, X.; Cheng, Z.M. Genome-wide identification of AP2/EREBP in Fragaria vesca and expression pattern
analysis of the FvDREB subfamily under drought stress. BMC Plant Biol. 2021, 21, 295. [CrossRef]

91. He, H.; Dong, Q.; Shao, Y.; Jiang, H.; Zhu, S.; Cheng, B.; Xiang, Y. Genome-wide survey and characterization of the WRKY gene
family in Populus trichocarpa. Plant Cell Rep. 2012, 31, 1199–1217. [CrossRef] [PubMed]

92. Wu, J.; Chen, J.; Wang, L.; Wang, S. Genome-wide investigation of WRKY transcription factors involved in terminal drought
stress response in common bean. Front. Plant Sci. 2017, 8, 380. [CrossRef] [PubMed]

93. Zhao, N.; He, M.; Li, L.; Cui, S.; Hou, M.; Wang, L.; Mu, G.; Liu, L.; Yang, X.; Mondal, T.K. Identification and expression analysis
of WRKY gene family under drought stress in peanut (Arachis hypogaea L.). PLoS ONE 2020, 15, e0231396. [CrossRef] [PubMed]

94. Hrmova, M.; Hussain, S.S. Plant transcription factors involved in drought and associated stresses. Int. J. Mol. Sci. 2021, 22, 5662.
[CrossRef] [PubMed]

95. Seo, Y.J.; Park, J.B.; Cho, Y.J.; Jung, C.; Seo, H.S.; Park, S.K.; Nahm, B.H.; Song, J.T. Overexpression of the ethylene-responsive
factor gene BrERF4 from Brassica rapaincreases tolerance to salt and drought in Arabidopsis plants. Mol. Cells 2010, 30, 271–277.
[CrossRef]

96. Zhai, Y.; Shao, S.; Sha, W.; Zhao, Y.; Zhang, J.; Ren, W.; Zhang, C. Overexpression of soybean GmERF9 enhances the tolerance to
drought and cold in the transgenic tobacco. Plant Cell Tiss. Organ Cult. 2017, 128, 607–618. [CrossRef]

97. Butt, H.I.; Yang, Z.; Chen, E.; Zhao, G.; Gong, Q.; Yang, Z.; Zhang, X.; Li, F.; Zhang, H. Functional characterization of cotton
GaMYB62L, a novel R2R3 TF in transgenic Arabidopsis. PLoS ONE 2017, 12, e0170578. [CrossRef]

98. Nguyen, X.C.; Kim, S.H.; Hussain, S.; An, J.; Yoo, Y.; Han, H.J.; Yoo, J.S.; Lim, C.O.; Yun, D.J.; Chung, W.S. A positive transcription
factor in osmotic stress tolerance, ZAT10, is regulated by MAP kinases in Arabidopsis. J. Plant Biol. 2016, 59, 55–61. [CrossRef]

99. Hong, Y.; Zhang, H.; Huang, L.; Li, D.; Song, F. Overexpression of a stress-responsive NAC transcription factor gene ONAC022
improves drought and salt tolerance in rice. Front. Plant Sci. 2016, 7, 4. [CrossRef]

100. Lin, J.; Dang, F.; Chen, Y.; Guan, D.; He, S. CaWRKY27 negatively regulates salt and osmotic stress responses in pepper. Plant
Physiol. Biochem. 2019, 145, 43–51. [CrossRef]

101. Xu, X.; Wang, C.; Ma, X.; Pan, Y.; Ying, Q.; Song, H.; Wang, H. Overexpression of DnWRKY29 in tobacco impaired plants tolerance
to salt and drought stresses. Russ. J. Plant Physiol. 2015, 62, 262–269. [CrossRef]

http://doi.org/10.1016/j.tplants.2014.10.001
http://doi.org/10.1371/journal.pone.0133975
http://doi.org/10.1007/s00299-011-1157-0
http://www.ncbi.nlm.nih.gov/pubmed/21969089
http://doi.org/10.1016/j.bbrc.2017.01.104
http://www.ncbi.nlm.nih.gov/pubmed/28131829
http://doi.org/10.1073/pnas.93.2.765
http://www.ncbi.nlm.nih.gov/pubmed/8570631
http://doi.org/10.1104/pp.109.149856
http://doi.org/10.1007/s00299-015-1770-4
http://doi.org/10.1007/s13562-020-00588-3
http://doi.org/10.1186/s12870-016-0859-4
http://doi.org/10.3389/fpls.2017.00946
http://doi.org/10.1016/j.plaphy.2020.09.027
http://doi.org/10.1186/s12870-021-03095-2
http://doi.org/10.1007/s00299-012-1241-0
http://www.ncbi.nlm.nih.gov/pubmed/22371255
http://doi.org/10.3389/fpls.2017.00380
http://www.ncbi.nlm.nih.gov/pubmed/28386267
http://doi.org/10.1371/journal.pone.0231396
http://www.ncbi.nlm.nih.gov/pubmed/32271855
http://doi.org/10.3390/ijms22115662
http://www.ncbi.nlm.nih.gov/pubmed/34073446
http://doi.org/10.1007/s10059-010-0114-z
http://doi.org/10.1007/s11240-016-1137-8
http://doi.org/10.1371/journal.pone.0170578
http://doi.org/10.1007/s12374-016-0442-4
http://doi.org/10.3389/fpls.2016.00004
http://doi.org/10.1016/j.plaphy.2019.08.013
http://doi.org/10.1134/S1021443715010173


Int. J. Mol. Sci. 2022, 23, 5660 26 of 26

102. Huang, X.S.; Liu, J.H.; Chen, X.J. Overexpression of PtrABF gene, a bZIP transcription factor isolated from Poncirus trifoliata,
enhances dehydration and drought tolerance in tobacco via scavenging ROS and modulating expression of stress-responsive
genes. BMC Plant Biol. 2010, 10, 230. [CrossRef] [PubMed]

103. Verlinden, M.S.; Fichot, R.; Broeckx, L.S.; Vanholme, B.; Boerjan, W.; Ceulemans, R. Carbon isotope compositions (δ13C) of leaf,
wood and holocellulose differ among genotypes of poplar and between previous land uses in a short-rotation biomass plantation.
Plant Cell Environ. 2015, 38, 144–156. [CrossRef] [PubMed]

http://doi.org/10.1186/1471-2229-10-230
http://www.ncbi.nlm.nih.gov/pubmed/20973995
http://doi.org/10.1111/pce.12383
http://www.ncbi.nlm.nih.gov/pubmed/24906162

	Introduction 
	Results 
	Comparison of Phenotype, Chromatic Aberration and Cuticular Permeability between WT and MT Leaves 
	Comparison of Cuticular Wax Morphology and Chemical Composition between WT and MT Leaves 
	Comparison of Morphological and Physiological Responses of WT and MT Plants to Drought Stress 
	Functional Classification of Differentially Expressed Genes (DEGs) between WT and MT Leaves 
	Identification of DEGs Involved in Cuticular Wax Biosynthesis and Transport 
	Identification of DEGs Involved in MAPK Cascade, Reactive Oxygen Species (ROS) Scavenging and Drought Response 
	Identification of DEGs Encoding Transcription Factor 
	Expression Analysis of Wax Biosynthesis, Transport and Drought Responsive DEGs by qRT-PCR 

	Discussion 
	The Decrease in Cuticular Permeability was Caused by the Increase in Aliphatic Wax Accumulation in MT Leaves 
	Increased Cuticular Wax Accumulation and Enhanced ROS Scavenging Capacity Contributes to the Improvement of Drought Tolerance and WUE in MT Plants 
	The Changes in Expression Levels of Wax Biosynthesis and Export Genes Contributed to the Alterations in Cuticular Wax Accumulation of MT Leaves 
	The DEGs Involved in the MAPK Signaling Pathway-Plant, ROS Scavenging and Other Enriched Pathways Might Contribute to Improve MT Tolerance to Drought Stress 
	The DEGs Encode Transcription Factor May Play an Important Role in Enhancing MT Tolerance to Drought Stress 

	Materials and Methods 
	Plant Materials 
	Analysis of Leaf Chromatic Aberration, Fresh and Dry Weight, Water Loss Rate and Chlorophyll Leaching Rate 
	SEM Analysis 
	Cuticular Wax Extraction and Analysis 
	Analysis of Physiological Indexes in WT and MT Leaves under Control and Drought Treatment 
	Total RNA Extraction and Transcriptome Sequencing 
	qRT-PCR Analysis 
	Statistical Analysis 

	Conclusions 
	References

